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Effect of Heteroatom and Functionality Substitution on the Oxidation Potential of
Cyclic Nitroxide Radicals: Role of Electrostatics in Electrochemistry

Kai Zhang,? Benjamin B. Noble,” Adam C. Mater,® Michael J. Monteiro® Michelle L. Coote,”* and Zhongfan Jia®*

The oxidation potential of a test set of 20 nitroxide radicals, including a number of novel compounds, has been studied experimentally in acetonitrile and

correlated with theoretical calculations. It was found that both Hammett constants (op) of the substituents on the nitroxide radicals and hyperfine splitting

constants of the respective nitrogen atoms (an) were well correlated to their experimental oxidation potentials. Theoretical calculations, carried out at the

G3(MP2,CC)(+)//M06-2X/6-31+G(d,p) level of theory with PCM solvation corrections, were shown to reproduce experiment to within a mean absolute

deviation of 33 mV, with a maximum deviation of 64 mV. The oxidation potentials of the nitroxides examined varied over 400 mV, depending on ring size and

substitution. This considerable variation can be rationalised by the ability of various substituents to electrostatically stabilize the oxidised oxoammonium

cation. Importantly, this can be quantified by a simple predictive relationship involving the distance scaled dipole and quadrupole moments of the analogous

cyclohexyl ring. This highlights the often-overlooked role of through-space electrostatic substituent effects, even in formally neutral compounds.

1. Introduction

TEMPO
derivatives,

nitroxides, (2,2,6,6-

are an

Cyclic epitomised
teramethylpiperidinyl-1-oxy) and
important class of free-radicals that possess a long shelf life. The
persistent nature of these nitroxides originates from: (1)
electron delocalization along the N-O bond and (2) the
stabilization against combination and disproportionation by the
four a-methyl groups adjacent to the N-O centre. Nitroxides
have many applications, including as spin probes and spin
labels,t 2 superoxide dismutase mimics,3 4 antioxidants®>7 and
control agents in ‘living’ radical polymerization.8 9 Early work, as
summarised by Rozantsev,10 focussed on the comprehensive
synthesis of functional nitroxides, including TEMPO, pyrrolidine
(PROXYL) and pyrroline radicals as well as various derivatives,
and their applications in biological systems. In recent years,
there has been a resurgence in nitroxide synthesis because of
their importance as oxidation catalysts,11-15 in radical coupling
reactions16-19 and particularly in organic energy storage

by
its

materials.20-24

In addition to their inherent stability against dimerization
and disproportionation, the unpaired electron on nitroxide
radicals imparts key characteristics of electron-spin and
underpins their ability to undergo reversible redox reactions. In
principle, any parameter that changes the electron distribution
along the N-O bond of a nitroxide will change its physical and
chemical properties; including the electron paramagnetic
resonance (EPR) spectrum and its behaviour in redox reactions.
One of the key parameters of nitroxides that is derived from EPR
is the nitrogen hyperfine splitting constants (an), while
oxidation potential (Exx®) and reversibility are key features of
their redox behaviour. Given that nitroxides often must be
in specific
applications,?% 26 understanding the effects that functional and
heteroatom substitutions have on electron spin and, more
importantly, redox properties would be of great significance.

Previous theoretical and experimental studies on the impact
of chemical structure on the oxidation potentials of different
types of nitroxide radicals have generally focussed on changes
in ring size and strain.27-31 In particular, ring flexibility was found
to be an important factor in oxidation and reduction potentials
as the cation, anion and radical prefer different degrees of
planarity around the nitrogen atom, and attainting the optimal

modified with various functionalities for use

geometric rearrangement is hindered to varying extents by ring
rigidity. It has been demonstrated that sterically shielding the
radical centre by introducing bulky groups on the carbon atoms
adjacent to the nitrogen reduces chain flexibility32 and results in
a longer radical lifetime.?27. 28,33, 34 Modification of the a-methyl
and/or ortho- or para-substituents has been shown to alter the
redox potential through an electronic induction effect.35 36
Moreover, dipole forces were used by Billone and coworkers to
rationalise substituent effects on hydroxylamine bond
enthalpies.3” Although these studies have
elucidated some of the effects of substitution on the chemistry
of nitroxides, there is still a lack of knowledge on the influence
of both substituents and heteroatoms on nitroxide oxidation
potentials.

