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The oxidation of 1,2,5-trimethylpyrrole (TMP) in aqueous and organic solvents is studied by various techniques.
Heating oxygenated chlorobenzene solutions of TMP results in autoxidation that is initiated via reaction of
TMP with O, and partly propagated via oxidation of TMP by a TMP-derived peroxyl radical. In radiolytic
experiments, TMP is oxidized rapidly by 8r (k=2.3x 10° Lmol s ™), I~ (k=5.1x 10°L mol~ts™),

CCLOy (k=5 x 10° L mol~* s™1), and N radicals in aqueous solutions and by peroxyl radicals in organic
solvents. One-electron oxidation forms the radical cation, which exhibits significant absorption in the UV
(Amax~ 270 nm,e ~ 1300 L mol* cm™?) and weaker absorptions in the visible range. This species undergoes
rapid dimerization (R ~ 5 x 10° L mol~* s7%), and the dimer is very easily oxidized to a stable product
absorbing around 460 nm. NMR analysis of the product formed in irradiatef€lgkblutions is in accord

with a dication of dimeric TMP. Other products are also formed under different conditions, probably resulting
from addition of peroxyl radicals to the pyrrole ring. In cyclic voltammetry experiments at low scan rates,
an irreversible peak at a potential of 0.72 V vs SCE is found for oxidation of TMP in acetonitrile solutions,
and a stable product absorbing at 460 nm is formed. The formation of this product involves the transfer of
more than one electron per TMP monomer. At very high scan rates, a reversible oxidation step is observed,
from which a redox potential of 0.87 V vs SCE is derived for the couple TMP/TMBeveral mechanisms

are suggested for the consumption efd® TMP in organic solvents, including electron transfer artatbnding

via peroxyl radical addition.

Introduction solvents lead to oxygen-scavenging properties which may prove
~usefulin the thermal oxidative stability of jet fuét$. To further
Alkylpyrroles have been shown to undergo thermal reaction expore the ETIO hypothesis, we have performed kinetic studies
with O in polar aprotic solvents via a self-initiated autoxidation gp 5 representative electron-rich molecule, 1,2,5-trimethylpyrrole
process which is not inhibited by phenolic antioxidants such as (TMP), and to help elucidate the mechanism of oxidation, we
butylated hydroxytoluene (BHT). In a similar fashion, the  studied this process by electrochemical and radiolytic techniques
autoxidation of 2,5-dimethylpyrrole (DMP) at 12TC in a in various environments.
nonpolar solvent is only partially inhibited by BHTTo account Numerous electrochemical studies have been carried out on
for the lack of an effect of phenolic antioxidants on the rate of the oxidation of pyrroles, showing that the initial radical cations
pyrrole autoxidation, it has been proposed that the autoxidation|ead to formation of dimers and subsequently polyriefese
is initiated by a rate-limiting step involving an electron transfer processes were studied mainly with pyrroles that are unsubsti-
from the pyrrole to @and is propagated by rapid reactions of tuted at the 2,5-positions, where dimerization and polymerization
the pyrrole radical cation and of superoxide, without the take place. No polymers were formed when the 2,5-positions
intermediacy of peroxyl radicals, to yield a complex mix of were alkylated, and thus it was assumed that dimerization also
final oxidation product$. This mechanism has been described is less likely in such compounds.
as electron-tranfer-initiated oxygenation (ETIO) in order to Previous calculations and electron spin resonance measure-
distingish it from the more commonly encountered peroxyl- ments on pyrrole radical cations have shown that the unpaired
radical chain mechanism for autoxidatibrETIO reactions of electron density is much higher at thepositions than at the
various electron-rich molecules that are indigenous to many S-positions!® This leads to dimerization of the radical cations
petroleum products have been suggested to be involved in theirpredominantly through the-positions. However, whefi—f
oxidative degradatioh. Most recently it has been shown that couplings occur, these are responsible for a loss of conjugation
the ETIO reactions of various arylphosphines in nonpolar in the polymer chain and a decrease of its conductiitylo

S1089-5639(98)00832-9 CCC: $15.00 © 1998 American Chemical Society
Published on Web 07/01/1998



6122 J. Phys. Chem. A, Vol. 102, No. 30, 1998 Beaver et al.

predict the behavior of the radical cation of TMP, we have TABLE 1: Initial Rates for the Self-Initiated Autoxidation
calculated its geometry and spin densities by full optimization ©f é,Z,S-Ifrlmethylpy&r_qle (TMP) in Chlorobenzene at 131°C
of the geometry using density functional theory (DFT) with the under Different Conditions

