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ABSTRACT
Fifteen imidazolidine nitroxide radicals were synthesised, and their stabilities

against ascorbate were investigated. Among them, it was found that radicals bearing
OH groups exhibited improved stabilities. In addition, density functional theory
calculations, evaluation method of steric shielding effect around nitroxide radical
reaction center based on molecular volume within a virtual ball, multiple regression
analysis showed that the half-lives of these radicals were influenced both by steric
effects and by the charge on the ring nitrogen atom.
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INTRODUCTION

Nitroxide radicals are stable free radicals that are em-
ployed in a range of applications, including as organ-
ic molecular catalysts [1,2], radical scavenging agents
[3.4] MRI contrast agents [5], spin labelling agents
[6.7.8], and radical trapping agents [9]. Among the
nitroxide radicals reported to date, various non-toxic
compounds have been used as test substances in vivo,
with examples including pyrrolidine [5,10], imidazole
[11], imidazolidine [11,12], and piperidine [13]. In
particular, the 3-carboxy-2,2,5,5- tetramethylpyrroli-
dine 1-oxyl (3-CP) free radical, which contains a pyr-
rolidine skeleton, has been used as an in vivo probe
due to its high stability. However, 3-CP can be deac-
tivated in vivo by reducing agents such as ascorbate
(Vitamin C) with a half-life of 2 min, and so a higher
stability is required for such applications [6,10].

The stability and reactivity of nitroxide radicals vary
greatly depending on their molecular structure. For
example, the introduction of bulky alkyl substituents
close to the radical centre and/or delocalization of the
spin density is considered a general method to alter
the properties of nitroxide radicals [10]. For example,
tert-butylphenyl nitroxide is unstable, but replace-
ment of the Ph group with a 10-substituted anthracene
moiety produces a stable species [14]. In addition,
molecules in which the Me group of 3-CP is substi-
tuted with an Et or spiro cyclohexyl group are more
stable towards reducing agents [10]. Although steric
shielding and electronic effects are believed to be
responsible for these changes, to date, they often re-
main in a qualitative discussion and require further
consideration.

Various attempts to quantify the steric shielding ef-
fect imparted by the substituents have also been car-
ried out. For example, Taft’s constants [15,16] Hi-
rota’s steric parameter € [17,18,19], Denisov’s

shielding parameter br. [20], and Tolman’s cone an-
gle model [21] have been reported. However, in many
cases, calculations into steric factors are based on the
limitations of applicable systems, and the calculation
methods are complicated. To address these issues,
Tomilin and co-workers developed a method combin-
ing versatility and convenience that quantifies the
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degree of steric shielding from the number of atoms
contained in a ball, and applied it to predict the reac-
tion point in the radical dimerisation process [22].
However, it seems that such evaluation based on the
number of atoms is inaccurate.

The stability of the nitroxide radical was also found
to change depending on the electronic state of the
radical itself. For example, Yamasaki and co-workers
correlated the reduction rate of nitroxide radicals by
ascorbic acid with the energy gap between the SOMO
-LUMO orbital using the soft-hard theory [13]. The
effect of the substituents on the stability of the radical
can be accounted for by considering the electron
withdrawing or donating effect, and although it was
reported that the electronic effect appeared to be more
dominant than the steric effect, insufficient considera-
tion was given to the steric effect.

Furthermore, Kirilyuk and co-workers conducted
multiple regression analysis of the reducing proper-
ties of imidazoline and imidazolidine nitroxides based
on Fujita steric constants and the Hammett constant
[23]. They concluded that the oxidation properties of
the nitroxides are determined by the steric and elec-
tronic effects of the substituents, and the state of the
ring nitrogen atom appears to play an important role
in determining the stability.

To investigate the steric and electronic effects impart-
ed by various substituents, we employ nitroxide radi-
cals based on the imidazolidine skeleton. Fifteen radi-
cals including one novel compound will be synthe-
sised, and their stabilities will be measured based on
their half-lives. The use of half-life as a kinetic indi-
cator is controversial, but it is useful as a simple indi-
cator.

