
Nitric Oxide- and Nitroxyl-Releasing Diazeniumdiolates
in Pharmaceutical and Biomedical Research Applications

Item Type Electronic Dissertation; text

Authors Salmon, Debra J.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 19/05/2023 15:48:10

Link to Item http://hdl.handle.net/10150/145389

http://hdl.handle.net/10150/145389


 

 
 

NITRIC OXIDE- AND NITROXYL-RELEASING DIAZENIUMDIOLATES IN  
 

PHARMACEUTICAL AND BIOMEDICAL RESEARCH APPLICATIONS  
 

by 
 

Debra Jane Susan Salmon 
 
 
 

_____________________ 
      

 
 

A Dissertation Submitted to the Faculty of the 
 

DEPARTMENT OF CHEMISTRY & BIOCHEMISTRY 
 

In Partial Fulfillment of the Requirements 
For the Degree of 

 
DOCTOR OF PHILOSOPHY 
WITH A MAJOR IN CHEMISTRY 

 
In the Graduate College 

 
THE UNIVERSITY OF ARIZONA 

 
 
 
 
 
 
 
 

2011 
 



 2

 
THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 
 

As members of the Dissertation Committee, we certify that we have read the dissertation  
 
prepared by Debra J. Salmon 
 
entitled "Nitric Oxide- and Nitroxyl-Releasing Diazeniumdiolates in Pharmaceutical and 
Biomedical Research Applications" 
 
and recommend that it be accepted as fulfilling the dissertation requirement for the  
 
Degree of Doctor of  Philosophy 
 
 
_______________________________________________________________________ Date: 2/8/2011 

Dr. Katrina Miranda    
 
_______________________________________________________________________ Date: 2/8/2011 

Dr. John Enemark    
    
_______________________________________________________________________ Date: 2/8/2011 

Dr. Indraneel Ghosh    
 
_______________________________________________________________________ Date: 2/8/2011 

Dr. Richard Glass    
    
_______________________________________________________________________ Date: 2/8/2011 

Dr. Dennis Lichtenberger    
    
 
Final approval and acceptance of this dissertation is contingent upon the candidate’s 
submission of the final copies of the dissertation to the Graduate College.   
 
I hereby certify that I have read this dissertation prepared under my direction and 
recommend that it be accepted as fulfilling the dissertation requirement. 
 
 
________________________________________________ Date: 2/8/2011 
Dissertation Director:  Dr. Katrina Miranda    



 3

STATEMENT BY AUTHOR 
 

 
This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree at the University of Arizona and is deposited in the University Library 
to be made available to borrowers under rules of the Library. 
 
Brief quotations from this dissertation are allowable without special permission, provided 
that accurate acknowledgment of source is made. Requests for permission for extended 
quotation from or reproduction of this manuscript in whole or in part may be granted by 
the head of the major department of the Dean of the Graduate College when in his or her 
judgment the proposed use of the material is in the interests of scholarship. In all other 
instances, however, permission must be obtained from the author. 
 
 
     SIGNED: Debra J. Salmon 



 4

ACKNOWLEDGMENTS 
 

 

This dissertation would not have been possible without the constant support and 

guidance of Dr. Katrina M. Miranda. She has given me many opportunities to learn 

scientific techniques in a variety of locations and has taught me that I can push myself 

further than I thought possible. I would like to express my gratitude to Dr. Hartmut 

Jaeschke (University of Kansas Medical Center), Dr. David A. Wink (National Cancer 

Institute/National Institutes of Health), and Dr. Larry K. Keefer (NCI-Frederick) for 

opening up their labs to me and being excellent collaborators. My committee members 

(Drs. John H. Enemark, Indraneel Ghosh, Richard S. Glass, Dennis L. Lichtenberger) 

have provided invaluable scientific insight and discussion. I would also like to 

acknowledge all my past and present colleagues in the Miranda group for their helpful 

suggestions and friendship along the way. In particular Dr. Claudia L. Torres de Holding 

and Dr. Patricia G.Z. Benini were great friends and mentors in the lab. I am indebted to 

all members of the University of Arizona Department of Chemistry & Biochemistry for 

inspiring and teaching me along the way. 

Finally, I am grateful to my family and friends, whose support has also made this 

journey possible. 



 5

DEDICATION 
 
 

I would like to dedicate this work to my parents, Bonnie and Garrett Salmon. You are 

the first chemists in my life and have always been my biggest supporters.  



 6

TABLE OF CONTENTS 
 

LIST OF TABLES ........................................................................................................12 

LIST OF FIGURES ......................................................................................................13 

LIST OF EQUATIONS ................................................................................................21 

LIST OF SCHEMES ....................................................................................................23 

LIST OF ABBREVIATIONS ......................................................................................26 

ABSTRACT...................................................................................................................29 

 

1   INTRODUCTION......................................................................................................31 
    1.1 The Chemical Biology of HNO ..........................................................................31 

       1.1.1 Introduction to nitrogen oxides.......................................................................31   

       1.1.2 Chemistry of HNO...........................................................................................32 

    1.2 Donors of HNO....................................................................................................39 

        1.2.1 Angeli’s salt ...................................................................................................40 

        1.2.2 Piloty’s acid ...................................................................................................41 

        1.2.3 N-hydroxyurea and related compounds.........................................................41 

        1.2.4 Cyanamide .....................................................................................................42 

       1.2.5 Diazeniumdiolates...........................................................................................45             

      1.2.6 Metal-nitroxyl complexes................................................................................48 

    1.3 Detection of HNO ................................................................................................49 

         1.3.1 Spectrophotometric methods.........................................................................49 

         1.3.2 Fluorescence detection .................................................................................51 

         1.3.3 Electrochemical methods ..............................................................................53 

         1.3.4 Chemiluminescence method..........................................................................53 

         1.3.5 HPLC method................................................................................................54 

        1.3.6 Gas chromatography .....................................................................................56 
    1.4 Pharmacological utility of HNO ........................................................................56 

       1.4.1 Cardiovascular system....................................................................................57 



 7

TABLE OF CONTENTS-continued 
     

  1.4.2 Cancer..................................................................................................................58 

    1.5 Summary..............................................................................................................59 

 

2 COMPARISON OF IONIC AND PRODRUG NONOATES.................................60 
    2.1 Introduction.........................................................................................................60 

    2.2 Experimental .......................................................................................................62 

        2.2.1 Chemicals.......................................................................................................62 

        2.2.2 Synthesis of IPA/NO.......................................................................................62 

        2.2.3 Synthesis of AcOM-IPA/NO ...........................................................................63 

        2.2.4 Instrumentation ..............................................................................................64 

        2.2.5 Determination of rate constants.....................................................................65 

        2.2.6 Electrochemical measurements .....................................................................66 

        2.2.7 Reductive nitrosylation of metMb ..................................................................66 

    2.3 Results ..................................................................................................................68 

        2.3.1 Rate constants of Angeli’s salt and IPA/NO decomposition..........................69 

        2.3.2 Dependence of donor profile on pH...............................................................71 

        2.3.3 Determination of NONOate pKa values .........................................................75 

        2.3.4 Dissociation Mechanisms of Angeli’s salt and IPA/NO ................................76 

        2.3.5 Donor Chemistry of Angeli’s salt and IPA/NO..............................................80 

        2.3.6 Comparison of IPA/NO and AcOM-IPA/NO .................................................83 

    2.4 Summary..............................................................................................................95 

 

3 SYNTHESIS AND CHARACTERIZATION  

OF NEW HNO DONORS ................................................................................97 
    3.1 HNO donors.........................................................................................................97 

 



 8

TABLE OF CONTENTS-continued 
 

    3.2 General Experimental ........................................................................................98 

        3.2.1 Synthesis of existing NONOates.....................................................................98 

        3.2.2 Synthesis of new NONOates...........................................................................98 

        3.2.3 Structural characterization of NONOates ...................................................100 

        3.2.4 Analysis of donor profiles ............................................................................102 

    3.3 Attempted synthesis of new ionic donors........................................................105  

        3.3.1 Congeners of IPA/NO ..................................................................................105      

        3.3.2 Synthesis of DMPA/NO................................................................................113 

        3.3.3 Structural characterization of DMPA/NO ...................................................118 

        3.3.4 Congeners of DMPA/NO .............................................................................136         

        3.3.5 Congeners of CHexA/NO .............................................................................146 

    3.4 Polyamine NONOates with protecting groups ...............................................154 

        3.4.1 Synthesis and characterization of 1-Boc-4-Ampip/NO................................155      

        3.4.2 Attempted synthesis of Boc-DETA/NO.........................................................161 

        3.4.3 Attempted synthesis of Boc-PAPA/NO.........................................................167 

        3.4.4 Attempted synthesis of branched primary amine as a  

                 NONOate precursor.....................................................................................173 

    3.5 Non-amine nucleophiles....................................................................................178 

        3.5.1 Attempted synthesis of guanidi/NO ..............................................................179  

        3.5.2 Attempted synthesis of Boc-guanidine .........................................................180 

        3.5.3 Attempted synthesis of acetamidi/NO ..........................................................182 

        3.5.4 Analysis of NONOate reactions of guanidine and acetamidine ..................182 

        3.5.5 Attempted diazeniumdiolation of inorganic species ....................................183  

        3.5.6 Synthesis of 2-amino-4-methoxy-5-bromo-6-methylpyrimidine as a future 

NONOate precursor....................................................................................184 

    3.6 Synthesis of NONOate prodrugs (O2-protection) ..........................................185 

        3.6.1 General experimental...................................................................................186 



 9

TABLE OF CONTENTS-continued 
 

        3.6.2 Attempted synthesis of AcOM-Ampip/NO ....................................................186 

        3.6.3 Analysis of AcOM-1-Ampip/NO...................................................................187 

        3.6.4 Attempted synthesis of AcOM-Norbor/NO...................................................188      

        3.6.5 Analysis of AcOM-Norbor/NO.....................................................................189 

        3.6.6 Attempted synthesis of AcOM-Ampe/NO .....................................................192  

    3.7 Summary............................................................................................................193 

 

4 HNO DETECTION METHODS....................................................................195 
    4.1 Introduction.......................................................................................................195 

    4.2 HNO detection methods ...................................................................................196  

        4.2.1 EPR detection...............................................................................................196 

        4.2.2 Fluorescence detection ................................................................................197 

        4.2.3 NMR detection .............................................................................................198 

        4.2.4 Comparison of detection methods................................................................199 

    4.3 Experimental .....................................................................................................199 

        4.3.1 Chemicals.....................................................................................................199 

        4.3.2 Instrumentation ............................................................................................200 

        4.3.3 Reductive nitrosylation of metMb by spectrophotometric determination....200 

        4.3.4 Electrochemical detection using an NO-specific electrode .........................201 

        4.3.5 HPLC: UV detection with nitrosoarene.......................................................202 

        4.3.6 HPLC: UV detection with GSH ...................................................................203 

        4.3.7 HPLC: fluorescence detection .....................................................................204 

    4.4 Results ................................................................................................................209 

        4.4.1 Reductive nitrosylation of metMb ................................................................210 

        4.4.2 NO-specific electrode...................................................................................212 

        4.4.3 HPLC: nitrosoarene trap ............................................................................216 

        4.4.4 HPLC: GSH trap..........................................................................................218 



 10

TABLE OF CONTENTS-continued 
 

        4.4.5 HPLC: OPA-GSH conjugation ....................................................................222 

    4.5 Summary............................................................................................................240 

 

5 INHIBITION OF ALDEHYDE DEHYDROGENASE BY HNO DONORS ....242 
    5.1 Alcoholism .........................................................................................................242 

        5.1.1 Treatment using cyanamide .........................................................................243 

        5.1.2 Inhibition of AlDH .......................................................................................244 

    5.2 Experimental .....................................................................................................246 

        5.2.1 Chemicals.....................................................................................................246 

        5.2.2 Instrumentation ............................................................................................246 

        5.2.3 Inhibition of yeast AlDH ..............................................................................247 

        5.2.4 Animal studies ..............................................................................................247 

    5.3 Results ................................................................................................................250 

        5.3.1 Inhibition of yeast AlDH ..............................................................................250 

        5.3.2 Mouse liver homogenate ..............................................................................254 

        5.3.3 Animal studies ..............................................................................................257 

    5.4 Summary............................................................................................................265 

 

6   CONCLUSIONS AND FUTURE DIRECTIONS....................................................267 
    6.1 Comparison of ionic and prodrug NONOates ...............................................267 

        6.1.1 Conclusions..................................................................................................267 

        6.1.2 Future directions..........................................................................................267 

    6.2 Synthesis of new HNO donors .........................................................................268 

        6.2.1 Conclusions..................................................................................................268 

        6.2.2 Future directions..........................................................................................268 

    6.3 HNO detection methods ...................................................................................269 

        6.3.1 Conclusions..................................................................................................269 



 11

TABLE OF CONTENTS-continued 
 

        6.3.2 Future directions..........................................................................................270 

    6.4 Inhibition of AlDH by HNO donors ................................................................270 

        6.4.1 Conclusions..................................................................................................270 

        6.4.2 Future directions..........................................................................................271 

 

REFERENCES............................................................................................................272 

    Chapter 1 References..............................................................................................272 

    Chapter 2 References..............................................................................................282 

    Chapter 3 References..............................................................................................285 

    Chapter 4 References..............................................................................................289 

    Chapter 5 References..............................................................................................292 

    Chapter 6 References..............................................................................................296 

 



 12

LIST OF TABLES 

 

Table 3.1. Attempted synthesis of NONOates from primary amines similar in  

structure to the known HNO donor, isopropylamine NONOate.................106 

Table 3.2. Evaluation of NMR chemical shifts for the ammonium salt  

of DMPA/NO..............................................................................................122 

Table 3.3. Comparisons of calculated compositions to results of elemental analysis  

for Angeli’s salt and DMPA/NO (sodium and ammonium salts)...............126 

Table 3.4. Attempted synthesis of NONOates from piperidines..................................147 

Table 3.5. Attempted synthesis of NONOates from polyamines.................................155 

Table 3.6. Attempted diazeniumdiolation of non-amine nucleophiles ........................179 

Table 3.7. Summary of ionic NONOates successfully synthesized.............................194 

Table 4.1. Summary of methods used for detection of HNO.......................................209 

Table 4.2. Comparison of rate constants for decomposition of Angeli’s salt  

(100 µM) in the presence of absence of metMb (100 µM) at pH 7.4,  

22.5°C (n = 3 ± SEM).................................................................................211 

Table 4.3. Results of reductive nitrosylation assay showing % HNO trapped  

as a function of Angeli’s salt concentration................................................212 

Table 4.4. Trapping efficiency of HPLC-based method using p-nitrosoanisole  

(100 µM) as a trapping agent ......................................................................217 

Table 4.5. Trapping efficiency of HPLC-based method using p-nitrosoanisole  

(1 mM) as a trapping agent .........................................................................218 

Table 4.6. Detection limits for literature and OPA HPLC-based methods ..................231 

Table 4.7. Summary of the species currently separated by the OPA method ..............232 

Table 4.8. Sulfinamide detected by HPLC (UV detection) in MCF-7 cell lysate 

experiments using a variety of donors. .......................................................237 

Table 5.1. Summary of IC50 values of compounds in yeast AlDH and mouse liver 

homogenate. ................................................................................................253 

 



 13

LIST OF FIGURES 

 
Figure 1.1. Structure of general N-diazeniumdiolate..................................................... 45 

Figure 2.1. The pH-dependence of the first-order rate constants of decomposition  

of Angeli’s salt........................................................................................... 69 

Figure 2.2. The pH-dependence of the first-order rate constants of decomposition  

of IPA/NO..................................................................................................... 70 

Figure 2.3. The pH-dependence of maximum current intensity from an NO-specific 

electrode during decomposition of (A) Angeli’s salt or (B) IPA/NO........... 72 

Figure 2.4. The pH-dependence of (A) first-order rate constants and (B) maximum 

current intensity from an NO-specific electrode during decomposition  

of DEA/NO ................................................................................................... 73 

Figure 2.5. Variation of (A) λmax and (B) kobs for IPA/NO as a function  

of solution pH ............................................................................................ 76  

Figure 2.6. Decomposition of IPA/NO at 37°C in PBS (+ 50 µM DTPA) of pH 13  

either (A) in air or (B) in deaerated solution................................................. 81 

Figure 2.7. Decomposition of IPA/NO at 37°C in PBS (+ 50 µM DTPA) of pH 7.4 

in air ........................................................................................................... 82 

Figure 2.8. The pH-dependence of the first-order rate constant of decomposition 

measured at 250 nm (A) IPA/NO and (B) AcOM-IPA/NO at 37°C in PBS 

containing 50 µM DTPA and adjusted to the indicated pHs as necessary ... 85 

Figure 2.9. Spontaneous hydrolysis of AcOM-IPA/NO at (A) pH 7.4  

and (B) pH 12............................................................................................. 86  



 14

LIST OF FIGURES-continued 

 
Figure 2.10. Reductive nitrosylation of metMb by (A) IPA/NO and  

(B) AcOM-IPA/NO at pH 7.4, 37°C in PBS (+ 50 µM DTPA) in  

deaerated solution ...................................................................................... 88 

Figure 2.11. Effect of GSH on the reductive nitrosylation of metMb by (A) IPA/NO,  

(B) DEA/NO, (C) AcOM-IPA/NO, or (D) Angeli’s salt. The assay was 

performed in PBS (pH 7.4) containing 50 µM DTPA and 250 µM GSH  

at 37°C under deaerated conditions .............................................................. 90 

Figure 2.12. Esterase-catalyzed hydrolysis of AcOM-IPA/NO  

in PBS (pH 7.4, 37°C) ............................................................................ 91 

Figure 2.13. Esterase-mediated hydrolysis of IPA/NO (A and B) and  

AcOM-IPA/NO (C and D) in the presence (panels B and D) or  

absence (panels A and C) of 250 µM GSH ............................................... 92  

Figure 3.1. Decomposition traces of sec-BuA/NO at pH 7.4, 37°C ............................ 111 

Figure 3.2. Attempted reductive nitrosylation of metMb by sec-BuA/NO ................. 112 

Figure 3.3. Reaction of oxyMb with sec-BuA/NO ...................................................... 113 

Figure 3.4. 1H NMR spectrum of DMPA/NO (sodium salt) at t=0 ............................. 118 

Figure 3.5. 1H NMR spectrum of DMPA/NO (ammonium salt) at t=0....................... 119 

Figure 3.6. 1H NMR spectrum of DMPA/NO (ammonium salt) at t=6.5h.................. 120 

Figure 3.7. 1H NMR spectrum of DMPA/NO (ammonium salt) at t=5 d.................... 121 

Figure 3.8. IR spectra comparing the sodium and ammonium counterions of the 

DMPA/NO donor..................................................................................... 123 



 15

LIST OF FIGURES-continued 

 
Figure 3.9. IR spectra comparing Angeli’s salt, IPA/NO, and DEA/NO .................... 124 

Figure 3.10. IR spectra comparing the NONOates DMPA/NO and IPA/NO.............. 125 

Figure 3.11. IR spectra comparing DMPA/NO and Angeli’s salt ............................... 125 

Figure 3.12. Mass spectrum of DMPA/NO, ammonium salt....................................... 127 

Figure 3.13. XPS spectrum showing N1s ionizations for Angeli’s salt, DMPA/NO,  

and IPA/NO .......................................................................................... 128 

Figure 3.14. Calculations for N 1s ionization energies for Angeli’s salt (as N2O3
2-), 

DMPA/NO, and IPA/NO...................................................................... 129 

Figure 3.15. XPS time course experiment of Angeli’s salt and DMPA/NO N1s  

region showing changes due to X-ray irradiation ................................. 130 

Figure 3.16. Overlaid X-ray powder diffraction data for three samples  

of Angeli’s salt......................................................................................... 131 

Figure 3.17. Comparison of X-ray powder diffraction data for DMPA/NO, 2-

ethylhexylamine NONOate, 2-methylcyclohexylamine NONOate,  

and Angeli’s salt ................................................................................... 132 

Figure 3.18. Comparison of rate constants for DMPA/NO and Angeli’s salt as a  

function of pH as measured spectrophotometrically ............................... 133 

Figure 3.19. Decomposition (A) Angeli’s salt and (B) DMPA/NO monitored by  

a NO-specific electrode as a function of pH at ambient temperature  

in the presence and absence of ferricyanide ............................................ 134 

Figure 3.20. Comparison of titration curves for Angeli’s salt and DMPA/NO........... 135 



 16

LIST OF FIGURES-continued 

 
Figure 3.21. Rate constants of decomposition as a function of pH for 2-Ampe/NO... 137 

Figure 3.22. Reductive nitrosylation of metMb by 2-Ampe/NO................................. 138 

Figure 3.23. Detection of NO and HNO from 2-Ampe/NO monitored by an  

NO-specific and compared to known donors........................................... 139 

Figure 3.24. NO-specific electrode donor profile as a function of pH  

for 2-Ampe/NO........................................................................................ 140 

Figure 3.25. Titration curve of 2-Ampe/NO................................................................ 141 

Figure 3.26. 1H NMR spectrum of ROH/NO............................................................... 143 

Figure 3.27. IR spectrum of ROH/NO......................................................................... 144 

Figure 3.28. Attempted reductive nitrosylation of metMb by ROH/NO..................... 144 

Figure 3.29.  Decomposition traces of ROH/NO at pH 7.4, 37°C............................... 145 

Figure 3.30. Results of (A) attempted reductive nitrosylation of metMb (50 µM)  

and (B) reaction with oxyMb (50 µM) with 1-Ampip/NO (100 µM)  

at pH 7.4, 37°C ........................................................................................ 149 

Figure 3.31. Reaction of oxyMb (50 µM) with CHexA/NO (100 µM) in the  

presence or absence of GSH (250 µM) at pH 7.4, 37°C....................... 150 

Figure 3.32. Results of (A) attempted reductive nitrosylation of metMb (50 µM)  

and (B) reaction with oxyMb (50 µM) by 4-Ampip/NO (100 µM)  

at pH 7.4, 37°C ..................................................................................... 152 

 

 



 17

LIST OF FIGURES-continued 

 
Figure 3.33. NO-specific electrode data for 1-Ampip/NO (5 µM) and 1-Ampip/NO  

(5 µM) at pH 7.4 and ambient temperature, along with a comparison 

to known donors.................................................................................... 153 

Figure 3.34. 1H NMR comparing (A) 4-aminopiperidine and (B) 1-Boc-4-

aminopiperidine in CDCl3........................................................................ 160 

Figure 3.35. Results of (A) attempted reductive nitrosylation of metMb (50 µM)  

and (B) reaction with oxyMb (50 µM) by 1-Boc-4-Ampip/NO residue 

(approx. 100 µM) at pH 7.4, 37°C ........................................................... 161 

Figure 3.36. Representative UV-vis spectrum of the reaction mixture from 

diazeniumdiolation of Boc-PAPA ........................................................ 172 

Figure 3.37. Reaction of AcOM-1-Ampip/NO (100 µM) with (A) metMb (50 µM)  

or (B) oxyMb (50 µM) in the presence of absence of GSH (250 µM) at  

pH 7.4, 37°C ............................................................................................... 187 

Figure 3.38. Decomposition of AcOM-1-Ampip/NO in 10 mM NaOH at 37°C ........ 188 

Figure 3.39. Donor properties of Norbor/NO demonstrated as (A) observed rate 

constants at 37°C and (B) products monitored by an NO-specific  

electrode at pH 7.4 and ambient temperature .......................................... 190 

Figure 3.40. Reductive nitrosylation of metMb (50 µM) by Norbor/NO  

(100 µM, A and C) or crude AcOM-Norbor/NO (A230 ~1; concentration  

not determined; B and D) in the absence (A and B) or presence (C and D)  

of 250 µM GSH under deaerated conditions at pH 7.4 and 37°C............... 191 



 18

LIST OF FIGURES-continued 

 
Figure 4.1.  Reductive nitrosylation of metMb by Angeli’s salt at  

22.5oC in deaerated assay buffer.............................................................. 210 

Figure 4.2. NO-specific electrode calibration curve using (A) acidified nitrite or  

(B) DEA/NO at pH 7.4 ............................................................................ 213 

Figure 4.3. Response of NO specific electrode to similar concentrations of NO  

generated from NO2
- in 0.1 M H2SO4 (pH 2, red trace) or  

2.6 µM DEA/NO at pH 7.4 (blue trace)................................................... 214 

Figure 4.4. Different signal responses from NO electrode for 2.6 µM DEA/NO,  

yielding 4.4 µM NO (red trace) and 6 µM Angeli’s salt in the presence  

of 1 mM ferricyanide (blue trace)............................................................ 215 

Figure 4.5. HPLC chromatogram of GSH (100 µM) by literature HPLC method ...... 219 

Figure 4.6. HPLC chromatogram showing sulfinamide generated from the reaction  

of Angeli’s salt (100 µM) and GSH (100 µM) at pH 7.4, 37oC for 1 h.  

GSSG is also detected.............................................................................. 220 

Figure 4.7. Chromatogram from literature HPLC method showing the mixture  

resulting from Angeli’s salt (100 µM) and GSH (1 mM), incubated at  

pH 7.4, 37oC for 1h .................................................................................. 221 

Figure 4.8. Complexity of thiol modification. Sulfinamide is currently considered  

to be a selective biomarker of HNO ..................................................... 222 

Figure 4.9. Time course of the reaction of GSH (1 mM) with the OPA reagent as 

monitored spectrophotometrically at 340 nm .......................................... 225 



 19

LIST OF FIGURES-continued 

 

Figure 4.10. Chromatogram of 2 nmol (20 µL of 100 µM) treated with OPA and  

detected by fluorescence ............................................................................. 225 

Figure 4.11. Calibration curve of GSH-OPA (0-100 µM) by  

fluorescence detection................................................................................. 226 

Figure 4.12. Spectral changes during decomposition of Angeli’s salt (100 µM) in the 

presence of GSH (100 µM) carried out in assay buffer and upon addition  

of OPA reagent at 1600 s ......................................................................... 227 

Figure 4.13. HPLC chromatogram showing sulfinamide generated from the reaction  

of Angeli’s salt (100 µM) and GSH (100 µM) at pH 7.4, 37°C for 1 h  

and derivatized with OPA........................................................................ 228 

Figure 4.14. Mass spectrum of the isolated fraction of sulfinamide-OPA adduct  

(eluting near 18 min) of both fractions of a split peak  

(panels A and B) ................................................................................... 229 

Figure 4.15. HPLC chromatogram of Angeli’s salt (100 µM) and GSH (1 mM), 

incubated at pH 7.4, 37oC for 1h, and analyzed by the OPA method... 230 

Figure 4.16. Representative HPLC chromatogram (n = 3) of MCF-7 cells treated  

with 100 µM Angeli’s salt for 1 h at 37°C............................................ 234 

Figure 4.17. Representative HPLC chromatogram (n = 3) of MCF-7 cells treated with 

100 µM Angeli’s salt for 1 h at 37°C and subjected to OPA conjugation 

before analysis ...................................................................................... 234 

Figure 4.18. Representative HPLC chromatogram (n = 3) of MCF-7 cell lysate  

treated with 100 µM Angeli’s salt for 1 h at 37°C................................... 235 

Figure 4.19. Representative HPLC chromatogram (n = 3) of MCF-7 cell lysate  

treated with 100 µM Angeli’s salt for 1 h at 37°C  before OPA  

conjugation and HPLC analysis............................................................... 236 

Figure 4.20. Summary of MCF-7 cell cell lysates treated with different donors and 

analyzed by HPLC-OPA method.......................................................... 237 



 20

LIST OF FIGURES-continued 
 

 
Figure 4.21. GSH levels (indicated by peak area analyzed by HPLC OPA method)  

in U-937 cells treated with donors ........................................................... 239 

Figure 4.22. GSH levels (indicated by peak area analyzed by HPLC OPA method)  

in RAW cells induced to produce NO or (B) U-937 cells treated  

with donors............................................................................................... 240 

Figure 5.1. Representative trace for determination of AlDH activity, measured as  

the increase of NADH spectrophotometrically at 340 nm as shown (A)  

in the absence of inhibitor and (B) in the presence of the HNO donor 

Angeli’s salt (10 µM)............................................................................... 250 

Figure 5.2. Effect of donors on AlDH inhibition (n = 3 ± SEM) measured 

spectrophotometrically (340 nm) at pH 8, 25°C...................................... 251 

Figure 5.3. Reversibility studies on AlDH activity carried out with excess GSH  

and the HNO donor Angeli’s salt (n = 3 ± SEM) .................................... 252 

Figure 5.4. Dose response curve for AlDH activity in mouse liver homogenate as a 

function of AcOM-IPA/NO concentration co-incubated in the 

 homogenate for 30 min or 1 h at 37°C ................................................... 256   

Figure 5.5. Hypothesis for effect of AlDH inhibitor upon allyl alcohol challenge  

results in decreased GSH levels compared to active AlDH.................. 259 

Figure 5.6. Effect of cyanamide (50 mg/kg, 1h) and allyl alcohol (AA; 30 or  

60 mg/kg, 1h treatment) on (A) AlDH activity and (B) hepatic GSH  

levels in mice ........................................................................................ 260 

Figure 5.7. Effect of Angeli’s salt (30 or 100 mg/kg, 1 h) and allyl alcohol  

(60 mg/kg, 1 h) in mice on (A) AlDH activity and (B) hepatic GSH  

levels. .................................................................................................... 261 

Figure 5.8. Effect of AcOM-IPA/NO (100 mg/kg, 1h) and allyl alcohol  

(AA; 60 mg/kg, 1h treatment) on (A) AlDH activity or (B) hepatic  

GSH levels in mice. .............................................................................. 263 



 21

LIST OF EQUATIONS 

 

Eq. 1.1. Equilibrium expression for HNO and NO- ....................................................... 34  

Eq. 1.2. Deprotonation of HNO...................................................................................... 36 

Eq. 1.3. Reaction of HNO with thiol to form N-hydroxysulfenamide ........................... 37 

Eq. 1.4. Reaction of N-hydroxysulfenamide with GSH to form  

  disulfide and NH2OH........................................................................................ 37 

Eq. 1.5. Rearrangement of N-hydroxysulfenamide to form sulfinamide ....................... 37 

Eq. 1.6. Dimerization of HNO........................................................................................ 38 

Eq. 1.7. Decomposition of Angeli’s salt to release HNO............................................... 40 

Eq. 1.8. Decomposition of Piloty’s acid to release HNO............................................... 41 

Eq. 1.9. Formation of HNO from N-hydroxyurea .......................................................... 42 

Eq. 1.10. Bioactivation of cyanamide to HNO............................................................... 43 

Eq. 1.11. Esterase-mediated hydrolysis of O2-derivatized NONOates .......................... 46 

Eq. 1.12. Decomposition of general secondary amine NONOate to form NO .............. 46 

Eq. 1.13. Reductive nitrosylation of metMb by HNO.................................................... 50 

Eq. 1.14. Reaction of metMb with NO........................................................................... 50 

Eq. 1.15. Reaction catalyzed by AlDH and used as spectrophotometric assay.............. 51 

Eq. 1.16. Oxidation of HNO by ferricyanide, often used in conjunction with 

electrochemical detection.............................................................................. 53 

Eq. 1.17. Reaction of NO with ozone used in chemiluminescence detection ................ 53 

Eq. 1.18. Reaction of HNO with NO.............................................................................. 56 

Eq. 1.19. Reaction of HNO + NO product with additional NO ..................................... 56 

Eq. 1.20. Disproportionation of HN2O3 to N2O and HNO2............................................ 56 

Eq. 2.1. Calculation of A543 from metMb spectrophotometric data ............................... 67 

Eq. 2.2. Calculation of A502 from metMb spectrophotometric data ............................... 67 

Eq. 2.3. Two-term rate law for fitting rate constants for IPA/NO decomposition  

by reaction through protonated and non-protonated states .............................. 76 

Eq. 2.4. Formation of ONOO- from NO- and O2............................................................ 81 



 22

LIST OF EQUATIONS-continued 

 

Eq. 2.5. Autoxidation of MbNO back to metMb............................................................ 87 

Eq. 2.6. Reaction of metMbNO with GSH to form MbNO ........................................... 87 

Eq. 3.1. Reaction of oxyMb with NO........................................................................... 104 

Eq. 3.2. Reaction of oxyMb with HNO........................................................................ 104 

Eq. 4.1. Generation of NO from acidified nitrite for electrode calibration .................. 202 

Eq. 4.2. Reaction of HNO with nitrosoarene to form cupferron derivative ................. 216 

Eq. 4.3. Reduction of GSSG to GSH by exogenous thiol ............................................ 230 

Eq. 5.1. Metabolism of ethanol by alcohol (ADH) and aldehyde dehydrogenase  

(AlDH) enzymes ............................................................................................ 244 

Eq. 5.2. Metabolism of allyl alcohol to acrolein and acrylic acid by ADH and AlDH, 

respectively ................................................................................................. 257 



 23

LIST OF SCHEMES 

 

Scheme 1.1. Energy differences for ground and lowest excited spin states of  

HNO and NO− ......................................................................................... 33 

Scheme 1.2. General competing decomposition pathways for the decomposition  

of primary amine NONOates .................................................................. 47 

Scheme 1.3. Detection of HNO using Lippard’s fluorophore........................................ 52 

Scheme 2.1. Synthesis of IPA/NO ................................................................................. 63 

Scheme 2.2. Synthesis of AcOM-IPA/NO..................................................................... 64 

Scheme 2.3. Dual decomposition mechanisms available for Angeli’s salt leading to 

release of HNO or NO ............................................................................ 78 

Scheme 2.4. Dual decomposition mechanisms available for primary amine  

NONOates leading to release of HNO or NO......................................... 79 

Scheme 2.5. Detailed description of hydrolysis products for the HNO-generating 

mechanism of primary amine NONOate decomposition........................ 84 

Scheme 2.6. Dual decomposition mechanisms of AcOM-IPA/NO  

leading to HNO....................................................................................... 93 

Scheme 3.1. Decomposition pathways for primary (R = alkyl, R’= H) and secondary 

(R,R’ = alkyl) ionic NONOates .............................................................. 97 

Scheme 3.2. General synthesis of NONOates ................................................................ 99 

Scheme 3.3. Attempted synthesis of 3-Ampe/NO........................................................ 106 

Scheme 3.4. Attempted synthesis of 1-Adama/NO...................................................... 109 

Scheme 3.5. Attempted synthesis of 3-azabicyclAmi/NO ........................................... 109 

Scheme 3.6. Attempted synthesis of 1,3-DMBA/NO .................................................. 110 

Scheme 3.7. Synthesis of sec-BuA/NO........................................................................ 111 

Scheme 3.8. Synthesis of DMPA/NO .......................................................................... 115 

Scheme 3.9. Alternative synthesis of DMPA/NO........................................................ 115 

Scheme 3.10. Attempted synthesis of O2-CH3-DMPA/NO ......................................... 116 

Scheme 3.11. Synthesis of 2-Ampe/NO....................................................................... 137 



 24

 LIST OF SCHEMES-continued 

 

Scheme 3.12. Synthesis of ROH/NO ........................................................................... 142 

Scheme 3.13. Attempted synthesis of 1-Ampip/NO in diethyl ether ........................... 148 

Scheme 3.14. Synthesis of 1-Ampip/NO in MeOH ..................................................... 148 

Scheme 3.15. Synthesis of 4-Ampip/NO in MeOH ..................................................... 151 

Scheme 3.16. Synthesis of 4-Ampip/NO in diethyl ether ............................................ 151 

Scheme 3.17. General approach for synthesis of selective primary or secondary  

amine NONOates based on the same backbone via introduction of 

protecting groups .................................................................................. 154 

Scheme 3.18. Synthesis of Boc-protected 4-aminopiperidine...................................... 156 

Scheme 3.19. Alternative Boc-protection of 4-aminopiperidine according  

to Ilies method....................................................................................... 158 

Scheme 3.20. Attempted diazeniumdiolation of 1-Boc-4-aminopiperidine................. 158 

Scheme 3.21. Attempted synthesis of Boc-DETA by Srinivasachari method ............. 163 

Scheme 3.22. Attempted synthesis of Boc-DETA via Ilies method ............................ 165 

Scheme 3.23. Attempted synthesis of Boc-DETA by Hay method ............................. 167 

Scheme 3.24. Synthesis of CF3CO-PAPA ................................................................... 168 

Scheme 3.25. Attempted Boc-protection of CF3CO-PAPA......................................... 169 

Scheme 3.26. Attempted removal of CF3CO- group from Boc-CF3CO-PAPA........... 169 

Scheme 3.27. Attempted diazeniumdiolation of Boc-PAPA in CH3CN, the solvent  

utilized to synthesize PAPA/NO........................................................... 170 

Scheme 3.28. Attempted diazeniumdiolation of Boc-PAPA in diethyl ether .............. 170 

Scheme 3.29. Attempted diazeniumdiolation of Boc-PAPA in NaOMe/MeOH ......... 171 

Scheme 3.30. Boc-protection of amino alcohol, with the goal to synthesize a  

branched primary amine for NONOate synthesis................................. 174 

Scheme 3.31. Proposed synthesis of branched Boc-protected polyamine from Boc-

protected amino alcohol........................................................................ 176 

Scheme 3.32. Synthesis of Boc- and Ts-protected amino alcohol ............................... 177 



 25

LIST OF SCHEMES-continued 

 

Scheme 3.33. Proposed synthesis of branched primary amine from protected  

amino alcohol........................................................................................ 177 

Scheme 3.34. Attempted synthesis of NONOate from guanidine................................ 179 

Scheme 3.35. Attempted synthesis of Boc-protected guanidine by  

two different methods ........................................................................... 180 

Scheme 3.36. Attempted synthesis of NONOate from acetamidine ............................ 182 

Scheme 3.37. Attempted synthesis of NONOate from sodium phosphite ................... 183 

Scheme 3.38. Attempted synthesis of NONOate from sodium nitrate......................... 184 

Scheme 3.39. Synthesis of 2-amino-4-methoxy-5-bromo-6-methylpyrimidine .......... 185 

Scheme 3.40. Attempted synthesis of AcOM-1-Ampip/NO........................................ 187 

Scheme 3.41. Attempted synthesis of AcOM-Norbor/NO........................................... 189 

Scheme 3.42. Attempted synthesis of AcOM-2-Ampe/NO ......................................... 192 

 

Scheme 4.1. Reaction of nitronyl nitroxide with NO to produce the imino nitroxide  

and NO2................................................................................................. 197 

Scheme 4.2. Reaction of HNO with PTIO derivative to form  

a nitronyl hydroxylamine...................................................................... 197 

Scheme 4.3. Detection of HNO using organic phosphines to produce an aza-ylide  

that can undergo Staudinger ligation to produce an amide................... 198 

Scheme 4.4. Reaction of OPA with generic amino acid to form  

fluorescent species ................................................................................... 223 

Scheme 4.5. Reaction of OPA with GSH without additional thiol reagent ................. 224 

Scheme 4.6. Proposed reaction scheme to produce the GS(O)NH2-OPA adduct ........ 228  

Scheme 5.1. Proposed metabolism of V-PYRRO/NO in liver..................................... 265  

 



 26

LIST OF ABBREVIATIONS 

 

AA = allyl alcohol 

ADH = alcohol dehydrogenase 

AlDH = aldehyde dehydrogenase 

ALT = alanine aminotransferase 

AS = Angeli’s salt 

BME = β-mercaptoethanol 

cAMP = cyclic adenosine monophosphate 

cGMP = cyclic guanosine monophosphate 

CGRP = calcitonin gene-related peptide 

DAF = diaminofluorescein 

DEA/NO = diethylamine NONOate 

DHR = dihydrorhodamine 

DMEM = Dulbecco’s Modified Eagle’s Medium 

EPR = electron paramagnetic resonance spectroscopy 

DTPA = diethylenetriaminepentaacetic acid 

GAPDH = glyceraldehyde-3-phosphate dehydrogenase 

GSH = glutathione 

GSNHOH = N-hydroxysulfenamide 

GSNO = S-nitrosoglutathione 

GS(O)NH2 = glutathione sulfinamide 

GSSG = glutathione disulfide 



 27

LIST OF ABBREVIATIONS-continued 

 

GTN = nitroglycerin 

HIF-1 = hypoxia-inducible factor-1 

HNO = nitroxyl 

HPLC = high performance liquid chromatography 

IPA/NO = isopropylamine NONOate 

LC-MS = liquid chromatography-mass spectrometry 

metMb = metmyoglobin  

MbNO = nitrosyl myoglobin 

MnTPPS = manganese (III) tetraphenylporphyrin sulfonate  

NANC = nonadrenergic/noncholinergic 

NA = p-nitrosoanisole  

NB = nitrosobenzene 

NEM = N-ethylmaleimide 

NHE = normal hydrogen electrode 

NO = nitric oxide 

NONOate = N-diazeniumdiolate 

NO2 = nitrogen dioxide 

NOS = nitric oxide synthase 

ONOO− = peroxynitrite 

OPA = o-phthalaldehyde 



 28

LIST OF ABBREVIATIONS-continued 

 

PBS = phosphate buffered saline  

PKA = protein kinase A 

PLE = porcine liver esterase 

PTIO = 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide 

RSH = thiol 



 29

ABSTRACT 
 

Nitric oxide (NO) has been extensively studied due to its importance as a signaling 

agent. More recently, the pharmacological benefits of nitroxyl (HNO) in the treatment of 

cardiovascular disease, cancer, and alcoholism have been discovered. 

That HNO readily dimerizes complicates analysis and necessitates the use of donors. 

Diazeniumdiolates (NONOates), which can release either NO or HNO, are particularly 

attractive in this regard. NONOates from primary amines release HNO at physiological 

pH, and since the few existing examples have relatively short half-lives, a major research 

goal was to extend the lifetime range. The effect of amine structure on the lifetimes of 

ionic primary amine NONOates having the general structure Na(RN(H)[N(O)NO]) was 

unexpectedly small. This prompted the use of O2-protecting group methodology as an 

alternate method to stabilize donors toward decomposition. A detailed analysis of the 

decomposition mechanisms of a representative ionic primary amine NONOate and its O2-

protected derivative is presented. 

NONOates were used as analytical tools to compare several commonly-used methods 

for detection of HNO. While these methods are used routinely for qualitative analysis of 

HNO, optimization for quantitative measurements was difficult. To improve method 

sensitivity, an HPLC assay using the fluorogenic reagent o-phthalaldehyde was 

developed, which may ultimately allow detection of endogenously-produced HNO.  

HNO donors such as cyanamide have been utilized in the treatment of alcoholism 

through the inhibition of aldehyde dehydrogenase (AlDH), which is critical for ethanol 

metabolism. Cyanamide also releases cyanide, and alternate HNO donors are thus desired 
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for this clinical use. The efficacy of NONOates in the inhibition of AlDH was assayed in 

purified yeast AlDH and in mouse liver homogenate. However, efficacy was limited in a 

mouse model, perhaps due to a lack of selective delivery. This drug discovery project 

provided useful information for the future development of potentially liver-selective 

HNO-releasing NONOates.  

