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Complex of chlorine dioxide with TEMPO and its
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ABSTRACT: Complex formation between chlorine dioxide and 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) and
its thermodynamic characteristics were studied in a number of organic solvents. The complex was shown to transform
into the oxoammonium salt. The kinetics of this reaction were studied, and the equilibrium constants of the
TEMPO-CIO, complex, determined by direct measurements and from kinetic data, were found to be in good
agreement. The electronic structure of the complex is discussed in the light of recent theoretical results. Copyright

2000 John Wiley & Sons, Ltd.
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INTRODUCTION

Oxoammonium salts are of great interest nowadays owing
to their oxidative potential for synthetic organic chem-
istry.> Oxidation reactions catalyzed by nitroxyl radicals
have been proposed to proceed via the formation of
intermediate oxoammonium salts, which further oxidize
the substrate and re-transform into nitroxy?. Conse-
quently, the study of the reactions of nitroxyl radicals
leading to oxoammonium salts is of great importance.

Recently, we have found that chlorine dioxide, which
is known to be an oxidant of moderate strenytbrms a
complex with 2,2,6,6-tetramethyl-4-hydroxypiperidine-
1-oxyl (TEMPOL, 1). The formation of the oxoammo-
nium salt has also been observed in this systérhis
present work deals with the complexation of 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPOZ2) in various
organic solvents and with the subsequent transformation
of the complex formed into the oxoammonium s&la)
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EXPERIMENTAL

Chlorine dioxide was prepared from potassium chlorate
and oxalic acid with the addition ofi@ aqueous sulfuric
acid>® Chlorine dioxide was purified from traces of
chlorine by adsorption of gaseous Gla@n silica gel and
purging with argorf. Pure chlorine dioxide was
desorbed from silica at 3€C with an argon flow and
dissolved in the solvents of interest. The GIO
concentration was measured by iodimetric titration
and spectrophotometricalfy. TEMPO was recrystal-
lized from heptane. All the solvents used were purified
by conventional methods.

The complexation of chlorine dioxide with TEMPO
was studied spectrophotometrically on a Specord M40
spectrophotometer (Carl Zeiss Jena) using a special
quartz cell (2ml) cooled by a cold gaseous nitrogen
flow. The temperature in the spectrophotometric cell
was monitored by a thermocouple. In a typical
experiment, 1-2 ml of solvent was placed in the cell
and TEMPO (2.4x 10 3-19.2x 102 mmol) and CIQ
(4 x 10 3 mmol) solutions were added. The reference
cell contained a 2.4 1073-19.2x 102 mmol solution
of TEMPO. Spectra were taken when the target
temperature in the cell 20 to —20°C) had been
obtained.

To obtain the oxoammonium salt, equal volumes of

tCIOZ and TEMPO solutions of the same concentrations

were mixed and the precipitate formed was filtered,
washed with solvent and dried in vacuum. IR spectra of
the precipitate were taken on a Specord M80 spectro-
meter (Carl Zeiss Jena) in liquid paraffin or in KBr.
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Figure 1 UV-VIS spectra (diethyl etheré 20°C): (1) mixture of
3x107%Mm [TEI\/IPO] and 1.4 x10°m [CIO;l; reference
solution, 3 x 1072 M [TEMPO]; (2) solution of 1.4 x 1073 m
[ClOo] (3) subtraction of spectrum (2) from spectrum (1)

RESULTS AND DISCUSSION

On mixing of chlorinedioxide and TEMPO solutionsin
organicsolventsnamelyacetoneacetonitrile h-heptane,
diethyl ether, carbon tetrachloride and toluene, the
mixture acquireda dark red color. Electronicabsorption
spectra showed an additional wide band without
hyperfinestructurein the rangeof 450-500nm (Fig. 1).
The absorptionmaximum was found to be red shifted
with increasein the dielectric constantof the solvent,a
feature characteristicof charge-transfecomplexe$ It
should be noted that the spectrumof chlorine dioxide
itself doesnot showanychangesnor do the EPRspectra
of bothCIO, andTEMPO.Coolingof the CIO-TEMPO
mixture to —80°C causegpronouncedntensificationof
thecolor. All theseobservationgndicatetheformationof
a charge-transfecomplexbetweenchlorinedioxide and
TEMPO.

