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ABSTRACT:  Computational chemistry at the G3(MP2)-RAD//M06-2X/6-31+G(d,p)//SMD level of theory, was used to study the 
oxidation of a test set of methyl adducts of nitroxide radicals, as well as methyl adducts of Blatter’s radical, a Kuhn verdazyl and two 
oxo-verdazyls. The barriers and reaction energies of the SN2 reactions of the oxidized species with pyridine were also studied with a 
view to identifying species with both low oxidation potentials and low SN2 barriers, so as to broaden the functional group tolerance 
of in situ electrochemical methylation compared with TEMPO-Me (1-methoxy-2,2,6,6-tetramethylpiperidine). Within the alkoxy-
amines, the oxidation potentials covered a range of 0.5 V, with trends explicable in terms of electrostatics, ring strain and charge 
transfer. The oxidation potentials of oxo-verdazyl adducts, verdazyl adducts and particularly the methyl adduct of Blatter’s radical 
were considerably lower due to the ability of their extensive π-systems to stabilize a positive charge. As expected, the SN2 reaction 
energies of the oxidized substrate became less favorable as the oxidation potential decreases. Unfortunately, this also meant that 
the barriers increased due to the excellent Evans-Polanyi correlation (R2 = 0.92). Nonetheless, 7-methoxy-7-azadispiro[5.1.58.36]hex-
adecane, N,N-di-tert-butyl-O-methylhydroxylamine and particularly 1-methoxy-2,2,5,5-tetramethylpyrrolidine were identified as 
suitable candidates for broadening the scope of in situ electrochemical methylation while maintaining comparable kinetics to known 
reagents. 

INTRODUCTION 
Methylation is the addition of a methyl group to a sub-
strate either directly or through replacement of a hydro-
gen atom. It is an important process in both organic syn-
thesis and biology, where DNA methylation acts to 
change the activity of a DNA segment without altering 
the sequence.1-6 In chemical synthesis, addition of a me-
thyl group is typically achieved with nucleophiles, such 
as methyl lithium or Grignard reagents, or with radicals, 
while methyl substitution is achieved with strong elec-
trophiles such as iodomethane, dimethyl sulfate, methyl 
triflate or diazomethane (or its derivatives). Unfortu-
nately, there is trade-off between reactivity and risk as 
the best methylating agents tend to be acutely toxic, and 
many are also volatile and/or potentially explosive.7 
While safer and “greener” alternatives exist, they are 
less reactive.8  
We recently introduced a new methylation procedure in 
which electrochemistry is used to generate a strong 
methylating agent in situ.9 In our procedure, 1-methoxy-
2,2,6,6-tetramethylpiperidine (TEMPO–Me), a stable 
and safe reagent, undergoes one electron oxidation. The 
oxidized species can then readily undergo an SN2 reac-
tion with nucleophiles, resulting in their methylation 

(Scheme 1A). The other product, a persistent nitroxide 
radical, is harmless and unreactive under these condi-
tions. Calculations showed that the SN2 reactivity of the 
oxidized TEMPO-Me with pyridine is better than that of 
methyl triflate and equivalent to that of the trimethylox-
onium cation, two well-known powerful electrophiles. 
Experimentally, we showed that the procedure could 
deliver excellent isolated yields for methylation of a 
range of carboxylic acids, although for some substrates 
divided cells were necessary to prevent concurrent elec-
troreduction of susceptible functional groups. 
Despite this success, the high oxidation potential of 
TEMPO-Me (1.218 V vs Ag/Ag+ in acetonitrile10; i.e., 0.79 
V vs Fc/Fc+ using the 0.425 V Fc/Fc+ potential measured 
in the same experiment) places some limits on the sub-
strate scope as many aromatic amines, phenols and or-
ganosulfur compounds will undergo competitive oxida-
tion at this potential.11 In the present work, we aim to 
examine whether other alkoxyamine derivatives, or in-
deed methyl adducts of other stable free radicals, such 
as triazinyl12 and verdazyl 13, 14 radicals, will function in a 
similar capacity but at lower oxidation potentials.  
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Scheme 1. (A) Methylation via oxidation of TEMPO-Me. 9 
(B) Behavior of TEMPO-R in the absence of nucleophiles. 
Pathway a is favored for R= Me, Et, CH2OC(O)CH3; pathway 
b for R = 2-oxolane, Ac, CH(CH3)Ph, i-Pr, t-Bu; pathway c for 
Bn, allyl, CH(CH3)C(O)OCH3, C(CH3)2C(O)OCH3 , 
CH(CH3)CN.10 Note that the reactivity of oxidized TEMPO-R 
is such that coordinating solvents and electrolytes will un-
dergo SN2 reactions analogous to the methylation proce-
dure in (A).15 (C) Verdazyl and triazinyl R-adducts examined 
previously. Their oxidation behavior is analogous to that of 
TEMPO-R, except that strongly electron donating substitu-
ents on the triazinyl or verdazyl moiety can convert them 
from a carbocation source to a carbon-centered radical 
source and vice versa for strongly electron withdrawing 
groups.16, 17 