In addition, to investigate the parameters related to
proton addition onto ring atoms, the most stable
structures will be determined using density functional
theory (DFT) calculations, and the contribution of the
electronic effect will be discussed.

The structures of the fifteen radicals employed herein
are shown in Fig. 1. Nitroxides 1-15 will be synthe-
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sised over 4-5 steps using common synthetic routes
(Scheme 1) [24.25.26]. Using the corresponding ke-
tones, the desired alkyl groups (i.e., Me, Et, Pr, and
spirocyclohexyl) will then be introduced at the R'
position. Compounds 1-8 will then be obtained
through oxidation with mCPBA. Compounds 1-3 and
5—7 will then be reacted with trimethyloxonium tetra-
fluoroborate to yield compounds 9-11 and 12-14,
respectively. Compound 15 will be obtained by intro-
ducing a benzoyl group into tetramethylimidazolidine

using benzoyl chloride and subsequent reaction with
mCPBA [27]. Nitroxides 3, 7, 11, 14, and 15 are nov-
el compounds.
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Fig. 1 Structures of imidazolidine nitroxide radicals 1
—15 used in this study.
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Scheme 1 Synthesis of the imidazolidine nitroxide
radicals.

Initially, to investigate the steric effects of the substit-
uents, steric shielding was evaluated by setting a vir-
tual ball centred on the radical atoms and measuring
the volume of the molecules contained within the ball
(volume ratio) [30]. As shown in Fig. 2, the close-
packed model was employed. More specifically, the
close-packed model was constructed by considering
that the bond length of the target atom is L, (n = num-
ber), and by calculating the volumes of the balls with
a radius of half of L,. Subsequently, setting the aver-
age volume as the volume of the target atom, the radi-
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us of the target atom was determined from the calcu-
lated volume.

Fig. 2 Image of the close-packed model of nitroxide 1.

Using this model, the molecular volume encapsulated
in a virtual ball with a radius of 3.42 A centred on the
radical atom considered to be a reaction point was
calculated (Fig. 3). The radius was set as the sum of
the van der Waals radii of the O° atom (set as the
MM3 [28] parameter 1.82 A) and that of the H atom
of the OH group (i.e., 1.60 A).

Fig. 3 Nitroxides 2 (left) and 6 (right) with balls of
3.42 A radii.

We also investigated the reduction kinetics of the ni-
troxides using ascorbate to determine their stabilities.
To measure the half-lives of the various compounds,
they were exposed to a 20-fold molar excess of ascor-
bate in an organic solvent (acetonitrile-methanol) and
the stabilities of the radicals were determined from
the degree of reduction in the electron spin resonance
signal. For comparative purposes, 3-CP and TEMPO
were also evaluated using the same method.

For each molecule, five stable conformations were
calculated by molecular mechanics using the MM3
force field [28] followed by optimisation using
Gaussian 09 at the UB3LYP/6-31G* level of theory.
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In each case, we defined the most stable confor-
mation based on enthalpic comparisons.

The half-lives of nitroxides 1-15, the charges on the
N? atoms, and the volume ratios in the most stable
conformations as determined by DFT calculations are
shown for each radical in Table 1. More specifically,
the data presented suggest that molecules bearing Et
or Pr groups at the R' position are stable against
ascorbic acid. This result is consistent with those of a
previous study [10], suggesting that electron donating
groups, substituents with limited free rotation, and
bulky substituents increase the stability of the radi-
cals. In addition, when highly electronegative atoms
such as oxygen are adjacent to the N, atom, the radi-
cal tends to be stable. Interestingly, compound 7,
which bears an Et group at the R' position and an OH
group at the R® position exhibited a half-life ~1.5
times greater than that of 3-CP and ~6.4 times greater
than that of TEMPO.