B3LYP!2 functional using the 6-31G* basis Sétcalculations initial rate
were performed with the Gaussian 94W pack¥géVe found [TMP] ~ [BHT] —~ %O, [TPP] ~ (x 10°mol
values of 0.47 and 0.07 at tiee and-positions, respectively. ~ €XPt (molL™) (molL™) saturation (molL™) L~*min—)
Because the twa-positions are hindered by methyl groups and 1 0.022 20 7.5t 0.6
also by the substitution on the nitrogen, coupling through the % 8-852 igg 13%-:‘;22-9
fp-positions is likely to occur even if the spin density at the )

P T 4 0.022 0.022 100 1546 4.1
B-position is much lower than that at theposition. However, 5 0.022 0.044 100 166 1.2
besides the possibfe—f coupling, recent results obtained with 6 0.022 0.022 20 3.908
substituted oligothiopheteor oligopyrrolé radical cations have 7 0.043 0.022 100 30£1.3
shown thatr—a couplings take place even when thgoositions 8 0022 100 0.022 76415
are blocked not only with methyl groups but also with bulkier 0.022 0.022 100 0.022 4551.7

. . . 0.022 0.088 100 0.022 37403.6
groups such as Si(Ght. When the substituents can be readily 74 0.022 0.088 20 0.022 8817
eliminated after dimerization, as in the case of Sigizlgroups, 12 0.086 0.088 100 0.022 1489

the linear polymer obtained after the oxidation of the oligomer 2 Confidence limits were calculated usiXgE (t[n'2), whereX is

has bet_ter PonJUQat'on Igngth and fewer defé@tm this Case'_ the mean of a number of measurementss the standard deviation,
the oxidation mechanism involves the hindered coupling angt is the student variate for the 95% limit of confidence.

between two silylated radical cations followed by nucleophilic

assisted elimination of two Si(Gh4" moietiest” When the  Ar For low scan rate cyclic voltammetry using millimetric
two substituents are mgthyl groups, the protpnated dimer glectrodes (2 mm diameter gold or carbon disk electrodes), the
produced after the coupling step does not readily lead to the gjectrochemical instrumentation consisted of a PAR model 175
corresponding dimer and the-C bond can break to give back  ynjversal programmer and a home-built potentiostat equipped
the monomeric radical cation, leading to a reversible dimeriza- ith g positive feedback compensation deviteThe data were

tion, i.e., to an equilibrilim between the radical catio'ri And acquired with 310 Nicolet oscilloscope. Fast electrochemical
the protonated dimer A*. However, at long times A" can  experiments were performed using 10n diameter disk
decay by nucleophilic attack of impurities in the solv&thus, platinum ultramicroelectrodes. Equipment and procedures were

tvyo types of competitive pat.hways can be expected:ﬂ (@) the same as previously publish®d. The potential values
hindereda—a coupling (reversible) followed by nucleophilic  reported are averages of several reproducible experiments; all
attack or (b)5—/3 coupling followed by deprotonation (rearo-  potentials were internally calibrated against the ferrocene/
matization). The present study shows that TMEndergoes  ferricinium couple E = 0.405 V vs SCE) for each experiment.
rapid dimerization by bonding at the-position, followed by simulations of the cyclic voltamograms were performed using
rapid oxidation of the dimer to a stable dication, but no pggg DigiSim 2.0 (Bioanalytical Systems).

polymerization. Formation and reactions of the intermediate Spectroelectrochemical experiments were performed with a

species were studied by pulse radiolysis and electrochemistry.capijiary slit cell for UvV—vis spectroscopy using gold-LIGA
structures as an optically transparent electddd.he gold-

Experimental Section LIGA structure was fixed in a capillary slit of 15am. A silver

1,2,5-Trimethylpyrrole (TMP) was obtained from Aldrigh wire coated With.silv.er chIorine was used as .referencg electrode.
and the solvents from Mallinckrodt. They were obtained in the For the gutomdaﬂon _stud|es, T™MP was distilled prior to use
highest available purity and were used as received. The and experimental details are as described béfore.
inorganic materials also were from Mallinckrodt, and water was
purified with a Millipore Super-Q system. Solutions were
prepared immediately before irradiation and were protected from  Autoxidation Studies. Heating an G-saturated chloroben-
light to prevent UV photolysis. Gamma radiolysis experiments zene solution of TMP at 132C results in a self-initiated
were carried out in a Gammacell 22%o source with a dose  autoxidation which can be only partially inhibited by the
rate of 0.79 Gy st. The radiolytic yield was determined from  phenolic antioxidant BHT (Table 1). Comparison of experi-
the changes in absorbance following irradiation with various ments 2, 4, and 5 reveals that only about 50% of the TMP
doses. The observation of transient species and the determi-autoxidation can be inhibited by the BHT. This observation
nation of their kinetic behavior were performed with the NIST suggests that approximately one-half of the TMP autoxidation
Febetron-based pulse radiolysis apparatus. Solutions werecan be accounted for by operation of a peroxyl radical chain
irradiated with a 50 ns pulse of 2 MeV electrons, and the mechanism. Consistent with this suggestion is the observation
formation and decay of transient species were followed by that the presence of triphenylphosphine (TPP) results in an
kinetic spectrophotometry at various wavelengths. The doseincrease in the rate of TMP autoxidation (experiments 2 vs 8).
per pulse was generally between 5 and 50 Gy. Other details of Presumably, TPP is reacting with the TMP peroxyl radical
the apparatus were given befdreAll experiments were (TMPOO) to yield the more reactive TMP alkoxyl radical
performed at room temperature, 20 2 °C. The overall (TMPO) and triphenylphosphine oxide (TPP&).Also con-
standard uncertainties are estimated te-5&6 for theG values sistent with this suggestion is the observation that the addition
and +15% for the rate constants, unless otherwise indicated. of increasing amounts of BHT is not very effective in inhibiting

