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ABSTRACT

Theoretical calculationsat the DFT/UB3-LY P/6-311+G(3df,2p)//(U)AM 1 level
revealed three transition states for the reaction of TEMPO with H atom
|eading to combination of reagents, abstraction of H atom from methyl group
of TEMPO and abstraction of oxygen atom from TEMPO.

© 2009 Trade Sciencelnc. - INDIA

INTRODUCTION

Freeradicd reactionshavebecomeincreasingly im-
portant and avery attractivetool in organic synthess,
e.g. cyclizations, additions, hydrogen-atom abgtractions,
decarboxylation reactions, dueto their powerful and
specific abilitiesto reactions under mild conditiongtl,
Lately, numerousefforts have been aimed at establish-
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ing therole of the H-atom migrationin the controlled
radical polymerization process. Inthe nitroxide-medi-
ated polymerization (NMP)i23 thereversibletrapping
of propagating carbon-centered radicals by stable
nitroxidespecies (k, andk_for homolytic dissociation
and combination reaction, respectively) isdisturbed by
B -H atom transfer from the growing polymer chain
endtothenitroxide (k') or abstraction of H-atom from
a-methyl group of methyl methacrylate (M) (k2,), for
exampleby 2,2,6,6,-tetramethyl-1-piperidinyloxy radi-
cd (TEMPO)58 (SCHEME 1).

These reactions depend on structures of the
nitroxide and carbon-centered radical speciesand re-
sultinadead polymer chain containing an unsaturated
chainend andincreased polydispersity of polymert14,
Recently, we have found some additional theoretical
proofs supporting these effectd??23, Given theimpor-
tance of the problem, an investigation was undertaken
on the H-atom capture by TEMPO. The present study
was performed by use of quantum chemistry calcula-
tions, probably the only method to eval uate geometries
of trangition structuresand corresponding activation
energiesfor short-lived reactionintermediates.
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TABLE 1: Selected geometrical parameters, activation ener gy (AEE , kcal mol) and enthalpy of activation ( AH ggg ,keal
mol?) for TScalculated from at the (U)AM 1and (U)B3-LY P/6-31G(d) level of theory. For numbering of atomsseefigurel

Bond length, (A) Bond angle(®) Dihedral angle (°) P-y of N- Ther mo-dynamics

Specied TS

OH; ON HsH, CsH, NOH; CsHHs  CNC,0  atom® (A) AEFb  AHJgeC
TEMPO? 1216 1117 1526 0.195
I 1765 1.225 1117 1130 154.0 033 112 104
‘0951 1773 1116  105.1 1736 0101  -164  -247
I° 1703 1216 0777 1544 109.2 1420 -130.2 038l 8L6 838

apyramidality measured as the distance (A) of the out-of-plane N- atom from the plane defined by C,C, 0O; "Calculated according

to AEg = (EO +€7pg )TS — Z (Eo +&zpg ) ;*Calculated according to AHbgg =(E0+aZpE + err)Ts—z(EO+EZPE +Herr) where
j j

H.,., is the correction to the enthalpy due to internal energy at 298 K from gaussian outputs calculated as a difference between the

sum of electronic and thermal enthalpies, and the sum of electronic and zero-point energies, and €, zero point energy; ‘Determined

at the UAM1 level; ®Determined at the AM1 level.

EXPERIMENTAL

The geometry of TEM PO used in the subsequent
searchfor trangtion states(TS) wasfirst fully optimized
withthedensity functiond theory (DFT) including Becke
functiond™ and functiond corrdationsgiven by Leeet
a M inthestandard basisset UB3-LY P/6-31g(d). Gen-
erally, thislevel of theory isaccepted for optimization
of geometriesfor largeorganic sysemd*¢8, Thesearch
for TShasbeen carried out by usethefollowing meth-
ods: DFT theory with the basis set up to 6-31G(d),
Hartree-Fock theory and semi-empirical theory using
PM1andAM1Hamiltonian, al withrestricted and un-
restricted treatments. In addition, the reaction path
throughthediscovered TSwereverified by theintrinsc
reaction coordinate cal cul ations (IRC)™. All compu-
tational work presented in thisarticlewasperformed
with the Gaussian 98 suite of programs?.

RESULTSAND DISCUSSION

It wasfound that from all theoretical methodsused
insearchfor TS geometry only thesemi-empirica Aus-
tinModd 1 (AM 1) theory? wassuccessful, in spite of
thefact that therewereearlier reportsinliterature, how-
ever very few, on the effective use of the B3-LY P/6-
31g(d) for reactions of carbon centered radicals, e.g.
theethyl, n-propyl, and sec-propyl freeradicad? as
well asaring opening reaction of thecyclopropylcarbinyl
radica?. Numerousattemptswith (U)AM1 calcula-
tionsreved ed three TS corresponding to three differ-

ent reactions: combination of TEMPOwithH atom (TS
), and two more complex chemica changes. combina
tion of TEM PO with H atom concerted with smulta-
neous abstraction of OH radica (TSI1), and abstrac-
tion of H atom from methyl group of TEM PO com-
bined with cleavage of the piperidinyloxyl ring (TSII1I)
(Figurel).