Table 1. Half-lives of nitroxides 1-15, 3-CP, and
TEMPO, and the electron densities and volume ratios
of nitroxides 1-15
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Nitroxides 2, 6, 10, and 13 bear a spirocyclohexyl
group at the R' position. It was found that the opti-
mised conformation of the N*atom of 2 takes the axi-
al position, while in the other three molecules, the N
atoms adopt the axial position. Figure 3 therefore
confirms that in the latter compounds, the substitu-
tion sterically shields the O° atom. The results of
comparing the stability in each of the axial and equa-
torial conformations are described in supporting in-
formation.

As shown in Table 1, the volume ratio of nitroxide 2
is 8.9%, while those of 6, 10, and 13 are >10%. This
indicates that the visual differences shown in Fig. 3
could be clearly quantified, thereby confirming the
effectiveness of this method.

We then moved on to examine the stabilities of the
various nitroxide radicals in the presence of ascorbate
using a range of calculations. In addition to the vol-
ume ratio, which is a steric factor, the atomic charges
on the N' and N? atoms. The atomic charge of each
atom was calculated by the Breneman model[32], the
spin densities on the O atoms, and the SOMO-

1 ] Mt | Votume N Atormic LUMO energy gaps of the.radlcals v.vere calculated
no. R R (llrﬁ) o Ch(@ﬁr)ge and compared with the obtained half-lives. As shown
. o T 05 T 5600 —0930 in Fig. 4, the Ilnghest correla2t10n was obse.rved l:2>e—
(CH,) tween the atomic charge of N~ and the half-life (R” =
2 2 H 0.6 8.919 —0.883
5 0.75).
3 Et H 0.8 9.508 —0.922
4 Pr H 1.8 9.636 —0.842 -0.4
> é\/g oH 8 ?60;2 0:595 & 05 y =0.0829In(x) - 0.832 °
6 | 1on| n S ~0.701 = R2=0.75
= -
7 Et | OH | 48 | 9.655 —0.608 = 06 ¢
8 Pr | OH | 30 | 9.636 ~0.578 & ~-0.7
9 Me | Me | 2.1 | 8748 —0.675 2 E
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o | P Me | s : ~0.742 S
e -09
11 Et Me 18 9.922 —0.504 g o ®
12 Me | OM | s | 8732 | -0623 < 10
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14 Et OéVI 14 | 9.714 -0.607 Fig. 4 Plot of the atomic charge of N” against the ni-
G Mo Ba 3 3785 0650 troxide half-lives in ascorbate solution.
3-CP 32
Toor 7.5
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In biological systems, both the reduction of nitroxides
and the reoxidation of hydroxylamines are known to
contribute to the lifetime of the nitroxide radical
[10,29]. As such, the nitroxide radical’s half-life de-
pends on the stability of the corresponding hydroxyla-
mine. In addition, protonation of the heterocycle on
the nitrogen atom of the hydroxylamine stabilises the
molecule [22] while also destabilising the nitroxide
radical. Thus, in the case of a structure bearing an
electron-withdrawing group (e.g., OH) with a small
atomic charge on the N? atom, the reduction reaction
by ascorbic acid is limited. Reoxidation is therefore
promoted and the stability of the radical is enhanced.
This result is consistent with previous studies [11].

However, this result does not mean that electronic
effects are the only factors that contribute to stability,
as steric factors must also be considered. As shown in
Table 1, no significant differences were observed be-
tween the charges on the N? atoms of nitroxides 3, 7,
and 8, while significant differences in half-lives were
apparent for these compounds. As the volume ratios
are larger for radicals 7 and 8 than for 5, it is consid-
ered that this difference in stability may be due to
steric shielding from the Me, Et, and Pr groups. In-
deed, nitroxide 6, which bears a spirocyclohexyl
group, gives the largest volume ratio; however, since
the electron donating effect of the cyclic alkyl group
increases the charge on the N” atom, the enhanced
stability is lower than suggested by the volume ratio.
A similar tendency can also be seen in compounds
1-4, 9—11, and 12—14. It is therefore apparent that
radical stabilisation takes place due to steric shield-
ing, but this plays a small role compared with the
electronic effects. For a more detailed examination,
multiple regression analysis was carried out (Fig. 5).