In this work, we have synthesized twenty nitroxides,
including four new structures (e, f, q and t) that have different
functional substitutions and/or heteroatom insertions in their
cyclic structures (Scheme 1). These compounds allow us to
systematically investigate the influence of substitution and
heteroatoms on both the oxidation properties and electron spin
behaviour. We also carried out complimentary computational
studies to provide insight into how substituents can affect these
oxidation potentials. In this way, we develop simple predictive
relationships between the properties of the substituent and the
resulting oxidation potential so that nitroxides can be rationally
designed for their desired applications.

dissociation

Scheme 1. Substituted and heterocyclic nitroxide radicals studied in this work.
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2. Experimental

2.1 Synthesis

Full synthesis and characterisation are provided in the
Supporting Information; a brief summary is presented here. The
nitroxides synthesized and studied in this work are listed in
Scheme 1. Radical m was purchased from Aldrich and used as
received. Synthesis of a-l started from the commercially
available triacetoneamine (1) as illustrated in Scheme 2.

Radicals (a-m) are TEMPO derivatives with different
functionalities at the 4-position. Both 4-oxo- TEMPO (a) and 4-
hydroxyl-TEMPO (b) were synthesized according the

literature.1® Oxidation of (1) by hydrogen peroxide (30 wt %),
sodium tungstate and EDTA, as previously reported, gave (a)
with high yield (> 80%). However, the oxidation process needs
to be carried out in a dilute solution ([1] ~ 0.1 M) with slow
addition of hydrogen peroxide under ice water cooling to
prevent over-oxidation and consequent decrease in the yield. 4-
hydroxylamino-TEMPO (c) was synthesized in high yield (75%)
through the reaction of (a) with hydroxylamine hydrochloride
under basic conditions. 4-oxiranyl-TEMPO (d) was synthesized
from (a) in the presence of sulfur ylide through a one-step
Corey-Chaykovsky reaction.3® Hydrolysis of (d) in potassium
hydroxide DMSO/H,0 solution (15 wt%) at 60 °C afforded the
dihydroxyl functionised nitroxide (e) in a 45% yield. Nitroxide (e)
was further converted into a spirocyclic carbonate radical (f)
through a transesterification with dimethyl carbonate, with an
isolated yield of 51%. Nitroxides d and f are monomers and
could be further polymerized through ring-opening
polymerization, resulting in polyether or polycarbonate based
nitroxide radical polymers. 4-Tosylate-TEMPO (g), 4-propargyl-
TEMPO (k) and 4-acryloyl-TEMPO (I) were synthesized
according to previous reports.3? 4-Tosylate-TEMPO (g) was used
to synthesize 4-azido-TEMPO (h) and 4-iodo-TEMPO (j) through
nucleophilic substitution with sodium azide and sodium iodide,
respectively. 4-bromo-TEMPO (i) was synthesized through
Appel bromination of 4-hydroxyl-TEMPO (b) in the presence of
PPh3/CBr4 and recovered in low yield (~ 10%).