Together, these studies demonstrate the utility of NONOates as biomedical research 

tools, with synthetic modifications allowing for the modulation of decomposition 

profiles. As analytical tools for the development of HNO detection methods and potential 

pharmaceuticals in the treatment of alcoholism, NONOates provide convenience and 

control as donors of NO and HNO. 
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1 INTRODUCTION

The biological effects and therapeutic benefit of nitrogen oxides has been widely

studied over the last several decades. This has been greatly facilitated by use of

diazeniumdiolates (NONOates) as convenient donors of NO. We sought to use the

NONOate functionality to produce a series of HNO donors. The mechanism of NONOate

decomposition as a function of pH is presented in Chapter 2, and the synthesis of a series

of structurally-related compounds is shown in Chapter 3. The analytical utility of these

compounds in developing selective detection methods for HNO is detailed in Chapter 4,

while Chapter 5 provides a pharmacological application of these compounds in the

treatment of alcoholism. Conclusions and future directions for all chapters are presented

in Chapter 6.

1.1 The Chemical Biology of HNO

1.1.1 Introduction to nitrogen oxides

Historically, interest in nitric oxide (NO) and related species has focused on negative

effects, particularly in atmospheric chemistry.1 High oxidation state species, such as

nitrogen dioxide (NO2), dinitrogen trioxide (N2O3), and peroxynitrite (ONOO−), have also

been shown to cause deleterious cellular mutations.2,3 In the 1980s, the surprising

discovery of the endogenous production of NO led to elucidation of its involvement in

many signaling pathways in the cardiovascular,4,5 nervous,6 and immune7 systems. The
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chemical biology of NO involves examination of the direct effects of NO and the indirect

effects of other nitrogen oxides produced from NO.8

Over the last decade HNO (nitroxyl; one electron more reduced than NO) has been

shown to induce positive inotropy, vasodilation, and cardioprotection through

mechanisms distinct from those of NO.9,10 In addition to cardiovascular activity, HNO

has been used successfully in the pharmacological treatment of alcoholism11 and has been

reported to inhibit tumor growth and angiogenesis.12 In many cases HNO has been shown

to have chemically, biochemically, and pharmacologically distinct results to that of its

redox congener, NO.13,14,15,16,17 These different effects present an intriguing relationship

that raises many important questions, including whether HNO is endogenously generated

and what therapeutic opportunities HNO donors may present; direct comparisons to NO

become very important in probing these properties.

1.1.2 Chemistry of HNO

1.1.2.1 Fundamental chemistry of HNO

The chemical properties of HNO provide insight into its distinct pharmacological

properties from those of NO. The conjugate base NO− is isoelectronic with O2
18 and has a

triplet ground state and singlet lowest excited state separated by ~16 kcal/mol based on

experimental19,20,21,22 and calculated23,24 values. Conversely, HNO has a singlet ground

state25,26 separated from its triplet lowest excited state by 18-19 kcal/mol (Scheme

1.1).27,28
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Scheme 1.1. Energy differences for ground and lowest excited spin states of HNO and

NO−.13

The dissimilar ground spin states complicate the acid-base relationship between HNO

and NO−. Following deprotonation of 1HNO, the anticipated path to the ground state

anion would proceed through initial formation of 1NO- followed by intersystem crossing

to 3NO−. However, protonation of 3NO− is expected to occur at the more electronegative

oxygen atom to yield 3NOH25,29 instead of 1HNO.25,30 While the only direct experimental

evidence for the existence of NOH was obtained by detection of a low yield IR band in a

solid argon matrix following microwave discharge into a gas mixture (H2/NO/Ar),31 four

decades earlier HNO was observed spectroscopically in both the gas phase32 and in an

argon matrix.33

To probe this spin-forbidden relationship, Janaway and Brauman investigated the

efficiency of proton transfer from a variety of acids to 3NO− in the gas phase.34 Their

results suggest that spin conversion occurs during the deprotonation step, rather than

through discrete intersystem crossing, due to the low energy barrier near the potential



34

wells for HA·3NO− and A−·1HNO on the potential energy curve.34 This analysis34 allowed

for the exclusion of 1NO− in the acid-base equilibrium (Eq. 1.1), leading to a simplified

relationship between 1HNO and 3NO− that is dependent on the values of Ka1 and Ka2 and

the forward and reverse rate constants involved.

1HNO 3NO− 3NOH → 3HNO → 1HNO (Eq. 1.1)

The 3NOH isomer is less stable than 1HNO by 20–23 kcal/mol35,36,37 with

isomerization barriers of 17 to 70 kcal/mol, depending on the direction of isomerization

and spin states involved.36,38,39,40 Direct conversion of ground state HNO to NOH

(70 kcal/mol to 1NOH) is biologically inaccessible by thermal processes, leading to the

assumption that the 1HNO/ 3NO− relationship behaves as a typical conjugate pair that

does not involve NOH, such that Ka2 need not be considered.

Examination of the chemistry of NO−, via the reduction of NO in pulse radiolysis

experiments, resulted in a reported pKa of 4.7 for HNO.41 Based on this value, estimates

of the H–NO bond dissociation energy (50 kcal/mol42), the aqueous solvation energy of

HNO, and the assumption that the relevant acid–base equilibrium is between 1HNO and

3NO−, the standard potential of the NO/ 3NO− couple was determined to be 0.39 V (1 M

vs NHE)43. However, data opposing these pKa and reduction potential values

accumulated. For instance, oxidation of reduced methyl viologen (MV2+/MV+ is −0.45V

vs NHE)44 by O2 (O2/O2
− is −0.16 V, 1 M vs NHE)45 is 100-fold faster than by NO139,

indicating a considerably lower reduction potential for NO than for O2 and certainly

much lower than 0.39 V. Further, the variety of studies showing distinct effects of NO
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and HNO donors in biological systems suggest that facile redox conversion does not

occur.

The inconsistencies between the published pKa for HNO (4.7) and the observed

chemistry of HNO donors led to revision of the reduction potential of NO and of the pKa

for HNO. Bartberger et al.46 utilized computational methods, cyclic voltammetry, and

spectrophotometric observation of viologen reduction during decomposition of two

donors, Angeli's salt and Piloty's acid, to support the potential for the NO/3NO− couple of

−0.8 V reported previously by both Ehman and Sawyer47 and Benderskii.48  The potential

for the NO/1NO− couple was estimated at −1.7 V, emphasizing the inaccessibility of

1NO− under biological conditions. From these potentials, the pKas for HNO deprotonation

to 3NO− and 1NO− were derived to exceed 11 and 23, respectively,46 with similar values

calculated by Shafirovich and Lymar.49 Thus, the thermodynamic barrier to reduction

(and oxidation to NO+)43 allows the chemistry of NO to be the basis for multiple

biological functionalities in mammalian cells.

While direct outer-sphere electron transfer to reduce NO to 3NO− is unlikely with

such a negative potential, protonation of 3NO− to HNO is thermodynamically favorable in

aqueous solution, resulting in a positive shift of the NO/3NO− potential from −0.8 to

−0.5 V at physiological pH.46,49 This slightly more favorable reduction potential

(NO,H+/HNO), along with the higher intracellular concentrations of reductants compared

to endogenously-generated NO, may allow reduction of NO directly to HNO under

certain conditions.68
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Further investigation of the relationship between HNO and its conjugate base by

Shafirovich and Lymar demonstrated that the rate constants for this spin-forbidden

process (Eq. 1.2) are unusually slow in both directions (Eq. 1.2, kf = 5 × 104 M−1 s−1 and

kr = 1 × 102 s−1),49 such that these rate constants, rather than the pKa, influence the

resulting chemistry. For HNO donors decomposing either thermally or photochemically,

the significant reactions involving proton transfer are generally unidirectional, either due

to a slow back reaction relative to other consumption pathways or to extreme pH (Eq.

1.2).50

1HNO + OH− → 3NO− + H2O (Eq. 1.2)

Ultimately, the chemistry that results from HNO generated from any donor system is

dependent upon the relative rates of dimerization, deprotonation, and autoxidation. The

chemical biology occurring in physiological systems can also be modulated by direct or

indirect reactions of HNO with biomolecules.

1.1.2.2  Biological targets of HNO

The rate constants for reaction of HNO with several biologically important species

have been determined,51 and a majority of these values are at least an order of magnitude

greater than spin-forbidden deprotonation (Eq. 1.2), such that HNO is the primary species

reacting with biomolecules. Analogous reactions with NO have been studied,52 and the

different ground spin states of these nitrogen oxides can aid in explaining their different

reactivity with specific molecular targets. NO is a stable radical which typically reacts
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with radicals, oxygen species, and ferrous systems at low concentrations.8 In contrast,

HNO has been shown to function as an electrophile in analogy to formaldehyde24 and

prefers addition reactions with thiols and higher valent metals, such as ferric hemes

(Section 1.3.1.1).51,53

1.1.2.2.1  Thiols

Association with thiols is one of the most facile reactions of HNO, resulting in an

unstable N-hydroxysulfenamide (Eq. 1.3). In the presence of excess thiol, this

intermediate undergoes nucleophilic attack by a second thiol to produce disulfide and

hydroxylamine (Eq. 1.4).54 Otherwise, rearrangement generates the sulfinamide (Eq.

1.5)55,56.

RSH +  HNO → RSNHOH (Eq. 1.3)

RSH  + RSNHOH →  RSSR  +  NH2OH (Eq. 1.4)

RSNHOH →   RS(O)NH2 (Eq. 1.5)

Recent experimental and computational analyses of these interactions have clarified

mechanistic details, such that spontaneous elimination of OH− from RSNHOH produces a

sulfiminium intermediate (RS+=NH), which adds water to yield sulfinamide.57,58,59 Eq.

1.4 has been shown to be important in the chemistry of vicinal dithiols such as

thioredoxin and reduced lipoic acid.60 However, it is possible that this product could

similarly occur from nucleophilic attack of RSH on an S-nitrosothiol. Sulfinamide has

been implicated as a unique product of reaction with HNO and is discussed further in

Section 1.3.5.
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1.1.3.2.2 Dimerization of HNO

The relative paucity of HNO data compared to NO can be attributed in part to the

difficulty in working with this species. Due to self-consumption via dimerization to

hyponitrous acid followed by irreversible and rapid dehydration (Eq. 1.6)61, donors of

HNO are required for in situ generation during pharmacological and analytical studies.

2 HNO → [HONNOH] →   N2O  + H2O (Eq. 1.6)

Additionally, this reaction significantly complicates analysis of HNO and renders direct

detection of this species to be nontrivial, such that most common assays for HNO make

use of trapping agents.62 This reaction proceeds with a reasonably high rate constant (8 ×

106 M-1s-1)49 but is second order in HNO, such that dimerization is significant at high

concentrations. Reactions that are to be competitive for HNO (Section 1.3 and Chapter 4),

particularly at high concentrations, must have either similarly fast rate constants or higher

concentrations of reactant. At low concentrations of HNO, many species will outcompete

dimerization, but detection can then be problematic.

1.1.3.2.3 Autoxidation of HNO

Decomposition of HNO donors consumes O2 in aerobic solution63,169 without

appreciable formation of NO.64,65,66,92,172 Thus, using a high concentration of HNO donor

to evaluate biological properties in closed systems or in containers with low surface areas

requires caution. Autoxidation of HNO is relatively slow (~103 M-1s-1)51,67,68 compared to

reactions of HNO with metal complexes and thiols and likely has limited importance

inside cells. However, in cell membranes where the concentrations of neutral gases are
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higher69 and scavengers such as thiols are less abundant, autoxidation of HNO may

become relevant.

Some debate exists regarding the product formed from the reaction of HNO with O2.

Although it is logical to assume that ONOO− or peroxynitrous acid (ONOOH) is the

species generated, several studies have shown distinct differences between synthetic

ONOO− and HNO donors in aerobic solution.49,53,63,70,71,72,73,74,75,88,150 Both synthetic

ONOO− and the HNO/O2 product oxidize dihydrohrodamine (DHR) by two electrons to

rhodamine,63,75 and both are efficiently quenched by urate and ascorbate.63 However,

while ONOO− readily oxidizes phenols by one electron, a similar reactivity is not

observed with aerobic HNO. Instead, hydroxylation of phenol is more efficient with

HNO.76 Perhaps most importantly in biological systems, ONOO− is readily scavenged by

CO2, while the chemistry of aerobic HNO in carbonate buffer is not altered.70 The

identity of the HNO autoxidation product is currently unknown, despite experimental and

computational examinations.49,63,68,70,77 The mechanism of formation may involve either

direct, spin-forbidden association of O2 and HNO or nucleophilic addition of HNO to a

solvent or target molecule followed by reaction of O2 with this HNO adduct. However,

further work is required in this area to definitively determine the autoxidation species.

1.2 Donors of HNO

HNO donors have been used to elucidate the reaction of HNO with a variety of

biomolecules, with nitrogen oxide donors coming in a variety of structures. This allows



40

for modulation of product release, and classes of NO donors have been reviewed

elsewhere.78,79,80

1.2.1 Angeli’s salt

Angeli’s salt (sodium trioxodinitrate; Na2N2O3), which is the primary spontaneous

donor of HNO under physiological conditions, has proven to be an effective tool in the

investigation of the chemistry and pharmacology of HNO. This compound is a well-

behaved HNO donor with half-life of 2.5 min under physiological conditions.81,82 The

different ground states of HNO and NO− were central to the determination of the

mechanism of HNO formation from Angeli's salt. Angeli originally proposed that

decomposition of Angeli's salt produces NOH85; however, HNO production was later

favored due to the lack of experimental evidence for NOH. The result that Angeli's salt

decomposition (Eq. 1.7) is reversible81 verified that 1HNO is the initial product due to the

requirement for microscopic reversibility of ground state 1NO2
− with a species of

comparable spin. The first order decay83 is essentially pH-independent from pH 4-8 but

decreases above pH 9. This allows both for convenient handling and storage at high pH

and a reasonable decay rate under biological conditions. The mechanism of

decomposition involves protonation of the dianion followed by tautomerization and

heterolytic cleavage of the N-N bond to produce HNO and nitrite (Eq. 1.7).81, 84,85,86,87,88,89

(Eq. 1.7)
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1.2.2 Piloty’s acid

Secondary to Angeli’s salt are N-hydroxysulfonamide derivatives such as N-

hydroxybenzenesulfonamide (Piloty’s acid; C6H5SO2NHOH). Piloty’s acid shares

similarities with Angeli’s salt, including the pH-dependence of the first-order

decomposition rate and destabilization of the N-protonated anion. Consistent with the

protonation status of the starting material, Piloty’s acid decomposes through a base-

catalyzed deprotonation mechanism followed by S-N bond heterolysis (Eq. 1.8).90,91

The half-life of Piloty’s acid at pH 13 is similar to that for Angeli’s salt at pH 4-8,

allowing a convenient means to compare the chemistry of HNO at neutral and alkaline

pH. However, a major disadvantage in using this class of compound is a high

susceptibility to autoxidation to form the nitroxide radical,92 which leads to production of

NO rather than HNO. Producing a pharmacologically useful HNO-donating Piloty’s acid

derivative therefore inherently requires overcoming the challenge of rendering

autoxidation kinetically insignificant compared to deprotonation near neutral pH.

1.2.3 N-hydroxyurea and related compounds

N-Hydroxyurea is used clinically in the treatment of sickle cell disease93 and may

have therapeutic efficacy for other conditions.94 Evidence of increased NO production

from hydroxyurea includes elevated levels of nitrite, nitrate, nitrosyl hemoglobin, and

cyclic guanylate monophosphate (cGMP) in plasma and red blood cells.95,96 Experiments

(Eq. 1.8)
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consistent with clinical data have shown that it is possible that N-hydroxyurea is oxidized

by horseradish peroxidase, catalase, or urease to both NO and HNO.97 Many

hydroxylamine derivatives have been synthesized to mimic the biological action of

hydroxyurea. This compound has been shown to undergo oxidation to a carbamoyl

nitroso species,98 similarly to the acyl nitroso intermediates seen with hydroxamic acids,

which can then be hydrolyzed to HNO (Eq. 1.9).

Derivatives of this class of compound, such as acyloxy nitroso species, have also been

explored as HNO donors.99,100 However, due to the low-lying LUMO associated with the

N-O bond, evidenced by their characteristic blue color, these donors are susceptible to

direct nucleophilic attack by thiols, complicating the interpretation of results from

experiments in complex biological systems.170

1.2.4 Cyanamide

Cyanamide is an HNO donor used in the clinical treatment of alcoholism. Developed

as a less toxic alternative to disulfiram (Antabuse; bis(diethylthiocarbamoyl)

disulfide),101,102,103,104 it generally induces less severe medical complications and side

effects than disulfiram.105 Both cyanamide and disulfiram function by covalently

modifying the thiol in the active site of AlDH, which catalyzes the second step of ethanol

metabolism, converting acetaldehyde to acetate for clearance. Consequent elevation of

acetaldehyde levels due to AlDH inhibition induces unpleasant effects, such as

(Eq. 1.9)
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tachycardia, hypotension, and facial flushing, that discourage consumption of alcohol.

However, the prevalence of hepatotoxicity and detrimental side effects106 warranted the

development of alternative alcohol deterrent agents.

While disulfiram and its metabolites irreversibly inhibit AlDH directly by thiol

carbamoylation,107,108,109 cyanamide must first be bioactivated to HNO,11,110 for example

by mitochondrial catalase (Eq. 1.10).111

Although cyanamide is used clinically in various regions of the world, it is not approved

for use in the United States, in part due to its concomitant release of cyanide. Increased

occurrences of liver damage have also been associated with cyanamide,108,112 although

this correlation has been less widely investigated than for disulfiram. Furthermore, the

short duration of alcohol-deterrent activity (maximal effect at 1-2 h after drug

administration with 80% restoration of AlDH activity within 24 h113 due to rapid kidney

clearance114) has curtailed clinical use of cyanamide in countries where it is approved for

alcohol deterrence. These factors prompted development of a variety of new prodrugs of

HNO as possible alternatives to cyanamide, with much of the work carried out by

Nagasawa and coworkers during the past three decades.115

Early efforts focused on production of pharmacological agents that mimicked the

physiological actions of acetaldehydemia but incorporated structural features to slow the

rate of metabolic conversion and subsequent excretion of prodrug analogues of

(Eq. 1.10)
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cyanamide. Numerous structural analogues of Piloty’s acid have been and continue to be

synthesized both as HNO donors and as inhibitors of AlDH. A specific example is the

hypoglycemic agent chlorpropamide, which has also been shown to act as a prodrug of

HNO and to have efficacy in the inhibition of AlDH.116,117 Acyl derivatives of the general

structure [RC(O)NHCN] were considered due to the relative ease of synthesis and facility

with which varied functionalities could be introduced, thus resulting in compounds with a

range of available properties.118 While sterically bulky organic groups were incorporated

to slow the rate of hydrolysis of the acylcyanamide linkage, these derivatives delayed

increases in ethanol-derived blood acetaldehyde levels only to 16 h after administration.

Long-chain aliphatic acylcyanamides were the most effective at increasing acetaldehyde

levels, perhaps due to reduced rates of release into the circulation via the lymphatic

system as a function of lipophilicity. Although such HNO-releasing prodrugs did not

effectively enhance the time course of AlDH inhibition compared to cyanamide, they

demonstrated the ability to covalently modify cyanamide without compromising function.

Upon elucidation of the production of HNO by bioactivation of cyanamide, design of

AlDH-inhibiting prodrugs focused on HNO production rather than modification of the

cyanamide functionality, which allowed elimination of cyanide as a byproduct. While

some spontaneous donors of HNO have been synthesized based on C-nitroso moieties,

these compounds were found to be inactive in vivo, potentially due to lack of specificity

for the liver and hence for AlDH.119 Although enzymatically-activated prodrugs of C-

nitroso HNO donors exhibit improved AlDH inhibition in vivo,120 such species have yet

to provide the combination of high specificity, increased lifetime, and low toxicity that is
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desired clinically. The use of HNO donors as AlDH inhibitors is further discussed in

Chapter 5.

1.2.5 Diazeniumdiolates

Diazeniumdiolates (NONOates)121 are widely used as biomedical research tools to

administer physiologically-relevant nitrogen oxides into aqueous systems in a convenient,

controllable manner. While the products from their photoinduced decomposition have

been studied,122 our main interest lies in the thermally-initiated decay of these

compounds, as would be more relevant to pharmacological administration.

Amine-based NONOates (Figure 1.1) were originally synthesized by Drago and

colleagues123 and were later developed as NO donors by Keefer, Wink and coworkers.82,

124 As compounds of this class are synthesized from a nucleophile and NO dimer, they

are commonly denoted by an abbreviation of nucleophile followed by “/NO”.121

Figure 1.1. General structure of N-diazeniumdiolates (NONOates) where R = alkyl; R’=

alkyl (secondary amine NONOate) or H (primary amine NONOate).

Furthermore, NONOates can be covalently modified at the O2-position to form

esterase-sensitive prodrugs for targeted and extended half-life (Eq. 1.11), as compared to

release of NO from derivatized secondary amine NONOates.125,126
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1.2.5.1 Secondary amine NONOates

Secondary amine NONOates are an attractive class of NO donor due to the

dependence of the rate of spontaneous decomposition exclusively on amine identity, pH

and temperature.78,127 They are stable as solids and in alkaline solution but fragment back

to the parent amine and two equivalents of NO with increased acidity (Eq. 1.12), with

half-lives ranging from seconds to days under physiological conditions.82 The ability to

produce NO over a broad timescale has led to extensive use of NONOates in chemical,

biochemical, cellular and in vivo experiments.128

1.2.5.2 Primary amine NONOates

Although a majority of the literature on HNO has been carried out using Angeli’s salt

(Section 1.2.1), its inorganic nature limits structural modification. Direct alkylation or

other derivatization to alter release properties has been unsuccessful.61 Donors with

tunable organic backbones would be especially useful in creating new, longer-lived

donors that could provide information regarding chronic effects of HNO in biological

systems. Thus, primary amine systems were investigated by the Miranda group and found

to produce both HNO and NO.129

(Eq. 1.12)

(Eq. 1.11)
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A mechanism to account for this dual decomposition was suggested by Houk and

coworkers130 based on computational analysis. Tautomerization of the amine proton (top,

Scheme 1.2)130 provides access to an HNO-donating pathway via an N-N heterolytic

bond cleavage that is inaccessible to secondary amine NONOates.131 At lower pH

(bottom, Scheme 1.2), protonation at the nitroso oxygen followed by tautomerization to

an ammonium zwitterion and subsequent N-N bond cleavage leads to production of NO,

as occurs during decay of secondary amine NONOates131 (Eq. 1.11) as well as Angeli’s

salt (pH < 4).89 Experimental evidence supporting this mechanism is provided in Chapter

2.

Scheme 1.2. Dual decomposition mechanisms available for primary amine NONOates

leading to release of HNO or NO in a pH-dependent and amine-specific manner.

The discovery that primary amine NONOates can be tuned for HNO or NO release

has enhanced the versatility of this donor class. Previous studies on the pharmacological

efficacy of primary amine NONOates in the cardiovascular system9,13 have demonstrated

the ability of these compounds to donate HNO in vivo9 to positive effect. The proven
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utility in vivo and the suitability for modification to longer-lived HNO-donating prodrugs

renders primary amine NONOates attractive candidates for analytical tools and possible

pharmaceuticals. The effect of structurally diverse parent amines and modification with a

variety of protecting groups on half-life is presented in Chapters 2 and 3.

1.2.6 Metal-nitroxyl complexes

Metal-nitroxyl complexes have been reported since the 1970s.132,133 The first such

complex [Os(PPh3)2(CO)(HNO)Cl2] has been shown to release HNO by photochemical

reactions.134 While additional examples have also been synthesized,135,136 these

complexes have not been studied extensively as donors of HNO, in part due to the limited

stability of these complexes in air and their ability to instead release NO.137 HNO-

releasing iron dinitrosyl complexes such as [Fe(NO)2(P(CH2OH)3)Cl]138 have been

described, but these species have poor aqueous solubility, and analysis of their NO or

HNO release by electrochemical and spectrophotometric methods is inconsistent, with

spectral shifts for compound decomposition not corresponding to the timescale of HNO

release.138 The greatest utility for pharmacological and analytical application comes from

compounds that have the ability to release HNO by hydrolysis or enzymatic cleavage.

The majority of donors in the literature meeting the desired criteria are small inorganic or

organic molecules, with most generating HNO thermally, although bioactivation is

required in some cases.
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1.3 Detection of HNO

Numerous direct and indirect methods, such as electrochemical or

chemiluminescence assays,92 are available for detecting NO.139,140 Conversely, although

specialized spectroscopic techniques can be utilized to detect HNO directly,28,32,33,141,142

at present all common methods to analyze HNO are indirect and non-quantitative,13, 143

due to the rapid, concentration-dependent dimerization of HNO (Eq. 1.6). Often,

conversion of HNO to NO, which can be accomplished by one-electron oxidants such as

ferricyanide, is carried out and then combined with direct methods for detection of NO.179

Because dimerization requires that donors be utilized to generate HNO, a relationship

must be established between the measurable concentration of donor employed and

resulting HNO concentration. Relatively short-lived donors such as Angeli’s salt produce

a dynamic concentration of HNO, and although the non-steady state profile can be

modeled, the indirect method prevents measurement. It is important to be aware of the

limitations imposed by donors and the parameters of the system employed in

investigating the detection of HNO.

1.3.1 Spectrophotometric methods

Several assays described in the literature make use of distinct spectral shifts in

biomolecules such as metmyoglobin (metMb; Section 1.3.1.1) or NADH (Section

1.3.1.2) as a marker of HNO detection.
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1.3.1.1 Reductive nitrosylation of metMb with thiol addition

Spectrophotometric measurement of reductive nitrosylation of metMb by HNO (Eq.

1.13)144 is routinely used to determine HNO production. The rate constant for this

reaction (8 × 105 M-1s-1)51 is slightly lower compared to that of dimerization (8 × 105 M-

1s-1)49, requiring higher concentrations of metMb in order to significantly trap HNO from

a donor and outcompete dimerization. The spectral shifts from reductive nitrosylation of

metMb to MbNO at 420, 543, or 575 nm145 and high extinction coefficient reduces

interference from other absorbing species and allows for convenient spectrophotometric

monitoring to low micromolar concentrations (~ 5 μM), but this feature limits the useful

concentration in the assay. An additional advantage of this reaction as a

spectrophotometric assay62 is that under aerobic conditions, the short lifetime of the ferric

nitrosyl complex via autoxidation to NO (Eq. 1.14) allows HNO to be readily

distinguished from NO. Reductive nitrosylation is often coupled with assessment of

susceptibility to quenching by excess GSH (Eqs. 1.3,1.4).

metMb + HNO → MbNO  +  H+ (Eq. 1.13)

metMb + NO   metMbNO (Eq. 1.14)

In addition to proteins, synthetic hemes, such as water-soluble MnIIITPPS (tetrakis(p-

sulfonatophenyl)porphyrin), have been similarly utilized for the detection of HNO.146,147

While useful analytically, these exogenous species will not serve as endogenously-

produced biomarkers of HNO biosynthesis. Reaction products of heme proteins with

HNO or NO have also been analyzed in vitro using electron paramagnetic resonance
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(EPR) spectroscopy,148 and very recent studies have used Co(II) porphyrins attached to

gold electrodes to detect HNO amperometrically.149

1.3.1.2 Inhibition of AlDH

Inhibition of AlDH by critical thiol modification (Section 1.1.3.2.1) can also serve as

a convenient assay for HNO production.119 AlDH catalyzes the conversion of aldehyde

(RCHO) to the corresponding carboxylic acid (RCOOH) using NAD+ as a cofactor (Eq.

1.15).

 RCHO + NAD+ + H2O → RCOOH + NADH + H+ (Eq. 1.15)

The production of NADH can be measured spectrophotometrically at 340 nm with AlDH

inhibition determined by ΔA340 in the presence of an HNO donor. While this assay is

useful in probing potential pharmacological utility of these donors by their HNO release

(see cyanamide discussion in Section 1.2.4), pre-incubation of AlDH with the donor is

required prior to spectrophotometric measurement of NADH, such that the assay does not

provide real-time information for HNO release.

1.3.2 Fluorescence detection

Autoxidation of HNO can be distinguished from that of NO by the dyes DHR and

diaminofluorescein (DAF), which are both converted to fluorescent products more

efficiently by HNO than NO donors.150,151 These fluorogenic reagents, along with other

fluorescein analogues such as 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA),

have been used as probes for reactive nitrogen and oxygen species such as H2O2
152 and
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ONOO− 153 in biological systems. Modification of these probes is carried out by the

autoxidation products of HNO or NO, which limits the quantitative utility. These

fluorophores are also not specific for a particular species, which complicates

discrimination.

Lippard and coworkers have developed a BODIPY-triazole ligand that is non-

fluorescent when complexed to Cu(II). Upon exposure to HNO, the Cu(II) is reduced to

Cu(I), resulting in an increase in fluorescence (Scheme 1.3).154

Scheme 1.3.  Fluorescence detection method from reference 154.

This method is promising in the development of selective HNO detection methods using

highly sensitive fluorophores, particularly because it has been utilized in live cell

imaging. However, millimolar concentrations of Angeli’s salt were used to obtain a

measurable response, and thus the suitability to physiological detection is unknown.

Additional control experiments and varied experimental conditions (e.g., altered buffer

composition) are also required to verify the selectivity of this method.
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1.3.3 Electrochemical methods

Several types of commercial instrumentation are available for the direct detection of

NO. Clark-type electrodes specific to NO (e.g., World Precision Instruments (WPI) ISO-

NOP) have been used to measure physiological levels of NO in vitro and in vivo in real

time, with detection reported to 200 nM.155 To detect HNO, this system can be coupled

with ferricyanide, a chemical one-electron oxidant (Eq. 1.16).179

HNO  + [Fe(CN)6]3- →   [Fe(CN)6]4-  +  NO  + H+ (Eq. 1.16)

The electrodes require calibration with suitable standards, and temporal differences in

donor release properties can have dramatic effects on signal response such that

quantitative information may be difficult to obtain.

Recent work from the Wink group has also shown that the H2O2-sensitive electrode

from WPI is far more sensitive to NH2OH.156,163 This is particularly useful for analyzing

products from the reaction of HNO with thiols (Eq. 1.4).

1.3.4 Chemiluminescence method

Another commercially-available instrument for NO detection utilizes

chemiluminescence (e.g., Sievers 280i Nitric Oxide Analyzer). This method involves

reaction of released NO with ozone (generated from O2) to create an excited state product

that releases a photon (Eq. 1.17).157

NO + O3 → NO2
* + O2 → NO2 + hv (Eq. 1.17)

An attractive aspect of such systems is detection of NO oxidation products such as NO2
-,

NO3
-, and S-nitrosothiols, by chemical reduction to NO.158 Additionally, this method is
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amenable to gaseous as well as liquid samples and can be used clinically to measure

exhaled NO as a pathophysiological marker.159 In liquid samples, the detection limit is

approximately 1 pmol, with a range extending from nano- to millimolar concentrations.

In contrast to the electrochemical assay, the relatively slow reaction rate of HNO with

ferricyanide is not amenable to distinguishing HNO from NO in the chemiluminescent

analyzer, but HNO can be scavenged in the analyzer vessel by excess GSH, which reacts

directly with HNO but not NO. Interestingly, the commercial instrument is not entirely

specific for NO,129 and thus the signal may actually partially result from HNO formation.

Often studies with several different trapping agents are performed to definitively attribute

signal output to HNO.

1.3.5 HPLC method

Since thiols are a major target of HNO, GSH, which is one of the most prevalent

intracellular thiols and is present at millimolar concentrations,160 is often used as an HNO

trap in conjunction with other methods. Additionally, a high-performance liquid

chromatography (HPLC) method has been developed to detect HNO-modified thiols

(Eqs. 1.3-1.5). This assay separates glutathione sulfinamide (GS(O)NH2), disulfide

(GSSG), S-nitrosoglutathione (GSNO), nitrite, and nitrate,161 with the sulfinamide as a

unique marker for HNO.56,161 Under biological conditions, exposure to HNO donors

converted GSH to both GS(O)NH2 and GSSG in a manner dependent on thiol

concentration, as the common GSNHOH intermediate undergoes nucleophilic attack by

excess GSH to form GSSG (Eq. 1.4) or rearranges to form GS(O)NH2 (Eq. 1.5).
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Detection of GS(O)NH2 has been used as a marker for HNO production from several

proposed biological pathways, including decomposition of S-nitrosothiols162 and

peroxidase-driven oxidation of NH2OH.163 However, this HPLC method has not yet been

expanded for use on cells or tissue samples.

Although the rate constants for reductive nitrosylation of metMb and reaction with

GSH are similar (8 × 105 M-1s-1 vs. 2 × 106 M-1s-1, respectively),13,51 a major advantage in

using the GSH trapping method is that detection is not limited by quantity of trapping

agent employed due to the lower absorptivity of GSH compared to metMb.

Because of the dual reaction pathways possible for HNO with thiols, two products

must be measured to accurately determine the concentration of HNO trapped. GSSG is

commercially-available, and it is straightforward to prepare standards in quantifying

disulfide formation for this assay. However, GS(O)NH2 is synthesized in situ, generally

from reduction of GSNO by NaBH3CN.56 While chromatographic analysis and reactivity

studies (such as basic hydrolysis of sulfinamide to sulfinic acid) of the reaction mixture

indicates GS(O)NH2, purification is difficult, and the compound generally decomposes

before quantities sufficient for standardization can be obtained.56 Additionally, this assay

requires careful temperature control and is not suitable for analysis in the presence of

biological thiols. Development of an alternate HPLC method using fluorescence detected

is described in Chapter 4.
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1.3.6 Gas chromatography

Formation of N2O, typically by headspace sampling, has been commonly used as an

indirect measure of HNO (Eq. 1.6). Comparison to calibrated standards allows for

calculation of the amount of N2O formed, which can be confirmed with mass

spectrometric or infrared analysis.164 However, formation of N2O is not definitive

evidence of HNO since other pathways exist to form N2O from biologically-relevant

nitrogen oxides.56,165 One of the most common is the reaction of HNO with NO (Eq. 1.18-

20).166,167,168

HNO + NO →  H+ + N2O2
•- (Eq. 1.18)

N2O2
•- + NO →  N2O + NO2

- (Eq. 1.19)

HN3O3 →  N2O  +  HNO2 (Eq. 1.20)

While this reaction does require the intermediacy of HNO, concomitant consumption of

NO limits its quantitative analysis. Additionally, in biological systems HNO likely reacts

with other targets, such as metal centers and thiols, as opposed to undergoing second

order dimerization.

An in-depth comparison of several of these routinely-used methods, optimized with

the goal to provide quantitative measurements, is presented in Chapter 4 with the utility

of each assay discussed.

1.4 Pharmacological utility of HNO

HNO has been proposed as an endogenously generated species and may play a

significant role in the biology of nitrogen oxides. Thus, it is a significant goal to
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determine the biochemistry and cellular effects of HNO in NO synthase (NOS) activity.

Specifically, to determine if HNO plays a role in NOS enzymology169 would be a major

achievement. Although detection of endogenous HNO will be quite challenging, the

potential pharmacological utility of HNO donors strongly suggests that HNO is

biosynthesized.

Numerous studies have been carried out in vitro and in vivo to analyze the

pharmacological effects of HNO donors13,156,170,171 and to compare these to data obtained

using NO.16 In isolated rat hearts, HNO was shown to protect against ischemia

reperfusion to an extent similar to endogenous preconditioning.172 In addition to the

previously described utility in the treatment of alcoholism (Section 1.2.4), HNO donors

have recently shown promise in the treatment of heart failure and cancer.

1.4.1 Cardiovascular system

An important action of HNO in the cardiovascular system is an increase in

contractility (positive inotropic effect) and the rate of heart relaxation (positive lusitropy),

which has been demonstrated both in vivo and in vitro.9,10 In contrast to other inotropes

such as β-agonists, HNO donors do not lose their efficacy in preparations with congestive

heart failure.173 This is due to the fact that the mechanism by which HNO acts is

independent from cAMP/PKA signaling and/or phosphodiesterase inhibitors174, allowing

HNO to provide a promising new avenue for treating acutely decompensated hearts.

Additionally, HNO donors increase the circulating levels of calcitonin gene-related

peptide (CGRP),9 a neuropeptide released from nonadrenergic/noncholinergic (NANC)
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fibers with vasodilatative, inotropic and chronotropic effects. In comparisons to NO

donors, such as DEA/NO (diethylamine NONOate) and nitroglycerin (GTN), initial

studies indicate Angeli’s salt does not induce the tolerance commonly seen with clinical

administration of GTN.175

An initial study conducted in reperfused rabbit myocardium172 demonstrated that

administration of Angeli’s salt before the onset of ischemia lead to aggravated

reperfusion injury, expressed as infarct size, myocardial stunning and endothelial

dysfunction. Conversely, in the same condition, the administration of the NO donor

GSNO was beneficial.172 However, more recent studies have shown that HNO is a

powerful preconditioning agent. Pre-treating hearts with Angeli’s salt followed by an

ischemic event resulted in a dramatic decrease in the infarct size.10 The preconditioning

ability of HNO is more pronounced than that displayed by equimolar NO. Additional

studies aim to clarify the mechanistic intricacies of HNO protective action as well as to

determine why HNO given at reperfusion may be detrimental.176 Investigation of

potential physiological targets in the vasculature, such as voltage gated (KV) and large

conductance calcium-activated (BKCa) potassium channels177 and cysteine redox switches

that are located in key components of the cardiac electro-mechanical machinery,178 is also

a major goal in fully understanding the actions of HNO in the cardiovascular system.

1.4.2 Cancer

In addition to cardiovascular effects, HNO has been shown to have promise in cancer

chemotherapy. NONOates including Angeli’s salt are cytotoxic to V79 cells and neurons
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only at millimolar concentrations179,180 yet HNO inhibits breast and neuroblastoma cancer

proliferation in mouse xenografts as well as in vitro cultures (1-3 mM).12,181 That tumor

reduction occurs over time upon treatment with concentrations of Angeli’s salt that

produced minimal cytotoxicity in culture requires a mechanism more complex than cell

death. To explain the selective destruction to cancer cells, several recent studies showed

HNO inhibits GAPDH, an enzyme critical for glycolysis, by reacting with an active site

thiol.182 Many solid tumors are hypoxic and rely upon glycolysis as a major energy

source; inhibition of this process leads to cell death and also decreases formation of

hypoxia inducible factor 1 (HIF-1), leading to diminished angiogenesis.183 Tumors

treated with Angeli’s salt had significantly decreased blood vessel density, indicating

inhibition of angiogenesis.12 The sum of these results suggests that HNO donors may be

useful in targeted cancer therapy.

1.5 Summary

In comparison to NO, the physiological and pathophysiological effects of the redox

congener HNO have been less thoroughly investigated. Pharmacological benefits

resulting from treatment with exogenous donors has sparked interest in elucidating the

chemical biology of HNO. Development of new donors with varied release properties

and optimization of detection methods for quantitation and HNO-modified biomarkers

are necessary to realize the pharmaceutical potential of HNO.
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2 COMPARISON OF IONIC AND PRODRUG NONOATES

2.1 Introduction

NONOates have been developed broadly as NO donors; however, primary amine

NONOates have recently been found to have the capacity to release HNO.1 In the original

preparative description, stable products were obtained from exposure of a number of

secondary amines to NO.2,3 Given later interest in these compounds as NO donors4, a

variety of secondary amines have been converted to NONOates.5 Conversely, the only

primary amine NONOates reported in the literature are based on isopropylamine

(IPA/NO) and cyclohexylamine.3 Synthetic attempts with several other primary amines

did not result in stable product formation. In some cases, a solid was obtained from the

reaction mixture but decomposed, often quite exothermically, prior to isolation and

analysis.3

Comparison of the nitrogen oxide donor profile of IPA/NO to other NONOates, such

as the HNO donor Angeli’s salt, an oxide-based NONOate, and the NO donor DEA/NO,

a secondary amine NONOate,6 demonstrated that decomposition of IPA/NO could

produce HNO as well as NO.1 Here, the experimental examination of product profile

from IPA/NO as a function of pH is presented in order to develop an enhanced

understanding of structural attributes that contribute to the decomposition mechanism.

The goal of this analysis is to assist in designing a variety of donors of HNO or NO for

pharmacological applications.
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Historically, Angeli’s salt (Eq. 1.7) has been the reagent of choice for generating

HNO in aqueous solution,22 but recently, IPA/NO (Scheme 2.1) has been shown to be an

organic alternative.1 Unfortunately, neither of these salts is ideal from the drug

development perspective, as both are prone to deterioration on storage and are difficult to

purify. Additionally, their similar half-lives for spontaneous hydrolysis under

physiological conditions (~3 min) do not allow for prolonged exposure. One approach to

circumventing the limitations but harnessing the advantages of such ions is to alkylate the

salts to produce stable neutral species that can be rigorously purified, then induced to

release HNO by way of enzymatic, hydrolytic, or other tunable activation pathways. The

enzyme-dependence allows site-specific delivery of nitrogen oxides and reduction of

systemic responses such as hypotension. Derivatization also increases the half-life of

these compounds, allowing for extended nitrogen oxide release.7 Several examples of O2-

modifications (i.e., addition of a protecting group to the nitroso oxygen) of NONOates

have been reported.8

Alkylating or otherwise modifying Angeli’s salt has been unsuccessful to date. In

contrast, IPA/NO has proven amenable to alkylation.9 Acetoxymethylation of IPA/NO

produced the prodrug AcOM-IPA/NO, which is readily purifiable by column

chromatography. A comparison of the properties and decomposition mechanisms for

IPA/NO and AcOM-IPA/NO is described.
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2.2 Experimental

2.2.1 Chemicals

Angeli’s salt (Na2N2O3, sodium trioxodinitrate) and DEA/NO (Na[Et2N(N(O)NO],

sodium (Z)-1-(N,N-diethylamino)diazen-1-ium-1,2-diolate) were synthesized and utilized

as previously described.6 Concentrations of NONOate stock solutions (>10 mM),

prepared in 10 mM NaOH and stored at –20°C, were determined directly prior to use by

absorbance at 250 nm ( of 8000 M-1 cm-1 for Angeli’s salt6 and 10,000 M-1 cm-1 for

IPA/NO1).

Unless otherwise noted, chemicals were purchased from Sigma-Aldrich and used

without further purification. Stock solutions other than nitrogen oxide donors were

prepared fresh daily at 100 in MilliQ or Barnstead Nanopure Diamond filtered H2O

unless specified. Typically, the assay buffer consisted of the metal chelator

diethylenetriaminepentaacetic acid (DTPA, 50 M) in calcium- and magnesium-free

Dulbecco’s phosphate-buffered saline (PBS, pH 7.4). Addition of DTPA has been

demonstrated to sufficiently sequester contaminating metals, such that the concentration

of NO from Angeli’s salt is less than <0.1%.10  All reactions were performed at 37°C

except room temperature measurements with an NO-specific electrode. Figures are

representative data sets, each from n ≥ 2 individual experiments.