In(Half life) = 0.69(£2.55) + 8.39(1.16) x Cy, + 0.71
(£024)x V.  R*=0.86

where C_(N”2 ) is the atomic charge on the N* atom
and V is the volume ratio. It was found that the radi-
cal becomes more stable as the charge decreases and
the volume ratio increases. In addition, through com-
parison of the standardised partial regression coeffi-
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cient, the electronic effect (Ben: = 0.80) is more domi-
nant than the steric effect (By=0.33).

In( Half life ) / -

T S S N U |
,

0.69+8.39Cy,+0.71V

Fig. 5 Plot of In(Half life) vs f{(Cn, V).

In conclusion, fifteen imidazolidine nitroxide radicals
were successfully synthesised, and their stabilities
against ascorbate were investigated. It was found that
radicals bearing OH groups exhibited improved sta-
bilities. In addition, from DFT calculations, we found
that the influence of electronic factors on the radical
stability is more dominant than that of the steric effect
estimated by VSS. Although more detailed analysis of
the mechanism may require calculation of equilibrium
constants, calculation of kinetic parameters, pH, sol-
vent effect etc., some prediction has been achieved
among the limited substrates and reaction conditions.
From this prediction, it is noteworthy that the charge
on the ring nitrogen atom is key in determining
whether proton addition occurs in addition to influ-
encing the radical stability. We believe that the effect
of the structural and electronic factors is not limited
to radical stability. Further studies will be conducted
to determine the relationship between this contribu-
tion and various functionalities of the nitroxide radi-
cal, such as its performance as an organic molecular
catalyst or its radical scavenging ability.

SUPPORTING INFORMATION
https://www.siftdesk.org/articles/

1mages/10600/S1.pdf

Conflicts of interest
There are no conflicts to declare.

WWW.SIFTDESK.ORG

325

Vol-4 Issue-1


https://www.siftdesk.org/articles/images/10600/SI.pdf
https://www.siftdesk.org/articles/images/10600/SI.pdf

SIFT DESK

ACKNOWLEDGMENTS

We are grateful to Professor Kazuhisa Sakakibara
(Department of Advanced Materials Chemistry,
Yokohama National University) for the experimental
advice.

REFERENCES

[1] Tebben L, Studer A (2011) Nitroxides: Applica-
tions in synthesis and in polymer chemistry. An-
gew Chem Int Ed 50:5034-5068. PMid:21538729
View Article = PubMed/NCBI

[2] Shibuya M, Tomizawa M, Suzuki I, Iwabuchi Y
(2006) 2-Azaadamantane N-oxyl (AZADO) and
1-Me-AZADO: Highly efficient organocatalysts
for oxidation of alcohols. J] Am Chem Soc
128:8412-8413. PMid: 16802802 View Arti-
cle PubMed/NCBI

[3] Samuni Y, Samuni U, Goldstein S (2013) The
use of cyclic nitroxide oxide radicals as HNO
scavengers. J Inorg Biochem 118:155-161.
PMid:23122928 View Article =~ PubMed/
NCBI

[4] Duan XY, Yang XL, Fang R, Peng XX, Yu W,
Han B (2013) Hydrazone radical promoted vici-
nal difunctionalization of alkenes and trifunction-
alization of allyls: Synthesis of pyrazolines and
tetrahydropyridazines. J Org Chem 78:10692-
10704. PMid:24063683 View Arti-
cle PubMed/NCBI

[5] Rajca A, Wang Y, Boska M, Paletta JT, Olankit-
wanit A, Swanson MA, Mitchell DG, Eaton SS,
Eaton GR, Rajca S (2012) Organic radical con-
trast agents for magnetic resonance imaging. J
Am Chem Soc 134:15724-15727.
PMid:22974177 View Article
NCBI