Scheme 2. Synthesis of 4-substituted TEMPO radicals from triacetoneamine (1).
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Synthesis of the five-membered cyclic PROXYL radicals n and o
was achieved through a ring-contraction reaction from
triacetoneamine (1), as shown in Scheme 3. 1 was first
brominated in acetic acid and gave a mixture of 3,3-dibromo
(3a) and 3,5-dibromo (3b) substituted triacetoneamine, which
was confirmed by IH NMR showing two distinct peaks at 5.41
ppm and 4.35 ppm ascribed to the protons adjacent to the
ketone (Figure S1). The ratio of 3a:3b was about 1:3 and the
mixture (3) was converted without further purification to the
same product (4) (Figure S2) through a Favorskii rearrangement
in 28% aqueous ammonia with an isolated yield of 75%.
Oxidation of (4) afforded nitroxide (n) with a yield of 42%.
Further hydrolysis of (n) produced the carboxylic acid
functionised nitroxide (o) with nearly quantitative yield (95%).
Seven-membered heterocyclic nitroxides (s and t) were
synthesized through a ring-expansion reaction.
Triacetoneamine was directly reacted with sodium azide in the
presence of concentrate hydrochloric acid (36 wt%) (Caution:
this forms highly toxic HNs, slow addition of NaNs in a well-
vented system is required) and formed a caprolactam with
secondary amine (5) through a one-step Schmidt
rearrangement with anisolated yield of 53%. Product 5 was first
confirmed by NMR (Figure S3), and further oxidised to the
caprolactam nitroxide s (61%). Precursor 5 can also be reduced
to 6, in which the less sterically hindered secondary amine was
tosylated to give 7 (34%; Figure S4). Oxidation of 7 produced
nitroxide t with a yield of 67%.



Scheme 3. Synthesis of 5-membered pyrroline and 7-membered heterocyclic nitroxides
through Favorskii ring-contraction and Schmidt ring-expansion reactions, respectively.
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Six-membered heterocyclic nitroxides (p, q and r) were

synthesized through Lai’s ring-closure reaction starting with
simple chemicals as illustrated in Scheme 4.40. 41 Precursor 8
(Figure S5) was oxidised to the valerolactone radical p with a
yield of 84%, which can be further reduced to the hemiacetal
radical q by NaBH,. Following successive reduction and ring-
closure reactions of 8, the morpholine radical r was obtained
after oxidation of 10 (Figure S6) with a yield of 66%.

Scheme 4. Synthesis of 6-membered heterocyclic nitroxides through ring closure
reactions.
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2.2 Cyclic Voltammetry (CV)

The cyclic voltammetry (CV) measurements were performed on
a potentiostat system (CHI-760D) using a conventional three-
electrode cell at 25 °C. A glass carbon electrode was used as the
working electrode and polished with 0.3 and 0.05 pm alumina
slurry after each measurement. A coiled platinum wire and an
Ag/AgNO; electrode were used as the counter and the
reference electrodes, respectively. The cyclic voltammograms
were measured using 5 mM nitroxide solution in MeCN (with
0.1 M n-BusNPFs as the electrolyte). The scan was carried out
for three cycles with scan rate of 50 mV/s. For all the nitroxides
examined, redox waves of the three scans overlapped very well,
therefore only one scan was reported. The final reported
potentials of all the nitroxides were corrected by using
ferrocene (Fc)/ferrocenium (Fc*) couple (5 mM) as a reference.

Table 1. Experimental and computational data for substituted and heterocyclic nitroxides.?