Electrochemical experiments were performed with a three- the action of the reactive TMP alkoxyl radical (experiments 4
electrode setup using a platinum counter electrode and a calomels 9 and 10).
reference electrode. Acetonitrile (Merck, Uvasol, less than  Various experiments in Table 1 indicate that the rate law for
0.01% of water) was used with tetraethylammonium tetrafluo- TMP autoxidation is similar in the presence of BHT singly and
roborate electrolyte (Fluka, puriss.). Solutions were kept under in the BHT/TPP combination, being 0.9 order in both &d

Results and Discussion
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SCHEME 1 SCHEME 2
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The TMP radical generated by step 5 will react with oxygen
ks ﬂk‘ to yield TMPOO and initiate the peroxyl radical chain mech-
anism of Scheme 2. Owing to the high temperature in our
&H, experiments, the presumed stability of the TMP radical, and
Me\ﬂ/r“'e + HOO-  —= initiatc peroxyl radical chain the kinetic orders observed for this chain reaction, we propose
that the oxygen addition in step 8 is reversible. Step 9 is a
e " rate-limiting reaction which may involve either hydrogen atom
Me N me Ko o Z‘e we KT Me N _Me abstraction to yield a hydroperoxide and another TMP radical
2 W Iy < e L { (as formulated in Scheme 2) or addition to form a different TMP
7 ' e \Ni e radical. Owing to the complexity in the nature of pyrrole
M e M oxidation product§,we cannot distinguish between these two

possibilities. Any hydroperoxide formed in step 9 will oxidize
another TMP molecul& If step 8 is reversible, three termina-
tion pathways are available as shown in steps 10a, 10b, and

that prolonged autoxidation of the TMP solutions results in the l_Oc. AS showr_l in _the Appendix, standard steady-state assump-
initially colorless solution becoming dark brown. tions allow derivation of eq 11 for the rate law of the peroxyl

Scheme 1 outlines an ETIO mechanism that is consistent with chain depicted in Scheme 2.
all of our experimental data. In step 1, TMP reversibly forms
a charge-transfer complex (CTC) with oxygen. Spectroscopic —d[TMP]/dt = kgKll/ 2K21’2[TMP]3/ 2[02] 3/2/{ kmekﬂz[oz]2 +
evidence has been presented that is consistent with 2,5- 1/2
dimethylpyrrole forming such complexes in dodec&hdRate- Krotkak-g[O2] + Kok g2} ™ (11)
limiting thermal electron transfer from TMP to oxygen yields ]
a contact radical ion pair (CRIP) in step 2. Results from Equation 11 has a complex order dependence o 40d a
picosecond laser-flash photolytic studfeallow us to propose ~ 3/2-order dependence on [TMP]. In the absence of BHT we
the existence of such an ion pair as an important reactive have determined that there is a 0.9-order dependence gn [O
intermediate in this system. lon pair dynamics are largely and a 1.1-order dependence on [TMP]. Presumably Schemes
controlled by the stability of the ions formed and by solvent 1 and 2 are operating concurrently in the absence of BHT. Since
polarity?®> In fact, with stable ions, extensive formation of the ETIO mechanismin Scheme 1 is expected to exhibit a first-
solvent-separated ion pairs (SSIP) in dichloromethane has beerorder dependence on TMP and because approximately 50% of
demonstrated. The free ions subsequently formed may reactthe TMP is believed to be consumed by this pathway, the
by reverse electron transfer, by addition, or by self-reactions. It composite TMP order should be around 1.25.
is known from pulse radiolysiand electrochemic#l studies Radiolytic Studies Radiolytic one-electron oxidation of

that certain radipa] cations can rapidly dimerize. _Analog.ously, 1,2,5-trimethylpyrrole was carried out in aqueous solutions and
we propose a similar step between two TMP radical cations in i grganic solvents, utilizing several radicals as the oxidants.