2.2.2 Synthesis of IPA/NO (Scheme 2.1)

A solution of isopropylamine (35 g, 0.595 mol) in 60 mL of ether was placed in a

250-mL Parr bottle. The solution was thoroughly degassed, cooled in dry ice, covered
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with 40 psi of NO and allowed to stir at -80°C for 6 h. The pressure was released, and the

product was collected by filtration while still cold. The collected powder was washed

with ether and air-dried to give 10 g (some variability occurs for individual syntheses) of

isopropylammonium 1-(isopropylamino)diazen-1-ium-1,2-diolate. The ammonium salt

was placed in a beaker containing 10 mL of methanol, whereupon one equivalent of 25%

methanolic sodium methoxide was added, and the resulting mixture was stirred for about

5 min to effect cation exchange. Using exactly one equivalent of base is a crucial step if

generation of highly reactive diazoate ion and/or diazoalkane is to be avoided. The

resulting solution was treated with 200-500 mL of ether to induce precipitation of ~2 g of

the sodium salt. IPA/NO sodium salt was collected by vacuum filtration, washed with

ether and dried under vacuum. The product was stored at -20°C with < 250 mg stored in a

single container.

Scheme 2.1. Synthesis of IPA/NO (sodium 1-(isopropylamino)diazen-1-ium-1,2-diolate).

2.2.3 Synthesis of AcOM-IPA/NO (Scheme 2.2)

A solution of bromomethyl acetate (867 mg, 5.67 mmol) in 3 mL of tetrahydrofuran

was reacted with a slurry of IPA/NO (800 mg, 5.67 mmol, in 10 mL of dimethyl

sulfoxide) at room temperature. The reaction mixture was stirred overnight, whereupon

15 mL of water was added, and stirring was continued for another 10 min. The residue
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was extracted with dichloromethane, and the organic layer was washed with 5% sodium

bicarbonate, dried over anhydrous sodium sulfate, filtered, and evaporated in vacuo to

give a colorless oil. Column chromatography was performed using hexane:acetone (4:1)

on silica gel to give the desired product (880 mg, 81%): UV (ethanol) λmax (ε) 240 nm

(8.7 mM-1 cm-1); 1H NMR (CDCl3) δ 1.19 (d, J = 6.4 Hz, 6H), 2.12 (s, 3H), 4.00 (doublet

of septets, J = 6.4 Hz and 9.1 Hz, 1H), 5.75 (s, 2H), 6.25 (d, J = 9.1 Hz, 1H); 13C NMR

(CDCl3) δ 20.34, 20.81, 49.17, 87.07, 169.42. Anal. Calcd for C6H13N3O4: C, 37.69; H,

6.85; N, 21.98. Found: C, 37.77; H, 6.98; N, 21.82.

Scheme 2.2. Synthesis of AcOM-IPA/NO, (O2-(acetoxymethyl) 1-

(isopropylamino)diazen-1-ium-1,2-diolate).

2.2.4 Instrumentation

UV-visible spectroscopy was performed with a Hewlett-Packard 8453 diode-array

spectrophotometer. Electrochemical detection was accomplished with a World Precision

Instruments Apollo 4000 system equipped with NO, O2 and H2O2 sensitive electrodes

(Sarasota, FL). Measurements of pH were made with a ThermoElectron Orion 420A+ pH

meter.
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2.2.5 Determination of rate constants

The rate constants of decomposition were measured spectrophotometrically by

monitoring the decrease in absorbance near 250 nm, which is characteristic of the

NONOate functionality. Assay buffer pH was adjusted by adding NaOH or HCl as

necessary. Although PBS is a relatively weak buffer, this triprotic system was sufficient

to maintain the desired pH value from 3-13 at the low concentrations of donor compound

used for spectroscopic analysis. The rate profile at 37°C for Angeli’s salt was comparable

to that previously published at 25°C using citrate, acetate, phosphate and borate buffers.16

Since buffer composition can significantly impact measurable signals from HNO,

phosphate buffer is used whenever possible.

To maintain deaerated conditions, all solutions were transferred using gas-tight

Hamilton syringes, and the reaction buffer was sparged with ultra-high purity argon at the

rate of ≥1 min for each mL of buffer. Aliquots (2-3 mL) were removed by Hamilton

syringe and transferred to an argon-flushed, graded seal quartz cuvette (Spectrocell;

Oreland, PA) stoppered with a Suba-Seal septum (Sigma-Aldrich). The buffer within the

cuvette was again gently bubbled with argon for 5 min. The cuvette was then kept under

an argon atmosphere for the duration of the experiment.

The spectrophotometer was blanked after warming the cuvette containing assay

buffer at the appropriate pH in the instrument heat block (37°C) for 5 min. For esterase-

containing reactions, porcine liver esterase (20 L, 1.4 U/mL; suspension in 3.2 M

(NH4)2SO4, pH 8) was added to the reaction buffer before blanking. The reaction was

initiated by introducing a small volume of NONOate (≤10 L of stock in cold 10 mM
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NaOH or MeOH), the cuvette was capped and inverted to mix (mixing by pipette was

performed for measurement of higher rates), and spectra were collected at 0.5-180 s

intervals for 1-600 min or until A∞ < 0.05. Kinetic analysis was performed by fitting the

data to an exponential decay (A = Ae-kt + A∞).

2.2.6 Electrochemical measurements

The relative yields of NO and HNO from Angeli’s salt or IPA/NO were examined

with an NO-specific electrode. IPA/NO or Angeli’s salt (5 M) or DEA/NO (2.5 μM)

was injected into the reaction vessel after a baseline for the NO-specific electrode was

obtained in room temperature assay buffer (20 mL) of the desired pH. After the signal

reached a maximum and began to decline, the assay buffer was replaced, and the process

was repeated to obtain duplicate or triplicate maximum signal values. The production of

HNO during decomposition of each donor was estimated by addition of the oxidant

ferricyanide (1 mM) to the assay buffer. 11

2.2.7 Reductive nitrosylation of metMb

Typically, reductive nitrosylation of ferric myoglobin (metMb)12,13 to nitrosyl

myoglobin (MbNO) by NONOates was monitored in a quartz cuvette in assay buffer at

37°C in air. Formation of HNO was further verified by quenching with GSH, which does

not interact directly with low concentrations of NO.1

For the reactions described in this chapter, it was necessary to perform assays under

an argon atmosphere. To maintain deaerated buffer conditions, all solutions were
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prepared as in Section 2.2.5. In a separate stoppered vial, a small amount of horse heart

myoglobin was purged with argon for 15 min while in an ice bath and then dissolved with

deaerated buffer. An aliquot of metMb (>1 mM stock; ε502 = 10.2 mM-1 cm-1)14 was

added by syringe, as were aliquots of GSH (approximately 100; 250 M final) as

appropriate. The reaction was initiated by introducing a small volume of stock

diazeniumdiolate solution (IPA/NO in 10 mM NaOH, AcOM-IPA/NO in MeOH, kept on

ice; 100 M final) to the metMb (50 M final) solution. Spectra were collected at 30- to

60-s intervals for 60-90 min or until A543 and A575 reached stable values. The

concentration of MbNO was determined spectrophotometrically (ε543 = 11.6 mM-1 cm-1;

ε575 = 10.5 mM-1 cm-1)14 or in case of incomplete conversion, using absorbance values

from the final spectra and Eqs. 2.1 and 2.2 to solve for the concentrations of metMb and

MbNO.

A543 = ε(metMb543)[metMb] + ε(MbNO543)[MbNO]                                (Eq. 2.1)

A502 = ε(metMb502)[metMb] +  ε(MbNO502)[MbNO]                                (Eq. 2.2)

The absorbance at 543 nm of a solution of metMb was used to determine an ε(metMb543)

of 6300 ± 120 M-1 cm-1. The maximum absorbance at 502 nm of a solution of metMb (20

or 50 μM) exposed to an excess of HNO donor (100 μM), where it was assumed that

[metMb]initial = [MbNO]final, was used to determine an ε(MbNO502) of 7400 ± 570 M-1 cm-

1. A simpler calculation using ε543 = 5.2 mM-1 cm-1, ε575 = 6.7 mM-1 cm-1 resulted in

comparable product concentrations.

Porcine liver esterase (PLE; 20 μL, 1.4 U/mL; suspension in 3.2 M (NH4)2SO4, pH 8)

was added to the reaction buffer before blanking when required. The viscosity of the
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suspension required rigorous degassing by three freeze-pump-thaw cycles using a dry ice

bath for freezing. Given an observed effect from esterase-free preparations, the enzyme

remained active after freezing.

Reactions were carried out in the presence of the NO scavenger 2-phenyl-4,4,5,5-

tetramethylimidazoline-1-oxyl 3-oxide (PTIO) to determine the effect of NO on reductive

nitrosylation of metMb under deaerated conditions. PTIO was diluted in EtOH, and the

concentration was determined spectrophotometrically (ε346 of 8250 M-1 cm-1).15

2.3 Results

NONOate decomposition is dependent on pH and temperature and is generally

initiated by dilution of basic stock solutions into less alkaline media.6 That these

compounds are typically relatively stable in the solid state and in highly alkaline solution

is critical for both storage and quantification.

For Angeli’s salt, the product is also pH-dependent, with HNO released at pH > 3 and

NO released at pH < 3. In order to probe the mechanism of decay for these compounds,

the decomposition behavior and the release profile were analyzed as a function of pH.

Such studies cannot only clarify the mechanism of decomposition for these compounds

but are important for analytical and clinical use. For example, while blood pH is 7.4,

tissues can be more acidic (pH > 5), and the gastric environment is pH 2. Analysis of the

behavior at different pHs could provide information as to the impact of administration of

these potential therapeutic agents.
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2.3.1 Rate constants of Angeli’s salt and IPA/NO decomposition

Hughes and Wimbledon measured the decomposition of Angeli’s salt as a function of

pH in varied buffer systems at 25°C.16 Under these conditions, the first-order rate

constants for the spontaneous decomposition of Angeli’s salt vary by 20-fold through the

pH range studied (Figure 2.1A). We studied the decomposition profile at 37°C in assay

buffer (PBS containing 50 μM DTPA) at different pH values (Figure 2.1B). Under these

conditions, a similar curve shape was obtained, but the rate constants only varied from

0.0069 s-1 at pH 3 to 0.0015 s-1 at pH 10. At pH 3, Angeli’s salt sharply transitions from

an HNO donor to an NO donor,17,18,19 which is consistent with the sharp rise in

decomposition rate below pH 4.

Figure 2.1. The pH-dependence of the first-order rate constants of decomposition of

Angeli’s salt (100 μM) at (A) from Hughes and Wimbledon16 (25°C) in varied buffers

and (B) 37°C in PBS (+ 50 μM DTPA) measured at 250 nm (mean ± SEM, n ≥ 3; all R2

values > 0.995).

A B
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In contrast to Angeli’s salt, the rate profile for IPA/NO (Figure 2.2) shows a single

broad transition, a slight acceleration at high pH, and a 250-fold variance in rate constant.

Additionally, although the rate constants at pH 7.4 and 37°C for Angeli’s salt and

IPA/NO are comparable (2.7  10-3 s-1 and 1.7  10-3 s-1, respectively)1, IPA/NO

functions as both an HNO and NO donor.1

Based on the data in Figures 2.1A and 2.2 and quantum mechanical calculations,

Houk and colleagues predicted the pH-dependent mechanisms of decomposition of

Angeli’s salt and primary amine NONOates.20,21 Here, we provide further experimental

evidence to both support and expand upon these mechanisms.

Figure 2.2. The pH-dependence of the first-order rate constants of decomposition of

IPA/NO (100 μM) at 37°C in PBS (+ 50 μM DTPA) measured at 250 nm (mean ± SEM,

n ≥ 3; all R2 values > 0.995, log scale inset).
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2.3.2 Dependence of donor profile on pH

Direct detection of HNO requires highly specialized conditions, and quantitation is

currently not possible, in part due to metastability (Eq. 1.6). A published protocol based

on four analytical assays and one biological method is useful for qualitatively analyzing

the production of HNO or NO from prospective donor compounds.22 The analytical

methods rely on trapping of HNO by a chromophore or fluorophore, on

chemiluminescence detection, or on conversion of HNO to NO followed by use of an

NO-specific electrode. This protocol was used to demonstrate that unlike Angeli’s salt,

IPA/NO is both an HNO and NO donor under physiological conditions.1

Coupled with the dissimilar rate profiles (Figures 2.1 and 2.2), these data suggest a

unique, pH-dependent mechanism for decomposition of primary amine NONOates. Due

to sensitivity to pH extremes, the spectroscopic and biological methods are of highest

utility near neutral pH. Here, production of HNO and NO as a function of pH was

investigated via an electrochemical assay, although additional methods have been

employed.30

Conversion of HNO into NO in the presence of an oxidant such as ferricyanide (Eq.

1.16) allows use of many of the available techniques for NO detection,11,23 at least

qualitatively. Electrochemical and chemiluminescence methods are often employed due

to the relative sensitivity and specificity compared to other techniques.24,25

HNO  +  [Fe(CN)6]3- NO  +  [Fe(CN)6]4-  +  H+ (Eq. 1.16)

In metal-free buffer, significant current intensity from an NO-specific electrode was only

observed during decomposition of Angeli’s salt below pH 3 (Figure 2.3A, blue bars).
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Addition of ferricyanide elevated the signal intensity at all pH values examined,

indicating that at and above pH 3 the major product from Angeli’s salt is HNO (red bars,

indicative of both NO and HNO production).

These results support prior reports that Angeli’s salt converts from an HNO donor to

an NO donor at pH 3.17,18,19 At pH 2, enhancement of the signal over that in the absence

of ferricyanide (Fig. 2.3A) may be indicative of minor production of HNO.

Figure 2.3. The pH-dependence of maximum current intensity from an NO-specific

electrode during decomposition of (A) Angeli’s salt (5 μM) or (B) IPA/NO (5 μM) in

PBS/DTPA (blue bars, NO alone, baseline signal at pH 8, 9) ± 1 mM ferricyanide (red

bars, HNO + NO) at room temperature (mean ± SEM, n ≥ 2).

The maximum current intensity in the presence of ferricyanide was presumably

dependent on the ratio of the rates of HNO production and consumption, primarily by

dimerization. The similar current intensity maxima below pH 8 were indicative of the

constant decomposition rate (Figure 2.1). At elevated pH, the small deceleration in HNO
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production may impede dimerization, thus increasing the maximum current. Additionally,

it may be that in basic conditions, minor production of NO decreases.

The pH-dependence of detectable NO from IPA/NO (Figure 2.3B) was similarly

analyzed. The decrease in maximum NO signal mimics the decrease in rate with

increasing pH. Additionally, reaction of HNO with NO (Eqs. 1.18-1.20)26 has a similar

initial rate constant to HNO dimerization (Eq. 1.6) and thus could lower the concentration

of detectable product.

HNO  +  NO   HN2O2 (6  106 M-1 s-1) (Eq. 1.18)

HN2O2  +  NO   HN3O3 (8  106 M-1 s-1) (Eq. 1.19)

HN3O3   N2O  +  HNO2 (2  104 M-1 s-1) (Eq. 1.20)

Decomposition of the NO donor diethylamine NONOate (DEA/NO) is sensitive to

pH27 similarly to IPA/NO although with a more than 500-fold variance in rate constant

from pH 5 to 10 (Figure 2.4A).

Figure 2.4. The pH-dependence of the NO donor DEA/NO shown by (A) the first-order

rate constants of decomposition (100 μM) at 37°C in PBS (+ 50 μM DTPA) measured at

A B
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250 nm (mean ± SEM, n ≥ 3; all R2 values >0.995); and by (B) maximum current

intensity from an NO-specific electrode during decomposition (2.5 μM) at ambient

temperature in PBS (+ 50 μM DTPA) plotted as mean ± SEM, n ≥ 2.

Quantitation of rate constants for DEA/NO decomposition below pH 5 was not

possible due to rapid decomposition. Observation of a similar trend in signal intensity

decline with pH for DEA/NO (Figure 2.4B; comparable signals with or without

ferricyanide) suggested that the primary influence on signal intensity for IPA/NO, at least

to pH 7, was decay rate rather than decreased production of NO. However, signal

integration, which would indicate total NO production, is not as reliable as maximum

signal measurement from the commercial NO electrode.

The current maxima in the presence of ferricyanide were informative. The

comparable signals up to pH 5 suggest that IPA/NO is primarily an NO donor at or below

pH 5. At pH 7, the elevated signal maximum with ferricyanide suggests significant

production of HNO. At pH 8 and 9, signal above baseline was only apparent with

ferricyanide, indicating that at alkaline pH production of HNO from IPA/NO increases at

the expense of NO.

Unlike Angeli’s salt, the decomposition rate of IPA/NO was relatively constant at

high pH, suggesting that the consumption of HNO by dimerization was relatively

constant. Additionally, the rate constant for decomposition was more than six-fold lower

for IPA/NO than Angeli’s salt at pH 9 at 37°C. A comparable difference was observed at

25°C (k(Angeli’s salt) of  6.4 × 10-4 ± 7.00 × 10-6 s-1 and k(IPA/NO) of 1.3 × 10-4 ± 2.77
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× 10-5 s-1), which explains the lower maximum signal intensity at alkaline pH for

IPA/NO. The decrease in maximum current with elevated pH in the presence of

ferricyanide is likely a result of an accelerated rate of HNO consumption. Full

understanding of the data requires a more detailed study of the interaction of HNO and

NO at varied concentrations and ratios. Additionally, at alkaline pH deprotonation of

HNO needs to be considered.28 That NO− reacts with NO nearly three orders of

magnitude faster (2  109 M-1 s-1) than HNO,26,29 may be significant. Nevertheless, from

the data in Figure 2.3, the conclusion can be made that unlike Angeli’s salt17, the product

crossover for IPA/NO is not sharply delineated; rather, two decomposition pathways are

competitive such that IPA/NO is a dual donor of HNO and NO near neutral pH.

2.3.3 Determination of NONOate pKa values

Whereas the pKa for HN2O3
- is 9.7,31 electrochemical data (Figure 2.3B) indicated

that the most basic pKa for IPA/NO was between 5 and 7. A pKa of 5.8 was suggested by

HCl titration of IPA/NO in water.30 Further verification of the pKa for IPA/NO was

obtained from the rapid shift in the absorption maximum of the diazeniumdiolate

chromophore from 250 nm to 229 nm (Figure 2.5A), which occurs prior to

decomposition and is attributed to protonation of the terminal oxygen.27 A simple

sigmoidal fit of the data in Fig. 2.5A yielded a pKa of 4.9. Finally, treating the IPA/NO

decomposition mechanism as a simple two-term rate law (Eq. 2.3) for reaction through

protonated and non-protonated states and fitting the measured rate constants for

decomposition at 37°C (Figure 2.2B) also gave a kinetically derived value of 4.9 for the
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pKa of IPA/NO (Figure 2.5B). Given the importance of the rate constant at pH 3 to the fit,

the value of 0.103 s-1 was verified in various buffer systems including 100 mM phosphate

and 10 or 100 mM citrate.

(Eq. 2.3)

For comparison, similar analysis (not shown) for Angeli’s salt indicated a pKa of 9.2

via initial absorbance maxima and rate constants yielded a pKa of 9.1, values that

compare reasonably well to the literature value of 9.7 for HN2O3
-.31

Figure 2.5. Variation of (A) max and (B) kobs for IPA/NO as a function of solution pH.

Initial absorbance maxima were extracted from the data sets used to produce Figure 2.2B,

and experimental rate constants were fit to equation 2.1 (kAH = 0.105 M-1 s-1, kA =

0.00137 s-1, pKa = 4.91, R = 0.9985).

2.3.4 Dissociation Mechanisms of Angeli’s salt and IPA/NO

Based on the rate data in Figures 2.1 and 2.2 and quantum mechanical calculations,

Houk and colleagues predicted that upon NONOate dissolution, equilibria are established
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between stable and unstable, higher energy isomers of varied protonation states.20,21 The

proposed pH-dependent mechanisms provided derived rate expressions that qualitatively

agree with the kinetic data in Figures 2.1 and 2.2. Schemes 2.3 and 2.4 were adapted

from references 20 and 21 to accommodate the data shown in Figures 2.1-3, 2.5.

2.3.4.1 Angeli’s salt

For Angeli’s salt (Scheme 2.3), the most basic position of the dianion is predicted to

be the nitroso oxygen.20 Protonation at this position produces an anion that is

thermodynamically stable and kinetically inert to decomposition to HNO and nitrite. In

contrast, the higher energy tautomer protonated at the nitroso nitrogen is unstable to

cleavage of the N-N bond due to charge distribution, and thus, although insignificant in

the equilibrium, this tautomer is presumed to be the important species leading to HNO

formation. The mechanism of interchange between these monobasic species is not

established but may involve tautomerization, complex acid-base equilibria or possibly an

intermolecular proton transfer.

With increased acidity, a second protonation is again predicted to shift the

equilibrium to a stable tautomer, protonated at both the nitroso oxygen and nitrogen.

Interchange from this hydroxylamine derivative to a higher energy tautomer doubly

protonated at a nitro oxygen leads to formation of NO as the only nitrogen-containing

product via spontaneous dehydration.
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Scheme 2.3. Dual decomposition mechanisms available for Angeli’s salt leading to

release of HNO (pH > 3) or NO (pH < 3). Unequal arrows indicate directionality to

product formation rather than equilibria.

Product identity in this scheme is dependent on the relative rates of decomposition

compared to protonation of monobasic species. The insensitivity of rate to pH between 4-

8 (Figure 2.1)16 and the sharp transition from HNO to NO donation at pH 3 suggest a

mechanism more complex than a simple kinetic competition between two pathways.

Based on pKa2 of 9.7,31 the stable dianion is no longer favored with decreasing pH.

Scheme 2.3 indicates that a second protonation (pKa1 of 2.5)31 of either of the two

important monobasic tautomers will stabilize against HNO formation by impeding both

formation and decomposition of the reactive intermediate. Thus, the system is shuttled

toward NO production (Figure 2.3A; reference 17). That the decomposition rate increases
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rapidly with decreased pH indicates the involvement of acid-base equilibria rather than a

simple tautomerization of diprotic species.

2.3.4.2 IPA/NO

Substitution of a primary amine for the oxide in Angeli’s salt leads to expected

similarities in the decomposition pathways of these NONOates. In contrast to Angeli’s

salt, which can be fully deprotonated to the dianion (Scheme 2.3), the amine is

predicted21 to not deprotonate in aqueous solution (Scheme 2.4).

Scheme 2.4. Dual decomposition mechanisms available for primary amine NONOates

leading to release of HNO or NO.

Thus, tautomerization of the proton from the amine nitrogen to the nitroso nitrogen,

which is unstable to cleavage of the NO dimer bond, can occur even in highly alkaline

solution as indicated by the pH-independence of the decomposition rate at high pH

(Figure 2.2B). Although decomposition to HNO and a diazoate ion is relatively slow in

alkaline solution, primary amine NONOates are inherently less stable than NONOates

that do not similarly contain a tautomerizable proton.
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2.3.5 Donor Chemistry of Angeli’s salt and IPA/NO

The utility of Angeli’s salt as an HNO donor is thus far unparalleled. That Angeli’s

salt functions as solely an HNO (pH > 4) or an NO donor (pH < 3) is particularly useful.

However, new donors are needed to investigate chronic exposure to HNO and to verify

that the effects of Angeli’s salt are based on HNO production and not due to nitrite or the

dianion itself.

The primary amine substituent not only provides a pH-independent tautomerization

pathway to HNO but also lowers the basicity of the nitroso oxygen relative to Angeli’s

salt.6 However, production of NO at a higher pH from IPA/NO can be explained by the

higher basicity of the IPA/NO nitroso oxygen (pKa of ~5; prior prediction of a pKa of 421)

compared to the nitroso nitrogen (pKa of 2.5)31 of Angeli’s salt. Based on this analysis,

IPA/NO is expected to function as an HNO donor above pH 8, an NO donor below pH 4

and a dual donor at intermediate pH. Thus, to maximize production of HNO from

IPA/NO, a solution pH of 8 is recommended. On the other hand, donation of both HNO

and NO at pH 7.4 may prove to be an interesting capability.

The acid-base relationship of HNO and NO- is rather unique in that proton transfer is

spin forbidden (Eq. 1.2).

1HNO + OH- → 3NO- + H2O   (1.2)

An estimated pKa of >11 for HNO suggests that NO- is the dominant species only in

highly alkaline solution,26,32 but the highly unusual slowness of proton transfer in either

direction (kf = 5  104 M-1 s-1 and kr = 1  102 s-1)26 dictates that any resulting chemistry is

actually restricted by these rate constants rather than the pKa
28. Nonetheless,
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decomposition of HNO donors including Angeli’s salt in air at high pH has been

indirectly demonstrated to produce NO-, based on spectrophotometric observation of

ONOO−.26,33 Decomposition of IPA/NO at pH > 9 resulted in reasonably clean production

of an intermediate with a maximum near 300 nm (Figure 2.6A), which is attributed to

ONOO− (max 302 nm; Eq. 2.4)34.

3NO−  + 3O2   ONOO- (2.7  109 M-1 s-1)26 (Eq. 2.4)

Loss of the 302 nm peak in the final two spectra was accompanied by an increase in

absorbance at 220 nm, indicative of ONOO− decomposition to nitrite.35

Figure 2.6. Decomposition of IPA/NO (100 μM) at 37°C in PBS (+ 50 μM DTPA) of pH

13 either (A) in air or (B) in deaerated solution. Spectra are shown for A) at 3 min

intervals to 21 min then at 27, 33, 39, 48, 57, 69, 105 and 270 min and for B) at 3 min

intervals to 21 min then 27, 33, 39, 48, 57, 75, 87 and 165 min.

Deaeration, which did not affect the rate of decomposition of IPA/NO (kair = (62.3 ±

1.07)  10-5 s-1; kdeaerated = (60.3 ± 0.66)  10-5 s-1), eliminated growth of the 302 nm peak

A B
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and the subsequent higher energy absorbance (Figure 2.6B), supporting identification of

the product as ONOO−. Based on  1670 M-1 cm-1, 34,36 the yield of ONOO- in Figure

7A was 70%, presumably due to partial consumption of HNO by dimerization (Eq. 1.6).

The utility of these compounds as synthetic generators of ONOO− at high pH in air

may prove to be useful. Upon lowering the pH to 7.4 (Figure 2.7), the peak at 302 nm (as

observed in Fig. 2.6A) during decomposition of IPA/NO at high pH was no longer

visible. The peak at ~220 nm remained, indicative in this case of autoxidation of HNO

and NO to NO2
-. This data supports previous evidence that NONOates do not produce

ONOO− at neutral pH.1,30

Figure 2.7. Decomposition of IPA/NO (100 μM) at 37°C in PBS (+ 50 μM DTPA) at pH

7.4. Traces are shown every 30 s from 0-4 min, every 1 min from 4-9 min, then at 16, 20,

27, 31, and 59 min.



83

2.3.6 Comparison of IPA/NO and AcOM-IPA/NO

A key goal is to produce an array of agents that display a broad range of half-lives for

HNO release while minimizing the simultaneous generation of NO that accompanies the

spontaneous dissociation of IPA/NO at physiological pH. Ideally, this would come in the

form of a series of water-soluble compounds that produce reliable fluxes of HNO at rates

that are tunable for any given experimental application, but given the decomposition

mechanism, this has proven more difficult than originally envisioned.

Under physiological conditions, Angeli’s salt and IPA/NO have similar half-lives,6

but Angeli’s salt is primarily an HNO donor (<0.1% NO)10 while the primary amine

NONOate generates mixtures of NO and HNO. Conversion of IPA/NO to AcOM-

IPA/NO through acetoxymethylation increases the half-life to 41 min (pH 7.4, 37°C),

which offers a useful addition to the otherwise short half-lives available for spontaneous

generation of HNO in aqueous media.

2.3.6.1 Decomposition profile of IPA/NO

The competing decomposition pathways in Scheme 2.4 have been investigated

experimentally to determine organic products by 1H NMR.42 The bottom pathway can be

thought of as the reverse of the synthesis reaction, with the ion dissociating on N-

protonation to yield the parent amine and two equivalents of NO. A more complete

description of the HNO-generating decomposition is depicted in Scheme 2.5.21,30
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Scheme 2.5. Detailed description of hydrolysis products for the HNO-generating

mechanism of primary amine NONOate decomposition.

This path also begins with a protonation step, but at a different nitrogen, yielding an

intermediate that dissociates to form one equivalent of HNO and a primary nitrosamine;

the latter species then rearranges to a diazoate that, in a protonating medium, loses a

molecule of water to form a highly reactive alkyldiazonium ion. This intermediate can

then react rapidly with available nucleophiles (represented in Scheme 2.5 as water) to

displace a dinitrogen molecule and produce a nucleophile/carbocation adduct (shown as

the alcohol in Scheme 2.5); if the R+ group bears a hydrogen atom in the -position, loss

of that proton would produce an olefin.



85

2.3.6.2 Rate of decomposition of AcOM-IPA/NO

The spontaneous, pH-dependent decomposition of AcOM-IPA/NO was explored in

order to provide a basis for its extended half-life compared to the ionic precursor

IPA/NO. Hydrolysis of IPA/NO slowed as pH was increased from 3 to 10 (Figure 2.8A).

This was quite the opposite of the results for AcOM-IPA/NO, whose hydrolysis rate was

essentially first order in hydroxide concentration between pH 6 and 12 (Figure 2.8B).

Below pH 6, the long half-life (≥ 2 d) precluded quantitation.

Figure 2.8. The pH-dependence of the first-order rate constant of decomposition

measured at 250 nm (mean ± SEM, n ≥ 3, all R2 values >0.995 for IPA/NO and >0.98 for

AcOM-IPA/NO) of (A) IPA/NO (100 μM) and (B) AcOM-IPA/NO (100 μM) at 37°C in

PBS containing 50 μM DTPA; measured pH was the same at the end of each kinetic run

as it was at time zero.

Interestingly, at and above pH 8, the AcOM-IPA/NO decomposition rate exceeded

that of IPA/NO (Figure 2.8), indicating a mechanism more complicated than simple

hydrolysis of AcOM-IPA/NO to IPA/NO. To explore these mechanistic details, the
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hydrolysis of AcOM-IPA/NO was carried out under spontaneous and esterase-mediated

conditions. Additionally, products of the decomposition were investigated to obtain

insight into this donor’s properties.

2.3.6.3 Spontaneous hydrolysis of AcOM-IPA/NO

Absorbance at 250 nm due to IPA/NO was not observed in the spontaneous

hydrolysis of AcOM-IPA/NO at pH 7.4 (Figure 2.9A). As the pH was raised to 12, the

higher energy shoulder resolved into a peak at 217 nm of significant intensity, and there

was a shift in the 236-nm peak to 278 nm, consistent with ionization of the N-H bond

(Figure 2.9B).9

Figure 2.9. Spontaneous hydrolysis of AcOM-IPA/NO. In A, spectra were collected

every 60 s (10-min intervals shown) after dissolving AcOM-IPA/NO in PBS (pH 7.4) at

37°C, and only loss of the parent compound was observed. In B, the pH was elevated to

12, and scans were collected every 0.5 s (through 2.5 s and 3.5, 5.5, 9.5, and 54.5 s

shown).
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Product analysis upon decomposition of AcOM-IPA/NO led to surprising results. The

total amount of NO detected on hydrolyzing AcOM-IPA/NO under the same conditions

while purging gases formed in the reaction into an NO-specific chemiluminescence

detector was <1% of theoretical (data not shown), suggesting a different hydrolysis

mechanism.

Decomposition of a donor in the presence of metMb is useful to indirectly identify

HNO and to establish a lower limit for the amount of HNO formed13, 37 according to Eq.

1.13. This method was previously used in the Miranda group to suggest that IPA/NO is a

donor of both NO and HNO while Angeli’s salt is a donor of only HNO under

physiological conditions.1 Here, the method was employed to probe HNO production

from AcOM-IPA/NO, as would be expected from a prodrug of IPA/NO. For longer-lived

donors of HNO such as AcOM-IPA/NO, the rate of autoxidation of MbNO back to

metMb (Eq. 2.3) required use of anaerobic conditions to detect HNO.

metMb     MbNO  +  H+ (k = 8  105 M-1 s-1)12 (Eq. 1.13)

MbNO     metMb  +  NO3
- (k = 2  10-4 s-1)38 (Eq. 2.3)

GSH      GSNHOH (k = 2  106 M-1 s-1)12 (Eq. 1.3)

metMb     metMbNO (kon =  4.8  104 M-1 s-1, koff = 43 s-1)39 (Eq. 1.14)

metMbNO   GSH   MbNO  +  products (k =  47 M-1 s-1)40 (Eq. 2.4)

Both IPA/NO and AcOM-IPA/NO reductively nitrosylated metMb (Figure 2.10), but

AcOM-IPA/NO did so more efficiently. For short-lived donors such as Angeli’s salt and
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IPA/NO, this assay can be used only to qualitatively indicate HNO production due to

competitive dimerization of HNO (Eq. 1.6). In contrast, the slower hydrolysis rate of

AcOM-IPA/NO decreased the steady-state concentration of HNO to impede self-

consumption such that MbNO was formed in higher yield. The rates of MbNO formation

were comparable to the decomposition rates of IPA/NO and AcOM-IPA/NO,

respectively.

Figure 2.10. Reductive nitrosylation of metMb (50 μM) by (A) IPA/NO (100 μM), or (B)

AcOM-IPA/NO (100 μM). The assay was performed in phosphate-buffered saline (PBS)

(pH 7.4) containing 50 μM DTPA at 37°C under deaerated conditions until there were no

further spectral changes at 543 and 575 nm (1, 2, 4, 6, 9, 14, 23 and 46 min for IPA/NO;

3-107 min in 4- to 10-min intervals shown for AcOM-IPA/NO). Concentrations of

MbNO produced under these conditions by IPA/NO and AcOM-IPA/NO were ~18 M

and 45 M, respectively.

A B
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To confirm the production of HNO in the spontaneous hydrolysis of AcOM-IPA/NO,

the metMb assay was repeated in the presence of excess GSH, which reacts with HNO

more rapidly than metMb (Eqs. 1.13 vs. 2.3) but does not interact appreciably with low

concentrations of NO. Interestingly, under deaerated conditions GSH enhanced MbNO

formation during the hydrolysis of IPA/NO (Figure 2.11A), which hydrolyzes to produce

both HNO and NO.1 In deaerated solution, GSH has been shown to enhance the

interaction of NO with metMb (Eqs. 1.14 and 2.4).40,41 Note that the spectral changes for

IPA/NO were comparable to those observed when the NO donor DEA/NO6 was

hydrolyzed in the presence of both metMb and GSH (Figure 2.11B). In contrast, under

deaerated conditions GSH inhibited reductive nitrosylation by AcOM-IPA/NO (Figure

2.11C) as expected based on the respective rate constants and concentrations employed.

Quenching by GSH of the reaction of AcOM-IPA/NO with metMb was similar to that of

the HNO donor Angeli’s salt (Figure 2.11D), confirming that HNO generation by AcOM-

IPA/NO was comparable to that of Angeli’s salt but enhanced relative to that of IPA/NO.

Addition of the NO scavenger PTIO (50 μM) to the reductive nitrosylation reactions

of DEA/NO or IPA/NO diminished spectral changes seen in Fig. 2.11, indicating these

occurred from Eqs. 1.14 and 2.4. PTIO did not affect the rate constant for NONOate

decomposition, indicating that nitrogen oxides were released, and the donor itself did not

produce spectral changes.
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Figure 2.11. Effect of GSH on the reductive nitrosylation of metMb (50 M) by (A)

IPA/NO (100 μM), (B) DEA/NO (50 M), (C) AcOM-IPA/NO (100 μM), or (D)

Angeli’s salt (100 M). The assay was performed in PBS (pH 7.4) containing 50 μM

DTPA and 250 μM GSH at 37°C under deaerated conditions. Scans are plotted at 2, 4, 6,

9, 14, 23 and 56 min in A, at 1-min intervals to 8 min and then at 11, 14, 18, 23, 28 and

40 min in B and at 0.5 and 60 min in C. Spectra plotted in C, D include 500 s (green

trace), where the decomposition of Angeli’s salt was complete, and at 60 min (blue

trace). The effect of GSH was dependent on the batch of myoglobin, indicating the

possible interaction with a contaminating protein such as Cu, Zn SOD (data not shown;

product formation is variable).
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2.3.6.4 Esterase-mediated  hydrolysis of AcOM-IPA/NO

In contrast to the results in assay buffer alone, IPA/NO was an observable

intermediate in the hydrolysis of AcOM-IPA/NO when active esterase was present. As

shown in Figure 2.12, the 250-nm peak for IPA/NO dominated the spectrum within a

short time after adding the enzyme to AcOM-IPA/NO in PBS at pH 7.4.

Figure 2.12. Hydrolysis of AcOM-IPA/NO in the presence of porcine liver esterase (20

L in 3 mL) in PBS/DTPA at pH 7.4, 37°C with spectra collected every 10 s.

Hydrolysis of AcOM-IPA/NO (max 236 nm) to IPA/NO (max 250 nm) was complete

within 40 s (0.067 s-1; red spectra) under these conditions. The rate of decay of IPA/NO

in Fig. 2.12 (blue spectra at 40, 100, 160, 240, 400, 600, and 2460 s) was comparable to

that shown in Fig. 2.2 (0.0033 s-1 vs. 0.0012 s-1, respectively). Elevation of the intensity

near 200 nm indicated formation of autoxidation products such as nitrite, with deaeration

inhibiting this peak (data not shown).

Figure 2.13 shows that addition of porcine liver esterase did not impact reductive

nitrosylation of metMb by IPA/NO, in either the presence or absence of GSH (compare
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to Figures 2.10 A and 2.11 A; product yield in the presence of GSH was somewhat

variable between batches of myoglobin). Similar spectral changes were apparent for

AcOM-IPA/NO under the same conditions (Figure 2.13 C,D). Comparison to Figures

2.10 B, which had a higher product yield, and 2.11D, in which GSH inhibited product

formation, supported that esterase hydrolyzes AcOM-IPA/NO to produce IPA/NO as an

intermediate in the production of both NO and HNO.

Figure 2.13. Esterase-mediated hydrolysis of 1 (A and B) and 2 (C and D) in the

presence (panels B and D) or absence (panels A and C) of 250 M GSH. All reaction

A B

C D
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mixtures contained 100 M diazeniumdiolate, 50 M metMb, and 1.4 U/mL of porcine

liver esterase, and were incubated at pH 7.4 and 37°C under deaerated conditions for 1 h.

2.3.6.5 Proposed decomposition mechanisms of AcOM-IPA/NO

These cumulative data suggested a mechanism of decomposition unique from that of

ionic NONOates such as IPA/NO (Schemes 2.4 and 2.5). That esterase-mediated

hydrolysis involved IPA/NO as an intermediate suggested the possibility of dual

decomposition mechanisms for the prodrug (Scheme 2.6).

Scheme 2.6. Dual decomposition pathways accessible to AcOM-IPA/NO in the presence

(top) of absence (bottom) of esterase.

These pathways were supported by corroborative data showing product distribution

via 1H NMR.42 Although IPA/NO hydrolyzed two orders of magnitude more slowly than

AcOM-IPA/NO at pH 11 (Figure 2.8), the characteristic 250-nm wavelength maximum
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of IPA/NO was detected only at low intensity during the rapid hydrolysis of AcOM-

IPA/NO at this pH (Figure 2.9B), and the corresponding NMR signals for IPA/NO could

not be separated from the noise42. A rationale for the near absence of free IPA/NO as a

product of hydrolyzing AcOM-IPA/NO involved postulation that base-induced removal

of the N-H proton of AcOM-IPA/NO generates 3, as in Scheme 2.6. This intermediate

might be expected to undergo 1-4 acyl migration via cyclic intermediate 4. Expulsion of

formaldehyde from 4 could give 5, which could then fragment with N-N bond cleavage

to produce diazoate ion 6 and acylnitroso derivative 7. Aliphatic diazoates are known

progenitors of unstable carbenium ions that can indiscriminately alkylate ambient

nucleophiles (such as water to produce the corresponding alcohol) with cogeneration of

an equivalent of dinitrogen,43 and acylnitroso compounds such as 7 are known to

hydrolyze to HNO with the derived carboxylate as byproduct.44,45

Precedent for ionization of O2-substituted IPA/NO derivatives such as AcOM-

IPA/NO with an accompanying shift in maximum from ~236 nm to ~278 nm (see Figure

2.9B) has been reported for methylated IPA/NO,46 with a measured pKa of 12.3. For

AcOM-IPA/NO, this shift became apparent at pH 11, indicating a comparable pKa. The

importance of anionic resonance form 3 as a nucleophilic site is supported by the finding

that glucosylated IPA/NO can be methylated at that site in basic media.47 Examples of 1-

4 acyl migrations reminiscent of that shown in Scheme 3 for conversion of 3 to 5 have

been reported,48 and cleavage of 5 to the two well established reactive intermediates 6

and 7 would not be surprising. Consistent with the view that the base-catalyzed

dissociation of AcOM-IPA/NO is the only pathway by which it decomposes in enzyme-
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free media, product ratios by 1H NMR were the same in the slow pH 7.4 reaction and its

faster pH 11 counterpart, except that propene appeared to be present in somewhat higher

concentration at the higher pH.42

2.4 Summary

Here, the primary amine-based NONOate IPA/NO has been shown to release both

HNO and NO in a pH-dependent manner. These results extend prior physiological data1

and provide experimental evidence for the previously determined theoretical

decomposition mechanisms to release HNO or NO.20,21 The nature and basicity of the

heteroatom to which the diazeniumdiolate functional group is attached is critical to the

dissociation pathways, and these analyses may aid in design of primary amine NONOates

that release varied ratios of HNO and NO. Such compounds may serve as viable

alternatives to Angeli’s salt as HNO donors for pharmacological and biomedical

applications; previous studies on IPA/NO have demonstrated its pharmacological benefit

to release HNO in the cardiovascular system.1 Other primary amine NONOates may be

useful for investigation of the concomitant effects of HNO and NO. As such, the

structural versatility of primary amines is attractive in the pursuit of a series of HNO

donors to complement existing NO donors based on secondary amines, which are highly

utilized in investigation of fundamental chemistry and design of therapeutic agents.

Diazeniumdiolates may also offer a versatile platform for development of HNO

donors for fundamental research and biomedical applications. Derivatization can

dramatically slow the rate of spontaneous HNO generation, with concomitant
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improvement in the efficiency of its capture by biological targets. Furthermore,

conversion of relatively unstable IPA/NO to AcOM-IPA/NO provides a rigorously

purifiable derivative with alternate mechanisms of hydrolysis to HNO and improved

ability to strengthen contraction of beating cardiac myocytes at low micromolar

concentrations.42 Complementary work, including some details in Chapter 3, has also

focused on further exploring the structure-activity and -reactivity relationships in the

primary amine diazeniumdiolate series, with the aim of developing a variety of improved

tools for probing the chemistry and pharmacology of the intriguing bioeffector molecule

HNO.
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3  SYNTHESIS AND CHARACTERIZATION OF NEW HNO DONORS 

 

3.1  HNO donors 

In order to better understand the fundamental chemistry and chemical biology of 

HNO, a series of compounds with varied decomposition properties is desired. Numerous 

NO-donating secondary amine diazeniumdiolates (NONOates) have been synthesized, 

and altering the attached nucleophile has been found to have a profound impact on 

properties affecting the bioavailability of resulting diazeniumdiolates, such as rate of 

decay, solubility, and mechanism of decomposition. Additionally, changing the 

nucleophile to a primary amine releases HNO at physiological pH,1 such that NO or HNO 

donors can be synthesized by starting with different amines (Scheme 3.1). 