[6] Schmidt MJ, Borbas J, Drescher M, Summerer D
(2014) A genetically encoded spin label for elec-
tron paramagnetic resonance distance measure-
ments. ] Am Chem Soc 136:1238-1241.
PMid:24428347 View Article =~ PubMed/
NCBI

[7] Keana JFW (1978) Newer aspects of the synthe-
sis and chemistry of nitroxide spin labels. Chem
Rev 78:37-64. View Article

[8] Voinov MA, Kirilyuk IA, Smirnov Al (2009)
Spin-labeled pH-sensitive phospholipids for in-
terfacial pKa determination: synthesis and char-
acterization in aqueous and micellar solutions. J
Phys Chem B 113:3453-3460. PMid:19235992
View Article = PubMed/NCBI

[9] Ouari O, Hardy M, Karouia H, Tordoa P (2011)
Recent developments and applications of the
coupled EPR/Spin trapping technique (EPR/ST).
Electron Paramag Reason 22:1-40. View Arti-

PubMed/

Hiroaki Gotoh et al.

cle

[10]Paletta JT, Pink M, Foley B, Rajca S, Rajca A
(2012) Synthesis and reduction kinetics of steri-
cally shielded pyrrolidine nitroxides. Org Lett
14:5322-5325. PMid:23050653 View Arti-
cle PubMed/NCBI

[11]Kirilyuk IA, Bobko AA, Grigor'ev IA,
Khramtsov VV (2004) Synthesis of the tetraethyl
substituted pH-sensitive nitroxides of imidazole
series with enhanced stability towards reduction.
Org Biomol Chem 2:1025-1030. PMid:15034626
View Article =~ PubMed/NCBI

[12]Zubenko D, Tsentalovich Y, Lebedeva N,
Kirilyuk I, Roshchupkina G, Zhurko I, Reznikov
V, Marque SRA, Bagryanskaya E (2006) EPR
and quantum chemical studies of the pH-
sensitive imidazoline and imidazolidine nitrox-
ides with bulky substituents. J Org Chem
71:6044-6052. PMid: 16872187 View Arti-
cle PubMed/NCBI

[13]Yamasaki T, Mito F, Ito Y, Pandian S, Kinoshita
Y, Nakano K, Murugesan R, Sakaiz K, Utsumiz
H, Yamada K (2011) Structure-Reactivity Rela-
tionship of Piperidine Nitroxide: Electrochemi-
cal, ESR and Computational Studies. J Org Chem
76:435-440. PMid:21190389 View Arti-
cle PubMed/NCBI

[14]Toba R, Gotoh H, Sakakibara K (2014) Scavang-
ing and characterization of short-lived radicals
using a novel stable nitroxide radical with a char-
acteristic UV-vis absorption spectrum. Org Lett
16:3868-3871. PMid:25019641 View Arti-
cle PubMed/NCBI

[15]Taft RW (1952) Polar and steric substituent con-
stants for aliphatic and o-benzoate groups from
rates of esterification and hydrolysis of esters. J
Am Chem Soc 74:3120-3128. View Arti-
cle

[16]Taft RW (1953) Linear steric energy relation-
ships. J Am Chem Soc 75:4538-4539. View Arti-
cle

[17]Komatsuzaki T, Sakakibara K, Hirota M (1989)
Tetrahedron Lett 30:3309-3312. 99229-3 View
Article

[18]Hirota M, Sakakibara K, Yuzuri T, Kuroda S
(2005) Re-examination of steric substituent con-
stants by molecular mechanics. Int J Mol Sci
6:18-29. View Article

[19]Hirota M, Sakakibara K, Yuzuri T, Kuroda S
(2001) Evaluation of the steric substituent effect
by QS: Reinvestigation of the reaction dependen-
cy of the steric substituent constant. J Phys Org
Chem 14:788-793. View Article

[20]Denisov ET, Denisova TG, Geletii YV, Balavuan
Z (1997) Reactivity of nitroxyl radicals in reac-
tions with phenols, amines and thiophenols.
Neftekhimiya 37:402-412.

