
Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Lesslie, M;Piatkivskyi, A;Lawler, J;Helgren, TR;Osburn, S;O'Hair, RAJ;Ryzhov, V

Title:
The effects of intramolecular hydrogen bonding on the reactivity of phenoxyl radicals in
model systems

Date:
--

Citation:
Lesslie, M., Piatkivskyi, A., Lawler, J., Helgren, T. R., Osburn, S., O'Hair, R. A. J. & Ryzhov,
V. (). The effects of intramolecular hydrogen bonding on the reactivity of phenoxyl
radicals in model systems. International Journal of Mass Spectrometry, , pp.-.
https://doi.org/./j.ijms....

Persistent Link:
https://hdl.handle.net//



1 
 

The Effects of Intramolecular Hydrogen Bonding on the Reactivity of Phenoxyl  

Radicals in Model Systems  

 

Michael Lesslie, Andrii Piatkivskyi, John Lawler, Sandra Osburn,
†
 Richard A. J. O’Hair,

†
 and 

Victor Ryzhov* 

 

Department of Chemistry and Biochemistry, and Center for Biochemical and Biophysical 

Sciences, Northern Illinois University, DeKalb, IL 60115, USA 

 

† ARC Centre of Excellence for Free Radical Chemistry and Biotechnology, School of 

Chemistry and Bio21 Institute of Molecular Science and Biotechnology, The University of 

Melbourne, 30 Flemington Road, Parkville, Victoria 3010, Australia. 

 

*Corresponding author, Email: ryzhov@niu.edu 

 

Abstract:   

The effects of hydrogen bonding on the gas-phase reactivity of phenoxyl oxygen radicals were 

investigated experimentally and theoretically in model systems and the dipeptide LysTyr. Gas-

phase ion-molecule reactions were carried out between radical cations of several aromatic 

nitrogen bases with the neutrals nitric oxide and n-propyl thiol. The variation in the structure of 

the model compounds allowed the four-, five-, and six-membered ring to be formed between the 

protonated nitrogen and the phenoxyl oxygen. The hydrogen bond length was calculated to 

decrease in the series (1-4), which coincided with the decrease in reaction rates towards both 

nitric oxide and n-propyl thiol. A control radical cation with no hydrogen-bonding capability 

displayed faster reactivity. DFT calculations found that the lowest energy structure of the 

distonic radical cation of the dipeptide [LysTyr(O
•
)]

+
 has a short hydrogen bond between the 

protonated Lys side chain and the phenoxyl oxygen, 1.70 Å, which is consistent with its low 

reactivity.  
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Introduction: 

Free radicals play key roles in protein chemistry due in part to their ability to transform 

substrates within the active sites of enzymes [1, 2]. Radical sites in proteins are normally found 

on reactive amino acid side chains, of which, tyrosine phenoxyl radicals are among the most 

prominent (Scheme 1, A).  These tyrosyl radicals are thought to be important intermediates in the 

action of the enzyme Class I Ribonucleotide Reductase (RNR) of E. Coli [3-5], production of 

oxygen in photosystem II [6-8], and the oxidation of peroxides in cytochrome C oxidases [9]. 

They have also been implicated in radical-induced protein damage, and are the precursors of 

various post-translational modifications (3,3’-dityrosine, 3-nitrotyrosine, and tyrosine-cytosine 

cross-linking) [10-13].  

With the abundance of recent experimental data obtained via X-ray crystallography, 

high-frequency EPR, and ENDOR spectroscopy, which revealed structural information about 

local protein environments, it is widely accepted that tyrosyl radicals are often stabilized by 

hydrogen bonding [14-23].  Hydrogen bonding between a phenolic hydrogen and a properly 

oriented basic group such as histidine residue (Scheme 1, B [19]) modulates the formation and 

chemical behavior of the ensuing tyrosyl radical by changing redox potential of the 

tyrosine/tyrosyl radical pair [19, 24-29].  