Ste% 6. F?]cile odeation r?f th% din;e_r wEuId _b_eblexpec_ted to Radiolysis of NO-saturated aqueous solutions leads to produc-
produce chromophores that absorb in the visible region (astion of *OH radicals and a small yield of H atoms. Tt@H

obser.ved in the radiolytic anq electroghemlcal experlmgnts radical is known to add to pyrrol&svery rapidly. To prevent
described below). Another possible reaction for the TMP radical ., . o . A .

i 8 o . - this addition and bring about a one-electron oxidation reaction,
cations is combination with £ to produce a hydroperoxide we added 0.1 mol tX of Br—. I-. or N--. These anions react
zwitterion (not shown in Scheme 1), which will decompose to . L . P o .

( ) P rapidly with *OH radicals to form Br~, I*~, and Ny radicals,

yield different final products. This route may compete with : .
the reverse electron transfer, as suggested for ty¥oagtl for which are known to react as one-electron oxid&ht&rom the
! rate of decay of the absorptions of,Brat 360 nm and ofat~

a nitrogen-centered radical of a tryptophan derivatfve. X ’
We propose that the reactivity of the CRIP determines the & 380 nm as a function of [TMP], we derived second-order
nature of the autoxidation. In our systerks and ks are rate constants of (2.3 0.3) x 10° L mol™* s™* for Br;*~ and
competitive with rapid back electron transfde,,. Step 5 (5.1+0.6) x 10° L mol™* 57_1 for 1", The rate constant for
involves deprotonation of the TMP radical cation by superoxide Nz radicals was not determined because the absorbances of this
to form the TMP radical and the hydroperoxyl radical. It is radical and of that produced from TMP are both in the UV
well-known that alkyl-substituted aromatic radical cations are region and somewhat overlapping. However, since the reduction
acidic® and can be deprotonated in aprotic solvents by the potential of the couple 8Nz~ (1.33 V vs NHEJ® lies between
superoxide ior¥? The hydroperoxyl radical will either undergo  the potentials for Bf~/2Br~ (1.62 V) and /21~ (1.03 V)
dismutation, with another hydroperoxyl or with superoxide, or and since N is known to oxidize many compounds more
oxidize another TMP molecule. rapidly than By, we conclude thak;, must be>2 x 10° L

TMP (experiments 4, 6, and 7; 9, 11, and 12). In the absence
of any additives the observed rate law is approximately 0.9 in
O, and 1.1 in TMP (experiments-13). In addition, we note
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Figure 1. Optical absorption spectra recorded by pulse radiolysis of Figure 2. Optical absorption spectra recorded by pulse radiolysis of
N,O-saturated aqueous solutions containing 0.1 néINl;~ and 1 x aerated CGlsolutions containing Z 1073 mol L~ TMP, recorded 1
103 mol L™* TMP at pH 7.8, recorded 4s (®) and 500us (O) after us (@) and 8us (O) after the pulse.
the pulse.
TMP was also oxidized in aqueous solutions by theOgI
mol-1s-1. Therefore, the oxidation of ¥ 103 mol L~1 TMP radical, produced in irradiated solutions containing 2-PrOH (1.3
by Nz* is expected to be practically complete within:4. mol L™1) and CC} (5 x 1073 mol L=1) under air, with a rate

constant of (5= 2) x 108 L mol~1 s,

Ny + TMP— TMP™" + N,~ (12) . ~ "
CCl,0," + TMP— CCl,O0, + TMP (14)

The absorption spectrum observed by pulse radiolysisOFN
saturated aqueous solutions containing 0.1 mdl MaN; and
1 x 103 mol L1 TMP at pH 7.8, recorded is after the pulse
(Figure 1), can be ascribed to the radical cation of TMP. The
spectrum has a narrow UV band, with an apparent peai280
nm, and a very broad band in the visible range. The molar
absorptivity of the latter band is relatively low; a valueeof
340 £ 30 L mol* cm™ at 650 nm was estimated from
thiocyanate dosimetr§¢. The UV band hag ~1300 L mol?
cmfl. An garlier repo’’ ipdicatgd a peak at 800 nm for the CCLO, + TMP — CCL,0,~TMP' (15)
radical cation of pyrrole in an irradiated mixed-Freon glassy
matrix but no further details were presented.