While the redox chemistry of nitroxides,18, 19 triazinyls20, 

21 and verdazyls22 has been well studied experimentally, 
the redox chemistry of their R-adducts has received only 
limited attention. Previously we have used theory and 
experiment to study the redox chemistry of TEMPO-R as 
a function of leaving group and reaction conditions, 
showing that when R is stable as a radical or carbocation 
it undergoes oxidative cleavage, but poor leaving groups 
like Me only undergo cleavage via SN2 reactions with nu-
cleophiles (Scheme 1B).10, 15  It was this latter chemistry 
that led us to develop the aforementioned electrochem-
ical methylation technique (Scheme 1A).9 In following up 
these studies, we have used theory to evaluate triazinyl 
and verdazyl R-adducts for oxidative cleavage reactions 
(Scheme 1C). 16, 17 In the course of that work, we ob-
served that the R-adducts of both triazinyls and 

verdazyls undergo oxidation at considerably lower oxi-
dation potentials than the TEMPO-R adducts (−0.3 to 0.4 
V vs Fc/Fc+ in acetonitrile for triazinyl adducts16 and − 
0.7 to − 0.2 V for verdazyl adducts17 versus 0.79 V vs for 
TEMPO-Me itself10). While this suggests the Me-adducts 
of triazinyl and verdazyl radicals could be good candi-
dates for methylation at low oxidation potentials, it is 
important to remember that it is oxidation of the adduct 
that provides the energy required to activate it in the 
first place.16, 17 Thus, it is instructive to investigate 
whether or not such savings in activation potential com-
promise SN2 reactivity. 
In the present work we examine whether structural var-
iations to the nitroxide moiety can reduce the oxidation 
potential of the adduct, while maintaining sufficient SN2 
reactivity. The test set shown in Scheme 2 was chosen 
as it contains known nitroxides with a range of different 
ring sizes and substituents. Corresponding SN2 barriers 
for the methyl adducts of Blatter’s radical and the tri-
phenyl Kuhn verdazyl species, in addition to two com-
mon oxo-verdazyls, (see Scheme 2) are also included. 
Herein oxidation potentials of these methyl adducts are 
calculated and compared with those of TEMPO-Me. At 
the same time, SN2 reactivity of their methyl adducts 
with pyridine is calculated and compared with that of 
TEMPO-Me. 
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Scheme 2. Test set of nitroxide radicals and nitrogen-cen-
tred radicals considered to replace of TEMPO in TEMPO-
Me. 