WWW.SIFTDESK.ORG 326

Vol-4 Issue-1


https://doi.org/10.1002/anie.201002547
https://www.ncbi.nlm.nih.gov/pubmed/21538729
https://doi.org/10.1021/ja0620336
https://doi.org/10.1021/ja0620336
https://www.ncbi.nlm.nih.gov/pubmed/16802802
https://doi.org/10.1016/j.jinorgbio.2012.10.002
https://www.ncbi.nlm.nih.gov/pubmed/23122928
https://www.ncbi.nlm.nih.gov/pubmed/23122928
https://doi.org/10.1021/jo4016908
https://doi.org/10.1021/jo4016908
https://www.ncbi.nlm.nih.gov/pubmed/24063683
https://doi.org/10.1021/ja3079829
https://www.ncbi.nlm.nih.gov/pubmed/22974177
https://www.ncbi.nlm.nih.gov/pubmed/22974177
https://doi.org/10.1021/ja411535q
https://www.ncbi.nlm.nih.gov/pubmed/24428347
https://www.ncbi.nlm.nih.gov/pubmed/24428347
https://doi.org/10.1021/cr60311a004
https://doi.org/10.1021/jp810993s
https://www.ncbi.nlm.nih.gov/pubmed/19235992
https://doi.org/10.1039/9781849730877-00001
https://doi.org/10.1039/9781849730877-00001
https://doi.org/10.1021/ol302506f
https://doi.org/10.1021/ol302506f
https://www.ncbi.nlm.nih.gov/pubmed/23050653
https://doi.org/10.1039/b400252k
https://www.ncbi.nlm.nih.gov/pubmed/15034626
https://doi.org/10.1021/jo060787x
https://doi.org/10.1021/jo060787x
https://www.ncbi.nlm.nih.gov/pubmed/16872187
https://doi.org/10.1021/jo101961m
https://doi.org/10.1021/jo101961m
https://www.ncbi.nlm.nih.gov/pubmed/21190389
https://doi.org/10.1021/ol501328k
https://doi.org/10.1021/ol501328k
https://www.ncbi.nlm.nih.gov/pubmed/25019641
https://doi.org/10.1021/ja01132a049
https://doi.org/10.1021/ja01132a049
https://doi.org/10.1021/ja01114a044
https://doi.org/10.1021/ja01114a044
https://doi.org/10.1016/S0040-4039(00)
https://doi.org/10.1016/S0040-4039(00)
https://doi.org/10.3390/i6010018
https://doi.org/10.1002/poc.431

SIFT DESK

[21]Tolman CA (1977) Steric effects of phosphorus
ligands in organometallic chemistry and homoge-
neous catalysis. Chem Rev 77:313-348. View Ar-
ticle

[22]Tomilin OB, Tanaseichuk BS, Boyarkina OV
(2016) Estimation of Steric Hindrances at the Di-
merization of Free Organic Radicals. Russ J Org
Chem 52:1584-1586. View Article

[23]Kirilyuk A, Bobko AA, Semenov SV, Komarov
DA, Irtegova IG, Grigor'ev 1A, Bagryanskaya E
(2015) Effect of Sterical Shielding on the Redox
Properties of Imidazoline and Imidazolidine Ni-
troxides. J Org Chem 80:9118-9125.
PMid:26302173 View Article =~ PubMed/

NCBI

[24]Do HQ, Tran-Vu H, Daugulis O (2012) Copper-
catalyzed homo-dimerization of nitronates and
enolates under oxygen atmosphere. Organometal-
lics 31:7816-7818. PMid:23413317 View Arti-
cle PubMed/NCBI