 

Scheme 1 

There has been considerable interest in developing model systems to better understand 

the effects of hydrogen bonding on the properties of tyrosyl radicals [17, 30-33].  Most of these 

systems incorporate both a phenol and a basic nitrogen atom in a close proximity to facilitate the 

formation of hydrogen-bonded phenoxyl radical, as shown for C in Scheme 1 [31]. Varying the 

substituents in the phenyl ring and the chemical surroundings of the nitrogen was shown to affect 

both redox potentials and the EPR signals [17, 27, 28, 34, 35].  
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Despite the success of solution-based approaches, there are several advantages of using 

mass spectrometry-based approaches to examine the fundamental gas-phase chemistry of 

relevant distonic ion model systems [36]. Apart from significantly reducing the time and sample 

quantity required for these studies, they shut down the possibility of radical self-termination 

reactions due to the columbic repulsion of the charge sites. In addition, they reduce the overall 

complexity of the system by limiting the chemistry of intramolecular interactions and avoiding 

complications from intermolecular hydrogen bonding with solvent molecules. Notwithstanding 

the recent renaissance of mass spectrometry-based studies of amino acid and peptide radical ions, 

the effects of hydrogen bonding on radical reactivity have not been widely studied. A rare 

example ascribed the differences between the gas-phase reactivity of distonic radical cations of 

cysteine and homocysteine to hydrogen bonding effects arising from the difference in the 

distances between the N-terminal hydrogen atom and the sulfur radical (Scheme 2) [37].  

 

Scheme 2 

Mass spectrometry has been used to study gas-phase chemistry of tyrosyl radicals [38-

40].  Siu and co-workers initially demonstrated the ability to form radical cations of peptides 

using the ternary copper (II) complex dissociation method in peptides containing tyrosine and an 

assisting basic amino acid [39].  This method was later utilized to form radicals and study a wide 

variety of tyrosine-containing peptides [40-43]. Covalent chemical modification of the tyrosine 

side chain and subsequent homolytic cleavage of a labile bond has been another productive route 

to formation of Tyr-based radical cations.  This method has been successful in generating radical 

cations of iodotyrosine-containing peptides through photo-irradiation by Julian and co-workers 

[44, 45].  They postulated that the initial phenyl carbon radical can quickly rearrange into the 

oxygen-based phenoxyl radical species [45, 46].  However, because the tyrosyl radical easily 

loses its side chain in the gas phase, resulting in the captodatively-stabilized glycine radical, 

forming and studying the oxygen-based radical cation of tyrosine is a challenge [47-49].  Sui and 

co-workers were able to form small amounts of the tyrosyl radical through collision-induced 

dissociation (CID) of [Cu(Tyr)2]
2+

 complex [47].  However, these ions dissociated rapidly to 
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yield the p-hydroxybenzyl and p-cresol radical cations, which indicated the dissociation of the α-

β bond and loss of the side chain [47].  Similarly, radical generation at tyrosine residues in 

peptides are known to result in characteristic side chain losses under mild CID conditions [48, 

50].  

In this study, we circumvent this problem by using model nitrogen bases 1-4 (Scheme 3) 

that possess a phenoxyl radical site but are stable with respect to Tyr side chain elimination. 

Choosing the position of the nitrogen atom in the molecule allows us to vary the extent of 

hydrogen bonding in the resulting radical cation. We utilize gas-phase ion-molecule reactions 

(IMRs) to probe the reactivity of these radical species and density functional theory (DFT) 

calculations to complement the experimental data. We also examine the chemistry of the radical 

cation of the dipeptide, [LysTyr(O•)]
+
. 

 

 

Scheme 3 

 

Experimental: 

Materials: 

 All chemicals and reagents were used as received without any further purification.  All 

model compounds, including 8-hydroxyquinoline, 2-hydroxypyridine, 4-hydroxypyridine, 2-

methoxypyridine, and 2-propyliminomethyl-phenol, were purchased from Sigma-Aldrich 

(Milwaukee, WI).  The dipeptide LysTyr was synthesized by, and purchased from Selleckchem 