Figure 1 also shows that the spectrum of the radical cation
changes within 50@s to a different spectrum, with absorption
only below 500 nm. This transformation follows second-order
kinetics and presumably involves the dimerization of two radical
cations. The formation of this dimer can be readily followed
at 350 nm, and from the kinetics at different initial radical
concentrations (different dose/pulse), a rate constank of 3
x 10° L mol~! s71 was estimated.

The transient spectrum monitored with such solutions exhibits
a UV absorption similar to that observed upon oxidation by
N3*, but the absorbance in the visible range was much smaller,
only ~20%. A possible interpretation of this low absorbance
is that reaction 14 accounts for onty20% of the CCiO,*
radicals, while the majority of these radicals react with TMP
via addition, in agreement with earlier findings on the reaction
of CClLO,* with indole38

Radiolytic oxidation of TMP was also carried out in organic
solvents. Irradiation of many organic compounds in,CH
and CC]} solutions has been shown to lead to production of
one-electron-oxidized species and other products via several
mechanism3%4° Pulse radiolysis of CGlsolutions of 2x 1073
mol L~ TMP under air resulted in the formation of a species
with a very broad absorptioimax < 320 nm and tailing down
to 600 nm (Figure 2). The absorption was formed withimsl
after the pulse and decayed withirb us; it was not observed
N N in the absence of TMP and was negligibly small ak 2104
2TMP™ — (TMP), + 2H (13) mol L~ TMP. This broad absorption may be ascribed to a
m-complex of Cl atom& with TMP, similar to the complexes
Dimerization occurs by €C bond formation between the two  of Cl atoms with aromatic compourfdsand with pyridinet?
rings and loss of two protons to form the stable aromatic dimer. although the increasing absorbance in the UV may be due to
These two steps were not distinguishable in our experiments;the presence of another short-lived intermediate. Both of these
possibly the deprotonation is fast as it may be effected by the species decay rapidly; thecomplex yields either TMP and
azide ion acting as a base. Dimerization is likely to occur by CI~ or theos-bonded TMPCI adduct. The spectrum recorded
binding at thes-positions since thew-positions are sterically 8 us after the pulse (Figure 2) is different and less intense than
hindered by the methyl groups and are not capable of rearo-that observed immediately after the pulse. This spectrum
matizing by loss of protons. When the formation of the dimer includes the contributions of any radical cations and adducts
is followed in the region of 426470 nm, instead of 350 nm,  produced from the initialz-complex as well as of the species
the kinetics are found to be wavelength dependent and a slowemproduced by reaction of CgD,* with TMP. The absorptions
formation process becomes apparent. This slow process waf these species in the UV could not be observed because the
found to lead to formation of a stable product with a peak at solutions used were not sufficiently transparent below 320 nm.
460 nm. The same product was observed followifigadiation Similar experiments with TMP<1072 mol L™1) in CH,Cl,
of the same solution and will be discussed below. did not show formation of the Cl complex, because CI atoms
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E-e8 168 1Ees bt process results in a product absorbing much more intensely,
oY with Amax at 460 nm (Figure 3 inset). The slower process was
monitored at 460 nm and found to continue for many mil-
= liseconds and to proceed in two steps; one step is complete
A within ~4 ms and the other continues for400 ms (kinetic

| trace at top of Figure 3). The spectrum monitored at both times
0.8 ¥ is the same and is identical with the spectrum of the stable
product observed following-radiolysis of a similar solution.
This final product must be the result of further oxidation of the
dimer. The dimer is formed within~100 us and may be
oxidized by the CHCIO,* peroxyl radicals (since these react
with TMP rather slowly and may survive until some dimer is
formed). The slowest step of the 460 nm product formation
may be due to oxidation of the dimer by, ©r by hydroper-
oxides formed by other reactions in this system.

Gamma radiolysis of all the above solutions led to production
of a stable product absorbing at 460 nm. The exact position of
this peak shifted by several nanometers during the irradiation,
as more of the initial TMP was oxidized. Furthermore, other
peaks were observed and were different in different solvents,
probably due to different products formed in addition to the
predominant product. The product of irradiation in £CHp
exhibits only the 460 nm peak and a UV absorpti®290 nm
similar to that of TMP. The products in aqueous 2-PrOH/CCI
solutions have a peak at 460 nm and another one of similar

Wavelength, nm intensity at 330 nm, but the growth profiles of the two peaks
Figure 3. Optical absorption spectra recorded by pulse radiolysis of during the irradiation are slightly different. The products in
aerated ChLCl, solutions containing 2.5 10~ mol L~ TMP, recorded N.O-saturated agueous solutions containing azide also have a
6 us (@) and 50us (O) after the pulse. The inset shows the spectrum 460 nm peak, but another broad absorption in the UV with a
recorded after 400 ms. The kinetic trace above _the spectrum shows themaximum near 300 nm is also pronounced; again the profile of
growth of the 460 nm absorbance, recorded with [TMPH x 102 growth of absorbance with dose is different for the two peaks.