The dependenceof the complex absorptionon the
TEMPO concentration at constant chlorine dioxide
concentration([TEMPQO] <« [CIO,)) is fitted with the

Table 1. Wavelengths of maximum absorption (nm), equilibrium constants (M
~1) and Gibbs free energy for the complex of chlorine dioxide with TEMPO in different solvents (20 °C) (errors do not

(cal mol™’
exceed 15%)
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Figure 2. Complex absorption at maximum wavelength vs
TEMPO concentration in the coordinates of the Benesi—
Hildebrand equation at different temferatures (solvent,
acetone; A =485 nm, [ClO,]p =2 x10

Benesi—Hildebraritiequation:

[CIOJy 1 1 1
= — + _—
A e ' Ke[TEMPQ,

where [CIO,]ol/A ([CIO5]o = initial chlorine dioxide
concentration,| = length of optical path and A =
absorptionshowsa linear dependencen the reciprocal
of TEMPO concentrationin all solvents and at all
temperaturestudied(+20to —20°C) (thecorrelationfor
acetonesolutionsis shownin Fig. 2). Thereforejt canbe
concludedthat chlorinedioxideand TEMPOform a 1:1
complex:

ClO; + TEMPO = CIO, - TEMPO

Fromthe Benesi—Hildebrandquationthe molarabsorp-
tivity andtheequilibriumconstanK of thecomplexwere
determined Table 1). Fromthetemperaturelependence
of K the thermodynamiccharacteristicsof complex
formationwere calculated(Table 1, Fig. 3). Thereis no
apparentcorrelation betweenthe equilibrium constant
andthenatureof thesolventwhichis probablyexplained

"), complexation enthalpy (kcal mol™"), entropy

Solventdielectric

Solvent A K AH° AS AG® constant
n-CHg 470.6 23.4 -10.0 —-28.1 -1.8 1.92
CCl, 480.5 26.6 —-11.4 —-32.5 -1.9 2.24
CeHsCH3 479.6 20.2 -12.8 —38.3 -1.6 2.38
(CH3CH,)-,0 478.7 9.3 -7.4 —-20.9 -1.3 4.22
(CH3),CO 485.2 7.3 -95 —28.6 -1.1 20.74
CHCN 488.9 3.6 -8.3 —-25.7 -0.8 37.40
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Figure 3. Dependence of logarithm of ClO, TEMPO
complex equilibrium constant on the reciprocal temperature
(solvent = acetone)

by specificsolvationof all the speciesinvolved (CIO,,
TEMPO and complex):it is well known that nitroxyls
form complexesof different strengthwith almost all
solventst?

With timethecolorintrinsicto CIO," TEMPOcomplex
fadesanda yellowish microcrystallinesolid precipitates
from solution.This processs accompaniethy adecrease
in the EPRsignalsof TEMPO andClO.. The crystalline
productformed is diamagneticbut after sometime an
EPR signalcharacteristiof TEMPO graduallyappears,
irradiation and humid air acceleratethe process of
TEMPO recovery. Such a behavior is typical of
oxoammoniumsalts, which transformback to nitroxyl
radicalson reactionwith water!* The IR spectrunof the
fresh precipitateshowedan intensebandat 1624cm ™,
which is not observedn the IR spectraof the reagents
andis characteristioof the >N*"=0 group? The UV-
VIS spectrumof the precipitatedissolvedin acetonitrile
showsan absorptionat 454nm which is alsotypical of
oxoammoniunsalts’? Identificationof the precipitateas
2ais supportedoy elementalanalysis:C 50.7,H 8.4,N
6.0,0 20.4,Cl 14.5%(calculatedor 2a: C50.5,H 8.5,N
5.9,0 20.2,Cl 14.9%).

The kinetic studiesof this reaction showedthat at
[TEMPOQO]y <« [CIO,]q chlorine dioxide depletionobeys
pseudo-first-kinets order; the correspondingate con-
stantsk’ arelistedin Table2. The analysisof thesedata
revealsthat k' hasa non-lineardependencen TEMPO
concentrationand the effective second-orderate con-
stant ker = K/[TEMPO], decreaseswith increasein
TEMPOconcentrationThefollowing empiricalequation

Table 2. Pseudo-first-order K’ and effective second-order k¢
rate constants for the reaction between ClO, and TEMPO at
different concentrations of TEMPO (0.01-0.05 m) (heptane,
20°C, [ClO,]o = 1073 M) (errors do not exceed 15%)

Rateconstant 0.0l 0.02m 0.04m  0.05m
K x 10 (sh 3.70 5.50 9.12 9.68
ket x 103 (M tsh) 37 2.75 2.28 1.94

Copyright0 2000JohnWiley & Sons,Ltd.
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Figure 4. Dependence of reciprocal second-order effective

rate constant of the reaction between ClO, and TEMPO on
TEMPO concentration (solvent, heptane; 20°C)

was found to describe the dependenceof ke on
[TEMPO], (Fig. 4):

a

Keff = —————
T 1+ b[TEMPQ,

wherea andb areconstaniat a giventemperature.
This dependencecan be explained by the reaction
schemeshownin Egns(1) and(2).