 

Scheme 3.1. General decomposition pathways for primary (R = alkyl, R’ = H) and 

secondary (R,R’ = alkyl) ionic NONOates to generate HNO or NO.  

 

Only two stable primary amine NONOates have been reported based on 

isopropylamine (resulting in IPA/NO) and cyclohexylamine.6 These NONOates act as 

dual donors of both NO and HNO at pH 7.4 1, a and provide a useful basis to develop new 

compounds that donate HNO. Several amines were chosen for structural similarity to 

                                                 
a Experiments performed by Dr. Patricia Benini, 2006-2008. 
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isopropylamine or cyclohexylamine while allowing for modification of the backbone to 

tune properties. Synthetic details and characterization, both of donor structure and release 

profiles, are provided. It was not possible to isolate a product even after synthetic 

optimization for several amines. In other cases, isolation of pure material was not feasible 

and such compounds generally were not employed in further studies. Of particular note is 

the compound DMPA/NO, synthesized from 1,2-dimethylpropylamine, which has 

demonstrated production of HNO at pH 7.4 but whose structure has been difficult to 

determine, even after extensive analysis. 

 

3.2 General Experimental 

3.2.1  Synthesis of existing NONOates 

Angeli’s salt, DEA/NO, IPA/NO,1,2  Sulfi/NO (sodium (E)-1,2-dioxodiazen-1-ium-1-

sulfonate),3 and AcOM-IPA/NO4 were synthesized and utilized as previously described.  

 

3.2.2 Synthesis of new NONOates 

Diazeniumdiolates were synthesized from secondary and primary amines according 

to modified literature procedures (Scheme 3.2),5,6,7 although significant optimization was 

performed in many cases. The amines employed were chosen for their structural 

diversity, according to rationale provided in each section. All materials were obtained 

from commercial vendors (Sigma-Aldrich, Alfa Aesar) and used without purification 

unless otherwise noted. The synthetic apparatus was similar to that reported in the 

literature7 and was contained in a fume hood. 
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Scheme 3.2. General synthesis of primary (R = H) and secondary (R = alkyl) ionic 

NONOates.  

 

Briefly, to a dry 250 mL Parr reaction vessel containing a stir bar was added the 

desired amine and anhydrous diethyl ether (1-2 vol eq). The vessel was then purged with 

ultra-high purity (UHP) argon (10-20 psi) for 10 cycles, venting to atmosphere before 

refilling. The reaction vessel was then chilled in crushed dry ice for 10-15 min or kept at 

room temperature with stirring before introduction of NO (Matheson or Air Liquide; CP 

grade) at 40-50 psi.  

Upon determination of reaction completion (obvious precipitate in the reaction vessel 

or constant NO pressure for 12 h), the NO was vented, and the vessel was purged with 

argon. The reaction mixture was then filtered via vacuum filtration to yield the 

ammonium salt as a white solid. This was washed with cold diethyl ether before 

conversion to the sodium salt by addition or either 10 M NaOH (dropwise to form a white 

paste) or dissolution in MeOH (5-10 mL) followed by addition of NaOMe (≤1 eq; 25 

wt% solution). After stirring 5 min, a large excess (300-500 mL) of cold diethyl ether 

was added, and any resulting solid was collected via vacuum filtration, washed with Et2O 

and dried under vacuum before storing at -20°C. General yields ranged from 1-20%, 

based on initial amine used (50% maximum yield possible). In some cases, NaOMe was 
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added to the reaction mixture in an attempt to obtain the sodium salt directly by allowing 

the diazeniumdiolation and cation exchange reactions to proceed in one pot. 

 

3.2.3 Structural characterization of NONOates 

Evidence of NONOate formation was most commonly indicated 

spectrophotometrically using ε250 of 8000-10000 M-1 cm-1, depending on the identity of 

the nucleophile employed.1,2 The concentrations of stock solutions (>10 mM), prepared 

in 10 mM NaOH and stored at –20°C, were determined directly prior to use in 10 mM 

NaOH from the absorbance at 250 nm. Stock solutions of AcOM-protected prodrugs 

were prepared in MeOH or DMSO.  

Because decomposition of NONOates often occurs during the sample preparation or 

data collection of traditional structural characterization techniques, particularly for short-

lived donors, many of these have limited utility for routine analysis.8 Characteristic υ(N-

N) and υ(N-O) IR bands between 900-1350 cm-1 from the [N(O)NO]- also supported 

inclusion of the desired functional group.8 NMR spectroscopy allowed for determination 

of backbone structure. Generally, only 1H NMR was carried out due to the relatively 

simple spectra of the amine precursors. This method also provided useful information 

regarding the conversion of ammonium to sodium salts, corresponding to the 

disappearance of one set of amine peaks. Mass spectrometry was not routinely used, as 

the [N(O)NO]- functional group is sensitive to decomposition prior to fragmentation. 

Additionally, the sodium counterions can interfere with detection. For elemental analysis, 

sodium similarly interferes with oxygen determination. Rigorous structural determination 
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was generally carried out only on those compounds that were promising candidates as 

HNO donors. Since purification of ionic NONOates by column chromatography 

generally leads to decomposition of these amorphous solids,9 attempts to isolate pure 

material were confined to precipitation, or analysis was carried out on crude mixtures. 

UV-visible spectroscopy was performed with a Hewlett-Packard 8453 diode-array 

spectrophotometer equipped with a 89090A thermostat. 1H NMR was carried out on a 

Bruker AM-250 or Bruker DRX-500 in NaOD (0.1 M in D2O) unless otherwise noted 

and was referenced to the solvent residual peak (HOD at δ4.79 ppm).  IR spectra were 

collected on a ThermoNicolet Avatar 370 FT-IR using a Smart Performer ATR ZnSe 

crystal with background collected in air and 32 scans at resolution of 4 cm-1 used. Peaks 

were annotated using the provided EZ-Omnic software program. Measurements of pH 

were made using a Thermo Orion 420A+ pH meter. Powder X-ray diffraction (PXRD) 

and single crystal X-ray crystallographic data was obtained by the University of Arizona 

Department of Chemistry & Biochemistry X-ray diffraction facility (Director: Dr. Gary 

Nichol). X-ray photoelectron spectroscopy (XPS) data was collected by the University of 

Arizona Electron Spectroscopy and Surface Analysis (LESSA) facility (Director: Dr. Ken 

Nebesny). Mass spectrometry (MS) data was collected by the University of Arizona Mass 

Spectrometry Facility (Director: Dr. Arpad Somoygi). Elemental analysis data was 

obtained from Desert Analytics (Tucson, AZ). 
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3.2.4 Analysis of donor profiles 

Decomposition kinetics and pKa were evaluated to provide half-life and basicity of 

compounds in aqueous media. Nitrogen oxide production (HNO and NO) was evaluated 

by reaction with the heme in myoglobin (Mb) in the ferric (metMb) and ferrous-oxy 

(MbO2) states, which readily provided targets for HNO and NO in air (Eq. 1.13-14, 3.1-

2). Analysis of donor profile as a function of pH allowed for determination of 

fundamental chemical behavior, such as decomposition mechanism, although pH 7.4 was 

of highest relevance for biological use. Several experimental techniques, such as 

electrochemical determination using an NO-specific electrode, were suitable for pH 

dependence studies while analysis using metMb or oxyMb was of highest utility near 

neutral pH.10 The assay buffer used in all experiments was phosphate buffered saline 

(PBS) containing the metal chelator diethylenetriaminepentaacetic acid (DTPA; 50 µM) 

to prevent oxidation of nitrogen oxides by metals. The buffer was brought to the 

appropriate pH using NaOH and HCl, and the pH of the solution was verified 

periodically. Because some buffers such as the amine-based HEPES (4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid) can interact with nitrogen oxides,11 PBS was used for all 

pH values, and the buffering capacity was determined to be sufficient for all described 

experiments. 

 

3.2.4.1 Rates of NONOate decomposition 

The rate constants of decomposition were measured spectrophotometrically by 

monitoring the decrease in absorbance near 250 nm. The spectrophotometer was blanked 
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after warming the cuvette containing PBS at the appropriate pH in the instrument heat 

block for 5 min (37°C). The NONOate (<10 µL of stock) was added, the cuvette was 

capped and inverted to mix, and spectra were collected at <1 min intervals for time 

periods of 20-120 min, or until A∞ < 0.05, with constant stirring. For more rapid 

reactions, mixing was accomplished by pipette. Kinetic analysis was performed by fitting 

the data to an exponential decay (A = ∆Ae-kt + A∞). 

 

3.2.4.2 NONOate pKa measurements 

Into 10 mL ice cold water, sufficient NONOate was added to generate a 10 mM 

solution. This solution was placed into an ice bath, and a pH meter was inserted into the 

solution. Cold 10 mM HCl was added in 0.5 mL increments, and the pH was measured 

after stabilization. Titration curves were plotted as pH vs. volume HCl added. Triplicate 

measurements were made for each compound. Unless otherwise noted, amine pKa values 

were obtained from Bordwell pKa tables (compiled by R. Williams)17 and were in good 

agreement with calculated values using Ilab/ACD labs pKa 8.03 software.18 

 

3.2.4.3 Reductive Nitrosylation of Metmyoglobin (Eq. 1.13)12 

Routine analysis by this method was generally carried out in air. To a small amount 

of horse heart metMb (Aldrich) was added Dulbecco’s PBS (pH 7.4; ~ 1 mL) containing 

50 µM DTPA, and the solution was kept on ice. The concentration was determined 

spectrophotometrically (λ(ε) of 502 nm (10.2 × 103 M-1cm-1) and 630 nm (3.9 × 103 M-

1cm-1)).13 After collecting an initial spectrum of metMb (50 µM final concentration) in 
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PBS at 37°C, the reaction was initiated by introducing a volume of stock 

diazeniumdiolate solution to the metMb solution to produce a final concentration of 100 

µM. Spectra were collected at 30 s intervals for 30-90 min or until A543 and A575 reached 

stable values. The concentration of MbNO was determined spectrophotometrically (ε543 

of 11.6 mM-1 cm-1; ε575 of 10.5 mM-1 cm-1).13 To assay for HNO production from donors, 

experiments were carried out in the presence of 250 µM GSH to scavenge HNO, resulting 

in minimal MbNO formation.  

 

3.2.4.4 General procedure for oxyMb assay (Eqs. 3.1-2) 

The conversion of oxyMb to metMb can be induced by NO (Eq. 3.1) or by HNO (Eq. 

3.2). In the case of the reaction with HNO, the nitrogen oxide product has yet to be 

determined.14  

Fe(II)O2 + NO → Fe(III) + NO3
-                                     (Eq. 3.1) 

Fe(II)O2 + HNO → Fe(III) +  ?                                       (Eq. 3.2) 

Performing the experiment in the presence of the HNO-specific scavenger GSH allowed 

differentiation of the nitrogen oxide released from a donor. 

A concentrated solution of metMb was made in buffer, as above. To this was added a 

small amount of sodium dithionite (Na2S2O4), and the solution was swirled until a bright 

red color resulted, at which point a very small amount of Na2S2O4 was added to ensure 

complete reduction. The solution was passed through a Sephadex G25-M column (GE 

Healthcare, PD-10 column) via elution with PBS. The most intense red band was 

collected, and the concentration was determined spectrophotometrically (λ(ε) of 542 nm 



 

 

105

(13.9 × 103 M-1cm-1) and 580 nm (14.4 × 103 M-1cm-1)).13 After collecting an initial 

spectrum of oxyMb, the reaction was initiated by adding sufficient NONOate stock to 

produce the desired final concentration (usually 100 µM). Spectra were collected at 30 s 

intervals for 30-90 min or until A502 and A630 reached stable values. To assay for HNO 

production from donors, experiments were carried out in the presence of 250 µM GSH. 

 

3.2.4.5 Electrochemical determination 

For the electrochemical assay, NONOates (5 µM HNO donor or 2.5 µM NO donor) 

were added into the reaction vessel after a baseline for the NO-specific electrode was 

obtained in room temperature assay buffer (20 mL) of the desired pH. The experiment 

was initiated by adding NONOate to the buffer and terminated after the signal reached a 

maximum and began to decline. The production of HNO during decomposition of each 

donor was estimated by addition of the oxidant ferricyanide (1 mM) to the assay buffer 

(Eq. 1.16).15 

 

3.3 Attempted synthesis of new ionic donors  

3.3.1 Congeners of IPA/NO 

The HNO donor IPA/NO has a relatively short half-life (2 min at pH 7.4, 37°C),2 and 

structurally-related HNO donors with longer half-lives are desired. Because increased 

steric bulk is often assumed to correlate to longer half-lives in secondary amine 

NONOates,7 bulkier, branched primary amines were used to synthesize HNO donors. 

Table 3.1 provides a summary of the amines used and donors formed. Previous work by 
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Drago6 and in the Miranda groupb using t-butylamine and n-butylamine did not result in 

NONOates with sufficient stability for analysis, such that branching near the nucleophile 

may be a requirement for stable primary amine NONOates. Additionally, for secondary 

amine NONOates lowering the pKa has been predicted to stabilize the NONOate toward 

decomposition.16 In this project, diazeniumdiolation of amines with structure and basicity 

(pKa ~ 10.6)17,18 relatively similar to isopropylamine was attempted. 

 
Table 3.1. Attempted synthesis of NONOates from primary amines similar in structure to 

the known HNO donor, isopropylamine NONOate. 

nucleophile 
NONOate 
formed? apparent t1/2 HNO at pH 7.4? 

3-aminopentane no  N/A N/A 
1-aminoadamantane no N/A N/A 

3-azabicyclo[3.3.0]octane no N/A N/A 
1,3-dimethylbutylamine no N/A N/A 

sec-butylamine yes, sec-BuA/NO 4.3 min no 
2-aminopentane yes, 2-Ampe/NO 4 min yes 

3-methyl-2-butanol yes, ROH/NO N/A no 
1,2-dimethylpropylamine yes, DMPA/NO 4.6 min yes 

 

3.3.1.1 Attempted syntheses of 3-Ampe/NO (Scheme 3.3) 

 
Scheme 3.3. Attempted synthesis of 3-Ampe/NO by three synthetic methods, (a) in Et2O 

at -78°C; (b) in MeOH with 0.5 eq. NaOMe at ambient temperature, and (c) in CH3CN 

with 0.5 eq. NaOMe at ambient temperature. 

                                                 
b Experiments performed by Dr. Lynta Thomas, 2002-2004. 
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3.3.1.1.1 Attempted synthesis of 3-Ampe/NO: (a) Et2O, -78°C 

Structural similarity of 3-aminopentane to both isopropylamine and diethylamine, and 

the success of these amines in forming NONOates, prompted its use. Upon exposure of 

NO to 3-aminopentane (10 mL, 85.8 mmol) and diethyl ether (30 mL), the reaction was 

mostly clear and bright yellow with no solid present after 171 h. A subsequent reaction 

was performed on the same scale but was worked up after 48 h to determine if 

decomposition had occurred at a long reaction time. The clear, yellow solution was 

concentrated via rotary evaporation, and a UV-vis spectrum of this residue showed a 250 

nm peak accompanied by a large 250 nm peak. Treatment with a small amount of -vis 

NaOMe (500 µL) was attempted to precipitate NONOate from organic materials. 

Addition of 100 mL Et2O resulted in a fine white precipitate, which showed only a 210 

nm peak.  

 

3.3.1.1.2 Attempted synthesis of 3-Ampe/NO: (b) 0.5 eq. NaOMe, MeOH 

3-aminopentane (5 mL, 42.9 mmol), 0.5 eq NaOMe (25 wt%; 21.5 mmol; 4.7 mL), 

and MeOH (25 mL) were exposed to NO. After 48 h, the reaction was slightly cloudy and 

yellow. Et2O (200 mL) was added to the solution, which was then chilled at -20oC for 10 

min to yield a fine white precipitate that was isolated via filtration. A 250 nm peak was 

not observed.  

A subsequent reaction was worked up after 55 h, when the solution was clear and 

slightly yellow. After addition of 200 mL Et2O, the mixture was then chilled at -20oC for 

10 min to induce precipitation. A solid did not result, so the solvent was removed via 
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rotary evaporation to yield a yellow oil. Cold storage did not induce precipitation. 

Addition of CH3CN (200 mL), to precipitate any product, yielded only a hazy precipitate, 

so the solvent was removed via rotary evaporation. A clean 250 nm peak was not 

apparent at any step, and attempted reductive nitrosylation using crude material did not 

suggest HNO production. No further analysis was performed. 

 

3.3.1.1.3 Attempted synthesis of 3-Ampe/NO: (c) 0.5 eq. NaOMe, CH3CN 

3-aminopentane (8 mL, 68.7 mmol), 0.5 eq NaOMe (25 wt. %; 34.3 mmol; 7.5 mL), 

MeOH (10 mL), and CH3CN (100 mL) were exposed to NO for 44.5 h. The cloudy, pale 

yellow solution was filtered to yield a pale yellow solid, which was washed with CH3CN 

then Et2O. A 265 nm (ε = 8608 M-1cm-1) peak was apparent. Previous synthesis of the 

trisdiazeniumdiolate (CH[N(O)NO]3Na3) has been reported for the reaction of NO with 

CH3CN in the presence of base with identical UV-vis spectral features.19 Donor analysis 

was not performed, although this compound has been reported to release NO and N2O. 

 

3.3.1.2 Attempted synthesis of Adama/NO (Scheme 3.4) 

This bulky primary amine, containing an isopropylamine-like moiety, was used in an 

attempt to create a long-lived HNO donor. 1-Aminoadamantane (8.994g, 0.0595 mol) 

and diethyl ether (110 mL) were exposed to NO with the resulting solution cloudy due to 

incomplete dissolution of the amine. After 64 h, the cloudy white solution was filtered, 

but did not have a 250 nm peak. Synthesis of Adama/NO was also attempted in a variety 
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of solvents: diethyl ether, MeOH/NaOMe (to obtain the sodium salt of the NONOate 

directly), THF/CH3CN; solubility of amine in all solvents was incomplete.  

 

Scheme 3.4. Attempted synthesis of NONOate from 1-aminoadamantane. 

 

3.3.1.3 Attempted synthesis of 3-azabicyclAmi/NO (Scheme 3.5) 

3-amino-3-azabicyclo[3.3.0]octane hydrochloride was similarly used for its increased 

steric bulk to create a long-lived HNO donor. The amine (6.2 mmol, 1 g) in 2 mL MeOH 

with NaOMe (25 wt%; 0.8 eq.; 1.1 mL) and 15 mL MeOH were exposed to NO for 69 h. 

Et2O (100 mL) was added to produce a cloudy solution. A 250 nm peak was not apparent. 

 

Scheme 3.5. Attempted synthesis of NONOate from 3-amino-3-azabicyclo[3.3.0]octane 

hydrochloride. 
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3.3.1.4 Attempted synthesis of 1,3-DMBA/NO (Scheme 3.6) 

Structural similarity to isopropylamine with increased steric bulk prompted the 

attempted diazeniumdiolation of 1,3-dimethylbutylamine. The amine (15mL, 0.106mol) 

and diethyl ether (23 mL) were exposed to NO for 5 d without product formation. 

 

Scheme 3.6. Attempted synthesis of DMBA/NO, used with the aim of obtaining more 

structural information for DMPA/NO. 

 

3.3.1.5 Synthesis of sec-butylamine NONOate (Scheme 3.7) 

Sec-butylamine is similar in structure to isopropylamine but has an extra carbon; the 

effect of this on NONOate formation and donor profile was probed. The amine (6 mL, 

59.4 mmol), NaOMe (25 wt%; 10.3 mL, 47.5 mmol), and 180 mL of Et2O were exposed 

to NO for 140.5 h. The cloudy white solution was filtered, and the solid did result in a 

250 nm peak with a large shoulder at 210 nm (possibly amine or decomposition product 

such as nitrite). Repeated precipitation from Et2O resulted in a small amount of white 

solid that showed a clean 250 nm peak. Initial analysis of the reaction mixture showed a 

peak at 250 nm accompanied by an additional peak at 210 nm. It should be noted that 

Drago’s synthetic attempts of sec-butylamine NONOate were unsuccessful.6 
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Scheme 3.7. Synthesis of sec-butylamine NONOate (sec-BuA/NO). 

 

3.3.1.6 Analysis of sec-butylamine NONOate  

The decomposition of sec-BuA/NO was monitored spectrophotometrically at 250 nm 

(Figure 3.1). The decay at this wavelength did not follow a single first-order decay, as is 

typical of NONOates, but instead was fit to two exponentials (A = (∆A1e-k1t) + (∆A2e-k2t) 

+ A∞, where k1 and k2 are the rate constants for each portion of the decay). These values 

were calculated to be (2.7 ± 0.46) × 10-3 s-1 for k1 and (2.7 ± 0.38) × 10-4 s-1 for k2. 

 

Figure 3.1. Decomposition kinetics of sec-BuA/NO (100 µM) in air at pH 7.4, 37°C. 

Spectra are shown at 0, 0.5, 1.25, 2.75, 3.75, 5.75, 8, 11, 15.75, 22.25, 26, 34.75, 41.75, 

52.25, 64.75, 79.75, 99.75, 124.75, and 180 min.  
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Generally, decomposition products of NONOates, such as nitrite and nitrate, are 

observed near 210 nm. Nitrite also absorbs near 355 nm,20 but this peak has a low 

extinction coefficient (22.5 M-1 cm-1 in H2O21) and is typically associated with fine 

structure that was not seen for the decomposition of sec-BuA/NO. The presence of the 

330 nm peak indicated another decomposition product (or products, as the isosbestic 

points were not well-defined). While peroxynitrite (ONOO-) has a maximum at 302 nm 

and can result from the reaction of NO with O2
- 22 or from NO- with O2,23 significant 

accumulation is not anticipated at pH 7.4. Additionally, this signal was not quenched 

when decomposition was carried out with 20 mM NaHCO3 (in equilibrium with CO2), 

which typically removes ONOO− by rapid formation of CO2ONOO−.24 The product with 

an absorbance near 330 nm has not been successfully identified. 

This NONOate did not reductively nitrosylate metMb (Figure 3.2), suggesting that it 

did not release HNO. Addition of GSH had no effect (blue trace). 

 

Figure 3.2. Attempted reductive nitrosylation of metMb (50 µM) by sec-butylamine 

NONOate (100 µM) in the presence and absence of GSH (250 µM) in air at pH 7.4, 

37°C.  
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Reaction with oxyMb (Figure 3.3) suggested that this compound released NO. The 

effect of GSH in slowing the conversion of oxyMb to metMb mediated by sec-BuA/NO 

in this assay has not been fully ascertained but may be due to scavenging of HNO in an 

unexpected manner. Generally, the metMb and oxyMb assays are used cooperatively to 

determine HNO release. Further assays were not carried out with this compound. Future 

work could include further investigation into the decomposition products. To analyze 

whether the 330 nm peak results from autoxidation, the standard assays could be repeated 

under deaerated conditions. 

 

Figure 3.3. Reaction of sec-butylamine NONOate (100 µM) with oxyMb (50 µM) at pH 

7.4, 37°C in air in the absence and presence of GSH (250 µM). 

 

3.3.2 Synthesis of DMPA/NO (Scheme 3.8) 

1,2-Dimethylpropylamine is structurally similar to isopropylamine with increased 

steric bulk, and its diazeniumdiolation and initial characterization of HNO release upon 
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decomposition was reported by Stephanie Cologna (Miranda lab, University of Arizona) 

in 2004. Significant synthetic optimization and structural characterization is presented 

here. 

The amine (45 mL, 0.39 mol) and anhydrous diethyl ether (30 mL, 0.29 mol) were 

exposed to NO for 4 d. The dry ice was allowed to sublime, and the reaction was slowly 

brought to room temperature. This was accompanied by a change in reaction color from 

clear to milky yellow and then to a chalky white solution. The reaction mixture was 

filtered via vacuum filtration to yield the 1,2-dimethylpropylammonium salt as a white 

solid (> 1 g), which was washed with Et2O. A small amount (194 mg) of the 1,2-

dimethylpropylammonium salt was dissolved in MeOH (10 mL), and 1 eq NaOMe (25% 

w/v in MeOH; 180 µL) was added. This cloudy mixture was allowed to stir 10 min 

before an excess (75 mL) of Et2O was added. The resulting white solid was collected via 

vacuum filtration and stored at -20 °C. Yield (NR4
+) = 1.06 g (2.3%); for Na+ salt = 43 

mg (from 194 mg NR4
+ salt) 30.7%.  

UV-vis: λmax = 250 nm; ε was calculated as both anticipated DMPA/NO and alternatively 

as Angeli’s salt due to possible structural similarity (using respective molecular weights). 

ε(DMPA/NO, NR4
+; MW=234) = 7438 M-1cm-1; ε(Angeli’s salt, NR4

+; MW=252) = 

8010 M-1cm-1; ε(DMPA/NO, Na+; MW=169) = 12436 M-1cm-1; ε(Angeli’s salt, Na+; 

MW=122) = 8978 M-1cm-1. 1H NMR (Varian Gemini 200 MHz): 1,2-

dimethylpropylammonium salt: δ 0.861 (d, 6H); 0.994 (d, 3H); 1.514 (m, 1H); 2.649 (m, 

1H).  Sodium salt: no signals except for δ 0.0 (TSP—standard); 4.8 (s, 1H in HOD). 
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Scheme 3.8. Synthesis of DMPA/NO (1,2-dimethylpropylamine NONOate). 

 

3.3.2.1 Alternative syntheses of DMPA/NO (Scheme 3.9) 

 

Scheme 3.9. Synthesis of DMPA/NO via different experimental conditions to 

complement structural determination. (a) 0.4 eq NaOMe inMeOH at ambient 

temperature. (b) 1 eq NaOMe in Et2O at ambient temperature. (c) 0.4 eq NaOMe in Et2O 

at ambient temperature. 

 

a.) Synthesis of DMPA/NO: NaOMe in MeOH 

1,2-Dimethylpropylamine (10 mL, 87 mmol), NaOMe (25 wt%; 7.6 mL, 34.7 mmol) 

and 10 mL MeOH were exposed to NO for 101 h.  

 

b.) Synthesis of DMPA/NO: NaOMe in Et2O/MeOH 

1,2-Dimethylpropylamine (5 mL, 43.4 mmol), NaOMe (25 wt%; 9.4 mL, 43.4 

mmol), 130 mL Et2O, and 1 mL MeOH were exposed to NO for 74 h.  
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c.) Synthesis of DMPA/NO: NaOMe in Et2O/MeOH (longer time) 

1,2-Dimethylpropylamine (8 mL, 69.5 mmol), NaOMe (25 wt%; 6.0 mL, 27.8 

mmol), 85 mL Et2O, and 2 mL MeOH were exposed to NO for 90 h.  

In all syntheses, the cloudy white solution was filtered, and the solid was collected via 

vacuum filtration. Although a 250 nm peak was present, a large impurity at 216 nm was 

also present and could not be removed through washing with Et2O. No further 

optimization was performed on alternate synthetic conditions. 

 

3.3.2.1.1 Attempted synthesis of O2-CH3-DMPA/NO (Scheme 3.10) 

O2-methylation has been shown to be successful in stabilization of primary amine 

NONOates25 but has been unsuccessful for Angeli’s salt.26  

 

Scheme 3.10. Attempted protection of O2-position of DMPA/NO. 

 

A solution of DMPA/NO, sodium salt (0.25 g, 0.015 mol) in MeOH (2 mL) was 

cooled to 0°C before dimethyl sulfate (0.15 mL, 0.016 mol) was added. The mixture was 

stirred for 2.5 h (TLC control), and then stirred at 25°C for 4 h. The solvent was removed 

by rotary evaporation, and the residue was taken up in 5% aq. NaOH and stirred for 30 

min to decompose excess dimethyl sulfate. The solution turned from clear and colorless 

to yellow. The basic solution was washed with ether, neutralized with 10% HCl, and 
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extracted with dichloromethane. The organic layer was dried over sodium sulfate and the 

solvent was removed in vacuo. The residual oil was then taken up in 5 mL ether as an 

attempt at recrystallization, resulting only in a yellow oil. 1H NMR (CDCl) δ0.079 (s), 

0.863 (m), 1.264 (s). These signals did not correspond to either solvent peaks27 or the 

expected value for a resulting methyl peak. A peak near 250 nm was not apparent in the 

UV-vis spectrum.   

Repeating the reaction using Angeli’s salt26 (0.79 g, 6.5 mmol) resulted in fizzing of 

the solution and production of a brown gas upon washing with 10% HCl, suggesting 

decomposition. The UV-vis and NMR spectra were comparable to results from the 

DMPA/NO-Me reaction.  

Repeating the reaction with Angeli’s salt but without the 10% HCl wash did not 

decompose the NONOate. 1H NMR: δ 3.745 (s), 3.799 (s). Another 1H NMR was taken 

on the resulting white solid without added NaOD. 1H NMR (D2O): δ 3.310 (likely 

MeOH, 3H, s), 3.709 (15H, s), 3.762 (1H, s). This reaction was repeated using a three-

fold excess of the alkylating agent to determine presence of any other methyl peaks in the 

1H NMR. The UV-vis spectrum showed several bands that did not correspond to O2-

alkylation products seen with other primary amine NONOates.25 UV-vis: λmax(ε) 250 nm 

(1533 M-1cm-1). The low value of ε confirmed the high presence of NaOH from the work-

up but demonstrated a NONOate was present. As with Angeli’s salt, or possibly other 

inorganic salts, direct O2-alkylation of DMPA/NO did not lead to the anticipated product.  
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3.3.3 Structural characterization of DMPA/NO 

Given that DMPA/NO produced HNO but appeared to be an inorganic salt despite its 

amine precursor, a variety of techniques were employed to structurally characterize this 

compound. Unless otherwise noted, all samples analyzed had a 250 nm peak in the UV-

vis spectrum. 

 

3.3.3.1 NMR spectroscopy 

Data collected for the sodium salt yielded signals in the 1H NMR spectrum only for 

the solvent residual peak (Figure 3.4), allowing for the possibility of a structure similar to 

Angeli’s salt.  

 

Figure 3.4. Initial 1H NMR spectrum of sodium salt of DMPA/NO in 0.1 M NaOD in 

D2O, with δ4.79 ppm corresponding to the solvent residual peak. Similar spectra were 

observed for samples at 4 h, 24 h, and 2 years (loss of a 250 nm peak suggested complete 

decomposition at -20°C). 
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Since spectroscopic handles were not available for the DMPA/NO sodium salt, a time 

course study was carried out with the ammonium salt (Figure 3.5) in an attempt to 

observe decomposition products. As the spectra were collected in 0.1 M NaOD (pD ~ 

13), it was anticipated that the ammonium counterion (RNH3
+) may be deprotonated to 

the free amine (RNH2) but the dissimilarity between the free amine and NONOate 

chemical shifts suggest RNH3
+. A single set of signals also supports the origination from 

the counterion, since signals were not seen for the sodium salt.  

 

Figure 3.5. Initial 1H NMR of DMPA/NO, ammonium salt in 0.1 M NaOD/D2O. The 

peaks corresponded to the organic ammonium counterion/1,2-dimethylpropylamine 

backbone. 
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After 6.5 h at room temperature, another spectrum was collected (Figure 3.6) in an 

attempt to observe decomposition to the corresponding amine or alcohol,28,29 which 

shows growth of doublet peaks near δ1.5, 0.95, and 0.8 ppm. The source of these peaks 

was unclear but could be due to interaction of the highly basic solvent with the glass 

NMR tube. Repeating the time course at neutral pH could validate this speculation. 

 

Figure 3.6. NMR spectrum of DMPA/NO, ammonium salt after 6.5 h at ambient 

temperature.  

 

After 5 d at ambient temperature (Figure 3.7), significant decomposition was 

expected, but the original signals remained at high intensity. Multiplets of low intensity 

appeared downfield to the original peaks but did not correspond to free amine. However, 

since the mixture likely contains multiple decomposition products, these could shift the 
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signal, particularly since hydrogen bond networks can form between N-H and O-H in 

several species. 

 

Figure 3.7. NMR spectrum of DMPA/NO, ammonium salt after 5 days in 0.1 M NaOD 

at ambient temperature.  

 

A comparison of the chemical shift of the most downfield multiplet (near δ 2.9 ppm) 

was carried out for the time course experiment (Table 3.2) to investigate changes upon 

decomposition. The methine peak of the carbon α to the –NH2 group in the starting 

material trended toward that of the 1,2-dimethylpropylamine signal over time, indicating 

that the ammonium counterion may have been gradually deprotonated. Give the high pH, 

the sluggishness of this process is unexpected but could be attributed to slow cation 

exchange followed by rapid deprotonation. 
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Table 3.2. Evaluation of chemical shifts for the ammonium salt of DMPA/NO. 

Comparison to the parent amine (1,2-dimethylpropylamine, DMPA) in basic and acidic 

solvent is provided. Experiments were carried out in 0.1 M NaOD in D2O unless 

otherwise noted. 

Compound Time (h) Chemical shift (ppm)

DMPA 0 2.688 

acidic DMPA (-NH3
+) 0 2.701 

3-methyl-2-butanol 0 
3.55 (CDCl3) 

3.44 (NaOD/D2O) 

DMPA/NO, ammonium 0 2.915 

DMPA/NO, ammonium 6.5 2.917 

DMPA/NO, ammonium 23.5 2.831 

DMPA/NO, ammonium 30 2.828 

DMPA/NO, ammonium 48 2.786 

DMPA/NO, ammonium 55 2.794 

DMPA/NO, ammonium 120 2.743 

 

3-Methyl-2-butanol required addition of MeOH to the D2O/NaOD solvent to produce 

a miscible solution. Regardless, the differences between the chemical shifts and 

demonstrated this NONOate does not decompose to the structurally-similar alcohol.  

To aid in the explanation of decomposition trends observed with DMPA/NO, a time 

course study could be carried out using IPA/NO (both ammonium and sodium salts) to 
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compare changes in chemical shifts to a known primary amine NONOate. Comparison to 

parent amine and alcohol could validate trends. Experiments should be performed at high 

pH (as with the data here) and at neutral pH. 

 

3.3.3.2 Vibrational spectroscopy 

Consistent with the NMR data, comparison of the ammonium and sodium salts of 

DMPA/NO (Figure 3.8) in the region of 3000-3200 cm-1 (νN-H) showed significant signal 

for the ammonium salt (blue trace) and little for the sodium salt (red trace).  

 

Figure 3.8. IR spectra for the sodium (red trace) and ammonium (blue trace) DMPA/NO 

salts.  

 

The spectra for NONOates of known structure as shown in Figure 3.9 showed υ(N-O) 

and υ(N-N) signals near 900-1300 cm-1. The spectrum of Angeli’s salt showed 

corresponded well with the literature.30 The spectrum of IPA/NO also confirmed the 

presence of an N-H stretching frequency. When compared to the starting material 
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isopropylamine,31 these stretches were shifted to slightly lower energy, showing up in 

isopropylamine as two doublets at νN-H at 3368, 3282 cm-1 and 2962, 2929 cm-1.  

 

Figure 3.9. IR spectra showing different stretches for the oxo-based NONOate Angeli’s 

salt (red trace); primary amine NONOate IPA/NO (blue trace); and secondary amine 

NONOate DEA/NO (green trace). All NONOates were the sodium salt.  

 

A comparison of DMPA/NO (sodium salt, red trace) to IPA/NO (sodium salt, blue 

trace) (Figure 3.10) supported a structure for DMPA/NO different than an organic-based 

primary amine NONOate, particularly based on the lack of νN-H near 3000-3400 cm-1. 
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Figure 3.10. IR spectra for the sodium salts of DMPA/NO (red trace) and IPA/NO (blue 

trace).  

 

The DMPA/NO spectrum also did not fully overlay with the Angeli’s salt spectrum 

(Figure 3.11), although the νN-N bands near 1200 and 1400 cm-1 match quite well.  

 

Figure 3.11. Comparison of IR spectra of DMPA/NO (red) and Angeli’s salt (blue).  
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3.3.3.3 Elemental analysis 

Elemental analysis data were collected for samples of Angeli’s salt and the 

ammonium and sodium salts of DMPA/NO (Table 3.3) consecutively synthesized from 

one reaction. The results did not obviously match to the expected formulas, which is 

particularly evident in the low presence of carbon and hydrogen in the DMPA/NO 

sodium salt sample. Even for Angeli’s salt, the elemental analysis (analyzed only for 

sodium and nitrogen) did not correlate exactly to the known formula. Attempts to 

determine molecular formulas, including potential solvates, to support the experimental 

data were unsuccessful.  

 

Table 3.3. Comparisons of calculated compositions to results of elemental analysis for 

Angeli’s salt and DMPA/NO (sodium and ammonium salts). 

Sample 
submitted 

Anticipated 
formula Proposed structure Calculated Found 

Angeli's salt Na2N2O3  
(MW = 122)

 
Na = 37.7% 
N   = 23.0% 
O   = 39.3% 

 

Na = 32.9%
N = 22.87% 

DMPA/NO,  
Na+ salt 

C5H12N3O2
Na  

(MW = 169)

 C = 35.5% 
H = 7.1% 
N = 24.9% 
O = 18.9% 
Na = 13.6% 

C = 1.72% 
H = 1.17% 
N = 24.71%
 
Na = 24.5% 

DMPA/NO, 
NR4

+ salt 
C10H26N3O2 
(MW = 234)

 C = 51.3% 
H = 11.1% 
N = 23.9% 
O = 13.7% 

C = 47.88%
H = 11.33%
N = 22.70%
O = 17.52% 
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3.3.3.4 Mass spectrometry 

The ammonium salt of DMPA/NO was submitted for fragmentation via mass 

spectrometry. The results (Figure 3.12) showed a formula mass of 388 g/mol, 

corresponding to three of the ammonium cations (MW = 88 g/mol) and two “nitrate”-

type units (MW = 62 g/mol) with further fragmentation obvious. However, the UV-vis 

spectral data showing only a 250 nm peak for the ammonium and sodium salts did not 

substantiate free nitrate in the product (peak near 210 nm). The species giving rise to the 

mass of 62 may therefore be some fragmented or oxidized form of the [N(O)NO]- 

functional group, as shown in Fig. 3.12. A formula that correlated to both elemental 

analysis and mass spectrometry data has not yet been determined. 

 

Figure 3.12. Mass spectrum of DMPA/NO, ammonium salt. Structures show possible 

composition giving rise to mass of 388 g/mol. 

 

 

H3N
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3.3.3.5 X-ray photoelectron spectroscopy (XPS) 

XPS analysis to determine the N 1s and O 1s core ionizations of Angeli’s salt, 

DMPA/NO, and IPA/NO was carried out (Figure 3.13). Angeli’s salt showed two N 1s 

ionizations, as expected for the two chemically unique nitrogens, with values correlating 

to the literature,32 and IPA/NO demonstrated three ionizations in the N 1s region. The N 

1s region for DMPA/NO showed three possible ionizations, as one appeared as a 

shoulder on the peak near 404 eV. 

 

Figure 3.13. Region of XPS spectrum showing N1s ionizations for Angeli’s salt (black), 

DMPA/NO (blue), and IPA/NO (red).  

 

Calculations33 based on the proposed structures for the three compounds predicted the 

N1s ionizations of Angeli’s salt and IPA/NO (Figure 3.14). Results for Angeli’s salt and 

IPA/NO 

Angeli’s salt 

DMPA/NO 
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IPA/NO matched experimental XPS data, but calculations for DMPA/NO indicated that 

the amine-based structure was incorrect or that other nitrogen containing species were 

present. For example, the peak near 405 eV in the DMPA/NO spectrum could indicate 

the presence of nitrogen-containing species in higher oxidation states, such as nitrite or 

nitrate.32  

398399400401402403404

N2O3
2-

IPA-NO

DMPA-NO

N2O3
2- has been shifted to 400 eV  

Figure 3.14. Calculated N 1s ionization energies (BH and LYP/6-311g**) for Angeli’s 

salt (black; as N2O3
2-), DMPA/NO (blue), and IPA/NO (red). Calculations performed by 

Dr. Nadine Gruhn (formerly of Photoelectron Spectroscopy Facility, Department of 

Chemistry & Biochemistry, University of Arizona).  

 

A time course study to explore spectral changes in the compounds during X-ray 

irradiation was performed. While Angeli’s salt remained relatively unchanged (Figure 

3.15A) and IPA/NO underwent minimal spectral alteration on the same time scale (data 

not shown), DMPA/NO showed significant changes in the N1s region (Figure 3.15B). 
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Figure 3.15. XPS time course experiment of (A) Angeli’s salt and (B) DMPA/NO N1s 

region showing changes due to X-ray irradiation. The arrow indicates the direction of 

change for DMPA/NO. The final traces in both were similar to that of Angeli’s salt (as in 

Figure 3.22). 

 

3.3.3.6 X-ray diffraction  

Samples of DMPA/NO and Angeli’s salt were analyzed by X-ray powder diffraction  

(PXRD). Two NONOates similar to DMPA/NO (e.g., synthesized from 2-

methylcyclohexylamine or 2-ethylhexylamine but no signals present in the 1H NMR 

along with a 250 nm peak in the UV-vis spectrum)c were also investigated. The powder 

diffraction analysis of three Angeli’s salt samples showed good reproducibility (Figure 

3.16), and these matched the Powder Diffraction File database (PDF) for the result of 

Na2N2O3.d 

                                                 
c Compounds synthesized by Dr. Patricia Benini, Miranda group, University of Arizona, 2007. 
d This result is not explicitly named Angeli’s salt in the database. 

A B 
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Figure 3.16. Overlaid X-ray powder diffraction data for three samples of Angeli’s salt. 

The background spectrum is shown in red. 

 

The powder pattern of DMPA/NO was not identical to Angeli’s salt (Figure 3.17A 

and D), although 2-ethylhexylamine NONOate (Fig. 3.17B) was similar to Angeli’s salt. 

Comparison of the X-ray powder diffraction data of DMPA/NO to the PDF returned no 

chemically reasonable hits. The calculated unit cell volumee supported the formulas of 

C5H12N3O3Na.C2H10O (DMPA/NO, Et2O solvate) or C5H12N3O3Na.C2H10O.CH3OH 

(DMPA/NO, Et2O/MeOH mixed solvate), which did not correlate with elemental analysis 

data. 

Crystallization experiments were also attempted, but no NONOate single crystals 

were obtained, primarily due to decomposition upon standing. Crystals suitable for 

analysis were analyzed at the University of Arizona or, in the case of one poorly 

diffracting sample, at the Advanced Light Source Synchrotron (Berkeley, CA) Analysis 

                                                 
e The calculated unit cell volume is 627.368 Å3, corresponding to 17 non-hydrogen atoms (assuming an 
average of 18 Å3) in the unit cell. The first proposed formula (Et2O solvate) contains 16 non-hydrogen 
atoms while the second (Et2O/MeOH solvate) contains 18 non-hydrogen atoms. 
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of crystalline material returned results of decomposition products (either sodium nitrite or 

nitrate). Crystal growth was attempted in various solvents for the ammonium, sodium, 

and potassium salts of DMPA/NO, along with addition of metal salts (CuCl2, Cu(NO3)2, 

ZnCl2), as NONOates have been shown to act as bidentate ligands, with formation of 

metal complexes increasing stability toward decomposition.34 

 

Figure 3.17. Comparison of X-ray powder diffraction data for (A) DMPA/NO, (B) 2-

ethylhexylamine NONOate,c (C) 2-methylcyclohexylamine NONOate,c and (D) Angeli’s 

salt.  