All structuresweretruetrangition states character-
ized by one, and only oneimaginary vibrational fre-
quency -572.02 cmt, -257.27 cnrt and -1296.83 cmr
Hfor TSI, TSIl and TSI, respectively. The piperi-
dineringfor al TSdemonstrated achair conformation,
apiramidal geometry of the nitrogen atom and nearly
equatoria position of the N---O bond. However, the
piramidality of the N-atom considerably differsfor all
discovered TS. Activation energies cal cul ated asthe
energy of thetransition structurerelativeto thereac-
tantsaregivenin TABLE 1.

Theestimated activation energy AE; for combina-

tion of TEMPO with H-atom (TS1) wasfoundto be
11.2 kcd mol. Inliterature, various experimenta and
theoretical vauesof activation energy for radica com-
bination are reported: -6.1 and -7.8 kcal mol124, 1
kcal mol2, 1.7 kcal mol2¢l, 1.9-3.3 kcal mol 1,
3.4 kcal mol427, 0-1 kcal mol-42839 and 2.0-6.9 keal
mol 3, Thorough andysis of these dataindicatesthat
theenergy of activation for the coupling reaction with
TSl isprobabledightly overestimated when compared
to thedatagiven above. However, one should remem-
ber that the published activation energiesdepend on
numerous parametersincluding structure of radicals,
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Figyrel: Theoptimized TSgeometries. (TSI) - combination of TEM PO with H atom; (TSI 1) - combination of TEM PO with H
atom concerted with abstraction of OH radical; (TSI11) - abstraction of H atom from methyl group of TEM PO concerted with
cleavageof thepiperidinyloxyl ring. Above: numbering of relevant atomsin TS; below: T Sfrom different point of view together
with transition vector sillustrating motion of structur esaway from the T Salong ther eaction coor dinate.
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environment of thereaction and investigation techniques.
Therefore, they are not always comparabl €31,

TSIl ischaracterized by anegative activation en-
ergy. Thenegative activation energy for radical reac-
tionsisingenera explained by an existence of some

pre-reactive complex®34, Thisassumptionwastested
inthe IRC part of calculations however, inour case,
they have not showed any additional local maximum
geometry. Nonethel ess, the negative activation energy,
TSI geometry and vectorsillustrating the motion of
the hydrogen atom bound to O-atom (Figure 1) sug-
gest that thereaction path aiming at abstraction of OH
radica iscomplex and probably consistsof morethan
onechemica transformation. Unfortunately, thereisno
experimental datato bedirect compared withthere-
sults presented here, however, reactionsand products
similar to those proposed in SCHEME 2 can befound
inliterature. For example, meta hydrideswithrdatively
weak metal-hydrogenbond, like Ph,GeH and Bu,SnH,
reduced TEM PO to the corresponding hydroxylamine,
2,2,6,6-tetramethyl-1-piperidinol (TEMPOH), while
using tris(trimethylsilyl)silane, (TMS),Si-H) amajor
product was an aming®=¢, Furthermore, at tempera-
turesabove 380 K TEM PO convertsin the presence
of ahydrogen donor like 1,4-cyclohexadieneor 9,10-
dihydroanthraceneinto TEM POH, thus, acompound
obtained in our theoretical experiment on combination
of TEMPOwith H atom (TSI).

Additionally, it has been also suggested that
TEMPOH istheintermedi atefor deoxygenation mecha-
nism of TEM PO that, subsequently, can bereduced to
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thecorrespondingamine 2,2,6,6-tetramethyl pi peridine
(TEMPH)@, thus, afinal product of the hypothetical
reaction pathway passing through TS|11. A secondary
amineisaso themaor product of deoxygenation of
nitroxidein cellg¥7-%1, In another search, Heldbrink et
al. reported gas-phaseradical-radica combination re-
actionsof nitroxideswith phenyl radicasthat |eadsto
abstraction of H atom from cyclic nitroxides accompa:
nied by fragmentation of thenitroxide®.

Accordingto the present results, ahydrogen atom
abstraction frommethyl group (TSI, SCHEME 2) is
followed by forming 2,6-dimethyl-6-nitrosohept-1-ene
(DMNH).

Thiscompound, being astable, dthough highly re-
activetert-alkyl nitroso compound“?, was proposed
to explain formation of aradica identicd with that be-
ingan oxidized form of DMNH (SCHEME 2)*1. The
activation energy for the H-atom abstraction from the
methyl group of TEMPO was estimated to be 27.0
kca mol ™. Unfortunately, neither theoretical nor experi-
mental referencedatacould befoundin literature ad-
eguate for H-atom abstraction from C-H groups by
hydrogen atom. However, thisresultisincomparatively
good agreement with the activation energy estimated
with theAM 1 approach (24.06 kcal mol?) for there-
action of theethyl radical and ahydrogen molecule?,
Thesemiempirical methods, includingtheAM 1 calcu-
lations, strongly overestimate the barrier height asthe
activation energy for thereduction of methyl radica with
methane, CH_-H + CH, wasexperimentally determined
to be 14.5 kcal mol-443, Thisbehavior iscommon to
the semi-empirical methods.

In conclusion, wesummarizethat accordingtothe
theoreticd andysisof thereactive sysem build-up from
TEMPOradica and H atom, at least threefina prod-
ucts, TEMPOH, TEMPH and DMNH can be expected
asresult of thereactions passing through threedifferent
trangtion gates.

Theresultspresented in thiswork were obtained
using the computational resources of the Interdiscipli-
nary Center for Mahemeatica and Computational Mod-
eling at Warsaw University.
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