Nitroxide Epa Eo®  Ex® AES inafline E°aa®  Natural Charge Dipole moment Quadrupol:e moment
radical (mV vs Fc/Fc*) mV) on Oxygen' (D) (DA)® an (G)"
TEMPO 298 170 234 128 1.00 - -0.4331 -0.1401 -0.0100 15.630
a 468 352 410 116 1.01 450 -0.4262 3.3042 -2.3756 14.239
b 346 222 284 124 1.04 231 -0.4295 0.2585 0.1100 15.205
c 397 282 340 115 0.99 369 -0.4301 0.6338 2.5832 14.546
d 374 260 317 114 0.99 278 -0.4268 0.4411 1.2577 15.191
e 286 174 230 112 1.01 202 -0.4293 -0.2485 0.3842 15.132
f 446 332 389 114 0.99 385 -0.4206 3.288 -2.1385 14.854
g 448 325 387 123 0.99 437 -0.4267 4.0126 -16.2413 15.103
h 411 297 354 114 0.99 316 -0.4258 2.1371 -0.9547 15.161
i 419 325 372 94 0.99 385 -0.4251 2.5359 -1.0463 15.088
j 400 303 352 97 1.00 15.308
k 373 242 308 131 0.99 246 -0.4300 0.2442 -0.0657 15.161
| 406 280 343 126 1.02 326 -0.4277 0.7214 2.9512 15.162
m 377 253 315 124 0.99 342 -0.4278 0.9448 24111 15.206
n 499 399 449 100 1.05 453 -0.4195 -0.1002 7.0033 14.209
o 542 427 485 115 0.98 527 -0.4197 0.7268 4.4555 14.092
] 692 580 636 112 1.02 700 -0.4157 4.6521 -1.1516 13.770
q 359 15.030
r 397 318 358 79 0.97 343 -0.4252 1.3241 -0.4108 15.073
S 458 15.088
t 339 14.810

aExperiments were performed using 5 mM solution in MeCN (0.1M NHa4PFs) degassed under nitrogen. Glassy Carbon working electrode, Platinum auxiliary electrode and
non-aqueous Ag/AgNOs reference electrode. Sweep rate is 100 mV-s. b Epa and Epc was calibrated versus Fc/Fct. © Eox= (Epa+Epc)/2. @ AEp=Epa-Epc. © Calculated at the
G3(MP2,CC)(+)//M06-2X/6-31+G(d,p) level of theory in conjunction with PCM solvation corrections, the values were corrected based on TEMPO (i.e. 234 mV) (see
Supporting Information for more details). fBased on M06-2X/6-31+G(d,p) calculations (taking a weighted average of nitroxide conformations). & Based on M06-2X/6-
31+G(d,p) calculations of the corresponding cyclohexyl derivative (see text, taking a weighted average of nitroxide and oxoammonium conformations). " The nitrogen
hyperfine splitting constants (an) were measured from ESR spectra. 1 mg/ml in methanol, X-Band, Attenuation 25 Gd.



Figure 1. Cyclic voltammograms of functional and heteroatomic substituted nitroxide radicals 5 mM in acetonitrile with NH4PF6 vs Fc/Fc*.
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2.3 Electron Spin Resonance (ESR)

ESR spectra were recorded with a Bruker E540 spectrometer
operating at X-band (~9.8 GHz) and using a Bruker ER4122SQE-
W1 high sensitivity resonator. Samples were measured at 1.0
mg/mL in methanol in a 1.5mm internal diameter capillary with
the following instrumental parameters, microwave power =
0.635 mW, modulation amplitude = 1 G. The spectra were
processed using Bruker Xepr software.

2.4 Theoretical Methodology

Standard ab initio molecular orbital theory and density
functional theory (DFT) calculations were carried out using
Gaussian 0942 with the exception of CCSD(T) calculations, which
were performed using Molpro 2015.43 44 Calculations were
performed at a high level of theory, previously shown to
reproduce experimental redox potentials for other nitroxide
radicals.*> 46 Geometries of all species were optimised at the
MO06-2X47 level of theory using the 6-31+G(d,p) basis set and
frequencies, entropies and thermal corrections were also
calculated at this level of theory. Improved single-point energies
were calculated using the high-level composite ab initio
G3(MP2,CC)(+) method, a variation of standard G3(MP2,CC)*8
where calculations with the 6-31G(d) basis set are replaced with
6-31+G(d). These high-level calculations where utilized in
conjunction with the ONIOM approximation?®: 50 for larger
systems, with UMP2 used to model remote substituents effects.
Solvation corrections were calculated using the polarisable
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continuum model (PCM)>! (as implemented in Gaussian 09).
Natural charges were calculated in Gaussian software via its
built-in Natural Bond Orbital population analysis®2 at the M06-
2X/6-31+G(d,p) level. A more detailed description of the
computational methodology can be found in the Supporting
Information.