(Houston, TX).  The copper salt CuSO4 and the auxiliary ligand 2,2’:6’,2”-terpyridine, were 

purchased from Sigma-Aldrich (Milwaukee, WI).  Premixed gas containing 1% nitric oxide in 

laser grade helium and well as pure nitric oxide were purchased from AirGas (Chicago, IL).  The 

neutral reagent n-propyl thiol was purchased from Sigma Aldrich (Milwaukee, WI).  Methanol 

was purchased from Fisher (Pittsburg, PA). Water was purified (18 MΩ) in-house. 
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Mass Spectrometry: 

Mass spectrometry experiments were carried out using a Bruker Esquire 3000 quadrupole 

ion trap mass spectrometer (Bruker Daltonics, Bremen, Germany) modified to conduct ion-

molecule reactions as described previously [51].  

 Stock solutions of the model compounds were prepared as 1 mM in methanol.  The 

production of the phenoxyl radicals on all species containing hydrogen bonds were achieved via 

the copper complex dissociation method, as previously described [38, 39].  The appropriate stock 

solution was mixed at a 1:1 ratio with a solution of 1 mM CuSO4 and 1 mM 2,2';6',2"-terpyridine 

in 1:1 water/methanol and allowed to react for 30 min.  All reaction mixtures were diluted 100-

fold with methanol before injection.   

All samples were subsequently introduced into the electrospray ionization (ESI) source of 

the mass spectrometer at a flow rate of 5 µL min
-1

.  The nebulizer gas, needle voltage, and 

temperature were adjusted to approximately 12 PSI, 4.0 kV, and 250 ⁰C.  All other tunable 

instrument parameters were optimized to give maximum yield of the desired ions.   

The formation of the radical ions of interest was achieved through successive isolation of 

the parent ion, CID, and a second isolation of the radical cation.  The isolation window used in 

these experiments ranged from 0.7 to 2.0 m/z.  The exact value was determined during the 

experiment as the width that resulted in the maximum abundance of the desired ion while 

excluding all other ions.  The CID amplitude ranged from 0.40-0.75 V and was experimentally 

set to the value that yielded the greatest intensity of the desired fragment ion. 

 

Ion-Molecule Reactions: 

 The isolated radical cations were subjected to IMRs with the neutral species nitric oxide 

and n-propyl thiol.  Reactions were achieved by introducing nitric oxide into the trap via the 

helium line from a 1% nitric oxide in helium premixed cylinder.  The internal helium regulator 

was unmodified from normal usage.  The n-propyl thiol was introduced to the trap through a leak 

valve, as previously described [37].  In both cases, a scan delay was employed and determined 

the reaction time.  The exponential decay of the reactant radical cation was found by monitoring 

the relative ion intensity over a series of delay times (0-5000 ms).  Each time point was acquired 

for a minimum of 1 min.  The partial pressure of each of the neutral reactants was determined 

using the fastest reaction we have seen, that of 4-hydroxypyridine, which was assumed to occur 
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at collision rate.  Molecular polarizabilities of the model bases were calculated by the approach 

of Miller and Savchik [52].  Ion-molecules collisional rate constants were calculated using the 

Langevin equation and then dipole-corrected as described by Su and Chesnavich [53].  The 

partial pressure of nitric oxide was determined to be ~1x10
-6

 Torr and that of n-propyl thiol was 

~1x10
-7

 Torr.  Calibration of the partial pressure was done each day that an experiment was 

performed.  These partial pressures were used for the determining the rate constants.   

 Verification of relative reactivity for slower reacting radical cations was achieved by 

reacting the isolated radical with nitric oxide introduced through a leak valve, which was able to 

supply a higher partial pressure of the gas.  The reaction time was determined based on a scan 

delay of 1000 ms before the final product ion scan.   

 

Density Functional Theory Calculations: 

Optimization of the geometries for each of the structures was done using the Gaussian 09 

suite of programs.[54] Initial optimizations were performed using the hybrid B3LYP functional 

and the 3-21G* basis set. All minima located at this level of theory were then re-optimized using 

the same functional and the 6-311++G(d,p) basis set. Zero-point corrected energies were 

computed at the same level of theory.   
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Results and Discussion: 

 The generation of the phenoxyl radical cations of all model hydrogen-bonded compounds 

was achieved via the dissociation of the copper ternary metal complex (Eq. 1) [38, 39].  