 

3.3.3.7 Comparison of donor profile to Angeli’s salt 

As structural data suggested that DMPA/NO contained minimal carbon or hydrogen, 

and initial decomposition studies demonstrated its ability to release HNO, it was 

compared to Angeli’s salt (Na2N2O3), although their syntheses are distinct. While 

B

A

C

D
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DMPA/NO was synthesized using high pressures of NO, Angeli’s salt is prepared from 

treatment of basic alkyl nitrate with hydroxylamine.35 Because decomposition or other 

reactions may have occurred during synthesis of DMPA/NO, comparisons between 

structure (included in Sections 3.3.3.1-6) and donor profile of the compounds were 

performed. 

The decomposition rate constants were determined as a function of pH at 37°C 

(Figure 3.18). Although the profiles were similar, the rate constants were not completely 

overlaid. 

 

Figure 3.18. Comparison of rate constants observed at 250 nm for DMPA/NO (red) and 

Angeli’s salt (blue) as a function of pH at 37°C (n = 3 ± SEM). 

 

The decomposition products were examined by an NO-specific electrode as a 

function of pH. The pH profile of Angeli’s salt (Figure 3.19A) was described in Chapter 

2, with HNO the predominant product at pH > 3, and DMPA/NO showed a similar trend 
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(Figure 3.19B). However, signal in the presence of ferricyanide was constant for Angeli’s 

salt for pH 3 to 7.4 (where rate constants are unchanged), but signal for DMPA/NO 

decreased to pH 5 before increasing at higher pH. This could be attributed to fluctuations 

in rate constants that alter the pathways between detection and competitive scavenging. 

 

Figure 3.19. Decomposition of 5 µM (A) Angeli’s salt or (B) DMPA/NO monitored by 

an NO-specific electrode as a function of pH at ambient temperature. Red bars indicate 

NO production while blue bars (addition of 1 mM ferricyanide) show NO + HNO. Values 

are mean of n ≥ 2 ± SEM. 

 

However, the signal for DMPA/NO at high pH was not as significantly elevated 

compared to Angeli’s salt at pH 9. DMPA/NO had a slightly lower decomposition rate 

constant than Angeli’s salt at pH 9 (Fig. 3.18; kDMPA/NO of 2.9 ± 0.25 × 10-3 s-1; kAngeli’s salt 

of 3.3 ± 0.02 × 10-3 s-1). The minimal difference in rate constants could indicate the NO-

specific electrode response is due to different compounds. It should be noted that the 

A B 
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profile of DMPA/NO was different than that seen for IPA/NO (see Chapter 2) in that 

appreciable NO was not seen during its decomposition at pH > 2.  

The titration curve shapes were similar (Figure 3.20) but were offset, with small 

changes occurring at small volumes of HCl for DMPA/NO, with an abrupt drop in pH 

after adding 5 mL HCl. While the initial pKa values of the two species were similar (AS: 

9.7 vs. DMPA/NO: 9.2), this secondary feature for DMPA/NO potentially indicated 

another pKa at 7, accounting for a different and/or secondary species in DMPA/NO.  

 

Figure 3.20. Titration curves (representative of n = 3) for 10 mM Angeli’s salt (red) and 

DMPA/NO (blue)  carried out in ice cold water treated with cold 10 mM HCl.  

 

3.3.3.8 DMPA/NO Summary 

A NONOate showing a 250 nm peak in the UV-vis spectrum but without signals in 

the 1H NMR was synthesized from 1,2-dimethylpropylamine followed by treatment with 

NaOMe. Subsequent syntheses to mimic decomposition or to obtain the sodium salt 
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directly were unsuccessful, as was alkylation at the O2-position. Structural 

characterization was attempted with a number of techniques, but no accurate formula was 

determined to fully explain the structure. Comparisons of structure and donor profiles to 

Angeli’s salt were also made. Although similarities were seen in their pH-dependent rate 

constants, electrochemically-monitored decomposition products, and titration curves, 

sufficient differences were observed from the cumulative data to suggest the presence of 

a secondary inorganic salt NONOate. 

 

3.3.4 Congeners of DMPA/NO  

To aid in the structural determination of DMPA/NO (Section 3.3.3), structurally-

similar nucleophiles were diazeniumdiolated to determine if DMPA/NO-like donor 

properties were observed. 

  

3.3.4.1 Synthesis and characterization of 2-Ampe/NO (Scheme 3.11) 

2-Aminopentane (10 mL, 84.2 mmol) and diethyl ether (25 mL) were exposed to NO 

for 25 h, resulting in a cloudy yellow solution. A white precipitate was collected by 

filtration and converted to the sodium salt by dissolving the solid in a minimum amount 

of MeOH followed by addition of 1 eq NaOMe (25 wt% in MeOH). After stirring for 5 

min, the sodium salt was precipitated by addition of 250 mL Et2O, filtered, and dried 

under vacuum. NR4
+ salt UV: 250 nm (ε = 8831 M-1cm-1, calculated with MW = 234 

g/mol); 1H NMR: δ 0.829-0.856 (m, 6H); 0.956 (d, 3H); 1.048 (d, 3H); 1.312 (m, 8H); 

2.987 (m, 1H); 3.459 (m, 1H).  Na+ salt UV: 250 nm (ε = 9016 M-1cm-1, calculated with 
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MW = 169 g/mol); 1H NMR: δ 0.845 (broad s, 3H); 0.972 (d, 3H); 1.326 (broad m, 4H); 

3.476 ppm (m, 1H). IR (ATR): ν(N-H) 3420, 3244; ν(C-H) 2958, 2925, 2868; ν(N-O) 

1213, 1148, 963 cm-1. 

 

Scheme 3.11. Synthesis of 2-aminopentane NONOate, a structural variant of IPA/NO 

and DMPA/NO. 

 

Analysis of 2-Ampe/NO 

The half-life at pH 7.4, 37°C (4.5 min) and pH dependence of rate constants (Figure 

3.21) were similar to other ionic NONOates.36  

 

Figure 3.21. Dependence of rate constants of decomposition for 2-Ampe/NO (100 µM) 

on pH, measured spectrophotometrically at 37°C (n = 3 ± SEM). Values below pH 4 

were too rapid to analyze by this method. 
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This NONOate was shown to reductively nitrosylate metMb in a manner sensitive to 

thiol quenching, indicating release of HNO at pH 7.4 (Figure 3.22). 

 

Figure 3.22. Reductive nitrosylation of metMb (50 µM) by 2-aminopentane NONOate 

(100 µM) in the presence and absence of GSH (250 µM) in air at pH 7.4, 37°C. 

 

The signal from an NO-specific electrode (Figure 3.23) in buffer only (red bars) 

indicated NO release, while the increased signal in the presence of the oxidant 

ferricyanide (blue bars) showed cumulative HNO and NO release. This compound thus 

functioned as a dual donor of NO and HNO at pH 7.4. Comparisons to the HNO donor 

Angeli’s salt and NO donor DEA/NO were also performed. The structural and donor 

profile data of 2-Ampe/NO were distinct from DMPA/NO.  



 

 

139

 

Figure 3.23. Detection of NO and HNO from decomposition of 2-Ampe/NO (5 µM) via 

NO-specific electrode compared to DEA/NO (2.5 µM) and Angeli’s salt (5 µM) at pH 7.4 

and ambient temperature (n ≥ 2 ± SEM). 

 

The pH-dependent production of nitrogen oxides from this species was analyzed 

using the NO-specific electrode (Figure 3.24). The insensitivity to ferricyanide at low pH 

indicated that the compound releases primarily NO at pH ≤ 5. However, at pH > 6, the 

signal in the presence of ferricyanide (blue bar; production of HNO + NO) increased 

compared to the signal in PBS only (red bar; NO production), suggesting formation of 

HNO. The bar heights diminished with increasing pH, indicating that consumption of 

nitrogen oxide products by other pathways may become significant. This trend is 

reproducible with other primary amine NONOates. 
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Figure 3.24. Donor profile of 2-Ampe/NO (5 µM) as monitored as a function of pH at 

ambient temperature using an NO-specific electrode in the absence (red bars) and 

presence (blue bars) of the oxidant ferricyanide (n ≥ 2 ± SEM). 

 

The pKa value was determined by titration (Figure 3.25). Given that NONOate 

decomposition is initiated by protonation, the titration was performed expeditiously using 

ice cold solutions to inhibit degradation. This experiment indicated a pKa of 

approximately 6.5. The shape of the trace and the resulting pKa value were comparable to 

that for IPA/NO (Chapter 2).  
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Figure 3.25. Titration curve of 2-Ampe/NO (10 mM), in ice cold water treated with cold 

10 mM HCl. The trace is representative of three trials. 

 

The dual production of HNO and NO at pH 7.4 and decomposition rate constant 

similar to IPA/NO are distinct from DMPA/NO and would allow 2-Ampe/NO to be used 

as a comparative reagent for dual HNO and NO release. Attempts to extend the half-life 

of 2-Ampe/NO using O2-protecting methodology are presented in Section 3.6.6. 

 

3.3.4.2 Synthesis and characterization of ROH/NO (Scheme 3.12) 

As the anticipated decomposition product of an HNO-releasing NONOate is the 

alcohol corresponding structurally to the amine,29,36 synthesis of an alcohol analogue was 

carried out. A goal of investigating this compound was to provide complementary 

structural and HNO release data for comparison to DMPA/NO (full characterization of 

this compound is given in Section 3.3.3). 
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3-Methyl-2-butanol (10 mL, 0.093 mol), 1 eq NaOMe (20.2 mL, 0.093 mol) and 

MeOH (20 mL) were exposed to NO for 20 h, at which point the reaction was very 

cloudy with white precipitate. The white solid was filtered, washed with 200 mL Et2O, 

and dried under vacuum. The solid was indicated to include a NONOate (ε256 ~ 9000 M-

1cm-1, with MW = 170 g/mol). Synthesis was also attempted with the addition of sodium 

nitrite and sodium nitrate (1 eq) to mimic decomposition conditions for DMPA/NO. 

 

Scheme 3.12. Synthesis of ROH/NO, an alcohol analogue of the amine-based NONOate 

DMPA/NO. 

 

Analysis of ROH/NO 

The 1H NMR spectrum for ROH/NO (Figure 3.26) did not correlate to the anticipated 

structure of the alcohol analogue. For example, the methine multiplets anticipated at 

δ1.62 and 3.55 ppm were not apparent. As the synthesis was initially performed utilizing 

2 eq NaOMe, it was assumed that the NONOate formed (giving rise to the 250 nm peak) 

decomposed due to the excess base. However, comparable spectral data were collected 

for subsequent reactions carried out with only one equivalent of NaOMe. The poor 

solubility of ROH/NO in other NMR solvents, such as DMSO-d6 or CDCl3, precluded 

supplemental analysis.  
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Figure 3.26. 1H NMR spectrum of ROH/NO, which did not correspond to the expected 

structure, apparent by the lack of methine multiplets.  

 

IR data (Figure 3.27), with relevant υ(N-N) and (N-O) stretches near 1200 cm-1, 

substantiated formation of a NONOate. The band at 3400 cm-1 was assigned as υ(O-H), 

possibly from the free alcohol. 
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Figure 3.27. IR spectrum of ROH/NO. While the υ(N-O), (N-N) stretches were evident 

near 1200 cm-1, there was no clear indication of υ(C-H).  

 

Attempted reductive nitrosylation of metMb (Figure 3.28) indicated minimal HNO 

production. 

 

Figure 3.28. Results of reductive nitrosylation of metMb (50 µM) by ROH/NO (100 µM) 

in the presence and absence of GSH (250 µM) in air at pH 7.4, 37°C over 12 h. 
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As with sec-butylamine NONOate, a 330 nm product was observed during 

decomposition (Figure 3.29). Attempts to fit the decay of the 250 nm peak either to a 

single exponential or to two functions (as for sec-BuA/NO) did not result in reliable 

values, as the decomposition of ROH/NO showed varied decay over the same time course 

between trials, even when using the same batch of synthesized NONOate. Monitoring the 

stability of ROH/NO showed that the 250 nm peak was stable for over two weeks in D2O 

(pD ~ 7) at ambient temperature. Due to the slow decomposition of the donor, reductive 

nitrosylation experiments should be repeated under deaerated conditions in the future to 

probe decomposition products without complications of autoxidation. 

 

Figure 3.29. Decomposition of ROH/NO at pH 7.4, 37oC in air over 12 h (spectra shown 

at 0, 2, 4, 6, 10, 16, 24, 38, 58, 78, 98, 118, 146, 186, 224, 286, 358, 432, 600 min).  

 

The compiled data suggested that ROH/NO contained the [N(O)NO]- functional 

group yet its decomposition was different than DMPA/NO. To further probe similarities 
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of ROH/NO to DMPA/NO, the synthesis of ROH/NO was performed in the presence of 

nitrite and nitrate to mimic potential decomposition products of DMPA/NO. Addition of 

these reagents seemed to inhibit the formation of ROH/NO.  

Structural elucidation of ROH/NO would provide additional insight into DMP/NO. 

Due to solubility in MeOH, mass spectrometry or NMR experiments in CD3OD could 

provide information regarding structure and decomposition. Analysis of the donor profile 

under deaerated conditions could clarify air-sensitive intermediates present during 

decomposition. 

The donor properties of DMPA/NO were not mimicked by NONOates from either 2-

aminopentane, a structurally similar amine, or 3-methyl-2-butanol, the alcohol analogue 

of 1,2-dimethylpropylamine. Diazeniumdiolation of amines to create HNO-releasing 

primary amine-based NONOates (e.g., 2-Ampe/NO) is thus possible, although the 

properties of DMPA/NO corresponded more closely to an inorganic-based NONOate. 

Additionally, diazeniumdiolation of the DMPA alcohol analog (3-methyl-2-butanol) did 

not produce a NONOate (ROH/NO) with properties similar to DMPA/NO, indicating that 

decomposition of a 1,2-dimethylpropylamine NONOate to the alcohol followed by 

diazeniumdiolation did not produce DMPA/NO. 

 

3.3.5 Congeners of CHexA/NO 

In addition to IPA/NO, cyclohexylamine is the only other stable primary amine 

NONOate described in the literature.6 As cyclohexylamine NONOate (CHexA/NO) has 

also shown production of HNO under physiological conditions, synthesis of NONOates 
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from similarly-structured amines is desirable to probe structural requirements for HNO 

release. Previous work in the Miranda group showed that the effect of ring size (n = 5-8) 

in carbocycles containing a primary amine did not appreciably affect donor half-life, but 

the smaller systems (n = 5,6; cyclopentylamine and cyclohexylamine NONOates) 

released more HNO than their larger counterparts. Since half-lives were similar and 

cyclohexylamine NONOate released HNO, the effect of heteroatoms on donor profile 

was investigated using substituted piperidine (Table 3.4) and compared to 

cyclohexylamine NONOate.  

 

Table 3.4. Attempted synthesis of NONOates from heterocyclic amines similar in 

structure to the known HNO donor, cyclohexylamine NONOate (CHexA/NO).  

amine pKa 
NONOate 
formed? 

apparent 
t1/2 

HNO release at 
pH 7.4? 

1-aminopiperidine 
 

8.27 yes, 1-Ampip/NO 0.41 min no 
4-aminopiperidine 10.87 yes, 4-Ampip/NO 2.5 min no 

 

3.3.5.1 Synthesis of 1-Ampip/NO (Schemes 3.13-14) 

1-Aminopiperidine is similar in structure to cyclohexylamine and the effect of a 

nitrogen atom in the cycle on donor profile was probed. The amine (5 mL, 46.3 mmol) 

and 10 mL Et2O were exposed to NO for 48 h (Scheme 3.13). The reaction mixture was 

filtered, but the white solid began to melt on the frit upon warming to room temperature. 

UV-vis spectra showing 250 nm and large 210 nm peaks were obtained for the solid and 

crude reaction mixture.  
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Scheme 3.13 Attempted synthesis of 1-Ampip/NO in ether. 

 

The synthesis was repeated in MeOH in the presence of NaOMe to obtain the sodium 

salt directly (Scheme 3.14). 1-Aminopiperidine (8 mL, 74.1 mmol), NaOMe (25 wt%; 

12.9 mL, 59.5 mmol), and 20 mL MeOH were exposed to NO for 94 h. The pale cloudy 

yellow reaction mixture was filtered, and a solid was isolated. A UV-vis spectrum of this 

solid showed a peak at 250 nm, but the material was impure with a prominent peak at 215 

nm. The filtrate was chilled in the freezer 10 min, at which point the white precipitate 

was filtered. A UV-vis spectrum showed a peak at 250 nm. 1H NMR: δ ppm 1.406 (2H, 

m); 1.661 (4H, m); 2.966 (4H, t).  

 

Scheme 3.14. Alternative synthesis of 1-Ampip/NO.  

 

3.3.5.2 Analysis of 1-Ampip/NO 

The half-life of 1-Ampip/NO at pH 7.4, 37°C (0.41 min) was shorter than 

CHexA/NO (3.6 min) but similar to piperidine NONOate (PIPERI/NO; 0.32 min).37 This 

comparison demonstrated that introducing a nitrogen atom into the ring decreased half-
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life of donors. Since lower amine pKa has been predicted to produce more stable 

NONOates, the pKa values of piperdine (11.22),17 1-aminopiperidine (8.27),18 and  

cyclohexylamine (10.64)17 were compared. Although nearly three pKa units separate 

piperidine and 1-aminopiperidine, the NONOate half-lives are similar. The half-life for 

CHexA/NO is ten-fold longer than either, although its amine pKa is intermediate. This 

indicates that less basic amines may not always lead to stabilized donors.  

Unlike CHexA/NO, 1-Ampip/NO did not appear to release HNO based on the metMb 

assay (Figure 3.30A). Both the thiol-insensitive spectral shifts under deaerated conditions 

(data not shown), and its reactivity with oxyMb (Figure 3.30B) suggested production of 

NO.  

       

Figure 3.30. Results of (A) reductive nitrosylation of metMb (50 µM) or (B) reaction 

with oxyMb (50 µM) by 1-Ampip/NO (100 µM) in the presence and absence of GSH 

(250 µM) in air at pH 7.4, 37°C. Data are representative of n = 3. 

 

A B 
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For comparison, the reaction of cyclohexylamine NONOate (CHexA/NO) with 

oxyMb was sensitive to thiol quenching (Figure 3.31).  

 

Figure 3.31. Reaction of CHexA/NO (100 µM) with oxyMb (50 µM) at pH 7.4, 37oC in 

air in the presence or absence of GSH (250 µM). Reactions ± GSH were taken at the 

same time point. Data was representative of n = 3. 

 

A NONOate synthesized from 1-aminopiperidine had a short half-life comparable to 

piperidine NONOate, although the values of these pKa value by three orders of 

magnitude. Analysis of donor properties indicated 1-Ampip/NO released NO at pH 7.4. 

 

3.3.5.3 Synthesis of 4-Ampip/NO 

3.3.5.3.1 Synthesis in MeOH (Scheme 3.15) 

To gain additional insight into the donor profiles of piperidine-based NONOates, 4-

aminopiperidine was diazeniumdiolated. The amine (10 mL, 94.3 mmol), NaOMe (25 wt 
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%; 20.5 mL, 94.3 mmol), and MeOH (20 mL) were exposed to NO for 60 h. Et2O (100 

mL) was added to the clear orange solution, producing a cloudy solution that was filtered. 

Additional washing with Et2O produced a sticky off-white solid, which was dried under 

which was dissolved in a minimum amount of MeOH followed by addition of 200 mL 

CH3CN. The resulting white solid was isolated by filtration, washed with CH3CN and 

then Et2O. The solid showed a single peak in the UV-vis spectrum at 250 nm. A second 

crop of solid was collected as precipitation from the filtrate; the solid also showed a clean 

peak at 250 nm.  

 

Scheme 3.15. Synthesis of 4-Ampip/NO (4-aminopiperidine NONOate).  

 

3.3.5.3.2 Synthesis in ether to obtain NR4
+ salt (Scheme 3.16) 

To obtain the ammonium salt of 4-Ampip/NO, and to determine any differences in 

the presence of excess base, diazeniumdiolation was carried out by an alternate synthesis. 

4-Aminopiperidine (2.5 mL, 23.6 mmol) and diethyl ether (20 mL, 191 mmol) were 

exposed to NO for 74.5 h. A white solid was isolated via filtration and washed with ether 

before drying under vacuum.  

 

Scheme 3.16. Synthesis of the ammonium salt of 4-Ampip/NO. 

 



 

 

152

3.3.5.4 Analysis of 4-Ampip/NO 

4-Aminopiperidine NONOate was initially analyzed in the Miranda labf in 2004. 

Synthesis and characterization was repeated, and the half-life of 4-Ampip/NO at pH 7.4, 

37°C was determined to be 3 min, in agreement with the previously-determined value of 

2.5 min.f The pKa of 4-aminopiperidine (10.87) and half-life of 4-Ampip/NO (3 min) at 

pH 7.4, 37°C are similar to cyclohexylamine (10.64) and CHexA/NO (3.6 min), 

respectively. 

As a secondary amine NONOate, 4-Ampip/NO was anticipated to release NO. This 

was substantiated by reactions with metMb (Figure 3.32A) and oxyMb (Figure 3.32B).  

 

Figure 3.32. Reaction of 4-Ampip/NO (100 µM) with (A) metMb (50 µM) or (B) oxyMb 

(50 µM) at pH 7.4 and 37oC in air in the presence and absence of GSH (250 µM). Data 

are representative of n = 3. 

 

                                                 
f Synthesis by Lynta Thomas and donor profile analysis by Gens Goodman and Kyle Peterson, University 
of Arizona, 2004. 

A B 
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The relative amounts of NO or HNO released at pH 7.4 were determined using an 

NO-specific electrode (Figure 3.33), which showed that both of the aminopiperidine 

NONOates released NO under these conditions (red bars) without appreciable HNO 

release, demonstrated by a lack of signal increase in the presence of ferricyanide (blue 

bars). For comparison, signals for Angeli’s salt, CHexA/NO, and DEA/NO are also 

shown. Because higher concentrations of the Ampip/NO donors (5 µM) were used 

compared to DEA/NO (2.5 µM), the bar heights cannot be directly compared for the 

amount of NO produced but the similar trend showed these NONOates released NO. 

 

Figure 3.33. NO-specific electrode data for 1-Ampip/NO and 1-Ampip/NO (5 µM) at pH 

7.4 and ambient temperature. Comparative data was provided for DEA/NO (2.5 µM), 

Angeli’s salt (5 µM), and cyclohexylamine NONOate (5 µM). 

 

These ionic piperidine-based NONOates demonstrated that using these heterocycles 

decreases half-life and HNO production compared to a NONOate from cyclohexylamine. 
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To expand these findings, synthesis of a NONOate from 1-aminopyrrolidine (a five-

membered nitrogen-containing heterocycle) could be attempted and compared to results 

for cyclopentylamine NONOate, since this NONOate demonstrates HNO release and a 

half-life similar to CHexA/NO. 

 

3.4 Polyamine NONOates with protecting groups 

Secondary amines are more susceptible to diazeniumdiolation, and several polyamine 

NONOates have been shown to have long half-lives.7 Therefore, protecting groups were 

used to selectively protect secondary amine sites in polyamines in an attempt to create 

long-lived HNO donors. This could expand the available starting reagents and permit 

HNO and NO donors to be produced from the same backbone. One advantage of such 

compounds would be direct comparison of the chemical biology of NO and HNO 

produced from the same structural moiety (Scheme 3.17). 

 

Scheme 3.17. General approach for synthesis of primary or secondary amine NONOates 

based on the same backbone.  

 

The amines utilized in this strategy with a summary of the results of their synthetic 

modification via Boc-protecting groups and diazeniumdiolation are presented in Table 

3.5. Several synthetic protocols from the literature were employed to selectively Boc-

protect secondary amines. Although one report was used explicitly for the introduction of 
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Boc onto the secondary amine in diethylenetriamine,39 we were unable to reproduce the 

synthetic results. In some cases, several methods were utilized in an attempt to form the 

desired N-Boc derivatives. 

 

Table 3.5. Attempted synthesis of NONOates from polyamines by selective secondary 

amine Boc-protection followed by diazeniumdiolation at the primary amine to create an 

HNO donor. 

Amine Boc  
protected? 

NONOate 
formed? apparent k (s-1) 

HNO 
release 

at  
pH 
7.4? 

4-aminopiperidine yes, 1-Boc-4-
Ampip/NO 

Yes,  
but impure 

k1: (2.8 ± 0.93) × 10-3 
k2: (1.1 ± 0.13) × 10-3 

 
no 

diethylenetriamine 
(DETA) impure N/A N/A N/A 

N-propyl-1,3-
propanediamine 

(PAPA) 
yes, Boc-PAPA Yes,  

but impure N/A N/A 

 

3.4.1 Synthesis and characterization of 1-Boc-4-Ampip/NO 

Diazeniumdiolation of 4-aminopiperidine resulted in an NO donor (4-Ampip/NO). As 

this polyamine contained a primary amine, it was anticipated that blocking the more 

nucleophilic secondary amine may produce a primary amine NONOate with capacity for 

HNO release. 
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Attempted Boc-protection of 4-aminopiperidine (Scheme 3.18) 

In a method modified from the successful Boc protection of 4-aminomethylpiperidine 

in 92% yield,49 4-aminopiperidine (4.2 mL, 40 mmol) was dissolved in Drysolv toluene 

(50 mL) under argon and heated to 50°C. Benzaldehyde (4 mL, 40 mmol) was added, and 

the reaction was monitored by TLC and cooled to room temperature after 3 h. Di-tert-

butyl dicarbonate (Boc2O; 9.6 g, 44 mmol) was added in six portions, and the solution 

was stirred under argon at room temperature 12 h. The solvent was removed via rotary 

evaporation, and 1 N KHSO4 (44 mL) was added before stirring 5 h at room temperature. 

After washing with Et2O (3 × 50 mL), the aqueous fraction was placed under argon, 

made basic with 10 M NaOH, and saturated with NaCl. The solution was extracted with 

CHCl3 (3 × 40 mL) and dried over MgSO4. The solvent was removed via rotary 

evaporation to afford a yellow oil. 1H NMR: CDCl3 δ (ppm) 1.214 (2H, m); 1.455 (9H, 

s); 1.510 (2H, broad s); 1.760 (2H, m); 2.778 (3H, m); 4.016 (2H, broad d).  

 

Scheme 3.18. Synthesis of Boc-protected 4-aminopiperidine. 

 

Boc-protection of 4-aminopiperidine by Ilies method39 (Scheme 3.19) 

An alternate synthesis, originally used in the synthesis of N-Boc derivatives of 

poly(alkyl)amines was employed to verify introduction of the Boc group and appropriate 

deprotection by the previous method. 4-Aminopiperidine (1.6 mL; 15 mmol) and CH3CN 

(20 mL) was stirred under argon 10 min. Ethyl trifluoroacetate (6 mL, 50 mmol) was 
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added dropwise over 15 min. The reaction grew warm and produced steam in the 

headspace. Water (324 µL) was added, and the reaction was refluxed 5 h (TLC control; 

20:80 MeOH/CHCl3) before cooling to room temperature, at which point a white solid 

began to form. The reaction was concentrated via rotary evaporation. CH2Cl2 (40 mL) 

was added to the solid, producing a suspension that was cooled on ice with stirring for 10 

min. The white solid was isolated from the orange filtrate by filtration. The 

microcrystalline white solid was used in the next step without further purification. 

The carbamate (2.02 g, 12 mmol) and NEt3 (4.2 mL, 37 mmol) were cooled in an ice 

bath under argon. Boc2O (2.84 g, 13 mmol) in 10 mL THF was added dropwise over 15 

min. The ice bath was removed, and the solution stirred 4 h at room temperature with 

completion determined by TLC (20:80 MeOH/CHCl3). The reaction was quenched with 

H2O (150 mL) before extraction with EtOAc (3 × 80 mL). The organic fractions were 

dried over Na2SO4 and the solvent was removed via rotary evaporation, resulting in a 

slightly yellow oil. Recrystallization from EtOAc/MeOH did not produce a solid, and this 

material was used without further purification. 

The protected carbamate (2.82 g, 10 mmol) was dissolved in MeOH (120 mL) under 

argon and cooled in an ice bath 15 min. A solution of 0.2 M NaOH in MeOH (130 mL) 

was added dropwise over 30 min. The ice bath was removed and the solution was stirred 

at room temperature overnight. After 17 h, the slightly cloudy solution was concentrated 

via rotary evaporation, and the cloudy oil was extracted with 1:9 MeOH/CHCl3 (3 × 50 

mL). Poor separation yielded a cloudy organic fraction, which was dried over MgSO4 and 

silica gel. The solvent was removed via rotary evaporation to produce a yellow oil. 1H 
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NMR (CDCl3, δ, ppm): 1.1 (m, 2H); 1.34 (s, 9H); 1.69 (m, 2H); 2.74 (m, 3H); 3.88 (m, 

2H). 

 

Scheme 3.19. Alternative Boc-protection of 4-aminopiperidine according to Ilies method. 

 

Diazeniumdiolation of 1-Boc-4-Aminopiperidine (Scheme 3.20) 

1-Boc-4-aminopiperidine (1.25g, 6.3 mmol), NaOMe (25 wt%; 1.36 mL, 5 mmol), 45 

mL Et2O, and 2 mL MeOH were exposed to NO for 136 h. Upon attempted filtration, the 

pale yellow solid began decomposing on the filter frit. The UV-vis spectrum showed 

peaks at 257 nm and 210 nm. The 1H NMR showed a large singlet at 1.426 ppm 

attributed to the Boc group and possible hydrolysis to t-butanol. Due to the intensity of 

this peak, the assignment of amine backbone peaks was not possible. More rigorous 

structural characterization would be required in the future. 

 

Scheme 3.20. Attempted synthesis of NONOate from 1-Boc-4-aminopiperidine. 

 

Analysis of 1-Boc-4-Ampip/NO 

The rate constants of decomposition of the crude 1-Boc-4-Ampip/NO material  were 

best fit to two first order exponentials as for sec-butylamine NONOate in Section 3.3.1.6 
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(A = (∆A1e-k1t) + (∆A2e-k2t) + A∞, where k1 and k2 are the rate constants for each portion 

of the decay) to give values for k1 of (2.8 ± 0.93) × 10-3 s-1 and k2 of (1.1 ± 0.13) × 10-3 s-

1. Although k1 is similar to the decomposition the unprotected 4-Ampip/NO (half-life of 3 

min at pH 7.4, 37°C), the slow k2 indicates a different compound. It should also be noted 

that this NONOate showed a large peak near 210 nm, and decomposition of 1-Boc-4-

Ampip/NO led to a concomitant increase in absorbance near 330 nm (data not shown), 

similarly to the decomposition of sec-ButA/NO and ROH/NO (Sections 3.3.1.6 and 

3.3.1.10). Although the increased stability was originally attributed to the electron-

withdrawing nature of the Boc group to prevent protonation and subsequent 

decomposition, the properties similar to NONOates from sec-butylamine and 3-methyl-2-

butanol indicates a more complex mechanism, based on the differences of the 

nucleophiles used. However, incorporation of electron-withdrawing groups could be 

useful in creating future long-lived donors. However, synthesis of a NONOate from the 

Boc-protected amine did not result in pure compound. Boc protection of the amine was 

successful, although a small amount of unprotected amine was seen by NMR (Figure 

3.34). Since diazeniumdiolation was carried out on this mixture, diazeniumdiolation of 1-

Boc-4-aminopiperidine and 4-aminopiperidine may have occurred. Based on the 

extended half-life, however, minimal 4-Ampip/NO was observed. 
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Figure 3.34. (A) 1H NMR of 4-aminopiperidine in CDCl3. (B) 1H NMR of 1-Boc-4-

aminopiperidine in CDCl3. Spectrum (B) showed the Boc group but also residual starting 

material peaks also seen in (A). 

 
A 

 
B 
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Lack of reductive nitrosylation of metMb (Figure 3.35A) and conversion of oxyMb to 

metMb in a manner insensitive to thiol quenching indicated NO release from 1-Boc-4-

Ampip/NO (Fig. 3.35B). When reductive nitrosylation was performed under argon (data 

not shown), spectral shifts were thiol-insensitive, supporting NO release.  

 

Figure 3.35. Reaction of 1-Boc-4-Ampip/NO (100 µM of impure material) with (A) 

metMb (50 µM) or (B) oxyMb (50 µM) in the absence and presence of GSH (250 µM) at 

pH 7.4, 37°C in air over 2 h. Data are representative of n = 3. 

 

3.4.2  Attempted synthesis of Boc-DETA/NO (Schemes 3.21-23) 

DETA/NO (diethylenetriamine NONOate) has one of the longest half-lives (20 h at 

pH 7.4, 37°C) for secondary amine NONOates. Attempts were made to block the 

secondary amine position in diethylenetriamine such that one of the primary amine 

groups could be selectively diazeniumdiolated. Although Boc-DETA is reported in the 

literature as precursors for dialkyne monomers38 or for pyridinium lipids39 we were 

unable to obtain pure material to diazeniumdiolate. 

A B 
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Attempted Boc-DETA synthesis (Scheme 3.21) 

Diethylenetriamine (20 mmol, 2.16 mL) and CH2Cl2 (100 mL) were cooled in an ice 

bath and a solution of ethyl trifluoroacetate (42 mmol, 5.0 mL) was added dropwise over 

30 min. The solution was stirred for 30 min at 0°C and at room temperature for 1.5 h 

before Boc2O (30.7 mmol, 6.71 g) in CH2Cl2 (10 mL) was added dropwise. 

Triethylamine (2 mL, 14.2 mmol) was then added and the solution was stirred for 14 h at 

room temperature before washing with 5% NaHCO3 (50 mL). The organic layer was 

separated, washed with water, dried over Na2SO4 and evaporated to provide a sticky 

white solid. Recrystallization of the crude product from CH2Cl2/hexanes was attempted, 

but when no solid formed, the material was taken on crude.  

The resulting material (5.1 g) was refluxed in 380 mL of methanol/water (volume 

ratio, 20:1, containing 4.6 g K2CO3) for 4 h to remove the trifluoroacetyl groups. The 

solution was cooled to room temperature, and the methanol was removed. The residue 

was extracted with dichloromethane (3 × 100 mL), and the organic fractions were 

combined and dried over Na2SO4. The dichloromethane was evaporated to yield a soft 

solid, but characterization via 1H NMR still showed appreciable trifluoroacetyl signal. 

Attempts to deprotect using 0.2 M NaOH in MeOH and aqueous NH3 in MeOH were 

unsuccessful.  Due to incomplete deprotection to release the primary amines, alternate 

methods for complete synthesis were desired. 
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Scheme 3.21. Attempted synthesis of Boc-DETA via Srinivasachari method. The crude 

mixture was taken directly on to the next step without isolation or characterization.38 

 

Attempted Boc-DETA synthesis using the Ilies method39 (Scheme 3.22) 

Another reported synthesis39 of Boc-DETA utilized different deprotection conditions 

than the previous method.38 This protocol also provided melting point (m.p.) and yields 

for each step.  

Diethylenetriamine (15 mmol, 1.62 mL) was dissolved in CH3CN (20 mL), and ethyl 

trifluoroacetate (50 mmol, 6 mL) was added at room temperature over 10 min before 

adding water (324 µL). This mixture was refluxed 3 h (TLC control) before cooling to 

room temperature, and the solvent was removed via rotary evaporation to yield an amber 

oil. Crystallization did not occur with cooling, so to the oil CH2Cl2 (40 mL) was added 

slowly, resulting a milky white colloid. The white solid was isolated by filtration and 

characterized by melting point. m.p. (lit) = 89-90°C. m.p. (expt) = 105-109°C. Although 

the melting point was higher than literature, the formation of a white solid was seen as 

progress and the material was taken on. 

To the impure trifluoroacetyl-protected amine (2.87 g, 9.73 mmol) was added NEt3 

(4.84 mL, 34.7 mmol), and the solution was stirred under argon at 0°C. Boc2O (0.289 g, 
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10.2 mmol) in THF (6 mL) was added dropwise over 15 min. The ice bath was removed 

,and the solution was allowed to stir at room temperature for 8 h (TLC control). The 

reaction was quenched with water (100 mL) and extracted with EtOAc (3 × 60 mL). The 

combined organic fractions were washed with water (1 × 40 mL) and dried over Na2SO4. 

The solvent was removed via rotary evaporation to yield a yellow oil. Recrystallization 

was attempted from 1:4 Et2O/hexanes, which produced a slightly cloudy oil that 

solidified after trituration.  The white solid was isolated by filtration and washed with 

hexanes to yield 1.41 g solid (yield: 37%). m.p. (lit) = 122-123; 115-116oC; (expt) = 63-

67oC. IR (ATR): 3300 (w, N-H); 1706 (s, C=O); 1163 (m, C=O); 1188, 1142 (s, CF3); 

721 cm-1 (m, CF3). 1H NMR [(CD3)2SO, δ, ppm]: 9.4 (bs), 3.3 (bs), 3.1 (m, shoulder), 

2.36 (s), 1.23 (s). Integrations are not provided, as the intense peak near 3.3 ppm had 

unusually high integration. For example, peaks at 3.3 and 1.2 ppm should integrate for 8 

and 9 H, respectively, but the ratio of peak area is 11 (instead of 0.9). It is possible that 

water (δ 3.33 ppm) is present. 

Based on supporting IR and plausible 1H NMR, the resulting impure carbamate was 

taken on for deprotection of the primary amines. The carbamate (1.41 g, 3.58 mmol) was 

placed in a 250 mL with stirbar and MeOH (43 mL) and placed in an ice bath. To this 

stirring solution was added 0.2 M NaOH in MeOH (46.5 mL) dropwise over 20 min. The 

ice bath was removed and the solution was allowed to stir at room temperature overnight. 

The MeOH was then removed via rotary evaporation to yield a cloudy pale yellow oil. 

The residue was extracted with 1:9 MeOH/CHCl3 (3 × 30 mL), which yielded a cloudy 

solution. Water (5 mL) was added in an attempt to improve separation. The organic 
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fractions were dried over Na2SO4, and the solvent was removed via rotary evaporation to 

yield a small amount of yellow oil. Recrystallization was attempted from 2:8 

MeOH/CHCl3. 1H NMR δ (ppm): 1.37 (bs); 1.46 (s); 2.68 (m); 2.92 (t); 3.33 (m). In 

addiction to product peaks, the multiplet at δ 2.68 ppm could indicate the presence of 

unprotected diethylenetriamine. The low integration for the t-butyl of Boc (δ 1.46 ppm) 

compared to –NH2 (δ 1.37 ppm) supports this. Chromatographic purification was 

unsuccessful, and no further analysis was carried out. 

 

Scheme 3.22. Attempted synthesis of Boc-DETA by the Ilies method. 

 

Attempt of Boc-DETA synthesis using the Hay method40 (Scheme 3.23) 

Diethylenetriamine (10 mL, 96 mmol) was added to a solution of ethyl 

trifluoroacetate (23 mL, 192 mmol) in anhydrous ether (80 mL) under argon in an ice 

bath. The reaction mixture was stirred 5 min at 0°C and then at room temperature for 20 

h. The resulting white precipitate was filtered, washed with cold ether (100 mL), and 

dried under vacuum to give the trifluoroacetyl protected amine as a yellow solid. The 

experimental 1H NMR lacked signals near 7.26 ppm for –CONH, although a broad 
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singlet was seen near 9.2 ppm. 13C NMR ([(CD3)2SO] δ157.7, 115.8, 47.3, 39.3) matched 

approximately the anticipated product plus Et2O, although the 39.3 ppm peak was 

obscured by the solvent residual. The product was taken on to the next step.  

Boc2O (1.55 g, 7.1 mmol) in THF (7 mL) was added dropwise to a solution of the 

acetamide (1.9 g, 6.5 mmol) in THF (19 mL) in an ice bath over 10 min, and the mixture 

was stirred at room temperature for 22 h. Saturated NH4Cl (15 mL) was added, and the 

mixture was stirred at room temperature for 5 h. The mixture was extracted with CH2Cl2 

(3 × 30 mL), dried over Na2SO4, and the solvent was evaporated to give the carbamate, 

which was used without further purification. 13C NMR [(CD3)2SO] 156.4, 154.7, 78.9, 

45.4, 45.0, 37.7, 37.4, 27.7.  Experimental 13C NMR corresponded to literature except the 

presence of free –C(O)F3 (δ 156, 117 ppm) and Et2O (δ 18.5, 56 ppm) were noted. The 

material was taken on to the next step.  

Aqueous NH3 (7mL) was added to the carbamate (1.9 g, 4.8 mmol) in MeOH (13.5 

mL) and refluxed for 12 h. The solution was allowed to stir at room temperature for 

another 12 h. The solvent was evaporated to give the diamine as a yellow foam. The 1H 

and 13C NMR spectra indicated the presence of C(O)CF3- protected compounds (13C: δ 

118, 117, 116, 114 ppm). Repeated deprotection using 10 mL MeOH and 4 mL conc. 

NH4OH and 5 h reflux was unsuccessful, and further work was not pursued. 
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Scheme 3.23. Attempted synthesis of Boc-DETA by Hay method. 

 

3.4.3 Attempted synthesis of Boc-PAPA/NO  

Since Boc-protected starting material was not obtained to attempt the synthesis of 

Boc-DETA/NO, focus was shifted to another polyamine from which a long-lived NO 

donor had been formed. N-propyl-1,3-propanediamine, used in the synthesis of the NO 

donor PAPA/NO (half-life of 40 min at pH 7.4, 22°C),7,41  was Boc-protected and 

diazeniumdiolated, using the methods reported for Boc-DETA (Section 3.4.2). 

 

Attempted protection of PAPA (synthesis of CF3CO-PAPA; Scheme 3.24) 

The synthesis of CF3CO-PAPA was carried out as for the Boc-DETA synthesis.39 N-

propyl-1,3-propanediamine (15 mmol, 2.1 mL) in drysolv CH3CN (20 mL) was treated 

with ethyl trifluoroacetate (50 mmol, 6 mL). After 4 h, the solution was worked up, and a 

white solid was isolated via filtration and was washed with 50 mL cold CH2Cl2. Drying 

under vacuum produced fluffy white microcrystals. Yield: 4.1 g (over 100%; likely still 
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wet). 1H NMR ([CD3]2SO; δ (ppm)): 0.14 (t, 3H); 0.82 (m, 2H); 1.05 (m, 2H); 1.74 (s, 

1H); 2.08 (m, 4H); 2.59 (m, 2H); 7.8 (bs, carbamate NH).   

 

Scheme 3.24. Synthesis of CF3CO-PAPA. 