mol L™, as a function of time, at 4 time sections (available with the ) - - :
Tektronix 7612 digitizer): the first section lasts 24, partly before In contrast, irradiation of TMP in cyclohexane solutions under

the pulse and partly after the pulse, the small absorbance at this time@ir forms products with only a very weak absorption at 460 nm
scale is not visible in this section, the second section covers the and a higher one at 290 nm. When @@ added to the
following 600us and shows substantial growth, the third section covers cyclohexane, the relative yield of the product absorbing at 460
the following 4 ms and shows little growth, and the fourth section covers nm increases by about an order of magnitude. From these
the following 400 ms and shows a slower growth process. results we conclude that the peak at 460 nm is formed by

react rapidly with this solveri but the reaction of the peroxyl oxidation, whereas the other peaks may be due to various

radicals with TMP was observed. From the dependence of the@dducts. Despite the different mechanisms involved, all radi-
formation kinetics at 400 nm on the concentration of TMP (1 olytic product formation in aerated solutions nearly ceased when
x 10410 1 x 107 mol L-%) we derived a rate constant of the O is depleted and resumed when morgv@s introduced

(1.640.2) x 10° L mol-LsL. This is ascribed to the reaction Nto the solution.

of CHCLOZ* with TMP, to form the TMP" radical cation and/ To examine the structure of the 460 nm product, we prepared
or the adduct. The other peroxyl radical formed in this system, a larger quantity by irradiation of TMP in GRlI,, evaporated
CH,CIO>', is expected to react more slowly and its reaction may the solvent, and analyzed the crude product by proton NMR.
overlap the subsequent processes observed in this system. Thé CDCl; three distinct methyl singlets were observed at 2.29,
spectrum of the transient species (Figure 3) exhibits a UV 2.85, and 3.59 ppm relative to tetramethylsilane. The chemical
absorption withimax ~ 270 nm, similar to that observed in  shift for the methyl protons in 1,2,5-trimethylpyrrole are 2.10
aqueous solutions, but the absorption in the visible range isand 3.27 ppm (CG).** We propose that the downfield shift
different; it is mainly at 408-500 nm (Figure 3) instead of 660 observed for the methyl protons in the 460 nm product is
800 nm (Figure 1). This difference may be the result of consistent with inductive effects associated with salt formation.
formation of different species, i.e., adducts vs radical cations, These findings lead us to tentatively identify the 460 nm product
but it may be due also to the medium effect on the radical cation as the dimeric dication depicted in Scheme 1. The adducts have
spectrum. The transient spectrum changes withins(Figure not been analyzed and are probably a mixture of various
3) in a complex process. An increase in absorbance was foundmonomeric and dimeric products. Irrespective of mechanism,
in the range 308600 nm, but the rate of formation was different it is clear that TMP consumes,Q@eadily and can deplete all

at different wavelengths. In the 36@60 nm region the  the G presentin solution by various processes initiated by free-
formation was complete within 1Q@s, but in the 406-500 nm radical reactions. In halogenated or polar solvents TMP is
region the absorbance continued to grow for many milliseconds. readily oxidized to the radical cation, which does not react with
The first process is probably a dimerization reaction similar to O, but undergoes dimerization and further oxidation. In
that observed in aqueous solutions and is expressed in thehydrocarbon solvents, the mechanism appears to involve mainly
formation of absorption at the 3660 nm region. It was adduct formation. Such adducts are likely to react witht®
difficult to derive the kinetics for this process because the form TMP-derived peroxyl radicals, which will undergo sub-
absorbance changes observed are relatively small. The slowesequent reactions to form various oxygenated products.
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Figure 5. Spectroelectrochemistry of acetonitrile solutions containing

5 mol L= TMP and 0.2 mol £* NEuBF, in a LIGA cell. Oxidation

was carried out at the potential of the first wave (solid line) and the
second wave (dashed line) (see text); the curves were recorded 10 s
after the potential step.

per 10-fold increase in the scan rate. A linear dependence was
also found for the variation dg, with the initial concentration
of monomer,—20 mV per 10-fold increase in concentration.