[Cu
II
(terpy)(M)]

 2+
  [Cu

I
(terpy)]

+
 + [M]

•+
   (1) 

For all the systems investigated, CID produced primarily the radical of interest and the reduced 

copper and terpyridine complex, [Cu
I
(L)]

+
.  Minor amounts of proton transfer, resulting in 

[Cu
II
(M-H)]

+
, were also seen during complex CID (Fig. 1a).  The high yield of the radical cation 

and the minimal amount of competing fragmentation channels allowed for ample ion intensity to 

carry out IMRs and determine rate constants.   

[Insert Figure 1] 

The 4-hydroxypyridine radical cation (1), which lacks the ability to form an O
•
…H-N 

hydrogen bond, was generated via homolytic cleavage of a methyl group (loss of 15 Da) from 

the 4-methoxypyridine precursor ion (Eq. 2 and Fig. S1). 

  (2) 

This method was chosen as it specifies the initial location of the radical on the oxygen atom.  In 

the hydrogen-bonded compounds, formed through copper complex dissociation (Eq. 1), the 

initial radical location is unknown.  However, due to the proximity of the oxygen and nitrogen 

atoms, and the bridging hydrogen, conversion to the ground-state oxygen-based radical structure 

is able to occur from the canonical radical cation should that species be formed initially (Eq. 3).   

 (3) 

DFT calculations for the radical cations used in our study found that the structure with the 

nitrogen protonated and the radical located on the phenoxyl oxygen is the lowest-energy isomer 

for compounds 1-3 and the only stable isomer for compound 4 (Table S1). A compound similar 

to the radical cation of model 4 (Scheme 1C; R1, R2 =H, R3 = C3H7) was studied previously in 

solution [31], and was assigned the same structure which gives further confirmation to our 

approach. 
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The lack of any hydrogen bonding in the 4-hydroxypyryidine radical cation (1) allows for 

this compound to be used as a control.  The remaining radical cations, 2-hydroxyquinoline (2), 8-

hydroxyquinoline (3), and 2-propyliminomethylphenol (4), have 4-, 5-, and 6-membered 

hydrogen-bonding ring structures, respectively.  To further evaluate the compounds, DFT 

calculations were used to determine the hydrogen bond length in the ground state structures 

(Figure 2). As expected, hydrogen bond lengths decreased as the number of ring members 

increased, ranging from ~2.5 Å for 2-hydroxypyridine (2), to ~2.3 Å for 8-hydroxyquinoline (3), 

and ~1.9 Å for 2-propyliminomethylphenol (4). 

[Insert Figure 2] 

Previous studies in solution by Ingold and co-workers have evaluated the reactivity of 

phenols with various reactive radical species and found that the degree of intermolecular 

hydrogen bonding of the phenol to the solvent generally decreases the reaction rate [55-57].  All 

of these studies investigated radicals reacting with hydrogen-bonded compounds. For the 

instances where intramolecular hydrogen bonding within the radical-containing species affects its 

reactivity, there is very little data. Our previous study explained the differences between the gas-

phase reactivity of distonic radical cations of cysteine and homocysteine by the difference in the 

distances between the N-terminal hydrogen atom and the sulfur radical (Scheme 2) [37]. Sulfur, 

however, is not as efficient at forming strong hydrogen bonds as F, O, and N. 

This study aims to evaluate the effect of intramolecular O
•
…H-N hydrogen bonding on 

oxygen radical reactivity in the gas phase.  To address this question, model compounds 1-4 were 

reacted with nitric oxide yielding radical combination, which results in an addition of 30 Da to 

the radical cation (eq. 4 and Fig. 1b): 

M
•+

   + 
•
NO   [M+NO]

+
    (4) 

This was the only reaction product observed in all cases.  This data was compiled with the 

calculated hydrogen bond lengths (Table 1).  The reactivity of 4-hydroxypyridine (1) was the 

highest we have seen and was set to the collision rate as determined by the dipole-corrected 

Langevin equation.    As shown in the table, the rate constants decrease substantially with 

increasing hydrogen bonding.   