COMPUTATIONAL METHODS 
All standard ab initio molecular orbital theory and den-
sity functional theory (DFT) calculations were carried 
out using Gaussian 16 C.0123 and Molpro 2019.2 24 soft-
ware packages. Procedures were chosen based on 
benchmarking against experiment in previous studies of 
similar systems, where they were shown to reproduce 
the experimental oxidation potentials of TEMPO-R 
alkoxyamines in acetonitrile to within a mean absolute 
deviation of 0.05V. 10, 25  
Geometries were optimized at the M06-2X/6-
31+G(d,p)26 level of theory, and frequencies were also 
calculated at this level. All geometries were verified as 
local minima (possessing no imaginary frequencies) save 
for transition states, which were identified with one im-
aginary frequency in the reaction coordinate. When ap-
propriate, complete conformational searching was car-
ried out based on the M06-2X/6-31+G(d,p) Gibbs free 
energies in solution. Improved single point energies 
were subsequently calculated using the high-level com-
posite ab initio method G3(MP2)-RAD, in combination 
with the ONIOM partition scheme.27 In these cases the 
respective core, shown in Figure S1 of the Supporting 
Information, was modelled with G3(MP2)-RAD while the 
remote substituents were modelled with M06-2X/6-
31+G(d,p).  
Gibbs free energies in solution were calculated via a 
thermocycle in which Gibbs free energies in the gas 
phase, as calculated via standard ideal gas partition 
functions, were combined with Gibbs free energies of 
solvation and the necessary phase change correction 
term.28 The SMD solvent model29 was used to correct for 
implicit solvent effects in acetonitrile. For this purpose, 
geometries were fully optimized in solution at the M06-
2X/6-31+G(d,p) level. 
Standard oxidation potentials (Eox) in acetonitrile of the 
methyl adducts of all species in Scheme 2 were calcu-
lated via the Nernst equation against the Fc/Fc+ couple 
in acetonitrile. The electron was treated under the EC-
FD convention as described in Ref. 30 To maximize error 
cancellation, an isodesmic method was followed in 
which the experimental oxidation potential of TEMPO-
Me in acetonitrile (0.79 V vs Fc/Fc+) was used as the ref-
erence value.10 To assist in the analysis of the results, re-
duction potentials of the radicals in Scheme 2 were also 

calculated. These are conditional formal potentials, ra-
ther than experimental half wave potentials, that do not 
account for protonation of the reduced product.  

RESULTS AND DISCUSSION 
The oxidation potential of the methyl adducts of the 
species in Scheme 2 are presented in Table 1, alongside 
the Gibbs free energy barriers and reaction energies for 
the SN2 reaction of the resulting oxidized species with 
pyridine as a common nucleophile. Figure 1 shows a plot 
of the SN2 barrier versus the oxidation potential. The fit-
ted line represents regression analysis of the results of 
the nitroxide adducts only and with 3 of them also omit-
ted as outliers (TEMMOO, AZADO and diMe-AZADO). 
These outliers, as well as the 4 non-nitroxides, are all la-
belled individually in Figure 1, and when these omitted 
the R2 value is 0.93; even if just the 3 nitroxide outliers 
are included R2 drops below 0.50. Figure 2 shows the 
barrier of the SN2 reactions versus their reaction ener-
gies. These show a good Bell-Evans-Polanyi correlation 
over the entire dataset (R2 = 0.92). 
 
Table 1. Oxidation potentials (Eox) of R-Me, and Gibbs free en-
ergy barriers and reaction energies (ΔG‡ and ΔGrxn) of the SN2 
reaction between [R–Me]+• and pyridinea 