[25]Hirel C, Vostrikova KE, Pecaut J, Ovcharenko VI,
Rey P (2001) Nitronyl and Imino Nitroxides: Im-
provement of Ulman's Procedure and Report on a
New Efficient Synthetic Route. Chem Eur J
7:2007-2014. 7:9<2007::AID-
CHEM2007>3.0.CO;2-7 View Article

[26]Keana JFW, Norton RS, Morelio M, Van Engen
D, Clardy J (1978) Mononitroxides and proximate
dinitroxides derived by oxidation of 2,2,4,4,5,5-
hexasubstituted imidazolines. A new series of ni-
troxide and proximate dinitroxide spin series. J
Am Chem Soc 100:934-937. View Article

[27]0jima I, Habus I, Zhao M (1991) Efficient and
practical asymmetric synthesis of the taxol C-13

SIFT DESK JOURNALS

Hiroaki Gotoh et al.

side chain, N-benzoyl-(2R,3S)-3-phenylisoserine,
and its analogs via chiral 3-hydroxy-4-aryl-.beta.-
lactams through chiral ester enolate-imine cy-
clocondensation. J Org Chem 56:1681-1683.
View Article

[28]Allinger NL, Yuh YH, Lii HH (1989) Molecular
mechanics. The MM3 force field for hydrocar-
bons. 1. J Am Chem Soc 111:8551-8566. View
Article

[29]Bobko AA, Kirilyuk IA, Grigor'ev [A, Zweier JL,
Khramtsov VV (2007) Reversible reduction of
nitroxides to hydroxylamines: Roles for ascorbate
and glutathione. Free Radic Biol Med 42:404-412.
PMid:17210453 View Article =~ PubMed/
NCBI

[30]Naganuma, J.; Yamazaki, Y.; Gotoh, H. (2019)
Evaluation method of steric shielding effect
around nitroxide radical reaction center based on
molecular volume within a virtual ball. Structural
Chemistry 30:2085-2092 View Article

[31]Iwasaki, K.; Yudai, Y.; Gotoh, H. Evaluation of
Nitroxide Radical Catalyst Activity in C-H Acti-
vation Step of the Oxidative Coupling between
9,10-Dihydroacridine and Nitromethane. Asian
Journal of Chemistry 2019, 31, 2107-2110. View
Article

[32]Breneman CM, Wiberg KB (1990) Determining
atom-centered monopoles from molecular electro-
static potentials. The need for high sampling den-
sity in formamide conformational analysis. J
Comp Chem 11:361-373. View Article

Email: info@siftdesk.org

WWW.SIFTDESK.ORG

327

Vol-4 Issue-1


https://doi.org/10.1021/cr60307a002
https://doi.org/10.1021/cr60307a002
https://doi.org/10.1134/S1070428016110051
https://doi.org/10.1021/acs.joc.5b01494
https://www.ncbi.nlm.nih.gov/pubmed/26302173
https://www.ncbi.nlm.nih.gov/pubmed/26302173
https://doi.org/10.1021/om300393m
https://doi.org/10.1021/om300393m
https://www.ncbi.nlm.nih.gov/pubmed/23413317
https://doi.org/10.1002/1521-3765(20010504)
https://doi.org/10.1021/ja00471a046
https://doi.org/10.1021/jo00005a003
https://doi.org/10.1021/ja00205a001
https://doi.org/10.1021/ja00205a001
https://doi.org/10.1016/j.freeradbiomed.2006.11.007
https://www.ncbi.nlm.nih.gov/pubmed/17210453
https://www.ncbi.nlm.nih.gov/pubmed/17210453
https://doi.org/10.1007/s11224-019-01335-8
https://doi.org/10.14233/ajchem.2019.22034
https://doi.org/10.14233/ajchem.2019.22034
https://doi.org/10.1002/jcc.540110311

	Structural and electronic factors relating to the  stability of imidazolidine nitroxide radicals
	ABSTRACT
	INTRODUCTION
	SUPPORTING INFORMATION
	ACKNOWLEDGMENTS
	REFERENCES