 

Attempted Boc- protection of CF3CO-PAPA (Scheme 3.25) 

The carbamate from the previous step (12 mmol, 2.54 g) was treated Boc2O (12.6 

mmol, 2.8 g) in the presence of NEt3 (37 mmol, 5.1 mL). After 4 h, the reaction was 

quenched with H2O, and the product was extracted with EtOAc (3 × 150 mL). The 

combined organic fractions were dried over Na2SO4, and the solvent was removed via 

rotary evaporation to produce a yellow oil. Recrystallization from Et2O did not produce a 

solid. 1H NMR (CDCl3; δ (ppm)): 0.88 (t, 3H); 1.46-1.59 (m,); 1.71 (m, 2H); 3.11 (t); 

3.34 (m); 8.42 (bs, 1H). The intense multiplet near 1.5 ppm is not baseline-resolved but 

contains overlapped signals from the Boc t-butyl and methylene signals from the 

backbone. Because the signal integrates for more than 11 H (9 H for t-butyl and 2 H for –

CH2-), there may be free t-butanol from Boc hydrolysis. The material was taken on for 

deprotection to remove trifluoroacetyl groups and to attempt purification. 
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Scheme 3.25. Attempted Boc-protection of CF3CO-PAPA. 

 

Attempted deprotection of  Boc-CF3CO-PAPA (Scheme 3.26) 

The protected carbamate (10 mmol, 3.13 g) in MeOH (120 mL) was cooled to 0°C, 

and 0.2 M NaOH in MeOH (130 mL) was added dropwise over 30 min. After 23 h at 

room temperature, the hazy solution was concentrated via rotary evaporation, and the 

cloudy oil was extracted with 1:9 MeOH/CHCl3 (3 x 50 mL). Poor separation yielded a 

cloudy organic fraction, which was dried over MgSO4. The solvent was removed via 

rotary evaporation to produce a yellow oil. 1H NMR (CDCl3; δ (ppm)): 0.86 (t, 3H); 1.45 

(s); 1.51 (m), integration of signals 1.45-1.51 ppm yields 11 H; 1.7 (m, 2H); 2.75 (t, 2H); 

3.1 (m, 2H); 3.3 (m, 2H); 4.0 (s, 2H). 13C NMR: 11.2; 21.5; 28.3; 29.8; 37.8; 43.2; 48.8; 

79.9. The C=O peak expected near 156 ppm was not observed, but due to its quaternary 

nature, more scans may have been necessary to observe its low intensity.  

 

Scheme 3.26. Attempted removal of CF3CO- group from Boc-CF3CO-PAPA. 
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Attempted diazeniumdiolation of Boc-PAPA (Schemes 3.27-3.29) 

The synthesis was adapted from the literature for the synthesis of PAPA/NO.7 A 

solution of the Boc-protected amine (14.9 mmol, 3 g) in CH3CN (55 mL) was exposed to 

NO for 24 h, although no solid was present in the reaction vessel. NaOMe (25 wt%, 1 

mL) was added to induce precipitation, but no solid was collected.  

 

Scheme 3.27. Attempted diazeniumdiolation of Boc-PAPA in CH3CN, the solvent 

utilized to synthesize PAPA/NO. 

 

Since pure product was not obtained in CH3CN, Boc-PAPA (1 g) in Et2O (80 mL) 

was exposed to NO for 48 h (Scheme 3.28), although no solid was present. NaOMe (25 

wt%, 1 mL) was added to induce precipitation, but no solid was collected.  

 

Scheme 3.28. Attempted diazeniumdiolation of Boc-PAPA in Et2O. 

 

Synthesis was attempted in MeOH (Scheme 3.29) since no solid was collected from 

previous reactions. Boc-PAPA (~ 1g) from the previous reactions in 20 mL MeOH was 
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exposed to NO for 95 h, although no solid was present in the reaction vessel. Et2O (100 

mL) was added, and the solution was placed in the freezer for 2 h to induce precipitation. 

No solid formed so the solvent was removed via rotary evaporation and an additional 400 

mL Et2O was added, followed by chilling in the freezer 3 d. No solid was collected.  

In all solvents (CH3CN, Et2O, MeOH), the reaction mixture was characterized by 

UV-vis spectroscopy, where peaks at 250 nm and 210 nm were observed. 

 

Scheme 3.29. Attempted diazeniumdiolation of Boc-PAPA in NaOMe/MeOH. 

 

Analysis of Boc-PAPA/NO 

Boc protection of the secondary amine site in N-propyl-1,3-propanediamine was 

confirmed spectroscopically, but a pure NONOate was not obtained from this material, as 

observed by UV-vis spectroscopy (Figure 3.36). This partial reaction demonstrated that 

polyamines could be selectively diazeniumdiolated at the terminal primary amine 

position by employing protecting group methodology. For single primary amines, it has 

been observed that diazeniumdiolation more often occurs in primary amines with 

branching near the site of reaction (e.g. isopropylamine compared to n-butylamine).  
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Figure 3.36. Representative UV-vis spectrum of the reaction mixture for 

diazeniumdiolation of Boc-PAPA, with the peak near 250 nm indicative of NONOate 

formation.  

 

To create a long-lived HNO donor, polyamines were Boc-protected at the secondary 

amine position followed by diazeniumdiolation at the primary amine. It was not possible 

to cleanly Boc protected DETA so diazeniumdiolation was not attempted. Boc-protection 

of 4-aminopiperidine and PAPA was successful, but diazeniumdiolation was incomplete. 

Analysis of the crude 1-Boc-4-Ampip/NO residue showed decomposition stabilized 

compared to the ionic 4-Ampip/NO. Since several long-lived NO donors have been 

synthesized from polyamines,7 it is worthwhile to explore these as possible starting 

materials. However, these contain terminal primary amines, which have been shown to be 

less likely to form stable NONOates than primary amines with an α methine.  
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3.4.4 Attempted synthesis of branched primary amine as a  NONOate precursor 

In order to provide a polyamine with greater stability, the effects of branching near 

the primary amino group in polyamines were investigated. Because these starting 

materials were not commercially available, synthetic efforts to produce a polyamine 

similar to those from which NO donors had been created were attempted, with the 

ultimate goal of creating a long-lived primary amine NONOate that generated HNO. 

Methods for Boc-protection of aminoalcohols to convert the alcohol to a terminal primary 

amine have been reported.42  In order to create a methine α to the –NH2, synthetic 

optimization was performed with the guidance of Dr. Ian Jones (Mash/Hall research 

groups, University of Arizona). This involved nucleophilic addition of a nitroethane 

anion to the Boc-protected amino alcohol, followed by proposed reduction of the nitro to 

the desired amine. Synthetic details are provided. 

 

3.4.4.1 Synthesis of Boc-protected amino alcohol42  (Scheme 3.30) 

A solution of Boc2O (73.3 mmol, 16 g) in 30 mL CH2Cl2 was added dropwise over 45 

min to a solution of N-methylaminoethanol (82.7 mmol, 6.6 mL) in 30 mL CH2Cl2 in an 

ice bath. The mixture stirred at room temperature for 24 h, and the solvent was removed 

via rotary evaporation. Saturated NaCl (20 mL) was added to the oil, and the mixture was 

extracted with EtOAc (3 × 30 mL). The extracts were washed with brine, dried over 

MgSO4, and concentrated via rotary evaporation. Due to the presence of t-butanol in the 

crude 1H NMR, purification was attempted via extraction into CHCl3 and filtration 
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through a cotton plug. 1H NMR (CDCl3; δ (ppm)): 1.42 (s, 9H); 2.88 (s, 3H); 3.35 (t, 

2H); 3.69 (m, 2H). The -OH proton did not show. 

 

Scheme 3.30. Boc-protection of amino alcohol, with the goal to synthesize a branched 

primary amine for NONOate synthesis. 

 

3.4.4.2 Attempted synthesis of branched nitro derivative as precursor to primary 

amine (Scheme 3.31) 

The Boc-protected aminoalcohol (0.65 mmol, 115 mg) was placed in an oven-dried 

25 mL round bottom flask with stirbar and purged with argon while stirring in an ice 

bath. A solution of 2.5 M n-BuLi in hexanes (1.1 eq; 0.72 mmol, 0.3 mL) was added 

dropwise via syringe with an equivalent volume (0.3 mL) of dry CH2Cl2. To the clear and 

colorless solution was added chlorodiphenylphosphine (1.1 eq; 0.72 mmol, 0.13 mL) 

dropwise via syringe. A white precipitate formed and the cloudy solution was stirred 1 h 

in the ice bath. At this time, 2,6-dimethylbenzoquinone (DMBQ; 2 eq; 0.13 mmol, 178 

mg) was added to the stirring cloudy solution along with 2.5 mL dry CH2Cl2 to produce a 

yellow solution.  

In a separate 25 mL round bottom flask equipped with a stirbar, nitroethane (2 eq; 

0.13 mmol, 94 µL) was placed. The vessel was placed in an ice bath, dry CH2Cl2 (2.5 
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mL) was added via syringe, and n-BuLi (2.2 eq; 0.144 mmol, 576 µL) was added 

dropwise as above.  

Due to the rapid reaction (immediate formation of white precipitate on vessel walls), 

the reaction should be carried out at cooler temperatures (-78oC) with a larger solvent 

volume in the future. An additional 1 mL of dry CH2Cl2 was added to the solution to help 

scrape material off the vessel walls. The resulting suspension was stirred at room 

temperature 10 min.  

The nitroethane solution was syringed dropwise into the stirring aminoalcohol 

solution. A color change from yellow to green indicated reaction progression due to 

reduction of the quinone. The reaction was allowed to stir overnight at room temperature. 

After 5 h, the solution was a dark maroon color, which persisted until work up at 21 h. 

The reaction was quenched with saturated NH4Cl (6 mL) and water (6 mL) to dissolve 

salts and produce a clear red-orange solution. The mixture was extracted with ether (1 × 

50 mL; 2 ×25 mL), and the combined extracts were dried over MgSO4 and concentrated 

via rotary evaporation to produce a brown-orange oil. The 1H NMR of the crude reaction 

mixture showed several impurities, but the main signal of interest was the multiplet near 

4.2 ppm, indicative of the methine proton in the branched position of the desired product. 

Several attempts to purify the material chromatographically were unsuccessful, even after 

extensive solvent optimization, due to a multitude of products of similar polarity.  
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Scheme 3.31. Proposed synthesis of branched Boc-protected polyamine from Boc-

protected aminoalcohol. 

 

3.4.4.3 Synthesis of tosylate-protected amino alcohol (Scheme 3.32) 

Since multiple impurities were created in the previous reaction, the alcohol was 

converted to a better leaving group to enhance desired reactivity and reduce side product 

formation.  

The synthesis of the Boc-protected product was carried out according modified 

literature procedures.42,43 The Boc-protected amino alcohol (0.53 g, 3 mmol) was placed 

in 25 mL round bottom flask with stirbar with CH2Cl2 (3 mL) and pyridine (1 mL). The 

reaction was cooled to 0°C, and p-toluenesulfonyl chloride (0.69 g, 3.6 mmol) was added 

in three portions before stirring for 20 h at room temperature. Placing the solution in the 

refrigerator for 3 h resulted in the formation of a crystalline product that was filtered off. 

The filtrate was poured into EtOAc:H2O (15/10 mL) and the organic layer was washed 

with H2O (10 mL), brine, (10 mL), and dried over Na2SO4. 1H NMR (δ, ppm): 1.39 (s); 

3.5 (t); 3.67 (m); 4.3 (t); 7.3 (d); 7.77 (d). The peak expected for the proton para to the 

sulfonyl was present at small intensity near 8 ppm. However, peaks corresponding to 

non-Ts protected compound were present. No further work has been carried out on this 

project.  
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Scheme 3.32. Synthesis of Boc- and Ts-protected amino alcohol. 

 

3.4.4.4 Future reactions of Ts-protected amino alcohol (Scheme 3.33) 

The Ts-protected Boc-aminoalcohol may be reacted with nitroethane anion (as in 

Scheme 3.34) to produce a branched nitro species that can be reduced to the primary 

amine. Fewer steps and reagents may simplify purification compared to previous attempts 

to reveal the primary amine for diazeniumdiolation. 

 

Scheme 3.33. Proposed synthesis of branched primary amine from protected amino 

alcohol. 

 

The syntheses proposed for the polyamine with branching near the primary amine site 

may afford starting material that can be used to create a stabilized primary amine 

NONOate. Although initial work did not yet reach the desired product, reaction 

conditions and methodology can be pursued in future directions. 
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3.5 Non-amine nucleophiles 

Non-primary amine nucleophiles were use to expand the reagents available for 

synthesizing HNO and NO donors. In addition to an alcohol (3-methyl-2-butanol), 

compounds with varied basicities were desirable targets to further probe the relationship 

between pKa and NONOate stability. Additionally, the structural diversity introduced by 

employing these compounds would enhance the scope of NONOates that could be 

synthesized. Previous syntheses have been carried out with Lewis bases such as organic 

phosphines and phosphites,44 and although NONOates were formed, the donor profiles of 

these species were not characterized.  

Although the synthesis of the inorganic HNO donor Angeli’s salt45,46 differs from 

reports for amine-based NONOates, inorganic salts have been utilized as reagents in 

NONOate reactions. An example is Sulfi/NO, synthesized from sodium sulfite.3 The 

reaction of other inorganic salts under NONOate conditions was probed in the current 

work to provide better understanding of the reactivity of NONOate decomposition 

products, such as nitrite and nitrate, with NO to form unique NONOates. An additional 

benefit of these compounds is that decomposition products would be inorganic salts with 

potentially low toxicity. A summary of the reagents used in the attempted 

diazeniumdiolation reactions is provided in Table 3.6. 
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Table 3.6. Attempted synthesis of NONOates from non-amine starting materials. 2-

amino-4-methoxy-6-methylpyridimidine was synthesized as a NONOate precursor but 

has not yet been utilized in diazeniumdiolation reactions. 

Nucleophile 
nucleophile 

pKa 
NONOate 
formed? 

apparent 
t1/2 

HNO release at 
pH 7.4? 

Guanidine 13.71 no N/A N/A 
Boc-guanidine 

(impure) ND no N/A N/A 
Acetamidine 12.52 no N/A N/A 

phosphite, dibasic 6.447 no N/A N/A 
nitrate -1.3 no N/A N/A 

 

3.5.1 Attempted synthesis of guanidi/NO (Scheme 3.34) 

Due to its high basicity relative to amines, guanidine derivatives were desired targets 

to compare to donor properties of amine-based NONOates.  

Guanidine nitrate (1.0 g, 8.2 mmol), NaOMe (25 wt%; 0.712 mL, 3.3 mmol), and 60 

mL MeOH were exposed to NO for 279 h. Diethyl ether (150 mL) was added to the clear 

and colorless solution but precipitation did not occur. The solution was concentrated to 

30 mL via rotary evaporation and 200 mL of Et2O was added. A white precipitate was 

isolated via vacuum filtration, but a 250 nm peak was not observed. 

 

Scheme 3.34. Attempted synthesis of NONOate from guanidine, the enhanced basicity of 

which is assumed to lead to more facile NONOate production. 
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3.5.2 Attempted synthesis of Boc-guanidine (Scheme 3.35) 

Boc protection was desirable to force selective reaction at the –NH2 positions for 

comparison to amines and to guanidine-based NONOates.  

 

Scheme 3.35. Attempted synthesis of Boc-protected guanidine by two different methods. 

(a) i) PhCHO, TBACl, Na2SO4, CH2Cl2, RT.  ii) NEt3, Boc2O.  iii) 3 N CH3COOH; 

extract.48 (b) i) PhCHO, TBACl, toluene, reflux 9.5 h.  ii) Boc2O, RT, 24 h.  iii) 

hydrolyze, extract. The Boc-protection was attempted via two methods, both adapted 

from protocols for selective protection of secondary amines. Because both procedures 

called for the use of organic solvents, a phase transfer catalyst (tetrabutylammonium 

chloride, TBACl) was used to solubilize guanidine nitrate. 

 

Attempted synthesis of Boc-guanidine: synthesis a 

Guanidine nitrate (0.39 g, 3.2 mmol), tetrabutylammonium chloride (93 mg, 0.32 

mmol), and sodium sulfate (1.9 g) were dissolved in CH2Cl2 (10 mL) under argon. 

Benzaldehyde (0.7 mL, 6.8 mmol) was added, and the solution was stirred under argon at 

room temperature for 48 h, at which point triethylamine (0.5 mL, 3.6 mmol) and Boc2O 

(0.83 g, 3.7 mmol) were added. The solution was stirred at room temperature 48 h, 

filtered, and the white solid was washed with CH2Cl2 (10 mL) and MeOH (10 mL). The 

filtrate was concentrated via rotary evaporation and to the residue was added 3 N 
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CH3COOH (15 mL). The cloudy yellow solution was stirred under argon for 48 h at room 

temperature before washing with ether (3 × 20 mL). The aqueous fraction was made 

basic with NH4OH (1.5 mL) and extracted with CH2Cl2 (3 × 15 mL). The organic layer 

was dried over Na2SO4, and the solvent was removed via rotary evaporation to yield a 

yellow oil. Characterization via 1H NMR did not demonstrate introduction of the Boc 

group due to lack of the t-butyl signal. Instead, the primary products were TBACl and 

PhCHO. The synthesis was modified to run at reflux temperature (below). 

 

Attempted synthesis of Boc-guanidine: synthesis b 

This method was adapted from the literature49 and reported for diethylenetriamine in 

Section 3.4.1.2. Guanidine nitrate (6.1 g, 50 mmol), tetrabutylammonium chloride (1.4 g, 

5 mmol), and toluene (65 mL) were treated with benzaldehyde (10.2 mL, 100 mmol). 

After refluxing 9.5 h, the reaction was cooled to room temperature and di-tert-butyl 

dicarbonate (12 g, 55 mmol) was added in divided portions before stirring under argon 20 

h at room temperature. The reaction was worked up as described to yield a yellow oil. 

Recrystallization was attempted from MeOH but was unsuccessful. Characterization by 

1H NMR appeared similar to the reaction in (a), with TBACl and PhCHO the only 

observable products, which did not support product formation. Work was discontinued on 

this project, although successful Boc protection of guanidines has been reported.50  
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3.5.3 Attempted synthesis of acetamidi/NO (Scheme 3.36) 

Amidine-based NONOates were a desired target to compare donor properties to 

amine-based NONOates. Acetamidine hydrochloride (1.0 g, 10.6 mmol), NaOMe (25 

wt%; 0.92 mL, 4.2 mmol), and 65 mL MeOH were exposed to NO for 164.5 h. Diethyl 

ether (100 mL) was added to the clear and colorless solution before cooling 10 min. A 

small amount of fine white precipitate was isolated via vacuum filtration. 

Characterization via UV-vis spectroscopy did not show a 250 nm peak, and no further 

analysis was carried out. 

 

Scheme 3.36. Attempted synthesis of NONOate from acetamidine. Similarly to the 

guanidine example, the basicity of the starting material was anticipated to lead to more 

facile NONOate formation. 

 

3.5.4 Analysis of NONOate reactions of guanidine and acetamidine 

The initial synthesis of NONOates from unprotected guanidine and amidine moieties, 

done in the presence of NaOMe to release the free base for diazeniumdiolation, did not 

show 250 nm peaks. 

These highly basic reagents did not facilitate NONOate formation, although it is 

possible that NONOates formed and decomposed rapidly in the reaction vessel. Although 

initial protecting group methodology was unsuccessful for these compounds, reaction 
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conditions could be further optimized for this class of compounds such that the donor 

properties could be compared to amine-based NONOates.  

 

3.5.5 Attempted diazeniumdiolation of inorganic species 

Although few examples of NONOates based on inorganic salts exist (e.g., Angeli’s 

salt, Sulfi/NO), their donor properties present an interesting yet unexplored area. In that 

aim, the diazeniumdiolation of inorganic salts was attempted. 

 

3.5.5.1 Attempted synthesis of phosphi/NO (Scheme 3.37) 

Sodium phosphite, dibasic, pentahydrate (29.9 g, 0.14 mol) and 1M NaOH (40 mL) 

were exposed to NO for 90 h. The clear and colorless reaction was concentrated via 

rotary evaporation and placed in the refrigerator to afford precipitate, with no solid 

occurring after 48 h. A 250 nm peak was not observed, and further analysis was not 

performed on this compound. 

 
Scheme 3.37. Attempted synthesis of Na3PO3

.N2O2 from sodium phosphite. 

 

3.5.5.2 Attempted synthesis of nitrate NONOate (Scheme 3.38) 

Sodium nitrate (11.8 g, 0.14 mol) and 0.5M NaOH (40 mL) were exposed to NO for 

38 h. The clear and colorless reaction mixture was concentrated via rotary evaporation. 

Addition of 100 mL 1:1 EtOH/acetone resulted in a fine white precipitate, which was 
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filtered off. A 250 nm peak was not observed, and further analysis was not performed on 

this compound. 

 
Scheme 3.38. Attempted synthesis of NaNO3

.N2O2 from sodium nitrate. 

 

3.5.5.3 Inorganic salt conclusions 

While a NONOate from sodium sulfite (Sulfi/NO) has been successfully prepared,3 

attempts to synthesize donors from sodium phosphite or nitrate were not successful. As 

some organic phosphites were shown to be oxidized to the phosphate when exposed to 

NO,51 it may not be feasible to generate NONOates from these simple inorganic salts 

under the current conditions. Additionally, nitrate is a weak nucleophile that may not be 

capable of forming adducts with NO. However, reaction conditions could be further 

optimized to study the behavior of these potential donors. 

 

3.5.6 Synthesis of 2-amino-4-methoxy-5-bromo-6-methylpyrimidine52 

(Scheme 3.39) 

Aromatic amines have not been utilized in NONOate reactions due to possible ring 

nitrosation and exothermic results, as reported by Drago for the attempted 

diazeniumdiolation of aniline.6 This compound was prepared as a potential starting 

material for diazeniumdiolation, as the fully substituted ring cannot undergo nitrosation, 

but has not yet been attempted in this capacity.  
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2-amino-4-methoxy-6-methylpyrimidine (5.6g, 40.2 mmol), N-bromosuccinimide 

(7.1g, 39.9 mmol), and CHCl3 (100 mL) were refluxed for 50 min under TLC control 

(5:1 CH2Cl2/EtOAc). The solvent was removed via rotary evaporation to produce a 

chalky white residue. To this solid was added distilled water (80 mL) and the mixture 

was allowed to stir in a boiling water bath for 15 min, at which point the water was 

decanted. The off-white solid was recrystallized from hot water and dried under vacuum 

2 h. Yield: 7.35 g (84%). 1H NMR (CDCl3, 250 MHz) 2.415 (3H, s), 3.939 (3H, s), 

4.980 (2H, broad s).   

 

Scheme 3.39. Synthesis of 2-amino-4-methoxy-5-bromo-6-methylpyrimidine, a potential 

aromatic starting material for NONOate reactions. 

 

3.6 Synthesis of NONOate prodrugs (O2-protection) 

As limited success was achieved in extending decomposition half-life by nucleophile 

choice in the preceding work, O2-protecting group methodology was used to create 

longer-lived donors. Ionic NONOates were either promising HNO donors (2-Ampe/NO, 

Norbor/NO) or were protected in an attempt to enhance HNO production (1-Ampip/NO). 

The successful modification of IPA/NO was presented in Chapter 2.  
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3.6.1 General experimental 

The synthesis of AcOM-protected primary amine NONOates was adapted from the 

literature.4 A slurry solution of the NONOate sodium salt (3.9 mmol) in 15 mL dry THF 

was cooled in a dry ice/acetone bath for 10 min while stirring under argon. 15-Crown-5 

(1 mmol) was added and the reaction mixture was stirred for 1 h. A solution of 

bromomethylacetate in THF (4 mmol in 3 mL THF) was added dropwise via syringe to 

the reaction mixture. The reaction was allowed to stir for 15 min before removing the 

cold bath, allowing it to gradually warm to room temperature. The reaction was stirred 

overnight before it was filtered, and the THF was removed via rotary evaporation. The 

residue was extracted with CH2Cl2, washed with dilute HCl (10 mM), and 5% NaHCO3. 

The residue was dried over sodium sulfate, filtered, and the solvent was removed via 

rotary evaporation. Column chromatography was performed using hexane:acetone to give 

the protected product as an oil.  

 

3.6.2 Attempted synthesis of AcOM-Ampip/NO (Scheme 3.40) 

1-Ampip/NO (342 mg, 2.04 mmol) was dissolved in 7.8 mL THF and stirred under 

argon at -80°C. 15-crown-5 (0.1 mL, 0.37 mmol) and bromomethylacetate (0.2 mL, 2.07 

mmol) in 1.6 mL THF were added. The reaction was stirred at -80oC for 1 h and then for 

22 h at room temperature. The reaction was worked up as above and column 

chromatography was performed using 10:1 hexane/acetone. 1H NMR (δ, CDCl3): 5.719 

(s, 2H); 3.343 (t, 4H); 2.050 (s, 3H); 1.68 (m, 4H); 1.45 (m, 3H). Peaks at 250 and 210 
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nm were observed by UV-vis spectroscopy, and donor profile analysis was attempted 

with crude material. 

 

Scheme 3.40. Attempted synthesis of AcOM-1-Ampip/NO. 

 

3.6.3 Analysis of  AcOM-1-Ampip/NO 

Based on reactions with metMb and oxyMb (Figure 3.37), AcOM-1-Ampip/NO also 

acted as an NO donor at pH 7.4.  

                                

Figure 3.37. Reaction of AcOM-1-Ampip/NO (100 µM of crude material) with (A) 

metMb (50 µM) or (B) oxyMb (50 µM) in the presence or absence of GSH (250 µM) at 

pH 7.4 and 37oC in air for 1 h. Representative of n = 2. 

 

A B 
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Unlike AcOM-IPA/NO, the spontaneous decomposition of AcOM-1-Ampip/NO 

under basic conditions produced a stable ionic NONOate intermediate, shown by a 250 

nm peak that was stable for approximately 1 h (Figure 3.38). This may be useful in 

further investigating the decomposition mechanisms of other AcOM-protected 

NONOates. The esterase-mediated decomposition of AcOM-1-Ampip/NO at pH 7.4 was 

not successfully determined due to spectral noise. However, future work could continue 

on probing decomposition mechanisms of O2-protected NONOates to ascertain structural 

features that lead to enhanced stability and increased HNO production from donors. 

 

Figure 3.38. Decomposition of AcOM-1-Ampip/NO (100 µM) in 10 mM NaOH at 37oC 

shown at 0, 120, 240 s. The ionic NONOate intermediate appeared within 2 min. 

 

3.6.4 Attempted synthesis of AcOM-Norbor/NO (Scheme 3.41) 

Unlike 1-Ampip/NO, Norbor/NO did produce HNO. 2-exo-Aminonorbornane 

NONOateg (Norbor/NO; 250 mg, 1.3 mmol) was dissolved in 5 mL THF and stirred 

                                                 
g Generously provided by Dr. Joseph A. Hrabie, NCI-Frederick. 
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under argon at -80oC. 15-crown-5 (65 µL, 0.33 mmol) and bromomethylacetate (129 µL, 

1.32 mmol) in 1 mL THF were added. The reaction was stirred at -80oC for 1 h and then 

for 24 h at room temperature. The reaction was worked up as above to yield a crude 

reaction mixture displaying a peak at 250 nm. This sample was used for all 

decomposition and donor profile analysis. 

 

Scheme 3.41. Attempted synthesis of AcOM-Norbor/NO. 

 

3.6.5 Analysis of AcOM-Norbor/NO 

Norbor/NO,g the ionic precursor to AcOM-Norbor/NO, was determined to release 

HNO and NO at pH 7.4 in a manner similar to IPA/NO (Figure 3.39). The rate constants 

of decomposition for Norbor/NO were determined from pH 7-9 (Fig. 3.39A) and 

followed the general trend of increasing decomposition with increased solution acidity 

seen with other NONOates. The donor profile was probed using an NO-specific electrode 

at pH 7.4 in the presence and absence of ferricyanide (Fig. 3.39B), supporting dual NO 

and HNO release.  
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Figure 3.39. Donor properties of Norbor/NO demonstrated as (A) observed rate 

constants at 37°C using 100 µM and (B) products released as monitored by an NO-

specific electrode at pH 7.4 and ambient temperature using 5 µM. Electrochemical data is 

compared to Angeli’s salt (5 µM) and DEA/NO (2.5 µM).  

 

Based on similarities to IPA/NO, it was anticipated that the corresponding prodrug 

would release similar or increased levels of HNO, as observed for AcOM-IPA/NO.4 

Decomposition studies at pH 7.4 and 37°C on crude AcOM-Norbor/NO (t1/2 = 19 min) 

and ionic Norbor/NO (t1/2 = 3.5 min) demonstrated success in enhancing stability. The 

longer-lived prodrug also resulted in higher levels of reductive nitrosylation (Figure 

3.40), possibly due to the minimization of the competing HNO dimerization pathway by 

the slower release of HNO. 

A B 
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Figure 3.40. Reductive nitrosylation of metMb (50 µM) by Norbor/NO (100 µM, panels 

A and C) or crude AcOM-Norbor/NO (A230 ~1; concentration not determined due to 

impure material; panels B and D). The assay was performed at pH 7.4 and 37°C under 

deaerated conditions in the absence (A and B) or presence (C and D) of GSH (250 µM). 

Data for Norbor/NO was collected for 60 min at 0.5 min intervals. Data for AcOM-

Norbor/NO was collected for 1.8 h at 1 min intervals, with no further spectral changes 

occuring during the last 60 (panel B) or 30 (panel D) min.  

 

A B 

C D 
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In the presence of GSH, spectral shifts were diminished for both compounds (Figure 

3.41), but GSH more efficiently quenched signal from AcOM-Norbor/NO, indicating 

higher HNO release.  

Since HNO production was enhanced from AcOM-Norbor/NO, future work could 

include optimization of synthesis and purification to fully characterize the O2-derivative. 

Full donor characterization for Norbor/NO could also be performed to further compare its 

behavior to other primary amine NONOates with dual NO and HNO release at pH 7.4. 

 

3.6.6 Attempted synthesis of AcOM-Ampe/NO (Scheme 3.42) 

2-Ampe/NO was described in Section 3.3.5 to release HNO and was O2-protected to 

enhance HNO production, similarly to Norbor/NO. 2-Ampe/NO (245 mg, 1.45 mmol) 

was dissolved in 5.5 mL THF and stirred under argon at -80°C. 15-crown-5 (0.1 mL, 0.37 

mmol) and bromomethylacetate (0.14 mL, 1.47 mmol) in 1.1 mL THF were added by 

syringe. The reaction was stirred for 1 h and then for 20 h at room temperature. The 

reaction was worked up as above and column chromatography was performed using 4:1 

hexane/acetone. Analysis by UV-vis spectroscopy did not show a 250 nm peak in any 

fraction, and further analysis was not carried out.  

 

Scheme 3.42. Attempted synthesis of AcOM-2-Ampe/NO. 
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Synthetic conditions could be optimized to produce the desired AcOM-protected 

NONOate. Similarly to AcOM-Norbor/NO, this compound could provide a useful 

comparison to other O2-protected NONOates to enhance HNO production. 

 

3.7 Summary 

The synthesis of a library of HNO-releasing primary amine NONOates is highly 

desired to further investigate the chemical biology of HNO. Utilizing a selection of 

amines provided insight into the formation of a few NONOates (Table 3.7), although not 

all generated HNO at pH 7.4. Those releasing HNO shared the common feature of 

branching near the nucleophilic atom. Expansion of this finding to structurally-similar 

amines may provide new donors of this class. While amine identity did not have a large 

apparent effect on half-life, promising leads to enhance half-life and HNO release may 

include selected polyamines, and O2-protection of promising ionic donors. 

In addition to structurally-diverse primary amines and polyamines, 

diazeniumdiolation was attempted on guanidine and amidine derivatives and on inorganic 

salts with the goal of comparing donor properties of these reagents to amine-based 

NONOates. Significant optimization of NONOate primary amine NONOate synthesis 

was performed. Although long-lived HNO donors have not yet been synthesized, the 

work presented here provides a foundation for the rational design of future donors with 

desired properties. 

 



 

 

194

Table 3.7. Amines from which ionic NONOates were synthesized. Details of the donor 

profile, such as decomposition half-life and HNO release, are provided. ND = not 

determined. IPA/NO is included as a reference 

Nucleophile Nucleophile 
pKa 

NONOate 
formed? 

Apparent  
t1/2 

HNO 
released at 

pH 7.4? 
isopropylamine 10.63 yes, IPA/NO 2 min yes 

2-exo- 
aminonorbornane 

10.4553 yes, Norbor/NO 3.5 min yes 

sec-butylamine 10.56 yes, sec-BuA/NO 4.3 min no 

2-aminopentane 10.6 yes, 2-Ampe/NO 4 min yes 
3-methyl-2-butanol ND yes, ROH/NO ND no 

1,2-
dimethylpropylamine 

10.8 yes, DMPA/NO 4.6 min yes 

1-aminopiperidine 8.27 yes, 1-
Ampip/NO 

0.41 min no 

4-aminopiperidine 10.87 yes, 4-
Ampip/NO 

2.5 min no 

1-Boc-4-
aminopiperidine 

ND yes but impure 73 min no 

N-Boc-N-propyl-1,3-
propanediamine 

ND partial, impure ND ND 
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4  HNO DETECTION METHODS 

 

4.1 Introduction 

For NO, both detection and quantitation in vivo have been and remain as major 

challenges, despite significant progress. The physiological and pathophysiological effects 

of NO have been shown to be highly concentration-dependent and are also likely to be 

for HNO. For NO, physiological concentrations range from pico- to micromolar, 

requiring detection techniques with a wide dynamic range.1 The self-consumption of 

HNO (Eq. 1.6; 8 × 106 M-1s-1)2 as well as higher reactivity compared to NO exacerbates 

the difficulty of detection for HNO. Although endogenous production of HNO has been 

proposed through NOS catalysis3 and other pathways, biosynthesis of HNO has yet to be 

demonstrated.5 The diversity of the pharmacological effects of HNO donors suggests at 

least the potential for endogenous HNO formation. For example, HNO has been 

considered as an endothelium-derived relaxing factor for several decades, and Kemp-

Harper and coworkers recently proposed that HNO is a hyperpolarizing factor in rodent 

resistance arteries.4 Currently three primary mechanisms are proposed for HNO 

generation: decomposition of RSNO, oxidation of L-arginine by NOS under certain 

conditions, and oxidation of NH2OH or other lower nitrogen oxides.5 Products from these 

reactions could serve as biomarkers of HNO reactivity. With this in mind, here a new 

fluorescence HPLC method was developed to detect HNO-derived modifications in 

cultured cells. 
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4.2 HNO detection methods 

While current indirect methods make use of trapping agents and provide useful 

qualitative information, quantitative methods do not currently exist. In order to asses the 

potential for quantitative detection, a comparison of several common indirect methods 

was performed. The advantages and disadvantages of several recently published 

procedures are presented here. 

 

4.2.1 EPR detection  

EPR spectroscopy of iron nitrosyls has been used to discriminate the reaction of HNO 

or NO. Ferric or ferrous complexes such as Fe(MGD)2 (MGD = N-methyl-D-glucamine 

dithiocarbamate) have been used as traps, with HNO reductively nitrosylating ferric 

complexes while NO reacts with ferrous, forming the ferrous nitrosyl in either case.6 

However, facile oxidation of the ferrous complex and other complicating redox reactions 

may be difficult to control.7 Reactivity of the complexes with interfering species (e.g., 

nitrite, ONOO-, O2
-) also limits the utility of this method.  

Nitronyl nitroxides such as PTIO and the water-soluble carboxy PTIO (C-PTIO) are 

commonly used in the detection of NO, as the imino nitroxide produced can be 

distinguished by EPR (Scheme 4.1).8 
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Scheme 4.1. Reaction of nitronyl nitroxide with NO to produce the imino nitroxide and 

NO2. PTIO: R=H; C-PTIO: R=COO-. 

 

A recent study investigated the reactivity of HNO with C-PTIO.9 PTIO can oxidize 

HNO to NO, which can then react with the released imino hydroxylamine (Scheme 

4.2).20 Since this method relies on conversion of HNO to NO, in cases where both HNO 

and NO are released, the analysis will be complicated.10 At this point, a highly-selective 

trapping agent capable of reacting only with HNO has yet to be developed for EPR 

analysis.  

 

Scheme 4.2. Reaction of HNO with PTIO derivative to form a nitronyl hydroxylamine.  

 

4.2.2 Fluorescence detection 

A new HNO detection method that has been shown to have utility in cells uses a 

Cu(II) complex (Scheme 1.3)11 as a fluorescent trapping agent. Although used to cellular 

experiments, this complex is membrane permeable and thus cannot provide information 

regarding localized concentrations of HNO inside cells. Additionally, the selectivity 
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compared to other nitrogen oxides has not yet been fully analyzed, such that the value of 

this assay remains to be determined. 

 

4.2.3 NMR detection 

Reaction of HNO with a phosphine trap provides a distinct NMR signal.12 The 

reaction of organic phosphines with nitroso compounds has been well-studied and 

employing HNO as a simplified nitroso compound resulted in a similar product 

distribution (Scheme 4.3). 

 

Scheme 4.3. Reaction of HNO with organic phosphines to produce an aza-ylide that 

undergoes Staudinger ligation13,14 to produce an amide. Product analysis was monitored 

by 31P NMR. Figure taken from reference 12. 

 

This reaction shows good selectivity for HNO over other nitrogen oxides. The initial aza-

ylide can undergo Staudinger ligation to form an amide15,16 with the nitrogen atom 

derived from HNO. Because reaction of NO with phosphines forms the phosphine oxide 

and N2O,17 the aza-ylide product formed from reaction with HNO can serve as a unique 

marker of HNO reactivity without cross-reactivity from NO. The rate constant of HNO 

with tris-carboxyethylphosphine (8 × 106 M-1 s-1)18 indicates that this reaction is among 

the most rapid known for HNO and will be competitive with dimerization depending on 



 

 

199

the concentration of HNO (Eq. 1.6). Although millimolar concentrations of reagents were 

utilized in this assay, quantitative data has yet to be reported. As the limit of detection in 

biofluids for 31P NMR has been reported at 10 µM,19 the values used in this assay should 

be suitable to quantitation, particularly in employing large excesses of the phosphine. 

Organic phosphines as trapping agents may be useful analytically and provide an 

interesting avenue to explore for quantitative data. In terms of creating a specific 

biomarker, however, these compounds are limited to in vitro studies. 

 

4.2.4 Comparison of detection methods 

In addition to the methods described in the previous sections, a number of assays 

have been used extensively to indicate HNO production or investigate HNO reactivity. 24 

To examine the utility and potential application for quantitative measurement of HNO, a 

comparison of spectrophotometric, electrochemical, and HPLC methods was performed. 

In addition, an attempt was made to optimize an HPLC assay using nitrosoarene as a trap 

for HNO,25 and an HPLC method using fluorescence detection for HNO-modified thiols 

was developed. 

 

4.3 Experimental 

4.3.1 Chemicals 

Angeli's salt and DEA/NO were synthesized and utilized as previously described43 

with stock solutions prepared as in Chapters 2 and 3. The synthesis of p-nitrosoanisole 

was carried out according to literature procedures.26,27 Unless otherwise noted, chemicals 
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were purchased from Sigma-Aldrich and used without further purification. Stock 

solutions were prepared fresh daily at 100× in Barnstead Nanopure Diamond filtered H2O 

unless specified. The assay buffer consisted of the metal chelator 

diethylenetriaminepentaacetic acid (DTPA, 50 µM) in either phosphate buffer (50 mM, 

pH 7.4) or PBS (pH 7.4). All reactions were performed at room temperature unless 

otherwise indicated. Figures are representative data sets from n ≥ 2 individual 

experiments unless otherwise noted. 

 

4.3.2 Instrumentation 

HPLC detection was carried out on an Agilent 1100 (nitrosoarene and OPA 

conjugation method) or Waters (515 pumps, 717plus autosampler; literature glutathione 

method56) instrument with a Luna or Kromasil C18 column (250 × 4.6 mm, 5 µm particle 

size; Phenomenex, Torrance, CA) with diode-array (DAD) and/or fluorescence (FLD) 

detectors. LC-MS samples were analyzed by the University of Arizona Proteomics Core 

Facility. UV-visible spectroscopy was performed with a Hewlett-Packard 8453 diode-

array spectrophotometer. Electrochemical detection was accomplished with a World 

Precision Instruments Apollo 4000 system equipped with NO, O2, and H2O2-sensitive 

electrodes.  

 

4.3.3 Reductive nitrosylation of metMb by spectrophotometric determination 

The method was carried according to published procedures,28 and with minor 

modifications to reports in Chapters 2 and 3.  



 

 

201

A stock solution of horse-heart metMb was prepared in deaerated assay buffer. A 

quartz cuvette containing a micro stirbar was purged with argon before introducing 

deaerated phosphate buffer. The cuvette was further sparged with argon for several 

minutes. Sufficient metMb stock was introduced to produce a final concentration of 100 

µM, at which point the argon inlet was allowed to purge only the cuvette headspace to 

limit protein precipitation. 

After collecting an initial metMb spectrum, sufficient Angeli’s salt stock in cold 10 

mM NaOH was introduced to produce final concentrations of 5-100 µM. Vehicle solution 

(10 µL of 10 mM NaOH) was used as a control. The argon inlet was removed, and the 

cuvette was inverted to mix and replaced into the cell chamber with stirring. Further 

product formation was not observed after 1.5 h. The concentration of MbNO was 

determined spectrophotometrically (ε543 = 11.6 mM-1 cm-1; ε575 = 10.5 mM-1 cm-1)29 or, in 

case of incomplete conversion, using absorbance values from the final spectra and 

ratiometric equations to solve for the concentrations of metMb and MbNO, as described 

in Chapter 2. Spectral changes were monitored under deaerated conditions at 543 and 575 

nm at 2 min intervals over 1.5 h, with the cuvette chamber thermostatted at 22.5°C with 

stirring.  

 

4.3.4 Electrochemical detection using an NO-specific electrode 

A baseline for the NO-specific electrode was established in assay buffer (20 mL; pH 

7.4) at ambient temperature. In experiments involving conversion of HNO to NO, 

ferricyanide (1 mM) was added to buffer prior to stabilizing the baseline. Experiments 
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(time zero) were initiated by delivery of Angeli’s salt (final concentrations of 1-10 µM). 

After the signal reached a maximum and began to decline, the assay buffer was replaced 

and the process repeated to obtain triplicate maximum signal values. A calibration curve 

was produced based on instrument protocols employing standards of nitrite into acidified 

solution (0.1 M H2SO4 + 0.1 M KI; Eq. 4.1).  

        2 KNO2 + 2 KI + 2H2SO4 → 2 NO + I2 + 2 H2O + 2 K2SO4                  (Eq. 4.1) 

A secondary calibration was performed using known concentrations of the NO donor 

DEA/NO (0.45-30 µM). Note that DEA/NO releases 1.7 eq of NO.43  

 

4.3.5 HPLC: UV detection with nitrosoarene 

The column (Luna C-18) was prepared under isocratic conditions of 50:50 

CH3CN/H2O as a 0.1% formic acid solution, with a flow rate of 1 mL/min and 

wavelengths of detection of 260 and 280 nm. Each sample was analyzed for 12-15 min to 

allow analytes to elute, followed by 3 min column wash with CH3CN. Neither the column 

nor injector was thermostatted to a constant temperature.  