[Insert Table 1] 

For the slowest reacting compound, 2-propyliminomethyl-phenol (4), the partial pressure 

of the stock 1% nitric oxide in helium was not sufficient to bring the reaction rate into the 



10 
 

quantifiable range.  To circumvent this issue, the partial pressure in the trap was increased with 

additional nitric oxide via a leak valve [37].  This allowed for the determination of the upper 

limit of the rate constant.  At this higher pressure of nitric oxide, compounds 1 and 2 were 

completely reacted after 1 s, while compounds 3 and 4 had product ion intensities of ~3% and 

~1%, respectively, relative to the intensity of the initial radical cation.  As expected, there was an 

evident decrease in reactivity with decreasing hydrogen bond length. In the case of the 2-

hydroxypyridine radical cation (2) the hydrogen bond length is 2.45 Å and the geometry of the 

ion is unfavorable because N-H and C-O bonds point away from one another.  The 8-

hydroxyquinoline radical cation (3) has a shorter hydrogen bond of 2.26 Å with a 5-membered 

ring structure resulting in more favorable hydrogen bonding angle.  This correlates with a factor 

of six decrease in rate constants going from 2 to 3.   The slowest reacting compound, 2-

propyliminomethyl-phenol (4), had the shortest hydrogen bond of 1.87 Å which is part of a six-

membered ring enabling almost optimal orbital interaction for hydrogen bonding.  The 

corresponding decrease in reaction rate constants from 3 to 4 is at least a factor of five. 

In addition, we computationally explored the thermodynamics of the radical ion 

recombination reaction with 
•
NO (eq. 4). The calculated enthalpies of reaction (4) for the radical 

cation species 1 - 4 are given in Table 1. The corresponding reaction free energies as well as the 

product geometries are shown in Figure S2. The recombination reaction for the “control” radical 

cation 1 was calculated to be exothermic by 164 kJ mol
-1

. For the 2-hydroxypyridine radical 

cation (2), H was found to be -103 kJ mol
-1

, while for the 8-hydroxyquinoline radical cation 

(3), the corresponding enthalpy change was - 64 kJ mol
-1

. The radical cation of 2-

propyliminomethyl-phenol (4) had the lowest enthalpy change at - 61 kJ mol
-1

.  A typical O-NO 

bond dissociation energy (BDE) is the range of 45-75 kJ mol
-1

 in substituted phenols [58], where 

electron-withdrawing substituents stabilize the radical less resulting in higher BDE values.  In 

compound 4 the protonated imino substituent is highly electron-withdrawing.  However, the 

BDE value falls in the middle of the typical O-NO range, possibly due to extra stabilization of 

the phenoxyl radical by the short hydrogen bond. These calculations suggest that both the 

exothermicity of reaction (4) and the length of hydrogen bonding correlate with the gas-phase 

reactivity towards NO in the series 1 - 4.   
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To further investigate the reactivity trends, the radical cations 1-4 were also subjected to 

reactions with n-propyl thiol.  Such reactions proceeded to give hydrogen atom transfer (HAT) 

(Eq. 5 and Fig. 1c). 

   (5) 

The neutral n-propyl thiol was introduced through a leak valve, and rate constants were 

determined (Table 1).  As with the nitric oxide kinetic experiments, the fast reaction the 4-

hydroxypyridine radical cation was assumed to occur at collision rate.  The decrease in reactivity 

of n-propyl thiol with compounds 234 correlates with the relative length and geometry of the 

O
•
…H-N hydrogen bond.   

The degree of hydrogen bonding to the phenoxyl radical of tyrosine oxidation sites in 

proteins varies greatly across enzymes [59].  Even within RNRs, the mouse variety possesses a 

hydrogen bond to the radical, while the E. Coli version does not [60].  The redox-active phenol 

in E. Coli class I RNR does possess a hydrogen bond to a neighboring aspartate residue, but is 

rotated away and breaks hydrogen bond when oxidation occurs [60].  It has been proposed that 

state-specific changes in the hydrogen bonding to redox-active tyrosines, like those in E. Coli, 

may be an example of broader kinetic modulation of radical chemistry [61].  Therefore, the 

effect of hydrogen bonding on the reactivity of phenoxyl radicals is important to understanding 

oxidation mechanisms in enzyme catalysis.   