>©< "o < >(j< W)
N N

| |

(o]

>Q<

|

2
k2
—_—

N

fl

0--ClO, O CIO;

Usingthis schemetherateof thereactionis described
by the following expression:

_ kKICIO,][TEMPQ
1+ K[TEMPQ

Comparisorof the abovetwo expressionshowsthat
ko K =aandK = b. Thereforewe cancalculateK andk,
from kinetic datapresentedh Table2 (for thereactionin
heptane):1/a = (2.27+0.24)x 10?, m?s and b/a =
(5.69+ 0.70)x 10°, m s,andconsequentlK = 25.0m*
andk, =1.76 x 10~*s™1. It canbeseenthatthevaluesof
K obtainedby the Benesi—Hildebrangnethodand from
kinetic datearein excellentagreementfor heptaneK =
23.4m~ ' by the Benesi-Hildebrand method and
25.0M~* from kinetic data).It shouldbe notedthat the
kineticsof complexconversioraretoo slow to affectthe
values of equilibrium constant K measuredby the
Benesi—Hildebrananethod.

Thus, the reaction between chlorine dioxide and
TEMPO proceedsthrough the formation of a charge-
transfer complex, which further transformsinto an

J. Phys.Org. Chem.2001;14: 38—42
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Figure 5. The structure of the chlorine dioxide — TEMPO
complex calculated by the B3LYP/3-21G* method

oxoammoniumsalt via inner-spherene-electroroxida-
tion of TEMPO by ClO,. Although the one-electron
oxidation is a well-established mechanism for the
majority of chlorine dioxide reactions,*** charge-
transfer complexesof CIO, with organic compounds
havenot beenobservedeforeour recentwork:* nitroxyl
radicalsarestill theonly compoundsvhichwerefoundto
give charge-transfecomplexeswith chlorine dioxide.
Great efforts have been made in the investigation of
nitroxyl radical complexeswith different ligands by
magnetic resonancemethods'™® These studies have
revealedgeneraltrendsof the structureand stability of
the nitroxyl complexesin termsof electronicstructure,
thesecomplexesvereclassifiedinto threemajor classes:
n—o, n—o, andn—x (thefirst orbital concernghe nitroxyl
radicalandthe secondhe ligand).

Theelectronicstructureof chlorinedioxidecomplexes
has not been considereduntil our recent theoretical
study? wherea seriesof CIO, complexeswith several
donor molecules have been studied using density
functional theory (B3LYP/cc-pVT2) quantumchemical
calculationsThenaturalbondorbital (NBO) methodwas
applied to determine the dominating charge-transfer
interactions in these complexes. It was found that
chlorine dioxide can form two typesof complexes:(a)
with majorn - ¢*(Cl—O) charge-transfeinteractionand
(b) with major n- 7*(O—CIl—O) andn- d(Cl) interac-
tions. Structuresof CIO, complexeswith somesimple
nitroxyl radicals(parentnitroxyl, dimethyl nitroxyl and
tert-butyl nitroxyl) alsowere considered. We havealso
calculatedhe structureof the CIO,” TEMPO complexby
the B3LYP method using a simple 3—21G* basis set
(Fig. 5).

According to the NBO analysis’ the main charge-
transfer interactionsin complexesof chlorine dioxide

* Timerghazin QK, Khalizov AF, Khursan SL, Shereshovets/V.
J. Phys.Chem.A. To be submitted.
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with nitroxyl radicalsare the n(O) - ¢*(Cl—O) inter-

action of the lone pair of the >N—O group and the

antibonding orbital of the CI—O bond, the back

hydrogen-bondype interactionof the chlorine dioxide

oxygenlone pair with the antibondingorbitals of C—H

bonds of the nitroxyl radical methyl groups
n(0O) -» ¢*(C—H) andthe donationfrom the s-character
lone pair of the chlorine atomto the antibondingorbital

of the N—O bondn(Cl) - ¢*(N—O0), asillustrated.

G*(N-0) « n(Cl)

y

C—H o}

n(0) — o*(Cl-0)

o*(C-H) « n(0)

CONCLUSIONS

In inert organic solvents, chlorine dioxide oxidizes
2,2,6,6-tetramethylpigridine-1-oxyl (TEMPO) to the

correspondingoxoammoniumsalt by an inner-sphere
electron-transfermechanismvia the formation of an

intermediatecomplex.Theequilibriumconstantomplex
formation dependson the natureof the solventand is

determinedby the processesf non-specificand specific
solvationof the speciesnvolved.
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