A stock solution (10-20 mM) of p-nitrosoanisole in 50 mM or 100 mM phosphate 

buffer containing 50 µM DTPA was prepared. An appropriate volume was placed in a 4 

mL Wheaton reaction vial with a stirbar and diluted to the desired concentration (100 µM 

or 1 mM) with phosphate buffer. The solution was purged with argon for a minimum of 

30 min. To begin the reaction, an appropriate volume of Angeli’s salt stock was added to 

produce final concentrations of 5-100 µM. The argon inlet was removed, and the vial was 

capped with a PTFE/silicone seal in a screw cap. (Note: reactions vessels sealed with 
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Aldrich SubaSeals resulted in ghost peaks in the HPLC chromatograms. Using Wheaton 

vials sealed with PTFE/silicone seals and screw cap removed the impurity.) The reaction 

was allowed to stir at room temperature for 2.5 h, at which point 300 µL of the reaction 

mixture was removed via syringe and transferred to an HPLC vial. A 20 µL aliquot was 

analyzed using the described chromatographic conditions. Peak areas of the p-

methoxycupferron product were quantified using a calibration curve to calculate reaction 

yield. Increased reaction times of 4 or 18 h did not significantly affect product formation. 

Controls of 50 µM DEA/NO, 100 µM NaNO2, or fully decomposed donors (Angeli’s salt 

and DEA/NO) were also analyzed in the reaction with p-nitrosoanisole.  

A standard curve of p-methoxycupferron (stock in 50:50 CH3CN/H2O; tr ~ 6.3 min) 

was carried out in the concentration range 5-150 µM to quantify product from the 

reactions with the HNO donor. A sample of p-nitrosoanisole (tr ~ 9.5 min) was analyzed 

to verify retention time and sample integrity. 

 

4.3.6 HPLC: UV detection with GSH 

The assay was carried out according to literature procedures56 and was developed for 

the analysis of low-molecular-weight cellular metabolites.30  Briefly, samples (250 µL) 

were separated on a Kromasil C-18 column equipped with guard column by a step 

gradient from buffer A (pairing reagent 10 mM tetrabutylammonium hydroxide, 10 mM 

KH2PO4, and 0.25% methanol, pH 7.0) to buffer B (2.8 mM tetrabutylammonium 

hydroxide, 100 mM KH2PO4, and 30% methanol, pH 5.5) as follows: 10 min of 100% 

buffer A, 3 min at up to 80% buffer A, 10 min at up to 70% buffer A, 12 min at up to 
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55% buffer A. A flow rate of 1.2 ml/min, column temperature of 18°C, and sample 

temperature of 4°C were used with a wavelength of detection of 208 nm. Ultrapure 

standards of GSH, GSSG, nitrite and nitrate were freshly prepared and used to identify 

eluted peaks by comparison of retention times and absorption spectra. 

 

4.3.7 HPLC: fluorescence detection  

Conjugation of the fluorogenic reagent o-phthaldehyde (OPA) to GSH derivatives 

was developed from the literature62 in order to create a method for the detection of HNO-

modified biomolecules using fluorescence detection after HPLC separation. 

 

Preparation of OPA reagent 

The OPA reagent was prepared according to the literature,31 with β-mercaptoethanol 

(BME) used as a co-reagent. Briefly, OPA (50 mg) was dissolved in 500 µL MeOH and 

diluted to 10 mL with 0.4 M Na2B4O7 (pH 9.5). The solution was filtered, and 7 µL BME 

was added. The final concentrations in the stock were 37.5 mM OPA and 100 mM BME. 

The high excess of both OPA and BME ensures complete reaction with species of 

interest. The entire OPA reagent is referred to OPA reagent henceforth.  

 

Sample derivatization and HPLC analysis 

To conjugate samples prior to HPLC analysis, 50 µL of the stock OPA reagent was 

added to 100 µL of filtered sample and allowed to react at least 5 min. Addition of 50 µL 
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of the OPA reagent provides final concentrations of 12.5 mM OPA and 33.3 mM BME in 

the 150 µL sample volume.  

Sample elution (20 µL injection volume) was carried out by an isocratic method using 

92.5% NaOAc (0.15M, pH 7) and 7.5% MeOH for 22 min followed by 8 min gradient to 

100% MeOH to wash out any fluorophore reagent, followed by 15 min gradient back to 

original composition. All samples of interest had eluted before the initial wash; this was 

confirmed by LC-MS analysis of all time fractions. The column was held at ambient 

temperature during analysis and samples were detected using fluorescence (λex = 350 nm, 

λem = 420 nm). Concomitant UV detection was carried out using a diode-array detector 

(DAD) at 340 nm. Samples were kept at 4°C until analysis, at which point they were 

reacted with OPA reagent and injected onto the column. Concentrations of GSH, GSSG 

were calculated using calibration curves of these standards. To generate GS(O)NH2, 100 

µM Angeli’s salt was added to 100 µM GSH in assay buffer, and the mixture was 

incubated at 37oC for 1 h. Reduction of GSNO using NaBH3CN although yielded 

GS(O)NH2.54 However, due to difficulty in obtaining authentic sulfinamide standards, 

concentrations of GS(O)NH2 were not determined.  

 

Spectrophotometric analysis 

A stock solution of GSH was prepared in assay buffer. Sufficient stock was added to 

a cuvette to produce a final concentration of 100 µM. The OPA reagent (5 µL) was added 

to the reaction, which was allowed to proceed for 1 h at pH 7.4, 25°C. For reactions with 

NONOates (IPA/NO, DEA/NO, Angeli’s salt), sufficient stock was added to produce 
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final concentrations of 100 µM. The cuvette was inverted to mix, and the reaction was 

allowed to proceed until the peak at 250 nm was sufficiently lowered (A < 0.05), usually 

about 30-45 min, at which point the OPA reagent (5 µL) was added. The rate of 

NONOate decomposition was not altered appreciably by the presence of GSH (data not 

shown). 

 

Exposure of HNO to cultured cells 

Human breast cancer (MCF-7) and colon adenocarcinoma (HT-29) cells were grown 

in RPMI medium supplemented with 10% heat inactivated fetal bovine serum and 

penicillin-streptomycin. The cells were maintained at 37°C in an atmosphere of 95% 

room air and 5% CO2, and the media was changed twice a week.   

Experiments were performed in matched sets of whole cells or cell lysates. Samples 

in each set were treated for 1 h at 37°C with the following conditions: (1) 100 µM 

Angeli’s salt; (2) 100 µM IPA/NO; (3) 100 µM DEA/NO; (4) 250 µM NH2OH + 100 µM 

H2O2; (5) 5 µM metMb + 250 µM NH2OH + 100 µM H2O2. Untreated and vehicle (10 

mM NaOH) controls were also analyzed. Each treatment was carried out in triplicate. 

In a 150 mm culture plate, MCF-7 or HT-29 cells were grown for 24 h or until a cell 

density of 5-6 × 106 cells/plate was achieved. This density was chosen to ensure sufficient 

detectable GSH concentration for analysis.32 At this point, fresh media (4 mL) was added 

followed by the treatments described above for 1 h at 37°C. Cells were then washed 

thrice with assay buffer and transferred to a 1.5 mL tube with 1 mL assay buffer. The 

cells were resuspended and then lysed using 3× freeze/thaw cycles. The samples were 
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centrifuged (14,000 g for 5 min), and the supernatant was collected and filtered through a 

Centricon MW 3000 cutoff filter before HPLC analysis. In some cases, samples were 

stored at -80°C for several months prior to analysis. Although treated as described, HT-

29 samples have yet to be analyzed by either HPLC method.  

For cell lysate experiment, cells were prepared as above but were lysed before 

treatment. Centrifugation, filtration and analysis were performed as for whole cells.  

 

Biosynthesis of HNO by oxidation of NH2OH in U-937 cells 

U-937 human monocytes33 were grown in DMEM, and whole cells were treated with 

the following sets of conditions for 1 h at 37°C: (1) 250 µM NH2OH; (2) 250 µM NH2OH 

+ 100 µM H2O2; (3) 100 µM Angeli’s salt; or (4) 100 µM H2O2. Appropriate untreated 

and vehicle (10 mM NaOH; assay buffer) were also performed. After treatment, cells 

were washed, resuspended in assay buffer, lysed, and filtered as above. 

 

Analysis of HNO biosynthesis in RAW cells 

Induction of iNOS with cytokines was carried out according to literature 

procedures.34 RAW 264.7 murine macrophages were grown overnight in complete 

DMEM and treated overnight (12 h) with interferon-γ (IFN-γ; 10 ng/mL). Subsequent 

treatment with lipopolysaccharide (LPS; 20 ng/mL) was carried out for 4 h, at which 

point the inducing media was removed and cells were washed with serum-free, phenol 

red-free RPMI before treating with L-arginine (1 mM) for 4 h. Cells were washed with 
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media, harvested, and washed with PBS pH 7.4 containing 50 µM DTPA before 

resuspending in PBS. Samples were lysed and filtered as above. 

 

Preparation of OPA-modified samples for LC-MS 

Liquid chromatography-mass spectrometry (LC-MS) was performed to provide 

structural insight for the fluorescent GS(O)NH2-OPA adduct. Comparisons to GSH 

treated with OPA and to structures reported for the GSH-OPA adduct were made.65 

The OPA reagent was prepared at final concentrations of 5.4 mM OPA and 14.3 mM 

BME (addition of 50 µL OPA reagent to 300 µL sample). Decreasing sample volumes to 

100 µL were used without signal degradation but 1:1 volumes of OPA reagent and 

sample resulted in lower signal for GSH standards.  

LC analysis was performed using a Zorbax SB C18 2.1 × 250 mm column with flow 

rate of 250 µL/min and UV detection at 340nm. The solvent system was composed of the 

following: solvent A: 0.15M NH4OAc (5.78 g dissolved in 500 mL H2O, pH 6.82 without 

any adjustment), then mixed with MeOH (92.5:7.5% MeOH); solvent B: 100% MeOH. 

The gradient proceeded as follows: 0 min 95% A:5% B, 32 min 95% A:5% B, 42 

min 100% B, 45 min 100% B, 50 min 95% A:5% B. GSH and GS(O)NH2 conjugates of 

OPA had the same order of elution as in the HPLC method. Mass spectrometry was run 

by several methods to optimize signal.  
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4.4 Results 

The goal of this project was to determine if any of the commonly-used detection 

methods for HNO may be optimized for quantitative detection (Table 4.1). Furthermore, 

a new fluorescence-based HPLC method was developed. Angeli’s salt was utilized as the 

HNO donor in all assays, which were carried out at physiological pH and ambient 

temperature.  

 

Table 4.1. Comparison of methods used for in the detection of HNO.  

Method HNO trap Detection 

Reductive nitrosylation metMb Absorbance 

NO-specific electrode Fe(CN)6
3- Electrochemical 

HPLC p-nitrosoanisole Absorbance 

HPLC GSH Absorbance 

HPLC GSH Fluorescence 

 

It should be noted that the rate constant for HNO dimerization (8 × 106 M-1s-1)2 was 

determined at 22°C while rate constants for HNO with metMb and GSH (8 × 105 M-1s-1 

and 2 × 106 M-1s-1, respectively)36 were determined at 37°C. However, previous 

evaluation of the rate constants for the dimerization of HNO at 22°C and 37°C provided 

similar values (2.5 × 106 M-1s-1 and 2.48 × 106 M-1s-1, respectively).35  

 

 



 

 

210

4.4.1 Reductive nitrosylation of metMb 

Reductive nitrosylation of metMb (Eq. 1.13; 8 × 105 M-1s-1)36 is a commonly and 

extensively reported method for HNO detection.37,38  

HNO  +  Fe(III)    →    Fe(II)NO + H+                                    (Eq. 1.13)             

The spectral shifts and high extinction coefficient make this reaction convenient to 

monitor spectrophotometrically (Figure 4.1), and the concentration of trapped HNO is 

determined by formation of MbNO (543 nm).  

 

Figure 4.1. Reductive nitrosylation of metMb (100 µM) by Angeli’s salt (100 µM) in 

assay buffer at 22.5oC under argon.  

 

Under aerobic conditions, the short lifetime of the ferric nitrosyl complex (Eq. 1.14) 

allows HNO to be readily distinguished from NO. However, oxidation of MbNO back to 

metMb will inhibit quantitative measurements. Deaerated conditions did not affect the 

rate limiting step of this assay, which was the decomposition of Angeli’s salt (Table 4.2). 
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Table 4.2. Comparison of rate constants for decomposition of Angeli’s salt (100 µM) in 

the presence of absence of metMb (100 µM) at pH 7.4, 22.5oC (n = 3 ± SEM).  

Experiment kobs (s-1) 

Angeli’s salt decomposition (air) 5.4 ± 0.02 × 10-4 

Angeli’s salt decomposition (deaerated) 4.5 ± 0.24 × 10-4 

Angeli’s salt + metMb (air) 1.3 ± 0.16 × 10-3 

Angeli’s salt + metMb (deaerated) 6.3 ± 0.67 × 10-4 

 

Table 4.3 shows the resulting percentages of HNO trapped by metMb as a function of 

concentration of Angeli’s salt. At any concentration of Angeli’s salt used, 50-75% of 

HNO was trapped, likely due to competitive dimerization. The lower trapping with small 

concentrations of Angeli’s salt where dimerization would be reduced is a result of low 

sensitivity in the change in absorbance. Monitoring the Soret band of metMb (408 nm; ε 

1.5 × 105 M-1cm-1) or MbNO (420 nm; ε 1.29 × 105 M-1cm-1) may allow for detection of 

smaller concentrations of HNO, although a small difference in wavelength may be 

problematic.39 Optimization of the assay at 37°C could provide insight into the efficiency 

of the method at physiological conditions, compared to the ambient temperature studied 

here. The present method did not show quantitative trapping of HNO but is routinely 

used in qualitative analysis to assay the presence of HNO, particularly in probing HNO 

release from new donors (see Chapters 2 and 3).  
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Table 4.3. Results of reductive nitrosylation assay showing percent of HNO trapped as 

calculated from product concentration related to Angeli’s salt concentration.  

[Angeli’s salt], µM [MbNO]543, µM % trapped 

0 – – 

5 2.5 ± 0.40 50 ± 8.2 

10 5.6 ± 0.29 56 ± 2.8 

20 15 ± 0.95 76 ± 4.7 

25 17 ± 1.3 70 ± 5.1 

50 38 ± 1.4 76 ± 2.7 

100 73 ± 1.8 73 ± 1.8 

 

 

4.4.2 NO-specific electrode 

Outer-sphere electron transfer from HNO to ferricyanide (~104 M-1s-1)5 can be 

combined with direct methods for the detection of NO,40 such as electrochemical or 

chemiluminescence assays,41 which are compatible with biological samples. Using an 

NO-specific electrode, current response was detected upon addition of Angeli’s salt to a 

buffered solution of ferricyanide. The signals resulting from Angeli’s salt were then 

compared to calibration curves carried out with acidified nitrite42 (Eq. 4.1) or the NO-

donating NONOate, DEA/NO (Figure 4.2). 
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Figure 4.2. Calibration curve of NO-specific electrode using (A) acidified nitrite, as in 

Eq. 4.1 (fit equation: y = 1124.7x + 310.45; R2 = 0.99791) or (B) DEA/NO at pH 7.4. 

The concentration of NO was calculated by [DEA/NO] × 1.7 (fit equation: y = 78.09x + 

621.46; R2 = 0.9922). 

 

The rapid conversion of nitrite to NO under these conditions produced a sharp 

maximum current signal that decayed rapidly (Fig 4.3, red trace). NONOates decay to 

release nitrogen oxides over time, and hence their signal response has a longer temporal 

aspect (Figure 4.3, blue trace). To account for this temporal difference, a secondary 

calibration curve (Figure 4.2B) was carried out using the NO donor DEA/NO, which has 

a similar decomposition half-life to Angeli’s salt under physiological conditions.43  

A B 
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Figure 4.3. Response of NO specific electrode to similar concentrations of NO generated 

from nitrite in 0.1 M H2SO4 (pH 2, red trace) or 2.6 µM DEA/NO at pH 7.4 (blue trace). 

Traces were performed at ambient temperature with time zero as injection of NO donor 

and were representative of n ≥ 2 experiments. 

 

Previous analysis showed that the maximum current for 20 µM DEA/NO at pH 7.4 

corresponded to 1.5 µM NO when calibrated to nitrite, primarily due to diffusion or 

oxidation of NO over time.45 The current signals in Fig. 4.2B were also lower when 

compared to similar concentrations of NO generated from nitrite in Fig. 4.2A. The non-

zero intercept in these calibration curves could be attributed in part to the baseline drift 

associated with these Clark-type electrodes, even in the absence of an NO source. Since 

the limit of detection for this instrument is reported as 200 nM, it is possible that low 

micromolar concentrations of donor, may result in neglible signal detected.46 
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When decomposition of Angeli’s salt occurred in the presence of ferricyanide, the 

resulting signals were not comparable to similar concentrations of DEA/NO (Figure 4.4). 

This could be attributed to incomplete oxidation of HNO to NO by ferricyanide (Eq. 

1.16) or to reaction of HNO with NO (Eqs. 1.18-20).10  

 

Figure 4.4. Signal responses from an NO-specific electrode for 2.6 µM DEA/NO (red 

trace) and 6 µM Angeli’s salt in the presence of 1 mM ferricyanide (blue trace). 

Measurements were performed at pH 7.4 and ambient temperature and were 

representative of n ≥ 2 trials. 

 

Similarly to the reductive nitrosylation assay, this methods provides useful qualitative 

information regarding nitrogen oxide release from donors but could not be optimized for 

quantitation. Future experiments could be carried out under deaerated conditions to 

prevent autoxidation as a competing reaction. 
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4.4.3 HPLC: nitrosoarene trap 

Cupferron (N-nitroso-N-phenylhydroxylamine ammonium salt; C6H5N(O)NO- NH4
+) 

and its derivatives have a long history as analytical tools, finding utility as metal 

chelators47 and NO donors.48 Electrochemical studies indicated that cupferron could be 

formed from NO and nitrosobenzene through a nitrosyl derivative of N-nitroso-N-

phenylhydroxylamine.49 Three decades later, nitrosobenzene was employed as an HNO 

trap by Nagasawa and coworkers (Eq. 4.2).25 HNO was viewed as a simplified nitroso 

species and was thus anticipated to react analogously to C-nitroso compounds in the same 

reaction. Metal complexes of the cupferron product were analyzed by reverse-phase 

HPLC using 85% aqueous acetonitrile as the eluant followed by detection at 288 or 310 

nm. 

 

The yields of HNO, indicated by cupferron formed, were 50-65%, depending on the 

HNO donor used.25 However, the poor aqueous solubility of nitrosobenzene hindered 

further development, and prior optimization using other nitrosoarenes had not been 

reported prior to the present work.  

In collaborative efforts with the Keefer group at NCI-Frederick the application of p-

nitrosoanisole as an HNO trap was examined (Table 4.4). The yields of the 

methoxycupferron (MeOCf) product as a function of Angeli’s salt concentration were 

lower than those from the reductive nitrosylation assay (Section 4.4.1). 

 

(Eq. 4.2) 
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Table 4.4. Trapping efficiency of HPLC-based method using p-nitrosoanisole (100 µM).  

[Angeli’s salt], µM [MeOCf], µM % HNO trapped 

0 – – 

5 1.5 ± 0.46 30 

10 3.1 ± 0.16 31 

20 6.6 ± 1.05 33 

25 9.8 ± 0.97 39 

50 23 ± 4.1 46 

100 39 ± 14.5 39 

 

A higher concentration of trapping agent (1 mM) resulted in more efficient apparent 

scavenging (Table 4.5). Triplicate measurements were not collected for 10 µM Angeli’s 

salt due to instrument malfunction. 

Although nitrosobenzene reacts with HNO,25 reaction of NO with nitrosoarenes is 

also well documented.50,51,52 To study this, control reactions of p-nitrosoanisole with 

DEA/NO produced methoxycupferron and diethylnitrosamine (data was carried out in the 

Keefer lab and is not shown). Chemiluminescence data suggested the direct reaction of 

nitrosoanisole with the HNO donor Angeli’s salt, through a formal NO- group 

abstraction, instead of electrophilic attack by HNO on the nitroso moiety. Product 

analysis of this direct reaction still resulted in formation of the methoxycupferron adduct 

and nitrite.  
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Table 4.5. Trapping efficiency of HPLC-based method using p-nitrosoanisole (1 mM).  

[Angeli’s salt], µM [MeOCf], µM % HNO trapped 

0 – – 

5 1.9 ± 1.34 39 

10 7.1 71 

20 12.6 ± 2.37 63 

25 19 ± 0.8 76 

50 46 ± 2.7 93 

100 99 ± 10.8 99 

 

To better investigate the limitations of this assay, non-NONOate classes of HNO 

donors53 could be employed to see if the same lack of selectivity persists. If their 

performance as HNO traps from other donors proves efficient, nitrosoarenes could be 

used in the routine analysis of donor profiles from potential HNO donors. 

 

4.4.4 HPLC: GSH trap  

Based on the reactivity of HNO with thiols, an HPLC method has been developed to 

detect HNO-modified thiols (Eqs. 1.3-5) using GSH as a prototypical thiol.56 In the 

presence of excess thiol (Eq. 1.4), the disulfide and hydroxylamine are formed. An 

irreversible rearrangement through a sulfiminium intermediate can also occur (Eq. 1.5) to 

produce sulfinamide.54 This assay differentiates GS(O)NH2, GSSG, GSNO, nitrite and 

nitrate,56 with the sulfinamide acting as a selective marker for HNO.54,56 Detection of 
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GS(O)NH2 has also been used as a marker for HNO production from several proposed 

biological pathways, including thiol-mediated decomposition of S-nitrosothiols55 and 

peroxidase-driven oxidation of hydroxylamine (NH2OH),68 an end product of the reaction 

between GSH and HNO (Eq. 1.4).  

Literature results demonstrate comparable quantitative trapping of HNO using excess 

thiol.56 Although the reaction rates of HNO with metMb and GSH are similar at 37°C (8 

× 105 M-1s-1 vs. 2 × 106 M-1s-1, respectively),36 a major advantage of the GSH method is 

that detection is not limited by quantity of trapping agent employed due to lower 

absorptivity of GSH compared to metMb. HPLC separation and detection at 208 nm 

provide well separated metabolites. Sample chromatograms of standards analyzed by this 

method are provided below, and the first measurements of GSH metabolites in cultured 

cells using this protocol are presented in Section 4.4.5.2. 

In the current separation, GSH elution at 14 min was well separated from other GSH-

derived metabolites, such as GSSG, GSNO, and GS(O)NH2 (Figure 4.5).56  

 

Figure 4.5. HPLC chromatogram of GSH (25 nmol; 250 µL inection volume of 100 µM) 

analyzed by UV detection. 
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Under biological conditions, exposure to HNO donors converted GSH to both 

GS(O)NH2 and GSSG, often with the product distribution dependent on thiol 

concentration. The presence of two reaction pathways complicates the quantitative 

analysis of products, requiring the measurement of both GSSG and GS(O)NH2. In 

biological systems where the concentration of GSH is 1-10 mM and HNO concentrations 

are likely in the nanomolar range, changes in reactant GSH concentrations may be quite 

small and difficult to detect. 

A peak for sulfinamide (4.5 min; Figure 4.6) was evident in this separation, but 

quantitation was non-trivial due to lack of an authentic standard. All reports of 

sulfinamide from these methods are provided as the resulting peak area detected instead 

of concentrations.  

  

Figure 4.6. HPLC chromatogram showing sulfinamide generated from the reaction of 

Angeli’s salt and GSH (100 µM each) at pH 7.4, 37°C for 1 h. GSSG is also detected.  

 

Since product distribution in the reaction of GSH with HNO is dependent on thiol 

concentration, products from the reaction in the presence of excess GSH were analyzed 
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(Figure 4.7). GS(O)NH2 (4.5 min) and GSSG (33 min) were well separated, indicating 

the utility of this method in detecting HNO-modified biomolecules.   

 

Figure 4.7. Chromatogram showing the products from the reaction of Angeli’s salt (100 

µM) and GSH (1 mM), incubated at pH 7.4, 37oC for 1 h before analysis by literature 

HPLC assay. 

 

Calibration with authentic glutathione sulfinamide is also currently non-trivial. This 

species can be formed from the reduction of GSNO using NaBH3CN54 but pure samples 

have yet to be isolated. The lack of a pure standard hindered generation of calibration 

curves for GS(O)NH2, leading to questions regarding the actual concentration of 

sulfinamide produced from reactions of GSH and Angeli’s salt. For example, using an 

excess of Angeli’s salt to fully convert GSH to GS(O)NH2 required the assumption that 

HNO released reacted only with GSH to form GS(O)NH2 and GSSG. While this HPLC 

method is useful in detection of the unique sulfinamide signal, it cannot yet provide 

quantitative data. Detection of endogenously-produced HNO may require a lower 

detection limit, and smaller signals may not be observable with the poor baseline.   
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4.4.5 HPLC: OPA-GSH conjugation 

While the previous HPLC method56 is useful in detecting sulfinamide and GSSG, the 

UV-based detection creates the possibility of large background interference in biological 

systems while the solvent gradient yields a noisy baseline that can be unsuitable for 

quantitation in complex sample matrices.  

Currently, the limit of detection for chemically-generated (GS(O)NH2) from this 

method is 50 pmol,56 but an improved method would lower the detection limit and 

decrease background interference. Furthermore, the literature assay has not detected new 

possibilities for biomarkers of HNO, such as other oxidized thiols. Ideally methods to 

detect other oxidized thiols, such as sulfenic (RSOH), sulfinic (RSO2H), and sulfonic 

(RSO3H) acids, in addition to sulfinamide, would exist.  

In the presence of reactive oxygen (ROS) or nitrogen (RNS) species, sulfinamide may 

be an intermediate in reaction resulting from other oxidized thiol products (Figure 4.8).57  

 

Figure 4.8. Complexity of thiol modification. Sulfinamide is currently considered to be a 

selective biomarker of HNO.   
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Several oxidized derivatives of GSH are produced endogenously.58 GSSG is perhaps 

most common and can be recycled by GSH reductase. Glutathione sulfonamide can result 

from oxidation by hypochlorous acid produced by the enzyme myeoloperoxidase.59  

Development and optimization of an HPLC assay using fluorescence detection after 

conjugation with a fluorogenic reagent for detection of sulfinamide is presented with the 

ultimate goal of using this method to probe complex systems for endogenous HNO 

production. 

The assay was adapted from the literature detection of thiols using OPA (o-

phthaldehyde) as a fluorogenic derivatizing agent and modified for detecting sulfinamide. 

Originally reported by Roth in 1971 for the detection of amino acids (Scheme 4.4),60 

subsequent studies have explored the use of this reaction with a variety of substrates (see 

reference 61 for review). OPA reacts with the primary amine of amino acids in the 

presence of an additional thiol reagent to form a fluorescent 2-thioalkylisoindole.  

 

Scheme 4.4. Reaction of OPA with the amine of an amino acid (red) and thiol (blue) to 

produce a fluorophore. 

 

This methodology has also been used to directly detect GSH, where it can react 

directly with OPA as a heterobifunctional reagent (Scheme 4.5).62,63  



 

 

224

 

Scheme 4.5. Reaction of GSH with OPA to form a fluorescent adduct.  

 

Oxidized derivatives, such as GSSG64 and GSNO,65 have also been analyzed by 

similar methods in a variety of tissues (e.g., liver homogenate, red blood cells, bile).66 

However, detection of GS(O)NH2 following OPA derivatization has not been explored. A 

GSH detection method using OPA31 was optimized to detect sulfinamide as a selective 

biomarker of HNO with improved sensitivity over the literature HPLC method.56 

Comparisons of this new assay to the literature method in the detection of HNO-modified 

thiols were carried out on chemical samples and cultured cells. 

 

4.4.5.1 Analysis of standards by OPA method 

An initial spectrophotometric analysis (Figure 4.9) was carried out to determine the 

optimal reaction time for formation of the GSH-OPA adduct. Although the OPA reagent 

contained excess BME for all samples presented herein, the reaction of GSH with OPA in 

the absence of excess thiol proceeded with similar efficiency, as in Scheme 4.5 
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Figure 4.9. Time course of the reaction of GSH (1 mM) with the OPA reagent. The 

reaction was complete in <1 h at 25°C.  

 

Treatment with the OPA reagent followed by separation allowed spectrophotometric 

(340 nm; data not shown) and fluorometric (Figure 4.10) analysis of the GSH-OPA 

adduct, with the product eluting at 4.6 min.  

 

Figure 4.10. Chromatogram of 2 nmol GSH (20 µL of 100 µM) treated with OPA and 

detected by fluorescence (λex = 350 nm, λem = 420 nm). 

 

Calibration using GSH standards (2-100 µM) treated with the OPA reagent and 

detected by fluorescence showed a linear response (Figure 4.11). This range was 
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sufficient for analysis of chemical and cell samples. The detection limit for GSH was 

optimized to 10 pmol by employing dilute solutions and smaller injection volumes. 

Derivatization with OPA thus provided ten-fold higher sensitivity than direct detection of 

GSH. 

 

Figure 4.11. Calibration curve of GSH-OPA (0-100 µM; n = 3 ± SEM) by fluorescence 

detection (fit equation: y = 35.573x - 4.3505; R2 = 0.99992). 

 

For detection of sulfinamide, an initial time course was carried out to optimize the 

reaction time between Angeli’s salt and GSH (Figure 4.12). Upon the loss of the 250 nm 

peak for Angeli’s salt in the presence of GSH (1600s), the OPA reagent was added to 

produce a chromophore absorbing at 340 nm. Compared to the GSH-OPA adduct, the 

GS(O)NH2-OPA species had a lower absorbance at comparable concentrations. This 

could be due to lower efficiency in forming the OPA adduct or to a smaller extinction 

coefficient. Regardless, the signal intensity was sufficient to warrant moving forward 

with fluorescence-based HPLC analysis. 
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Figure 4.12. Spectral changes during decomposition of Angeli’s salt (100 µM) in the 

presence of GSH (100 µM) carried out in assay buffer and upon addition of OPA reagent 

at 1600 s.  

 

Fluorescence analysis after HPLC separation of the reaction mixture showed a unique 

split peak eluting near 19 min (Figure 4.13), which was attributed to sulfinamide, 

generated from the reaction of GSH with HNO from Angeli’s salt followed by treatment 

of OPA reagent, based on comparison to controls. This peak was not seen upon using 

OPA to treat samples of GSH, GSH treated with decomposed Angeli’s salt, or either 

fresh or decomposed Angeli’s salt. Sulfinamide was independently synthesized from the 

reduction of GSNO using NaBH3CN, and while the sulfinamide peak was seen at low 

intensity, many other signals were observed. In Fig. 4.13, the small peaks at retention 

times between those of GSH and GS(O)NH2 could potentially be unique HNO-modified 

thiol derivatives such as oxidized species.  
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Figure 4.13. HPLC chromatogram showing sulfinamide generated from the reaction of 

Angeli’s salt (100 µM) and GSH (100 µM) at pH 7.4, 37°C for 1 h and derivatized with 

OPA. 

 

Glutathione sulfonic acid (GSO3H) was identified based on comparison to an 

authentic standard. Sulfenic or sulfinic acids standards have yet to be examined. 

Structural investigation of the sulfinamide-OPA adduct was performed using LC-MS 

to support the reaction product using BME as the additional thiol reagent (Scheme 4.6).  

 

Scheme 4.6. Proposed reaction scheme to produce the GS(O)NH2-OPA adduct.  

 

GS(O)NH2 
GSH/GSSG 

GSO3H 

? 
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The data in Figure 4.14 was obtained using enhanced product ion mode (EPI, an 

MS/MS detection) in positive detection mode. This method was also used to analyze the 

split nature of the peak attributed to sulfinamide. The parent peak at m/z = 514 supported 

the anticipated GS(O)NH2-OPA adduct (Fig. 4.13), and fragmentation of the unresolved 

peaks was identical, suggesting existence of isomers. The peak at m/z = 437 

corresponded to a mass loss of 77, which matched cleavage of the original 

mercaptoethanol (–S(CH2)2OH) fragment, and the large peak at m/z = 419 was an 

additional loss of 18, which could correspond to loss of H2O from the m/z = 437 

fragment.  Complementary structural information, such as from NMR, was not obtained 

due to the large quantities of sulfinamide-OPA required for this method (micrograms) 

compared to the yield of adduct (pico- to nanomoles). 

 +EPI (514.60) CE (20): 28.980 to 29.629 min from Sample 9 (300uM_18ul_EPI_514only_50min_corr) of JanieS_209338.wiff (Turbo Spr... Max. 1.3e4 cps.

200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520
m/z, amu
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419.0
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422.0
514.0293.0265.0 401.0

344.1 497.0260.1 314.1 394.1290.1245.1215.0 371.1258.1 431.1376.1 449.0321.1 404.1350.0284.2 479.0302.1212.1 453.8 514.6

 +EPI (514.60) CE (20): 30.417 to 31.117 min from Sample 9 (300uM_18ul_EPI_514only_50min_corr) of JanieS_209338.wiff (Turbo Spr... Max. 2.9e4 cps.

200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520
m/z, amu

5000.0

1.0e4

1.5e4

2.0e4

2.5e4

2.9e4 419.0
437.0

422.0
293.0 401.0265.0 513.2314.1 497.0

344.1 371.1245.0 296.1 394.0217.1 290.1 449.1258.0 312.1 376.0 431.1321.1240.1 350.1 404.0 477.1270.1212.1 483.2468.3 504.7 519.2334.7 360.6

 

Figure 4.14. Mass spectrum of the isolated fraction of sulfinamide-OPA adduct (eluting 

near 18 min) of both peaks (panels A and B) after LC separation and analysis by tandem 

MS (EPI mode). 

A 

B 
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The requirement for BME in the OPA reagent causes GSSG to be reduced back to 

GSH (Eq. 4.3) and a mixed disulfide (R = -CH2CH2OH) such that a unique peak was not 

observed. 

GSSG + RSH →   GSH + GSSR                       (Eq. 4.3) 

When BME was not included in the OPA reagent, a peak was not obtained for GSSG 

standards due to the requirement of a free thiol to form the fluorescent species. 

In the presence of excess GSH (Figure 4.15), the sulfinamide peak area was of similar 

intensity to that produced from the reaction of equimolar Angeli’s salt and GSH (Fig. 

4.13). The GSSG/GSH has increased intensity but speciation cannot be elucidated 

without further work. 

 

Figure 4.15. HPLC chromatogram of Angeli’s salt (100 µM) and GSH (1 mM), 

incubated at pH 7.4, 37oC for 1 h followed by OPA derivatization.  

 

N-ethylmaleimide (NEM), a derivatizing agent that reacts selectively with the 

sulfhydryl moiety in GSH,67 inhibited reaction of GSH but not GSSG with OPA. Thus, 

although GSSG is not directly detected, the OPA analysis can be carried out on parallel 

samples treated and untreated with NEM to determine both free GSH and GSSG content. 

GS(O)NH2 
GSSG+GSH 
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This technique is commonly used to speciate total and oxidized glutathione content in 

biological samples.67 

The newly-developed OPA method detected smaller concentrations of analytes 

compared to the literature method (Table 4.6), despite the limitation of GSSG reduction. 

Detection limits were based on analysis of authentic standards. In the case of GS(O)NH2, 

an estimate based on incubations of varying concentrations of Angeli’s salt and GSH was 

used. This minimum detectable signal was translated into a concentration based on 100% 

conversion of Angeli’s salt to HNO followed by complete reaction with GSH. Although 

this does not provide a complete picture of reactivity, it allows for an upper limit of 

detectable signal. In fact, the true limit of detection would in fact correspond to lower 

concentrations of sulfinamide, further enhancing the applications of this method. 

 

Table 4.6. Comparison of detection limits for literature and OPA HPLC-based methods.  

Species Literature HPLC method OPA HPLC method 

GSH 50 pmol 2 pmol 

GS(O)NH2 ~2 nmol ~20 pmol 

GSSG 500 pmol Not detected 

 

In addition to the first report of sulfinamide derivatization by OPA, this method 

detected additional oxidized thiol species (Table 4.7) to provide complementary avenues 

to study HNO-modified biomolecules.  
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Table 4.7. Summary of the species currently separated by the OPA method with their 

respective retention times (tr) with addition of important observations.  

Compound tr (min) Comments 

GSH 4.6 Same with OPA ± BME 

GSONH2 (doublet) 18.8, 19.7 Peak at higher tr has larger area 

GSNO (without OPA) 1.9 Seen with UV but not fluorescence detection

GSNO (with OPA) 4.6 Reduced to GSH 

GSSG 4.6 Reduced to GSH 

GSO3H 7.9  

GSO2H Not yet detected Need standard 

GSOH Not yet detected Need standard 

 

Future method optimization could include investigation of adduct structure to 

determine a rationale for the large difference in retention times of the GSH-OPA adduct 

(as well as GSO3H and other oxidized adducts) and the GS(O)NH2-OPA adduct. Less 

sterically-bulky thiols (e.g., ethanethiol) could be used in the place of BME to more fully 

ascertain the GS(O)NH2-OPA adduct structure and to identify the nature of the isomers. 

Chromatographic conditions (gradient/solvent composition, column parameters) could be 

modulated to shorten analysis time. However, the assay in its current form demonstrated 

sufficient utility to probe its application to more complex samples.  
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4.4.5.2 Analysis of cancer cell samples by HPLC methods 

MCF-7 (breast cancer) and HT-29 (colon cancer) cell lines were selected for their 

rapid growth and relatively high concentrations of GSH. A sufficient number of cells (~5 

× 106 cells) were utilized to provide 1-2 mM GSH in the total volume of cells. Samples 

were treated as either whole cells or lysates. Since prior work demonstrated that lysis 

buffer interfered with detection of sulfinamide, cells were lysed by freeze-thaw cycles. 

As most of the donors are not cell permeable, it was anticipated that sulfinamide would 

be more readily observed in cell lysates, although HNO can diffuse into cells.  

Treating whole cells with donors while in buffer resulted in cells sloughing off the 

tissue culture dish, even for those left untreated. This may be due to the metal chelator 

present in the buffer, causing cells to detach from the dish during the 1 h incubation time 

in buffer. The experiment was repeated with the cells treated with donors while in media, 

as reported in the Experimental section. The cells were washed with PBS after treatment 

to avoid interference of the OPA reagent with amino acids in the medium. 

Whole cells treated with Angeli’s salt and analyzed by the HPLC assay with UV 

detection showed a small signal at a similar retention time to sulfinamide (Figure 4.16). 

While this peak area was larger for Angeli’s salt compared to other HNO donors, the 

poor baseline prevented conclusive identification as sulfinamide. 
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Figure 4.16. Representative HPLC chromatogram (n = 3) of MCF-7 cells treated with 

100 µM Angeli’s salt for 1 h at 37°C while in media.  

 

Upon examination by the OPA assay, a peak corresponding to sulfinamide (Figure 

4.17) was not observed, suggesting that diffused HNO may have been scavenged by other 

cellular components. The lower background interference for the OPA method allowed for 

more facile chromatographic analysis of complex cell samples.  

 

 

Figure 4.17. Representative HPLC chromatogram (n = 3) of MCF-7 cells treated with 

100 µM Angeli’s salt for 1 h at 37°C while in media and subjected to OPA conjugation 

before analysis. GSH eluted at ~5 min in this sample. 
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These chromatograms (Figs. 4.16 and 4.17) were more complex than those samples 

containing chemically-generated sulfinamide, and retention times shifted slightly 

compared to standards in PBS. However, relative peak migration times corresponded to 

standards. In addition to GSH, other species in the cell sample, such as amino acids, were 

observed but did not interfere with detection of desired analytes. Parallel analysis of 

donor-treated whole MCF-7 cells on the two HPLC detection methods showed no 

sulfinamide in any of the samples, although GSH, nitrate, and a small amount of GSSG 

were observed. 

In contrast to whole cells, treatment of MCF-7 cell lysate with Angeli’s salt showed 

significant sulfinamide when analyzed by the literature HPLC method (Figure 4.18). 

Additionally, there was a larger amount of GSSG present in the cell lysate samples, 

indicative of elevated reaction of GSH with HNO. Again, the baseline for this 

chromatogram prevented quantitation of these species. 

 

Figure 4.18. Representative HPLC chromatogram (n = 3) of MCF-7 cell lysate treated 

with 100 µM Angeli’s salt for 1 h at 37°C.  
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OPA conjugation also showed enhanced sulfinamide compared to treated whole cells 

(Figure 4.19), with the split peak appearing at 22.7, 23.8 min. Interestingly, the amount of 

GSSG detected (indicated by the peak at 5 min, after reduction to GSH by excess BME) 

was significantly lower than that observed in the same sample analyzed by direct 

detection (Fig. 4.18). This was not quantified but could be due to competitive formation 

of mixed disulfides prior to derivatization by OPA.  

 

Figure 4.19. Representative HPLC chromatogram (n = 3) of MCF-7 cell lysate treated 

with 100 µM AS for 1 h at 37°C before OPA conjugation and HPLC analysis.  

 

Exposure of MCF-7 cell lysates to HNO donors other than Angeli’s salt also 

produced detectable sulfinamide (Table 4.8). Quantitative data is not provided due to the 

difficulty in calibrating sulfinamide calibration. 

Angeli’s salt showed the highest production of sulfinamide. IPA/NO, generating NO 

as well as HNO, also produced detectable sulfinamide, as did HNO generated from 

peroxidation of NH2OH.68 Treatments with an NO donor (DEA/NO) or controls for the 

HNO donors (NH2OH + H2O2; NaOH) did not form GS(O)NH2. 

 

GSH GS(O)NH2 
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Table 4.8. Detection of sulfinamide by direct HPLC method (UV detection) in MCF-7 

cell lysates using a variety of donors.  

Treatment GS(O)NH2 detected 

100 µM Angeli’s salt (HNO donor) + 

100 µM IPA/NO (HNO + NO donor) + 

100 µM DEA/NO (NO donor) — 

250 µM NH2OH + 100 µM H2O2 (control) — 

5 µM metMb + 250 µM NH2OH + 100 µM H2O2 (HNO donor) + 

10 mM NaOH (vehicle control) — 

Untreated (control) — 

 

Similarly, sulfinamide was detected by the OPA assay in cell lysate samples (Figure 

4.20) treated with HNO donors (Angeli’s salt, IPA/NO, and metMb + NH2OH + H2O2).  

 

Figure 4.20. Summary of peak areas (n = 3 ± SEM) seen for GSH and GS(O)NH2 in 

MCF-7 cell lysates treated with different donors and analyzed by HPLC-OPA method.  
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It should be noted that all samples were stored at -80°C for several months prior to 

analysis, indicating that GS(O)NH2 was sufficiently stable for analysis in stored samples. 