3. Results and discussion

3.1 Electrochemical results

The oxidation potentials of nitroxides play an important role
when these compounds are used as alcohol oxidation catalysts,
redox mediators for solar cells3! and electroactive materials for
organic radical batteries.?3 35 |In the latter case, a higher
oxidation potential means a greater energy storage capacity.
We therefore studied the oxidation potentials for all the
synthesized nitroxides by cyclic voltammetry (CV) using a three-
electrode system with Fc/Fc* as the reference (Fc: Ferrocene);
the data are listed in Table 1. For previously studied nitroxides,
excellent agreement was observed between our oxidation
potentials and those in the literature (see Table S1).28 29,53 |t
was found that for all 4-substituted TEMPO derivatives (a-m),
the redox reaction had a peak separation AE, between 94 and
131 mV. The cathodic and anodic currents were nearly the same
as ipa/ipc Were very close to 1.0, suggesting all 4-substituted
nitroxides underwent a reversible electrochemical oxidation
reaction. The oxidation potentials for a-m varied from 230 to



410 mV with the highest oxidation potential of 410 mV for 4-
oxo-TEMPO (a). Modification of 4-oxo-TEMPO (a) to 4-oxiranyl-
TEMPO (d) then to 4-hydroxyl-4’-hydroxymethyl-TEMPO (e)
resulted in significant decrease in the oxidation potential from
410 mV to 317 mV then to 230 mV (Figure 1A). Modification of
4-hydroxyl-TEMPO (b) (i.e. Eox® = 284 mV) with bulky and
electron-withdrawing subsitutents to give 4-spirocarbonate-
TEMPO (f) or 4-tosyl-TEMPO (g) resulted in an increase in
oxidation potentials to 389 and 387 mV, respectively (Figure
1B). Other 4-substituted TEMPO derivatives had oxidation
potentials around 350 mV as listed in Table 1.

The 6-valerolactone nitroxide (p) possessed the highest
oxidation potential of all 20 nitroxides tested, which at 636 mV
was around 350 mV higher than the 4-hydroxyl-TEMPO b. In
contrast, the morpholine nitroxide r had a potential of 358 mV,
with only 80 mV higher than b. Reduction of p by NaBH,4
produced hemiacetal nitroxide g and gave a low anodic
potential Eps (359 mV) and an irreversible peak, which suggests
a possible side reaction of the corresponding oxoammonium
cation with the hemiacetal group and/or ring-opening and
degradation of the radical. This indicates that 6-membered
heterocyclic nitroxides have very different oxidation behaviour
to 6-membered piperidine radicals (i.e. b). The 5-membered
pyrroline nitroxides, n and o, exhibited oxidation potentials of
449 and 485 mV (vs Fc/Fc*), which were about 100 to 200 mV
greater than most of piperidine derivatives. This demonstrates
the role of electrostatics (vide infra): the positive quadrupole of
the aromatic pyrroline interacts unfavourably with the >N*=0
cation, making it much harder to oxidise than TEMPO. The
heterocyclic caprolactam (s) and 1,4-diazepan (t) nitroxides
displayed which suggests that the
respective 7-membered cyclic oxoammonium cations were
unstable. Comparing s with t, electronegativity is again
responsible for the lowering from 458 mV to 339 mV for
nitroxides s and t, respectively (Figure 1D).

irreversible oxidation,

3.2 Computational results

Since the oxidation potential of cyclic nitroxides appears to be
affected by a combination of electronic inductive effects, steric
hindrance and ring size, we first compared the oxidation
potentials for only the 4-substituted TEMPO derivatives (a-m),
in which only the 4-position was functionalized with different
substituents. By using empirical Hammett constants (i.e. o, for
para-substitution) taken from the literature,>* we examined the
correlation between o, and the respective oxidation potential
of the nitroxide (see Table 2).