While efforts to form the tyrosyl radical through dissociation of copper ternary 

complexes has not often been successful in generating suitable yields of the radical [47], 

formation of the tyrosine-based phenoxyl radical in peptides with neighboring basic amino acid 

residues has shown positive results [39, 40].  To compare the results of the model compounds, 

the radical cation of the dipeptide LysTyr was generated.  This type of radical was previously 

assigned the structure with protonated Lys side chain and the Tyr phenoxyl radical [39, 40].  The 

DFT analysis of gas-phase structures of [LysTyr(O
•
)]

+
 revealed that the lowest-energy structure 

has a short hydrogen bond (1.7 Å) from the N-terminal amine to the phenoxylic oxygen (Figure 

3).  This shows an example of the utility of the hydrogen bonding models, as with a shorter 

hydrogen bond than 2-propyliminomethyl-phenol (4), no substantial reactivity is expected from 

the gas-phase dipeptide radical cation.  The reaction rate constants were found to be < 2x10
-12

 

cm
3
 molecules

-1
 s

-1
 and < 3x10

-11 
cm

3
 molecules

-1
 s

-1
 for reactions with nitric oxide and n-propyl 

thiol, respectively.  In gas-phase peptide ions trapped at nearly thermal conditions, however, a 
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mixture of the low-energy conformers is anticipated.  Some contribution of the conformers 

lacking a hydrogen bond to the phenoxyl oxygen radical (See Figure S3) or isomeric radical 

cation structures could explain the reactivity. 

 [Insert Figure 3] 
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Conclusions: 

The gas-phase reactivity of radical cations containing a protonated nitrogen at various 

distances from the phenoxylic oxygen has been compared. There is a strong correlation between 

the intramolecular hydrogen bonding ability within the N-H…
•
O motif and the rate of ion-

molecule reactions of these radical species with nitric oxide and n-propyl thiol. The reactivity 

decreases going from the “control” radical ion 1 with no hydrogen-bonding capability to the 4-, 

5-, and 6-membered ring structures 2 - 4 where the hydrogen bond progressively shortens. This 

trend follows the thermodynamics of the reaction (4) which becomes progressively less 

exothermic as the length of hydrogen bond decreases. There have been multiple studies of the 

effect of solvent-substrate hydrogen bonding on radical reactivity and the effects of 

intramolecular hydrogen bonding on the radical electrochemical production or EPR signature.  

However, this is one of a few works where the radical reactivity is directly affected by 

intramolecular hydrogen bond to the radical site. 

The reactivity data presented herein provide a perspective into the properties of tyrosine 

phenoxyl radicals in proteins where they are often hydrogen-bonded. Our study confirms a 

possibility that the radical reactivity can be modulated via changing the hydrogen bond 

parameters within the radical microenvironment. 

One of the main advantages of gas-phase studies is the ability to screen multiple 

compounds in a quick and efficient way with minimal reagent consumption. With that in mind, it 

is possible to investigate the effects of various substituents in compound 4 (as in Scheme 1C) on 

the radical reactivity. This will be a subject of future studies. 
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List of figures: 

 

Figure 1. a) CID of the doubly charged ternary copper complex (m/z 195.5), with 4-

hydroxypyridine as the model compound (M). Dissociation generates the radical cation of 4-

hydroxypyridine, [M]
•+

, at m/z 95 and the reduced copper complex, [Cu
I
(terpy)]

+
, at m/z 296.   

b)  IMR of the 4-hydroxypyridine radical cation, [M]
•+

, with nitric oxide.  This reaction produced 

the radical combination product, [M+NO]
+
, at m/z 125. Reaction time 75 ms, NO pressure is ca. 

1x10
-6

 torr.    

c)  IMR of the 4-hydroxypyridine radical cation, [M]
•+

, with n-propyl thiol.  This reaction results 

in HAT, yielding [M+H]
+
 at m/z 96.  Reaction time 250 ms.    