However, to determine the effect of storage on these species, fresh MCF-7 cells should be 

treated and analyzed without freezing. The samples could be re-analyzed for GSSG 

content in the presence of NEM. From samples treated with HNO donors other oxidized 

thiols were not definitively observed, indicating they may be formed in quantities non-

detectable quantities. However, separation of these species even if they are not significant 

as HNO-modified biomolecules, is important to determine that they do not interfere with 

the desired detection.  

Similarly to MCF-7 cells, human monocytes (U-937 cells)33 were treated with HNO 

donors and analyzed for potential HNO biosynthesis, as studies have shown that iNOS 

expressed in different mammalian species results in important differences in the 

characteristics and effects of the NO synthesis.70 Cells were treated with exogenous HNO 

donors (Angeli’s salt) or NH2OH, which can be produced by catalytic turnover of NOS 

and oxidized to HNO in the presence of H2O2.
68 The results (Figure 4.21) were similar to 

the treatment of whole MCF-7 cells in that GSH was detected while sulfinamide was not. 

GSH levels in untreated cell lysate and whole cells (compare red and aqua bars) were 

similar.  
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Figure 4.21. GSH levels (indicated by peak area analyzed by HPLC OPA method) in 

whole U-937 cells treated with donors, where only one set of experiments is shown, and 

no signal was seen in the H2O2-treated sample.  

 

Experimental conditions should be optimized for endogenous HNO production. 

Additionally, lysates could be treated with donors to compare to results from MCF-7 

cells. Although HT-29 cells were treated and prepared for analysis, their investigation by 

either HPLC method has not yet been performed. 

 

4.4.5.3 Analysis of HNO biosynthesis from macrophages by HPLC methods 

To determine if HNO may be biosynthesized by NOS, sulfinamide production was 

investigated in murine macrophages where iNOS expression was induced by cytokines.34 

Lysis and analysis by the HPLC OPA method did not indicate sulfinamide formation 

(Figure 4.22).  
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Figure 4.22. GSH levels (indicated by peak area analyzed by HPLC OPA method) in 

RAW cells induced to produce NO.  

 

However, HNO could have been scavenged by the high local concentrations of NO 

produced from induction (Eqs. 1.18-20).10 Experimental conditions should be optimized 

to detect HNO, for example, during turnover with low cofactor or substrate 

concentrations.71 It would also be useful to analyze purified NOS to in this manner, 

followed by the OPA HPLC assay. 

 

4.5 Summary 

Reductive nitrosylation of metMb, which is commonly used to detect HNO, allows 

for convenient measurement of spectral shifts, but quantitative information was not 

obtained, even under deaerated conditions. The NO-specific electrode showed the lowest 

ability to quantify HNO from Angeli’s salt, since conversion of HNO to NO by 

ferricyanide produced significantly lower signal compared to calibration curves. UV 

detection to identify derivatives of GSH was limited by problems involving authentic 
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standards and baseline noise while the assay employing p-nitrosoanisole suffered from 

selectivity for HNO. 

A new fluorescence HPLC-based method was developed for the determination of 

glutathione sulfinamide. Treatment of cancer cell lines with exogenous HNO donors 

resulted in detection of sulfinamide after modification with the fluorogenic reagent OPA. 

Detection of endogenously-produced HNO from induction of iNOS may be possible but 

will require optimization of assay conditions.  

The promising results from treatment of MCF-7 cell lysate with donors in visualizing 

HNO-modified biomolecules demonstrated the utility of this newly-developed HPLC-

based method. Additional experiments utilizing cell-permeable HNO donors, potentially 

the O2-protected NONOates presented in Chapters 2 and 3, could enhance the signal of 

the GS(O)NH2 biomarker detected by this method.  
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5  INHIBITION OF ALDEHYDE DEHYDROGENASE  
BY HNO DONORS 

 

5.1 Alcoholism 

Alcoholism affects an estimated 20 million Americans and incurs extensive 

economic, medical, social and psychological consequences. Treatment and prevention of 

alcoholism is complicated by an incomplete understanding of disease etiology as well as 

social stigma. For 60 years, management of alcohol dependence has often included 

tandem pharmacotherapy and psychosocial interventions.1 Although progress has been 

made in both avenues, only three medications (naltrexone, acamprosate, disulfiram) are 

currently FDA-approved for clinical treatment of alcohol abuse and dependence in the 

United States. Naltrexone and acamprosate affect neurotransmission, leading to 

attenuation of the craving for alcohol,2 while disulfiram (Antabuse) directly obstructs 

alcohol metabolism by inhibiting hepatic aldehyde dehydrogenase (AlDH) activity.3 In 

the presence of ethanol, disulfiram increases acetaldehyde levels by inhibiting oxidation 

to acetic acid and thus induces unpleasant symptoms such as flushing, tachycardia, and 

nausea.4 These adverse physiological effects, known as the disulfiram-ethanol reaction 

(DER), deter continued consumption of alcohol through negative feedback.  

Disulfiram inhibits AlDH by diethylcarbamoylation of active site cysteines.1 This 

irreversible modification requires de novo protein synthesis for restoration of AlDH 

activity and can lead to significantly elevated acetaldehyde levels. Furthermore, 

disulfiram modifies thiols rather non-specifically, which can lead to undesirable side 

effects as well as considerable cardiac, hepatic, and neurological toxicity.5,6,7 That the 



 

 

243

effectiveness of disulfiram in causing alcohol aversion is also both variable and 

questionable for long-term outcome underscores the necessity for development of 

additional treatments.  

 

5.1.1 Treatment using cyanamide 

Cyanamide, which has been successfully used in pharmacological treatment of 

alcoholism,8,9,10 is also an alcohol deterrent agent and AlDH inhibition. While both 

disulfiram and cyanamide function by covalently modifying thiols, cyanamide must first 

be bioactivated to produce HNO as the active metabolite8,11,12 (Eq. 1.10).  

 

Since cyanamide (Section 1.2.4) may induce liver damage13,14 and can be rapidly 

cleared.15,16 Nagasawa and coworkers17 have been producing alternative HNO-releasing 

agents for pharmacotherapy of alcoholism for the past three decades. As cyanamide 

derivatives showed limited increase in extending the time course of AlDH inhibition 

compared to cyanamide,18 HNO donors without the cyanamide moiety became prevalent, 

which also avoids formation of cyanide as a byproduct. C-nitroso HNO donors were 

found to have limited in vivo efficacy, potentially due to lack of specificity for the liver 

and hence for AlDH.19,20 Such species have yet to provide the combination of high 

specificity, increased lifetime, and low toxicity desired in clinical application. 

 

(Eq. 1.10) 
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5.1.2 Inhibition of AlDH  

Pharmacological inhibition of enzymes has been employed in the treatment of 

numerous diseases besides alcoholism, such as cancer, where carbonic anhydrase has 

been targeted in limiting tumor growth,21 and hypertension, where angiotensin-converting 

enzyme (ACE) inhibitors exert antiatherosclerotic effects.22 Inhibition of AlDH has been 

associated with adverse effects, such as oxidative stress caused by increased acetaldehyde 

levels. However, it should be noted that higher levels of such reactive species are often 

caused by chronic and excessive alcohol consumption.23 

AlDH catalyzes the conversion of aldehyde (RCHO) to the corresponding carboxylic 

acids (RCOOH) using NAD+  as a cofactor (Eq. 1.15). 

     RCHO + NAD+ + H2O → RCOOH + NADH + H+                  (Eq. 1.15)   

 

AlDH active site 

The Cys302 residue in the active site of AlDH has been implicated as the critical site 

of inhibition.24 Inactivation of the enzyme through covalent modification impedes the 

second step in metabolism of ethanol to acetate (Eq. 5.1), causing an increase in blood 

acetaldehyde levels that is accompanied by unpleasant physiological effects. 

                                                  

 

 

 

(Eq. 5.1) 
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HNO and thiols 

HNO can modify thiols (RSH) both reversibly and irreversibly, depending on reaction 

conditions or environment. Initial association produces an unstable N-

hydroxysulfenamide intermediate (Eq. 1.3). Interaction of this adduct with low-molecular 

weight thiols such as glutathione (GSH)25,26 or with neighboring protein thiols leads to 

reduction of HNO to hydroxylamine and to thiol oxidation (Eq. 1.4). Reduction of the 

resulting disulfide then can regenerate the resting state thiol in proteins. Irreversible 

modification occurs through isomerization of the N-hydroxysulfenamide to a sulfinamide 

(Eq. 1.5), which does not participate in the normal thiol recycling process.27 Since both 

reactions proceed through a common intermediate, the product ratio is dependent on thiol 

concentration with irreversible inhibition favored at low thiol levels or by inaccessible 

protein environments.  

Given that both HNO and disulfiram react rather broadly with thiols, the lower side 

effects of cyanamide compared to disulfiram may arise in part from bioactivation of 

cyanamide in close proximity to AlDH. 

Amine-based diazeniumdiolates (NONOates)28,29,30 have been used extensively in 

chemical, biochemical, cellular and in vivo experiments,31 although their previous utility 

as AlDH inhibitors has not been extensively explored.37 Primary amine NONOates 

release HNO and could inhibit AlDH via thiol modification.  

The goal of this project was to investigate the utility of HNO-releasing NONOates in 

the inhibition of AlDH. Initial biochemical studies using purified enzyme were examined, 
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and the pharmacological relevance of these compounds was demonstrated using a mouse 

model for in vitro and in vivo analysis. 

 

5.2 Experimental 

5.2.1 Chemicals 

Angeli’s salt, DEA/NO, and IPA/NO were synthesized and utilized as previously 

described,29,32 with concentrations determined from the extinction coefficients at 250 nm 

(ε of 8000 M-1 cm-1 for Angeli’s salt or DEA/NO,29 and 10,000 M-1 cm-1 for IPA/NO32). 

AcOM-IPA/NO was synthesized as described in Chapter 2,33 and stock solutions were 

prepared with 10% DMSO in PBS or saline.  

Unless otherwise noted, reagents were purchased from Sigma-Aldrich and used 

without further purification. Stock solutions were prepared fresh daily at 100× in MilliQ 

or Barnstead Nanopure Diamond filtered H2O unless specified. All reactions were 

performed at 37°C unless otherwise noted. Figures are representative data sets, each from 

n ≥ 2 individual experiments.  

 

5.2.2 Instrumentation 

UV-visible spectroscopy was performed with a Hewlett-Packard 8453 diode-array 

spectrophotometer, Shimadzu UV 1601, or Molecular Devices SpectraMax 190 plate 

reader. Measurements of pH were made with a ThermoElectron Orion 420A+ or Oakton 

pH 1100 series pH meter.  
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5.2.3 Inhibition of yeast AlDH 

In a modified procedure,19 AlDH from Baker’s yeast (1 U) was preincubated for at 

37°C in a primary reaction mixture containing 100 mM potassium phosphate buffer (pH 

7.4) with inhibitor at varying concentrations, in a total volume of 0.2 mL. At time points 

sufficient to decompose the NONOate and consistent with the protocol (10 min for 

Angeli’s salt, IPA/NO and DEA/NO; 2 h for AcOM-IPA/NO), the primary mixture was 

added to a cuvette containing 0.5 mM NAD+, 1.0 mM EDTA, 30% glycerol and 90 mM 

potassium phosphate buffer (pH 8.0) in a final volume of 2.0 mL. This secondary 

reaction was initiated by the addition of benzaldehyde (0.6 pmol; 0.12 µL). Yeast AlDH 

activity was determined at 25°C by following the increase in absorbance at 340 nm over 

time and normalizing to protein content (1.51 U/mg; 8.8% protein content).  

 

5.2.4 Animal studies 

Fed male Swiss Webster mice (6-14 weeks; Charles River Laboratories, Wilmington, 

MA) were used for in vivo experiments and as sources of liver tissue for in vitro analysis. 

All animals were housed in an environmentally controlled room with 12 h light/dark 

cycle and allowed free access to food (8604 Teklad Rodent, Harlan, Indianapolis, IN) and 

water. Experimental protocols were approved by the Institutional Animal Care and Use 

Committee of University of Kansas Medical Center and followed the criteria of the 

National Research Council for the care and use of laboratory animals in research.  
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In vitro inhibition of AlDH  

AlDH activity was determined using the supernatant from liver homogenate samples. 

Frozen liver samples were homogenized using four volumes of ice-cold 0.1% Triton X-

100 using a Potter-Elvejhem homogenizer and four passes of the pestle. The homogenate 

was centrifuged (30 min, 10000 g, 4°C), and the supernatant was used for experiments, 

discarding the pellet. 

Homogenate (12.5 µL; 0.35-0.5 mg protein) was pre-incubated in 100 mM phosphate 

buffer (pH 7.4) containing 1 mM EDTA, 1 mM NAD+ and 2 mM pyrazole. Inhibitors of 

AlDH (e.g., cyanamide, NONOates) were also pre-incubated with the sample for 30 min 

or 1 h. Dose-response experiments were carried out with cyanamide (1-100 µM), 

Angeli’s salt (1-100 µM), AcOM-IPA/NO (1-100 µM), IPA/NO (1-250 µM), DEA/NO 

(0.5-500 µM), and 10 mM NaOH (vehicle control; 1-15 µL). Controls without inhibitors 

were carried out to ensure direct comparison of enzyme activity under these conditions.  

After initial studies in a 1 mL cuvette, the assay was optimized for a plate reader (250 

µL wells). To initiate the reaction, propionaldehyde (2.5 mM) was added, and the 

reaction was followed spectrophotometrically for 20 min at ambient temperature, with 

increase in absorbance at 340 nm indicative of NADH formation. Propionaldehyde has 

been shown to have similar kinetics to acetaldehyde in this reaction,34 and due to its 

lower volatility, it was also easier to manipulate experimentally. AlDH activity was 

expressed as nmol NADH produced/min/mg protein. 
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In vivo studies 

Mice were injected intraperitoneally (i.p.) with NONOates (AcOM-IPA/NO dissolved 

in 10% DMSO in saline, or Angeli’s salt in 10 mM NaOH neutralized with an equal 

volume of 10 mM HCl immediately before injection) at either 100 mg/kg (AcOM-

IPA/NO, Angeli’s salt) or 30 mg/kg (Angeli’s salt). Cyanamide (50 mg/kg in saline) was 

used as a positive control for AlDH inhibition. Allyl alcohol (60 mg/kg in saline) was 

injected 1 h after cyanamide or NONOate injection.  Animals were sacrificed by cervical 

dislocation under isoflurane anesthesia at time points (0.5, 1, 2 h) after administration of 

allyl alcohol. Blood was collected into heparinized syringes and centrifuged (2 min, 

18000 g, 4°C) to collect plasma. The liver was removed and rinsed in saline, and liver 

sections were fixed in 10% phosphate-buffered formalin for histological analyses. The 

remaining liver lobes were frozen in liquid nitrogen and stored at −80°C. 

Hepatic GSH levels were determined by a modified Tietze method.35,36 Briefly, 

frozen tissue was homogenized at 0°C in 3% sulfosalicylic acid (SSA) containing 

0.1 mM EDTA. After dilution with 0.01 N HCl, samples were centrifuged, and the 

supernatant was diluted with 100 mM potassium phosphate buffer (KPP, pH 7.4). The 

samples were assayed spectrophotometrically at 412 nm after reaction with 

dithionitrobenzoic (DTNB) acid for 10 min. Data are expressed in GSH equivalents 

(µmol/g liver). Protein concentrations were determined by bicinchoninic assay 

(ThermoScientific Micro BCA Protein Assay Kit) with bovine serum albumin as a 

standard and were calculated as mg/mL. Plasma alanine aminotransferase (ALT, IU/L) 

was determined using the Pointe Scientific Liquid ALT (SGPT) Reagent Set. Formalin-
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fixed tissue samples were embedded in paraffin for histological analysis, and 5 µm 

sections may be cut for future analysis. 

 

5.3 Results 

5.3.1 Inhibition of yeast AlDH 

The utility of HNO-donating NONOates as inhibitors of AlDH activity was 

investigated using purified yeast enzyme. The production of NADH (Eq. 1.15), measured 

spectrophotometrically at 340 nm, is diminished by AlDH inhibitors (Figure 5.1).  

   

Figure 5.1. Representative trace for determination of AlDH activity in the (A) absence or 

(B) presence of 10 µM Angeli’s salt, measured spectrophotometrically (340 nm) as in the 

Experimental section.  

 

Of the inhibitors examined (Figure 5.2), Angeli’s salt (blue bars) showed the highest 

effect. The enzyme showed some sensitivity to incubation time (approximately 25% 

reduction in activity (compare red and pink bars) during 2 h incubation at 37°C). Co-
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incubation of Angeli’s salt with GSH negated enzyme inhibition (gray bar). IPA/NO (a 

dual donor of HNO and NO; purple bar) and its prodrug AcOM-IPA/NO (primarily HNO 

release; orange bar) both inhibited the enzyme to varying levels due to higher release of 

HNO from AcOM-IPA/NO (see Chapter 2). Incubation with an NO donor (DEA/NO) 

diminished enzyme activity (green bar) only slightly compared to basal levels. In order to 

elicit the same inhibition as 10 µM Angeli’s salt, 1 mM cyanamide, co-incubated with 

catalase, glucose, and glucose oxidase for oxidation to the active metabolite,37 was 

required (data not shown).  

 

Figure 5.2. Effect of donors on AlDH inhibition (n = 3 ± SEM) with the incubation times 

given. AlDH activity was measured in the Experimental section at pH 8, 25°C.  

 

To determine if the enzyme was inhibited reversibly, the dependence of inhibition on 

GSH was examined (Figure 5.3). Over 24 h, the exogenous thiol stabilized enzyme 

activity (compare red to blue bars). With Angeli’s salt, addition of GSH did not restore 

activity (green vs black bar at 0 h). After 24 h, AlDH was still inhibited by Angeli’s salt, 
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with only a slight recovery of activity in the presence of a large excess of thiol (green vs 

black bar at 24 h). This experiment suggested that the enzyme was primarily inhibited by 

irreversible formation of sulfinamide (Eq. 1.5). The small restoration of activity at 24 h in 

the presence of excess GSH may be due to minor formation of the disulfide (Eq. 1.4).  

 

Figure 5.3. Reversibility studies on AlDH activity carried out with GSH (1 mM) and 

Angeli’s salt (10 µM) (n = 3 ± SEM). Enzyme activity was assayed at 0 or 24 h. Where 

indicated, Angeli’s was incubated with AlDH for 10 min before GSH was added. AlDH 

activity was measured in the Experimental section at pH 8, 25°C.  

 

The effect of donors on inhibition of AlDH in purified yeast AlDH and in mouse liver 

homogenate was compared in a dose-dependent manner (Table 5.1). Cyanamide requires 

bioactivation in order to release HNO and effectively inhibit AlDH; thus, catalase and 

other components must be added to the reaction mixture when inhibiting purified yeast 

AlDH.37 Under these conditions 1 mM cyanamide completely abolished AlDH activity,37 



 

 

253

and incubation of yeast AlDH with rat liver mitochondria has been shown to yield an IC50 

for cyanamide of 7.8 µM.38 Angeli’s salt inhibition correlated well with the reported 

value (2.8 µM).37 For AcOM-IPA/NO the IC50 value was between 1-2 µM. The 

comparable value to Angeli’s salt indicated that these compounds produced similar fluxes 

of HNO. In the presence of PLE, the inhibition of yeast AlDH by AcOM-IPA/NO was 

similar to IPA/NO, as anticipated (Chapter 2).33 Higher concentrations (~15 µM) of the 

dual donor IPA/NO were required to effectively inhibit AlDH. The IC50 of DEA/NO in 

purified yeast AlDH was >200 µM, the highest concentration examined.  

 

Table 5.1. Summary of IC50 values of compounds in yeast AlDH and mouse liver 

homogenate. (* literature values in the presence of rat liver mitochondria38). 

compound Yeast AlDH Mouse liver homogenate 

cyanamide 7.8 µM* < 5 µM 

Angeli’s salt 2.5 µM 25 µM 

AcOM-IPA/NO 1-2 µM < 25 µM 

IPA/NO 15 µM 25 µM 

DEA/NO > 200 µM 50 µM 

 

A full dose-response for DEA/NO would be useful to determine how an NO donating 

NONOate interacts with the enzyme. Additionally, while 1 mM cyanamide has been 

shown to fully inhibit yeast AlDH in the presence of catalase, a full dose-response has not 
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been reported. This information would be useful to compare to HNO-releasing 

NONOates. 

 

5.3.2 Mouse liver homogenate 

The complexity of tissue homogenate compared to purified yeast AlDH allowed for 

analysis of donor efficacy prior to in vivo experiments. These studies were carried out in 

the lab of Prof. Hartmut Jaeschke (Department of Pharmacology, Toxicology & 

Therapeutics, University of Kansas Medical Center, Kansas City, KS). Cyanamide was 

employed in these studies as a positive control, with the resulting IC50 < 5 µM.  This was 

comparable to prior studies in preparations containing catalase,39,40 isolated rat 

hepatocytes41 or mitochondria.42  

For Angeli’s salt the IC50 (~50 µM) was over ten-fold higher than the value obtained 

in purified yeast AlDH (2.5 µM). The more complex mixture could present alternate 

targets for HNO, or differences in the active sites of yeast and mouse liver AlDH may 

exist,43 as demonstrated by the lack of enzyme activity with benzaldehyde as a substrate 

in mouse liver homogenate compared to purified yeast AlDH. Reactions were not carried 

out to investigate the activity of yeast AlDH with propionaldehyde as a substrate 

compared to benzaldehyde, as used in the Experimental section.  

For IPA/NO, the IC50 of 25-50 µM was also higher than for yeast AlDH and 

comparable to Angeli’s salt. Previous studies have shown that IPA/NO acts primarily 

only as an HNO donor in blood32 which may be the case in liver homogenate. 
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AcOM-IPA/NO, which has a half-life approximately 20-fold longer than Angeli’s salt 

or IPA/NO at pH 7.4, 37°C,33 was incubated with tissue homogenate to determine if 

longer HNO release or cellular localization led to enhanced inhibition. For incubations 

carried out at 30 min, the IC50 (25 µM) was similar to other NONOates examined. For the 

longer incubation (Figure 5.4), AlDH inhibition was apparently more efficient, with an 

IC50 > 10 µM. Except at high concentrations of donor, AlDH activity was similar for the 

two time points, with slightly lower activity at a longer incubation potentially attributed 

to protein degradation as the AlDH activity of untreated homogenate at 1 h was slightly 

lower than at 30 min. 

Similar to the results in yeast AlDH with PLE, decomposition of the O2-

acetoxymethyl derivative may be esterase-mediated.33 AlDH in the liver of several 

species, including humans, has been shown to have esterase activity with distinct ester 

and aldehyde binding sites,44,45 providing opportunity for hydrolysis of AcOM-IPA/NO to 

IPA/NO. The enhanced inhibition for high concentrations of donors could be explained 

by the lower flux of HNO released, resulting in less dimerization, such that HNO may be 

efficiently sequestered by targets. Concentrations between 10-25 µM were not analyzed 

for this compound, but the time-dependent inhibition of AlDH by AcOM-IPA/NO could 

be analyzed in the future. 
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Figure 5.4. Dose response curve for AlDH activity as a function of AcOM-IPA/NO 

concentration as co-incubated in the homogenate for 30 min (red) or 1 h (blue) at 37°C 

(mean ± SEM for n ≥ 3). 

 

The IC50 for DEA/NO (>50 µM) was lower in mouse liver homogenate than in yeast 

(>200 µM). While NO does not react directly with thiols in buffer, the presence of 

enzymes and other redox agents in the system could induce S-nitrosation of the cysteine 

active site under these conditions, as has recently been shown to occur with GADPH 

(glyceraldehyde-3-phosphate dehydrogenase).46 The vehicle for ionic NONOates had 

limited effect at volumes comparable to those used for the in vitro experiments (< 10 µL). 

A vehicle control was not carried out for AcOM-IPA/NO as the effective vehicle in these 

experiments was < 0.1% DMSO in PBS. 

That these ionic NONOates inhibited AlDH in vitro both in yeast and mouse liver 

homogenate presented evidence for the therapeutic benefit of this class of compounds. 

Cyanamide, a clinically-used AlDH inhibitor, was ten-fold more potent than the 
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NONOates investigated in vitro, but these NONOates still inhibited the enzyme at 

micromolar concentrations and could exhibit lower toxicity due to their lack of cyanide 

release. 

 

5.3.3 Animal studies 

Based on the efficacy of HNO-releasing NONOates in the inhibition of yeast AlDH, 

their potential therapeutic utility was analyzed in a mouse model. As mice are generally 

resistant to ethanol feeding, and challenge models require extensive time and space for 

adequate results,47 an alternative method developed by Jaeschke et al.50 involving a single 

intraperitoneal dose of allyl alcohol was utilized. Metabolism of allyl alcohol (Eq. 5.2) by 

alcohol dehydrogenase produces the hepatotoxin acrolein, a reactive α,β-unsaturated 

aldehyde which depletes GSH levels via glutathione-S-transferase catalyzed 

conjugation.48,49,50  

 

Acrolein can also be further oxidized by AlDH to acrylic acid. This oxidation is 

considered a detoxification reaction since inhibition of AlDH with cyanamide has been 

shown to increase depletion of GSH and enhances toxicity of allyl alcohol.50 Thus, GSH 

levels could function as an indicator for AlDH inhibition in vivo.  

In addition to assessing the effectiveness of inhibition of alcohol metabolism, existing 

protocols for the evaluation of drug-induced liver injury were used to compare the 

toxicity of acrolein to that of NONOates.50 The timing and severity of liver injury upon 

(Eq. 5.2) 
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administration of NONOates with or without allyl alcohol challenge was estimated from 

elevation of plasma ALT levels as measured with a commercially available kit. 

Significant liver injury was not observed by these assays, and the data is not presented 

here. 

In vivo studies were carried out to investigate the effects of NONOates that showed 

efficacy for AlDH inhibition in vitro. In these experiments, mice were pre-treated with 

AlDH inhibitors followed by allyl alcohol challenge. The anticipated effect of this 

method (Figure 5.5) was that treatment with allyl alcohol, forming acrolein, would 

diminish hepatic GSH levels through electrophilic attack. In the presence of an AlDH 

inhibitor, the detoxification of acrolein is minimized, resulting in a greater concentration 

that enhances GSH depletion. Additionally, it is expected that HNO donors showing 

efficacy in inhibiting AlDH in vitro should also show decreased enzyme activity in vivo. 

Finally, ALT activity, a marker of acute liver injury through damage of hepatocytes 

in the periportal region, was not anticipated to be greatly elevated by the dose and time 

course utilized;50 although ALT activity in plasma was measured for each sample, 

significant increases were not observed and the data is not presented. Tissues samples for 

histological analysis were also obtained, and future analysis could be carried out on 

embedded samples. Thus, AlDH activity and GSH levels in liver tissue were used as 

markers to probe the efficacy and potential toxicity of NONOates as compared to 

cyanamide in vivo. 
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Figure 5.5. Hypothesis for effect of AlDH inhibitor upon allyl alcohol challenge results 

in decreased GSH levels compared to active AlDH. 

 

Initial experiments were performed using two doses of allyl alcohol (30 mg/kg or 60 

mg/kg) combined with cyanamide (50 mg/kg). Cyanamide was administered 1 h before 

allyl alcohol, and mice were sacrificed at 30 min (data not shown) or 1 h after in order to 

determine an initial time course for the changes in AlDH and GSH (Figure 5.6).  

Although fluctuations occurred within the group treated with allyl alcohol only, 

substantial decreases in AlDH activity (Fig. 5.6A) were seen in mice pre-treated with 

cyanamide in the presence or absence of allyl alcohol (Fig. 5.6A; similar heights of 

green, purple, gray bars). This in vivo AlDH inhibitor served as the positive control for 

enzyme inhibition and validated the method.  
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Figure 5.6. Effect of cyanamide (CY; 50 mg/kg, 1 h) and allyl alcohol (AA; 60 mg/kg, 1 

h) on (A) AlDH activity or (B) hepatic GSH levels. Each group is expressed as mean ± 

SEM from n ≥ 2 animals. The legend corresponds to data in both panels. Each 

measurement of AlDH is the average of n ≥ 3 trials and GSH is the average of n ≥ 2 

trials.  

 

Groups treated with allyl alcohol showed diminished GSH levels compared to 

untreated controls or cyanamide-only treated animals (Figure 5.6B). Some elevation of 

ALT was seen with allyl alcohol-treated animals, although since not all mice in the group 

exhibited this increase indicative of liver injury, the source of this result is unclear. 

Histological analysis of liver sections could provide additional evidence of liver injury. 

Additional experiments with each group (n = 4) will be carried out in the future by the 

Jaeschke group to determine the validity of the above results. 

Angeli’s salt has previously shown pharmacological benefit in the cardiovascular 

system51 and for cancer treatment.52 Since Angeli’s salt was ten-fold less potent in mouse 
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liver homogenate than cyanamide for AlDH inhibition, the efficacy of Angeli’s salt for in 

vivo AlDH inhibition was probed. The effect of Angeli’s salt (30 or 100 mg/kg) pre-

treatment 1 h before administration of allyl alcohol (60 mg/kg) either 1 or 2 h before 

sacrifice on AlDH activity and GSH were measured in liver tissue (Figure 5.7). Only data 

from 1 h time points are shown. 

 

Figure 5.7. Effect of Angeli’s salt (AS; 30 or 100 mg/kg, 1 h) and allyl alcohol (AA; 60 

mg/kg, 1 h) in mice on (A) AlDH activity and (B) hepatic GSH levels. Each group is 

expressed as mean ± SEM from n ≥ 3 animals. The legend corresponds to data in both 

panels. Each measurement of AlDH is the average of n ≥ 3 trials and GSH is the average 

of n ≥ 2 trials.  

 

Similar levels of AlDH activity were seen for groups treated with allyl alcohol in the 

presence or absence of Angeli’s salt (Fig. 5.7A; compare gray, aqua and blue bars), 

indicating minimal effect of the HNO donor on AlDH activity. This was supported by the 

higher activity in the presence of either dose of Angeli’s salt only (light and dark green 

bars). Preparation of the Angeli’s salt solution for these experiments required 
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neutralization with an equivalent of 10 mM HCl prior to i.p. injection, as direct injection 

of the NaOH solution is not advisable. As the half-life of Angeli’s salt at pH 7.4 and 

37°C is relatively short (2.5 min), decomposition could occur before reaching the liver. 

Analysis of GSH (Fig. 5.7B) indicated that Angeli’s salt did not scavenge free GSH in 

liver, a promising attribute of a compound releasing thiophilic HNO; however, this could 

also demonstrate a lack of liver specificity. The similar results for GSH levels in mice 

treated with allyl alcohol in the presence of absence of Angeli’s salt also supported the 

lack of efficacy on AlDH inhibition by this spontaneous HNO donor. Treating mice with 

Angeli’s salt also resulted in apparent hypotension, evidenced by lethargy and blue-

tinged feet and tails, with onset 1-2 min after administration. Because this effect was not 

seen with cyanamide, it provides additional evidence for the lack of hepatic selectivity 

and systemic nitrogen oxide release of Angeli’s salt. 

To circumvent the neutralization and short half-life of Angeli’s salt, AcOM-IPA/NO 

was examined as an in vivo AlDH inhibitor. AcOM-IPA/NO was dissolved in a minimum 

amount of DMSO and diluted in saline to a 10% vehicle solution. The effect of the 

DMSO vehicle was also analyzed for these experiments, and AlDH activity was not 

significantly decreased in mice pre-treated with AcOM-IPA/NO (Figure 5.8A). AlDH 

activity was slightly higher in the presence of the HNO donor alone compared to control 

(Fig. 5.8A; compare red and blue bars).  
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Figure 5.8. Effect of AcOM-IPA/NO (100 mg/kg, 1 h) and allyl alcohol (AA; 60 mg/kg, 

1 h treatment) on (A) AlDH activity or (B) hepatic GSH levels in mice. Each group is 

expressed as mean ± SEM from n ≥ 2 animals. Each measurement of AlDH is the 

average of n ≥ 3 trials. Vehicle = 10% DMSO in saline administered in equal volume 1 h 

prior to allyl alcohol. 

 

However, it should be noted that in this small group (n = 3), two of the mice suffered 

adverse effects and died within 10-15 min. Plasma and tissue were collected at this point, 

while the remaining mouse was sacrificed at the planned 1 h time point. All of the mice 

in the group treated with the same dose of AcOM-IPA/NO and allyl alcohol survived to 

the requisite time points. Similarly to Angeli’s salt, treatment with AcOM-IPA/NO also 

caused apparent hypotension in these mice, evidenced by lethargy and bluish extremities 

within 5 min of compound administration. Future experiments should be performed with 

lower doses of AcOM-IPA/NO and similar O2-protected NONOates to determine the full 

toxicity of this class of compounds and to minimize adverse effects. 
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Hepatic GSH was depleted in animals treated with AcOM-IPA/NO followed by allyl 

alcohol compared to vehicle-treated (Fig. 5.8B) while treatment with AcOM-IPA/NO 

alone had little effect on hepatic GSH. ALT activity was not significantly elevated over 

baseline for any animals, including those with apparent adverse effects (data not shown).  

While the acetoxymethyl-protected donor has been shown to release HNO at pH 7.4 

in biochemical measurements,33 its efficacy in AlDH inhibition in vivo was not evident in 

the current study. The utility of certain O2-protected diazeniumdiolates in treating liver-

specific conditions has been shown.53 The proposed origin of liver specificity of V-

PYRRO/NO, an NO-releasing secondary amine NONOate, arises from the O2-vinyl 

protecting group, which is metabolized by cytochromes P450 (e.g., CYP2E1) through 

epoxidation, followed by spontaneous or enzyme-mediated hydrolysis to release NO via 

the ionic NONOate (Scheme 5.1).54  

This site specificity was determined by incubating several O2-protected derivatives of 

PYRRO/NO, the ionic parent NONOate, in cell lines derived from a variety of tissues 

(i.e., cultures of hepatocytes, liver nonparenchymal cells, arterial vascular smooth muscle 

cells, vascular endothelial cells, or the murine macrophage cell line RAW 264.7) for 24 h, 

at which point nitrite and nitrate, autoxidation products of NO, were measured in the 

culture medium.55 Significant nitrite and nitrate were measured only in the hepatocyte 

culture, indicating that other cell lines did not metabolize the prodrug to release NO in 

this time period. 
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Scheme 5.1. Reported decomposition of V-PYRRO/NO in liver that provides tissue 

specificity of this NO donor. 

 

Recent studies using V-PYRRO/NO in vivo have disputed the claim of liver 

selectivity by demonstrating that this compound induced systemic vasculature effects.56 

However, the initial success with a secondary amine NONOate demonstrates the 

possibility to create an O2-vinyl primary amine NONOate with the capability to release 

HNO, which could be similarly analyzed for liver specificity in cell culture and in vivo.  

 

5.4 Summary 

The utility of HNO-releasing NONOates as pharmacological agents in the treatment 

of alcoholism by inhibition of AlDH was examined. As anticipated, the HNO donors 

Angeli’s salt and AcOM-IPA/NO showed greater efficacy (demonstrated as a lower IC50 

value) than the dual HNO and NO donor IPA/NO in purified yeast AlDH while the NO 

donor DEA/NO inhibited the enzyme only slightly under these conditions. Studies using 

mouse liver homogenate also demonstrated diminished AlDH activity in the presence of 

HNO donors. Cyanamide, a known AlDH inhibitor, demonstrated the highest efficacy 

while higher concentrations of AcOM-IPA/NO, Angeli’s salt, IPA/NO, and DEA/NO 
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decreased AlDH activity. In vivo analysis of cyanamide, Angeli’s salt, and AcOM-

IPA/NO indicated that treatment with cyanamide decreased AlDH activity without 

concomitant depletion of hepatic GSH levels. Administration of Angeli’s salt alone at 

either 30 or 100 mg/kg showed little effect on AlDH activity or GSH. Angeli’s salt 

seemed to lack liver specificity, hindering its utility as an AlDH inhibitor in the treatment 

of alcoholism. Combined with allyl alcohol, AcOM-IPA/NO slightly decreased AlDH 

activity and hepatic GSH levels while treatment with AcOM-IPA/NO had little effect on 

AlDH or GSH levels. However, two animals in the group died before reaching the final 

time point, perhaps due to systemic effects induced by the donor, such as hypotension. 

Allyl alcohol had a slight inhibitory effect on AlDH in these experiments, which was not 

enhanced appreciably in the presence of NONOates. 

The biochemical and in vitro results indicate the potential of NONOates for the 

inhibition AlDH. The in vivo study suggested the need for specificity in targeting AlDH 

for therapeutic benefit, and HNO-releasing NONOates may be synthesized based on 

evidence of liver specificity of a secondary amine NONOate, V-PYRRO/NO. 
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6  CONCLUSIONS AND FUTURE DIRECTIONS 

 

6.1 Comparison of ionic and prodrug NONOates 

6.1.1 Conclusions 

NONOates have been developed broadly as NO donors; however, recent work has 

shown that primary amine NONOates also have the ability to release HNO. The behavior 

of one donor of this class (isopropylamine NONOate, IPA/NO) has been characterized as 

a function of pH in order to provide experimental evidence for the mechanism of decay.1 

Protecting group methodology was also employed to enhance the half-life of this 

compound into a longer-lived HNO-donating prodrug (AcOM-IPA/NO). Interestingly, 

this modification altered the decay mechanism.2 Incorporating primary amine backbones 

along with subsequent O2-functionalization allows for modulation of release properties, 

including donor release rate and decomposition mechanism for the expansion of potential 

HNO donors available.  

 

6.1.2 Future directions 

As additional long-lived HNO donors are desired to enhance the study the potential 

pharmacological properties of HNO, other primary amine NONOates may be O2-

modified with a variety of protecting groups. These prodrugs can then be similarly 

compared to their ionic precursors to develop series of ionic and prodrug HNO-donating 

NONOates. A variety of other protecting groups, successfully employed with secondary 

amine NONOates,3,4 could be analyzed in a similar manner.  
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6.2 Synthesis of new HNO donors 

6.2.1 Conclusions 

Although many examples of NO-donating secondary amine NONOates exist, few 

primary amine NONOates are known. In order to better study the fundamental chemistry 

and chemical biology of HNO, a variety of starting materials was employed with the goal 

to produce HNO-releasing NONOates with a large range of half-lives. Synthetic 

optimization and characterization, of both donor structure and release properties, was 

described. Although a few novel HNO-releasing compounds were synthesized from 

primary amines, the half-lives were comparable. NONOates from terminal primary 

amines were less stable than those synthesized from amines with a methine adjacent to 

the nucleophile (compare isopropylamine and n-butylamine). 

One HNO donor, DMPA/NO, was of particular interest due to its release of HNO but 

loss of carbon during the synthesis. Its structure has yet to be determined, but it could 

serve as an example of multiple reactions occurring in the NONOate reaction chamber in 

order to form a unique, inorganic species to release HNO. A detailed comparison of 

Angeli’s salt demonstrates sufficient differences to suggest a unique structure. 

 

6.2.2 Future directions 

Future work may include systematic study of primary amine NONOates based on pKa 

values since lower pKa amines have been predicted to result in more stable NONOates for 

secondary amines.5 Commercially-available amines were used without further 

purification but distillation could be attempted to remove possible impurities that may 
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interfere with synthesis. Investigation into the unexpected decomposition products of 

NONOates synthesized from sec-butylamine and 3-methyl-2-butanol could be analyzed, 

particularly under deaerated conditions. Modification of polyamines using protecting 

groups to selectively block secondary amine sites may provide avenues to enhance the 

scope of amines available and to expand donation of HNO released from a series of 

compounds. However, based on the trend seen for primary amines, terminal amino 

groups may not form stable NONOates. The synthetic optimization of a polyamine 

containing a stabilized primary amine could be attempted and used in diazeniumdiolation 

to create a long-lived HNO donor. Since initial synthetic attempts were performed using 

guanidine and amidine derivatives, as well as inorganic salts, additional work could focus 

on the further optimization of diazeniumdiolation to compare the donor properties of 

these to amine-based NONOates. 

Additionally, the structure of the HNO donor DMPA/NO remains unknown, despite 

numerous attempts at characterization. Similar NMR studies using the ammonium salt of 

IPA/NO could be performed and compared to results with DMPA/NO. Crystallization 

experiments with varied counterions are in progress with the goal of definitive structure 

determination.  

 

6.3 HNO detection methods 

6.3.1 Conclusions 

The inherent reactivity of HNO impedes its direct detection, and while current 

indirect methods provide useful qualitative information, quantitative methods for HNO 
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detection do not yet exist. Comparison and optimization of several common indirect 

methods was carried out to possibly quantitatively detect HNO. However, the 

unsuitability for quantitative analysis lead to development of an HPLC-based method 

using o-phthalaldehyde (OPA) as a fluorogenic reagent to detect oxidized GSH 

derivatives, such as glutathione sulfinamide (GS(O)NH2). This promising assay showed 

detection of HNO-modified biomolecules in samples of cell lysate. The sensitivity of 

fluorescence detection allowed for the detection of concentrations that may be amenable 

to search for HNO-modified species in cell samples. 

 

6.3.2 Future directions 

Future work may utilize the OPA assay in the investigation of HNO biosynthesis 

from purified NO synthases (NOS) under varied conditions. The reproducibility of the 

method needs to be determined, and this assay may be expanded to look for other 

oxidized thiols (e.g., RSOH, RSO2H, RSO3H), which could play important roles in 

cellular redox status.  

 

6.4 Inhibition of AlDH by HNO donors 

6.4.1 Conclusions 

Cyanamide is used clinically for the treatment of alcoholism as an aversion 

therapeutic. This drug releases HNO to inhibit the sulfhydryl moiety in the active site 

Cys302 of aldehyde dehydrogenase (AlDH); however, it concomitantly produces 

cyanide, which has prevented FDA approval.  
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While other HNO donors, such as C-nitroso compounds and Piloty’s acid derivatives, 

have been analyzed for efficacy as AlDH inhibitors, NONOates have not been similarly 

studied. Indeed, the present study demonstrated NONOates show efficacy in the 

inhibition of AlDH. Enzyme activity was not rescued in the presence of GSH, indicating 

that the inhibited form of the enzyme may be the sulfinamide (RS(O)NH2) rather than the 

disulfide. Expanding these findings to a mouse model showed that, while NONOates 

inhibited mouse liver AlDH in vitro, limited in vivo efficacy was observed. The current 

donors could lack liver specificity, limiting their utility as AlDH inhibitors in the 

treatment of alcoholism.  

 

6.4.2 Future directions 

Based on the promising in vitro data but lack of in vivo activity in the pilot study, new 

HNO donors, including O2-vinyl protected primary amine NONOates, that show similar 

HNO release and efficacy in yeast AlDH may be tested.  

For biochemical studies, future work to ascertain the identity of the inhibited active 

site sulfhydryl group could include employing alternate thiols or other reducing species 

(e.g. DTT, dihydrolipoic acid). Additionally, a time course of inhibition by donors could 

provide additional information regarding the reversibility of AlDH inhibition by HNO. 

The dose-dependent behavior of DEA/NO and cyanamide could also be demonstrated for 

inhibition of yeast AlDH. 
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