R in R–Me a 
Eox  
V vs Fc/Fc+ 

ΔG‡   
kJ mol–1 

ΔGrxn 
kJ mol–1 

TEMPO 1 0.79 68.7 -129.5 

4-MeO-TEMPO 2 0.86 64.1 -137.6 

TEMMO 3 0.92 63.9 -139.3 

TEMMOO 4 1.07 69.5 -157.3 

PROXYL 5 0.56 76.6 -124.6 

DTBN 6 0.70 68.4 -128.6 

TMIO 7 0.74 69.5 -138.0 

TMAO 8 1.00 56.0 -151.0 

NO2-TMAO 9 1.07 57.5 -158.2 

DSPO 10 0.70 70.4 -130.7 

AZADO 11 0.64 91.7 -99.7 

diMe-AZADO 12 0.86 73.7 -122.0 

Blatters 13 -0.08 143.5 -33.9 

Kuhn 14 0.31 137.6 -48.6 

Ph-Oxo 15 0.64 110.0 -94.0 

iPr-Oxo 16 0.55 110.5 -106.1 
aSee Scheme 2 for chemical structures. 
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Figure 1. The ΔG‡ for the SN2 process (evaluated at 25°C, in 
kJ mol–1) versus oxidation potential (in V versus Fc/Fc+). The 
trend line is fitted to all points except the outliers marked 
(red circles). Even if only the nitroxide outliers are included 
the R2 drops below 0.5. 

 

Figure 2. The ΔG‡ for the SN2 process versus the corre-
sponding reaction energy, ΔGrxn (both evaluated at 25°C, in 
kJ mol–1). The trend line is fitted to the entire dataset. 

From Figure 1, it is seen that, broadly speaking, the 
lower the oxidation potential, the higher the SN2 barrier. 
This is unsurprising as there is a direct thermodynamic 
link between the lowering of the oxidation potential and 
the lowering of the SN2 reaction energy (Figure 3) and, 
by an Evans-Polanyi rule extension, also the SN2 barrier. 
From Figure 3, it is seen that the greater the oxidation 
potential of the substrate the greater the difference be-

tween the SN2 barriers of the neutral and oxidized spe-
cies. However, this difference also depends on the re-
duction potential of the leaving group – the harder it is 
to reduce the leaving nitroxide or hydrazyl radical, the 
lower the reaction energy in the oxidized form.  
 

 

Figure 3. Thermodynamic cycle relating change in SN2 re-
action energy between neutral and oxidized form and the 
oxidation potential of the neutral substrate and reduction 
potential of leaving radical. 

 
A simple way of thinking about this is that the neutral 
adduct is unreactive to SN2 reactions and so energy has 
to be put into it to active it – the more energy you put 
in, the more reactive it becomes. By Hess’s law, the en-
ergy you put in is the difference between the oxidation 
potential of the adduct and reduction potential of the 
corresponding nitroxide or hydrazyl radical (Figure 3). If 
the oxidation potential of adduct is low or the reduction 
potential of the radical is high, less energy is put in and 
the oxidized adduct is less reactive. The correlation be-
tween SN2 reactivity and oxidation potential in Figure 1 
suggests that for most species, oxidation potential of the 
adduct and reduction potential of the radical are well 
correlated. The outliers in Figure 1 are species where 
this correlation breaks down. 
These outliers in Figure 1 all have barriers larger than 
would be expected based on the oxidation potential 
alone; thus, they should have higher reduction poten-
tials than expected based on their oxidation potentials. 
Indeed, when the relative oxidation potential (versus 
TEMPO) is plotted as a function of the corresponding 
relative conditional formal reduction potential, the 5 
worst outliers in Figure 1 are the same 5 outliers (see 
Figure 4, data in Table S1 of the Supporting Information). 
In all cases their reduction potentials are considerably 
higher than the trend line, indicating that the stability of 
the anion is significantly lower than otherwise expected 
based on how those functional groups affect the oxida-
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tion potential of the adduct. Unsurprisingly, these outli-
ers are primarily the nitrogen centered species, which 
are less able to bear a negative charge than the oxygen 
center of the nitroxides. In those cases, the reduction 
potentials over-estimate the stability of the radicals (and 
hence the driving force of the reaction) compared with 
the other species. 
 

 

Figure 4. Relative oxidation potential of the Me-adducts 
(relative to TEMPO-Me, V) versus the corresponding rela-
tive reduction potential of the radicals (relative to TEMPO, 
V). The trend line is fitted to all points except the outliers 
marked. Note that conditional formal reduction potentials 
were calculated, and do not reflect the effects of subse-
quent protonation of the reduced form.  