Most of the nitroxides examined displayed a linear
relationship between the o, values and their oxidation
potential, consistent with the notion that electron-withdrawing
groups destabilise the oxoammonium cation resulting in higher
oxidation potentials (Scheme 5). This electronic inductive effect
can alter the oxidation potential by over 100 mV (Figure 2A).
However, nitroxides d, e and f were excluded due to their spiro-
or bis-substitution leading to difficulties in estimating their o,
values. An the carboxylic
functionalised nitroxide m, which largely deviates from the

interesting outlier is acid

linear trend of mono-substituted nitroxides, possibly because of

deprotonation or carboxylic acid dimerisation. SOMO-HOMO
conversion of this radical (in its deprotonated form) and
associated electrostatic stabilization has been previously
reported.>557 When SOMO-HOMO converted, the radical is
expected to undergo preferential oxidation at the carboxylate
(to form a diradical) rather than the usual oxidation to an
oxoammonium cation. Even if the radical is not SOMO-HOMO
converted, partial deprotonation or hydrogen bonding (via
carboxylic acid dimerisation for instance) would dramatically
change the polarity of the substituent.

Table 2. Hammett constants and experimental oxidation potentials for 4-
subsituted nitroxides.

Functional group o©p* Eol(mV)® Functional group o, Exl(mV)
(a) =0 050 410 (g) -0Ts 033 387
(b) -OH 037 284 (h) N3 0.08 354
(©) =NOH 0.1 340 (i) -Br 023 372
(d)  -CH,OCH,- - 317 (j) - 0.18 352
(e)  -CH,OH/-OH - 230 (k) -OCH.C=CH -0.25 343
(f)  Carbonate - 389 () -OCOCH=CH, 0.05 308

a Hammett constants were adopted from a previous report, values for d, e and f
were not found,>* op values for k and | were estimated from the analogue
structures —OCH2CH=CH2 and —OCOPh, respectively. b Eox%= (Epa+Epc)/2, Epa and Epc
was calibrated versus Fc/Fc*.
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Figure 2. (A) Correlation of experimental oxidation potentials with the Hammett
constants (o,) of 4-substituted nitroxides (m was excluded from this regression) and (B)
Experimental oxidation potentials vs the nitrogen hyperfine splitting constants ay.



The chemical structure of nitroxide radicals influences not
only their oxidation potentials but the values of their nitrogen
hyperfine splitting constants (an). Hyperfine splitting constants
have been utilised to probe solvent polarity, oxygen
concentration and redox reactions in biological systems.58 59
Previous work has demonstrated the impact of the ring size,
structural conformations, and inductive effects of the
substituents of cyclic nitroxide on their ay values,® and some of
our results agree well with previous reports.3” Generally
speaking, the more rigid the ring and the more electron-
withdrawing the substituent, the lower the m-electron spin
density is on nitrogen (Scheme 5); hence, ay decreases. In this
context, we plotted the experimental oxidation potential Eo°
versus the nitrogen hyperfine splitting constants (ay) for the
nitroxide radicals (Figure 2B). Species q, s and t were omitted
because they showed irreversible oxidation. Figure 2B clearly
shows that nitroxides with low oy values tend to have
correspondingly high oxidation potentials Ex°. Clearly the
ability of the nitroxide substituents to delocalise the radical is a
good predictor of their ability to stabilize the oxidised
oxoammonium cation (i.e. >N+=0).

Scheme 5. Reversible oxidation reaction and resonance delocalization of nitroxide
radical.