0 These results are in agreement with a mechanism involving a
rapid electron transfer to form TMP followed by a fast
coupling between two radical catioffs.By use of ultramicro-
O.1r electrodes (with diameter in the 1n range), scan rates up to
1%V s~1 can be reached, allowing detection of the very short-
lived radical cations of pyrrole®. With such techniques, and
by increasing the scan rate above 5000V (@&t 2 x 1072 mol
L~1 TMP), partial reversibility was observed (Figure 4b). In
these experiments, the second, more positive peak disappeared,
indicating that this peak is related to the oxidation of the product
formed after the first oxidation process. The standard oxidation
The radiolytic yield G value) of the oxidation of TMP was  potential for the TMP/TMP" couple can be directly derived
examined in CHCI, solutions, where the conversion of TMP  from the half-sum between the forward and reverse peak
to the product appears to be the most direct. The yield was potentials. A value of 0.8% 0.01 V vs SCE was found. The
found to beG = 2.3umol Jt at [TMP] = 3.7 x 104 mol L™! lowest scan rate required to observe a partially reversible wave
andG = 5.6umol Jtat [TMP] = 3.7 x 103 mol L. Since is a measure of the radical cation lifetime, and if the mechanism
the total yield of oxidizing species in GBI, is only ~0.7 umol is known, these values can be converted to rate constants by
J139 the measured yields for TMP oxidation indicate that a comparison with simulated voltammograms. A second-order
short chain reaction operates in this system. The most likely rate constant of R= (1—2) x 10 L mol~! s~ was estimated
mechanism is that some of the intemediates formed from TMP for the decay of TMP".
react with Q to form peroxyl radicals, which then oxidize To obtain spectral information and to identify the different
another molecule of TMP (Scheme 2). The initial radical cation, intermediates involved in the oxidation steps, in situ spectro-
TMP*, was not found to react with £n the pulse radiolysis  electrochemical experiments were carried out in acetonitrile
experiments, although a slow reaction under low radical during slow scan cyclic voltammetry. This technique is based
concentrations cannot be ruled out. on the use of electrodes with gold-LIGA structure (electrodes
Electrochemical Studies. To complement the above radi- with honeycomb holes with diameters of 2@m). The
olytic studies, we examined the oxidation of TMP by cyclic transmission of light through these electrodes yields spectro-
voltammetry in acetonitrile solutions on gold and carbon scopic information on the electrochemical process, and it is
electrodes. A similar electrochemical behavior was observed possible to record U¥visible spectra while oxidizing the TMP.
on the two types of electrodes. Atlow scan rates, an irreversible This method permits recording of spectra of intermediates under
peak is observeds, = 0.72 V vs SCE at a scan rate of 0.2V  complete conversion conditions on a time scale on the order of
s 1 and initial concentration of 2 10~ mol L™%) (Figure 4a). 2's. When the oxidation potential is stepped to the level of the
This process was found to be monoelectronic by comparison first oxidation wave, a large increase of the absorbance is
with the reversible oxidation wave of ferrocene. A value of observed in the visible range with a peak at 404 nm. This peak
one electron per TMP was also determined by exhaustive shifted to a higher wavelength~@20 nm) when the potential
electrolysis at 0.9 V vs SCE of a solution 08103 mol L~ is maintained at this value. When a more positive potential is
TMP. This peak is followed by a second partially reversible applied after standing at the level of the first oxidation process,
peak at a more positive potenti&@®(= 1.1 V). During repetitive the main peak disappears and only a broad peak at380
scanning, no new peak that could be ascribed to the formationnm is observed. When the potential is directly stepped to the
of a polymer or longer oligomers were observed at lower level of the second wave, two peaks are visible~&80 and
potential, contrary to the behavior of the unsubstituted pyrrole. ~470 nm (Figure 5). The ratio between the two peaks is
To determine the kinetic behavior of the first oxidation process, different in each experiment, indicating the formation of at least
the peak potential was studied as a function of the scan ratetwo different species.
and the initial concentration of TMP. The variationEgfwith There are no data on the oxidation of "3yrrole, but its
the scan rate was found to be linear, with a slope of 20.3 mV oxidation potential can be estimated from the values fot-2,2

I 1 1 1 i

0.1 0.3 0.5 0.7 0.9 1.1 13
E/V
Figure 4. Cyclic voltammetry of acetonitrile solutions containing 2
x 1073 mol L= TMP and 0.2 mol £* NE4BF,: (a) on a 1.1 mm
diameter carbon electrode (scan rate 0.2Y;$b) on a 1Qum diameter
platinum ultramicroelectrode (scan rate 9,000 W¥)sT = 20 °C.
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bipyrrole in acetonitrile. Thee® values for the oxidation of  value of itsKeq approaching unity,
2,2-bipyrrole, 5-methyl-2,2bipyrrole, and 5,5limethyl-2,2-

bipyrrole have been determined to be 0.60, 0.46, and 0.30 V vs k[TMP][O,] = k_[TMPOO] a7
SCE?respectively, indicating a decrease~d.15 V per methyl _ o
group. Assuming thaE° for the oxidation of 2,2 and 3,3 (iil) We assume that step 9 is the rate-limiting step.