 

Structure-Reactivity Analysis. The SN2 barriers of the ox-
idized species largely follow expectations based on their 
thermodynamics, which are in turn related to their oxi-
dation and reduction behavior. Another way of thinking 
about these trends is in terms of how stable the sub-
strate is as a cation (the less stable, the more reactive) 
and how stable the product radical is (which is reflected 
in how hard it is to reduce, at least among the nitrox-
ides). These govern the thermodynamic driving force of 
the reaction, and given the Evans-Polanyi correlation, 
also the barriers.  
As for the trends in the oxidation potentials of the me-
thyl-adducts themselves, the large difference between 
alkoxyamines and the aromatic amines is the enhanced 
ability of the latter to stabilize a positive charge via res-
onance delocalization. The alkoxyamine subset is very 
structurally diverse and was deliberately chosen so to 

assess how different chemical features (e.g. cyclic vs acy-
clic, 5- vs 6-membered rings, saturated vs unsaturated 
rigidification) influenced oxidation behavior and reactiv-
ity. While this diversity precludes quantitative analysis 
based on a single variable (e.g. an electrostatic de-
scriptor), semi-qualitative and qualitative analysis re-
veals there are several important structural features 
that can impact alkoxyamine oxidation. 
 

 

Figure 5. N-Pyramidalization angles of TEMPO-Me and 
TEMPO-Me●+, compared with TEMPO● and TEMPO+. Cal-
culated using the POAV approach. 31 

 
Firstly, by comparing TEMPO-Me and PROXYL-Me, we 
note that ring size is clearly an important factor influenc-
ing alkoxyamine oxidation. Indeed, this ring contraction 
lowers Eox by 230 mV. A similar decrease is also observed 
moving from TMAO-Me to TMIO-Me, with Eox lowered 
by 260 mV. This suggests that alkoxyamine oxidation is 
reasonably sensitive to ring size, which is somewhat in 
contrast to nitroxide oxidation. Indeed, previous theo-
retical calculations indicate that the oxidation potentials 
of the corresponding TEMPO and PROXYL nitroxides are 
nearly identical, though their reduction potentials differ 
by around 140 mV.32 This result can be rationalized on 
the basis that alkoxyamines undergo more significant 
geometry relaxation upon oxidation than nitroxides (see 
Figure 5).   
As Figure 5 illustrates, the TEMPO-Me alkoxyamine 
adopts a nearly pyramidal geometry around the N atom, 
with a CNC bond angle of 118.5° and an N-pyramidaliza-
tion angle of 17.5°. The corresponding radical-cation 
adopts a more planar geometry, with a CNC bond angle 
of 126.6° and an N-pyramidalization angle of 7.0°. In 
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contrast, both TEMPO and its corresponding oxoammo-
nium cation have reasonably planar geometries, with 
CNC bond angles of 124.0° and 124.4°, respectively. 
Moreover, the N-pyramidalization angles for TEMPO and 
its respective oxoammonium cation are also more com-
parable (7.3° and 0.5°, respectively). As particular cyclic 
scaffolds possess inherent structural preferences, oxida-
tion and reduction reactions that involve large geometry 
relaxations are obviously more sensitive to ring size. 18, 