(o) +e O Resonance C‘)7
Il |
/lll\ -e N delocalization N¥
(Ex®)  nitroxide radical (o)

Next, we examined the agreement between theory and
experiment for the oxidation potentials of these nitroxides.
Theoretical calculations, carried out at the
G3(MP2,CC)(+)//M06-2X/6-31+G(d,p) level of theory with PCM
solvation corrections, were shown to reproduce experiment to
within a mean absolute deviation of 33 mV and maximum
deviation of 64 mV (Figure S7). We also observed reasonable
correlation between the natural charge calculated on the
nitroxide O atom (calculated at M06-2X/6-31+G(d,p)) and the
experimental oxidation potential (Figure S8). This indicates that
remote substituents directly affected the electron distribution
along the N-O bond of the formed oxoammonium cation
(Scheme 5) and that these changes correlate with the oxidation
potential of these nitroxides.

To ascertain the relationship between the nitroxide
structure and its oxidation potential, we considered the
underlying electrostatic interactions present in these systems.
Non-conjugated substituents affect the oxidation potential by
interacting electrostatically with both the polarized bond
present in the parent nitroxide (i.e. >N**-O") and the formal
charge formed upon its oxidation (i.e. >N*=0).3% 56 This
electrostaticinteraction can be written as a multipole expansion
in terms of the charge, dipole, quadrupole, etc of the
substituent. As all the substituents are formally uncharged, the
dipole term is the first non-zero term in the multipole
expansion. Provided that the charge-dipole interaction is
dominant, alignment of the substituent dipole with the charge

should stabilize the oxoammonium cation and result in a lower
oxidation potential (Scheme 6). Conversely, misalignment of
substituent dipole would destabilize this cation and so raise the
oxidation potential. Thus, the orientation and magnitude of the
substituent dipole should influence the electrostatic
stabilization/destabilization of the oxoammonium cation and in
turn effect the oxidation potential of the parent nitroxide.

To assess if the substituent dipole was correlated with the
oxidation potential, we calculated the dipole moment using
MO06-2X/6-31+G(d,p) for various structural analogues of the
nitroxides in the test set. To decouple the dipole moment of the
substituent from that of the >N-O°® group, we considered
simplified models in which the >N-O® moiety was replaced with
a CH; group. This substituent orientation relative to the >N-O®
moiety is crucial, as this axis defines the only spatial component
of the dipole moment that will have a non-zero interaction with
the charge formed upon oxidation. As the basic C-C framework
of these models is analogous to that of the corresponding
nitroxides, the relatively fixed orientations of the interacting
substituents are preserved. As shown in Figure S9, the distance
scaled dipole moment is very well correlated with the
experimental oxidation potentials (R2?=0.89),
nitroxides g, n and o were found to be significant outliers.

however

Scheme 6. Oxidation of nitroxide radical with differing remote (non-conjugated)
substituent dipole orientations.
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While truncating the multipole expansion at the dipole term
is valid if the substituent and >N*=0 moiety are appreciably
separated, at short-range higher order multipole terms may be
significant. In particular, the importance of quadrupole
moments in the electrostatic description of molecules with nt
systems is well known.®1 For such systems, analysis based on the
dipole moment alone would clearly be inadequate. The residual
deviation between the experimental oxidation potential and
that predicted by the scaled dipole term is very well correlated
with the distance scaled quadrupole moment. For instance,
nitroxide g has a significant stabilizing quadrupole term that
arises from the aromatic n-system of the tosylate group, which
explains why truncating multipole analysis at the dipole term
leads to a significant overestimation of its oxidation potential.
Conversely, nitroxides n and o have large destabilizing
quadrupole terms that result from the C=C bond of the 3-
pyrroline which accounts for the significant

rings,



underestimation of their oxidation potentials using dipole
analysis.