bipyrrole is in the same range, the oxidation potential for (TMP)  Rewritting eq 17 in the form [TMPOQ= kg/k_g[TMP*][O]
should be below 0 V/SCE (the methyl substitution on nitrogen and inserting into eq 16 yields

will also decrease the oxidation potential); that is it should be o o

very easy to oxidize this dimer. A monoelectronic wave is R = Kjod TMPOOT" + {kgk;ofK_g} [TMP]O,] +
observed at low scan rates, indicating that the final blpyrrole is ko JTMP']Z (18)
not formed on this time scale. The same behavior was

previously observed for the oxidation of 2/@pyrrole or which can be algebraically rewritten as
5-methyl-2,2-bipyrrole and is due to a low rate of deprotonation

of the protonated dimer in acetonitrte47:48 |t is likely that R = kyoJTMPOOT? + (kgkyoJO,] + K_gkiodk g [TMP??
the deprotonation reaction of the 3f@pyrrole is also slow.

Thus, the second oxidation peak observed at low scan rate (19)
voltammetry can be ascribed to the oxidation of the protonated
dimer as proposed for 2;Bipyrrole*® The UV—visible spectra
recorded simultaneously show absorbances around 400 nm
which can be ascribed to the protonated dimers or, more likely,
to evolution of these protonated dimers because their further
oxidation does not lead to the same spectra as the direct
oxidation at the potential of the second wave. It is noticeable
that the absorption peak at 460 nm (which indicates the 5 _ 2r~ 12

formation of the—f branched compound) is mainly observed R = ({kiodaTO" + ik o[O] +

when the oxidation is performed directly at the potential of the K_g7k;0d ks2[O,])[TMPOOT? (21)
second oxidation wave. This behavior could be explained by

an assistance of the deprotonation reactions of the protonatedSolving for [TMPOQ] yields

dimer by the second electron transfer, which will favor fhes . 2 S

coupling versus the other reaction pathways (such as reversibld TMPOOT = Kg[Oo] R ™ /{ kyoks O] " +

From eq 17 we have
[TMP*]? = {k_47ks7[O,]%} [TMPOO? (20)

which when inserted into eq 19 followed by rearrangement
yields

a—oa coupling or nucleophilic attack of the protonated dimer). Ky orkek_alO] + K_g2k;0d M2 (22)
Conclusion Since the rate-limiting step is step 9,

The results of the pulse radiolysis and electrochemical studies .
of the oxidation of TMP are consistent with rapid coupling of —d[TMP]/dt = k[TMPOO][TMP] (23)

the TMP radical cation and subsequent oxidation of the dimer o ] )
to form a highly conjugated product that absorbs-d60 nm. ~ Substitution of eq 22 into eq 23 yields
The radiolysis studies further indicate that other products are
also forme)é, probably via reactions of peroxyl radil?:als. These —d[TMP/dt = kgkeRillz[TMP][Oz]/ (kloakez[oz]z +
results, when coupled with the mechanistic proposal in Scheme Ky ogkek_a[O,] + k104(782)1’2 (24)
1, allow us to speculate concerning the thermodynamics of the
ETIO process. Step 2 is rate limiting and is likely endothermic As discussed in the text, the mechanisms depicted in Schemes
even at 13EC. To account for the observed TMP autoxidation, 1 and 2 are intimately related. It is proposed that Scheme 1
ks and ks must be competitive wittk—,. In apolar solvents,  provides the initiation for the peroxyl chain mechanism depicted
such as CKCI; and chlorobenzene, the likelihood of formation in Scheme 2. That is that th& term in the peroxyl chain
of SSIP and free ions is relatively low. We propose that ion mechanism is derived from the slow step in Scheme 1, step 2.
pair dynamics in our system is such tHatand subsequent  Thus,
reaction(s) are allowed to pull the ETIO reaction toward
completion. Future work is planned to further elucidate the role R = KK, [TMP][O,] (25)
of ion pair dynamics in autoxidation.
and
Appendix: Derivation of the Rate Law for Autoxidation o Yo 12 Yoo 112
of 1,2,5-Trimethylpyrrole (TMP) by the Peroxyl Radical R™ = KK, TTMP] ™0, (26)

Chain Depicted in Scheme 2 o _
. ) Substituting into eq 24 yields eq 11,
We start by making three assumptions.

(i) We make the standard assumption of steady-state kinetics, —q[TMP]/dt = koK, MK TMPT 0,31 ky o K210, +

namely, that the rate of initiationR, equals the rate of 112
termination, KiooKeK_g[O2] + Kjodk g3 (11)

R =k, JTMPOO')? + k;o,[TMPOO][TMP"] + References and Notes
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