32, 33 The lower oxidation potential of PROXYL-Me vs 
TEMPO-Me suggests that a pyramidal type N-atom is 
more destabilized by pyrrolidine ring when compared to 
a piperidine. Consistent with this notion, the reduction 
potential of the PROXYL nitroxide is 140 mV lower than 
TEMPO,32 indicating  that the corresponding (pyramidal) 
oxyamine anion is less stable for PROXYL than TEMPO. 
Having established the importance of ring size, we next 
considered the impact of remote electrostatic effects. 
We previously developed a simple descriptor for de-
scribing oxidation of nitroxide radicals in terms of the 
electrostatic effects of their remote substituents.19 
Though our equation was limited to cyclic nitroxides 
bearing identical (tetramethyl) alpha substitution, it was 
successful in rationalizing a large set of different nitrox-
ide frameworks, including those based on pyrrolidines, 
pyrrolines, isoindolines, piperidines, morpholines, aza-
phenalenes and azepines. This previous nitroxide set en-
compassed 5-,6- and 7-membered cyclic nitroxides and 
incorporated rings with both saturated and unsaturated 
functionality. The descriptor was calculated by placing 
the same substituents in the corresponding carbocycle 
(through a CH2/NO substitution) to estimate the dipole 
and quadrupole moment caused by the substituent 
alone. 
Obviously, the sensitivity of alkoxyamine oxidation to 
ring size precludes similar quantitative electrostatic 
analysis over the entire alkoxyamine subset. Moreover, 
the inclusion of acyclic species and changes in hypercon-
jugation also somewhat confound this analysis. These 
considerations aside, electrostatic effects of the remote 
substituents do still play a significant role in influencing 
the alkoxyamine oxidation potentials. For instance, the 
trend TEMMOO-Me > TEMMO-Me > 4-MeO-TEMPO-
Me > TEMPO-Me can be predominantly attributed to 
the progressively lower substituent dipole. This in turn 
lowers unfavorable charge-dipole interactions between 
the substituent and the forming NOR radical-cation. 
Similarly, both TMAO-Me and TMIO-Me possess notably 
higher oxidation potentials than their fully saturated an-
alogues, TEMPO-Me and PROXYL-Me. In both cases, this 

higher oxidation potential can be attributed to the unfa-
vorable electrostatic interaction between the substitu-
ent (aromatic) quadrupole and the forming NOR radical-
cation. Similar electrostatic behavior was previous ob-
served in nitroxide oxidation.19 
From a practical point of view, the aim of the study was 
to identify suitable methylation agents with lower oxida-
tion potentials than TEMPO so as to broaden the scope 
of our electrochemical methylation procedure. It is clear 
from Figure 3 that any lowering of the oxidation poten-
tial is accompanied by compromises to SN2 reactivity. 
That said, both DSPO and DTBN can lower the oxidation 
potential requirements by 0.1 V without significantly af-
fecting the barrier, while PROXYL lowers the require-
ments by ca 0.25V with less than a 10 kJ mol–1 compro-
mise in activation energy and would also be worth con-
sidering when functional group tolerance is a problem. 
The barrier for the methylation of pyridine by the oxi-
dized alkoxyamine of proxyl is 76.6 kJ mol–1; for compar-
ison, the barrier for MeOTf, also a powerful methylating 
agent, in the same reaction is 73.2 kJ mol–1.9 

CONCLUSION 
Upon oxidation, alkoxyamines become powerful elec-
trophiles, suitable for in situ methylation reactions. Pre-
viously we have developed this as an electrochemical 
synthetic technique using TEMPO-Me as the substrate.9 
Herein, using high-level quantum chemical calculations, 
we have studied the SN2 activation barriers of a range of 
alkoxyamine derivatives, as well as methyl adducts of 
representative triazinyl, verdazyl and oxo-verdazyl ad-
ducts, to identify improved reagents capable of under-
going oxidation at lower potentials. Unfortunately, there 
is a strong correlation between the barrier and the oxi-
dation potential; nonetheless, DSPO, DTBN and particu-
larly PROXYL are capable of expanding functional group 
tolerance with minimal compromise to activity.  
Moreover, those species with high SN2 barriers are pre-
dicted to undergo reversible oxidation and are therefore 
promising in battery applications. Nitroxides34-37 and 
verdazyls38 have garnered significant attention in the 
context of organic batteries.39 40 The former undergo re-
versible oxidation, the latter reversible oxidation and re-
duction. Recently, it has been suggested that Me-adduct 
of TEMPO could provide superior performance in this 
context due to its higher oxidation potential and thus 
greater energy storage capacity.41 However, its SN2 reac-
tivity with solvent and electrolyte upon oxidation could 
potentially compromise battery lifetime.15 Some of the 
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less reactive alkoxyamines studied here could thus pro-
vide a better compromise between stability and high ox-
idation potential. 
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