The inclusion of an appropriately scaled quadrupole term
corrects the 3 previous outliers (nitroxides g, n and o) and
simultaneously improves the correlation with the experimental
oxidation potential for the other 14 nitroxides. However, to
demonstrate the robustness of this analysis, we calculated
dipole and quadrupole terms for an addition 18 nitroxides using
oxidation potentials taken from References,?8 29 53 and
converted to Fc/Fc* using data given in Reference.62 These
additional nitroxides included a pyrrolidine, 3 azaphenalenes,
11 isoindolines, 2 piperidines and an azepine. Despite the
structural diversity of these nitroxides, good correlation was
observed between the distance scaled dipole and quadrupole
term and the respective oxidation potential (total RZ= 0.84).
Reassuringly, the optimal ratio between the dipole and
quadrupole terms found via a 2-variable regression (1.78:1) is
reasonably similar to the theoretical ratio predicted in a
multipole expansion (2:1).
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Figure 3. The correlation between the sums of the distance scaled dipole and quadrupole
moment of the substituent and the experimental oxidation potential for the 35
nitroxides examined.

The importance of electrostatic effects is nicely illustrated
by the 3-carboxy pyrrolidine and pyrroline nitroxides (see
Scheme 7.). Interestingly, both species have roughly
comparable substituent dipoles, with the saturated pyrrolidine
having a less favourable dipole interaction (1.02 D) than the
unsaturated pyrroline (0.73 D). Based on their respective
substituent dipoles, one might expect that the pyrrolidine
nitroxide would have a marginally higher oxidation potential
than the pyrroline nitroxide. However, the unsaturated
pyrroline has a large destabilizing quadrupole contribution (4.46
DA), while the quadrupole contribution for the saturated
pyrrolidine is much smaller (0.92 DA). By accounting for both
terms, the respective oxidation potentials for these two
nitroxides can be rationalised.

We should caution that due to relatively small separation
between the nitroxide moiety and the substituent, higher order
multipole moments may also contribute; particularly in more
electrostatically complex systems. Indeed, we note that
considering only nitroxides with unsaturated backbones
(pyrrolidine, morpholine and piperidine nitroxides) leads to

marginally better correlation than is observed for the full test
set (R2=0.89 and R = 0.84, respectively). This could point to the
importance of higher order multipole descriptors, particularly
for nitroxides with unsaturated backbones (e.g. pyrrolines,
azaphenalenes, isoindolines and azepines). However, it is
important to note that this analysis only considers the
underlying (gas-phase) electrostatic effects and does not
account for other key factors including; induction, ring
reflexibility, through space orbital overlap and explicit solvent
effects. Noting that reasonable correlation was observed in
Figure 3, we limited our analysis to the more chemically intuitive
dipole and quadrupole terms for simplicity.

Scheme 7. A comparison of the experimental oxidation potentials for 3-carboxy
pyrrolidine and pyrroline nitroxides as well as their respective substituent dipole and
quadrupole moments.

HO HO

0 o)
3-carboxy pyrrolidine 3-carboxy pyrroline (nitroxide o)

E,0= 352 mV E.0= 485 mV
p,=0.95D p,=0.73D
Q,, = 0.90 DA Q,, = 4.46 DA

This analysis clearly demonstrates that the electrostatic
properties of the substituent are very closely correlated to the
oxidation potential of the corresponding nitroxide. Thus,
specific nitroxide oxidation potentials can be targeted by
considering the dipole and quadrupole moment of the
substituent and its orientation with respect to the N-O moiety.

4. Conclusions

Theory and experiment have been used to study the effect of
substituents on the redox behaviour of nitroxide radicals. The
oxidation potential varies over 400 mV with nitroxide ring size
and substitution, highlighting their versatility. We have shown
that this considerable variation can be explained by the ability
of the various substituents to electrostatically stabilize the
oxidised form. This stabilisation can be quantified by a simple
predictive relationship involving the distance scaled dipole and
quadrupole moments of the analogous cyclohexane or
cyclopentene ring. This work highlights the often-overlooked
role of through-space electrostatic substituent effects, even in
formally neutral compounds. Moreover, it provides a simple
tool for tuning the oxidation behaviour of nitroxide radicals for
use in electrochemical catalysis and energy storage
applications.
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