 

Figure 2.  DFT-calculated (B3LYP 6-311++G(d,p)) lowest energy structures of model 

compounds for hydrogen bonding examination: 4-hydroxyquinoline (1), 2-hydroxyquinoline (2), 

8-hydroxyquinoline (3), and 2-propyliminomehtylphenol (4).  Hydrogen bond lengths (in Å) are 

indicated in red.    

 

Figure 3.  Structure of the [LysTyr(O
•
)]

+
 radical cation in the gas phase calculated at the B3LYP 

6-311++G(d,p) level of theory.  The structure represents the lowest energy conformer with a 

hydrogen bond from the Lys side chain amine to the phenoxyl radical of 1.7 Å. 
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Figure 1 
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Figure 2 
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Figure 3  
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List of Tables: 

 

Table 1.  Kinetics and thermodynamics for the reactions of model compounds 1-4 with nitric 

oxide and n-propyl thiol.  
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Radical Cation 

Species 

H-Bond 

Length 

(Å)† 

Nitric Oxide 

Rate Const. 

(cm3 molecules-1 s-1) 

Nitric Oxide 

% of Col. Rate 

Nitric Oxide  

∆H 

(kJ mol-1)
†
 

n-propyl thiol 

Rate Const. 

(cm3 molecules-1 s-1) 

n-propyl thiol 

% of Col. Rate 

1 
4-Hydroxypyridine 

-- 6.6x10-10 100 -163.5 1.1x10-9 
100 

2 
2-Hydroxypyridine 

2.45 3.3x10-11 5.0 -102.7 1.0x10-10 
91 

3 
8-Hydroxyquinoline 

2.26 5x10-12 0.7 -64.4 1x10-10 
9 

4 
2-Propyliminomethyl-

phenol 

1.87 < 2x10-12‡ < 0.3‡ -61.4 < 3x10-11‡ 

< 3‡ 

†
Calculated at the B3LYP 6-311++G(d,p) level of theory. 

‡
Reactivity observed, but product yield was below quantifiable range.   
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Figure S1.  CID of 4-methoxypyridine (m/z 110).  The resulting ion at m/z 95 is the radical 

cation from homolytic cleavage of the RO-CH3 bond, which corresponds to the radical cation of 

4-hydroxypyridine. 

 

Figure S2.  Reactions enthalpies and free energies of radical combination between nitric oxide 

and the model compounds calculated at the 6-311++G(d,p) level of theory.   

 

Figure S3.  Calculated structures of the [LysTyr(O•)]
+
 radical cation in the gas phase.  Structure 

A represents the lowest energy structure with a hydrogen bond to the phenoxyl radical of 1.7 Å.  

Structures B-D are higher energy structures lacking a hydrogen bond to the phenoxyl oxygen 

radical.  Relative energies compared to structure A are given in kcal mol
-1

.  Calculations were 

performed at the 6-311++G(d,p) level of theory.  

 

Figure S4.  Spectra of the radical cation of the dipeptide LysTyr (m/z 309) is shown as isolated 

(a), reacting with nitric oxided (b) resulting in radical combination and the addition of 30 Da, and 

reacting with n-propyl thiol (c) resulting in HAT and the addition of 1 Da.  Both reactions times 

were 5000 ms.   

 

 

 

Table S1.  Calculated energies of the distonic and canonical forms of the radical cations of the 

model compounds: 4-hydroxypyridine, 2-hydroxypyridine, 8-hydroxyquinoline, and 2-

propyliminomethylphenol. Calculations were performed at the 6-311++G(d,p) level of theory.  
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Table S1 

 

 1 

4-Hydroxypyridine 

2 

2-Hydroxypyridine 

3 

8-Hydroxyquinoline 

4 

2-Propyliminomethyl-

phenol 

Distonic Radical 

(kJ mol
-1

) 

0.0 0.0 0.0 0.0 

Canonical Radical 

(kJ mol
-1

) 

76.8 47.2 27.3 --* 

*Radical species will not compute, calculation converges towards the distonic radical species. 

 


