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Oxidation reactions di,N-benzylalkylamines by [WO(£.OCOGH4N][BusN*] to nitrones were kinetically

studied by UV and EPR techniques. The reactions follow a second-order rate law and the rate-determining
step is a simple bimolecular attack of amine onto the peroxide oxygen of the peroxometal complex, which
leads to the formation of the corresponding hydroxylamine. However, EPR measurements and iterative
procedures point out that the reaction occurs through the intermediacy of aminoxyl radicals, formed by oxidation
of hydroxylamine generated in situ in the rate-determining step, and subsequent oxidations of these radicals
to nitrones by the starting peroxo complex. It is suggested that the oxidation of hydroxylamine to aminoxyl
radical as well as the oxidation of aminoxyl radical to nitrone occurs through an electron transfer step associated
with a proton transfer.

Introduction sponding hydroxylamine, which then is oxidized to nitrone in

a fast step. Nevertheless, the question concerning the nature of
the fast steps following the nucleophilic attack of the amine on
the oxidant and the possible involvement of radical intermediacy

The oxidations of amines to nitrones is a very appealing
reaction because of both the relevance of the metabolic fate of

these compounds in vivo and of the synthetic interest of the along the reaction coordinate has not been definitely addressed
reaction products. Important enzymes are involved in the 9 ) o y add '
Here we report on the detection and kinetic fate of aminoxyl

metabolic oxidation of amine€’$. ¢ For example, flavin mono- f dical int diates in th idati i
oxygenase and related compounds such as 5-ethyl-4a-hydro-ree radical intermediates in the oxidation reactionsNo

; .- : : : benzylalkylamines with the anionic oxodiperoxo complex
peroxyflavin oxidize secondary amines to nitrones via hydroxyl- . ¥ Lo .
amines? The simulation of the activity of these enzymes using [WO(C,),0COGH.N][BusN™] (PIC-W). These nitroxide radi-

metal complexes is of large interest, potentially providing cals are shown to be actual reaction intermediates, responsible

mimetic methods for catalytic oxidation of the amines. for the production of the final nitrone derivatives.
Recent work from our laboratory pointed out that Mo(VI)
and W(VI) oxodiperoxo complexes are able to oxidize secondary
amines to nitrones through the intermediacy of the corresponding (i) UV Measurements Model N,N-benzylalkylamines have
hydroxylamines. been reacted with PIC-W in chloroform, and reactions monitored
A kinetic study, concerning oxidation df,N-benzylalkyl- both by UV and by EPR techniques. The choice of PIC-W as
amines to the corresponding nitrones by both anionic and neutraloxidant was determined by the observation that amine is not
Mo(VI) and W(VI) oxodiperoxo complexes, indicated that the able to enter the coordination sphere of this peroxo complex
oxidation reactions involve a rate-determining nucleophilic and therefore the reactivity scheme is more simplifiéifact,
attack of the amine onto the peroxide oxygen of the oxidant, in this case no coordination preequilibria steps involving the
with a transition state in which NO bond formation and ©0 amine and the oxidant should be taken into consideration and
bond cleavage occur in a concerted way through a Bartlett- the rate-limiting step is a simple bimolecular step in which the
type transition state (electrophilic oxygen transfer mecharii$m). amine attacks the peroxide oxygen and yields the hydroxylamine
On the other hand, in the case of neutral oxidants a rapid through a Bartlett-like transition stateN,N-Benzylisopropyl-
exchange of ligands occurs in a preequilibrium step. That is, amine (P, N,N-benzyltertbutylamine (B)y andN,N-dibenzyl-
the nucleophile amine coordinates the metal center replacingamine (DBA) are converted quantitatively into nitrones by
the original ligand HMPA and yields a new peroxo complex PIC-W according to eq 1:
bearing now amine molecules in the coordination sphere. This
complex formed in situ then undergoes a nucleophilic attack CgHsCH,NHR + WO(O,),L —

on the peroxide oxygen by external amine molecules. In both T
cases the nucleophilic attack is believed to yield the corre- CeHsCH=N"(0 )R+ H,0 + WOz + L (1)

Results and Discussion

:COFF_ESponding authors. o where R= —CH(CHg),, —C(CH)s, or —CH,CgHs. The nitrones

. Bﬁﬁ/'gf‘;ﬁg;ioégteamsmow of Prof. Fulvio Di Furia (194£997). adsorb remarkably in the UV region, so that the kinetics of their
§ Universitadi Firenze. E-mail: bianchini@cesitL.unifi.it. forma’_uon_can be easn_y followed (see Experlmental Sectlon)_.
Ustituto di Chimica Quantistica ed Energetica Molecolare, CNR. The kinetics were carried out under pseudo-first-order condi-
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Figure 1. Typical kinetic plot of In@. — Ay vs time (oxidation of Pr
at 40°C; R? = 0.9995).

o

TABLE 1. Second-Order Rate Constants for the Reaction

of N,N-Benzylalkylamines with PIC-W in Chloroform 1 [ [ I T Ly
3210 3232 3254 3276 3208 3320
T 10k, AH* AS Gauss
i o —1g 1 1 1 1
amine (°C) M7s (keal mol™) (cal mol ™ deg ) Figure 2. Experimental (ab) and computed (a b') EPR spectra
Buf 22 0.23 9.93 —23.6 obtained from the reaction of PIC-W with Band Pt, respectively.
But 40 0.66
But 60 1.6
Pr 10 0.51 8.59 —40.5
Py 20 0.94 a
Py 35 15
Pr 55 4.5
DBA 10 0.35 10.5 —34.6
DBA 35 13
DBA 55 4.7

tions, using higher than 10-fold excesses of the amine and

monitoring the reaction for at least two half-lives. Good straight b
lines were always obtained upon plottingAa(— A)/ (As —
Ao) versus time (Figure 1).

The observed pseudo-first-order rate constants were reckoned

from the slopes of these plots by using a linear least-squares
computer program and were reproducible withif%. In all
examined cases an overall second-order rate law is obeyed (eq
2).

d[nitrone)/d = k;[amine][PIC-W] (2)

The pertinent observed second-order kinetic constants, which I T T T
are the average of at least three independent measurements, argy,g 3262 3284 3306 3328 3350
reported in Table 1. The rate values indicate that Buhe Gauss
slowest amine. The highest kinetic constant value observed forigyre 3. Experimental (a) and computed (b) spectra for the reaction
Pr is probably ascribable to the less relevant steric hindrance of PIC-W and DBA, and experimental spectrum (c) for the reaction of
of the isopropyl substituent, during the nucleophilic attack of PIC-W with N,N-dibenzylhydroxylamine.
the nitrogen onto the peroxide oxygen, as compared with that

of tert-butyl and benzyl substituents, respectively. Activation TagLE 2: Hyperfine Splitting Constants (G) of Aminoxyl
enthalpies and entropies are also reported and are in agreemeriRadicals Obtained in the Oxidation Reactions of

with a simple bimolecular rate-determining step. N,N-Benzylalkylamines and ofN,N-Dibenzylhydroxylamine
(i) EPR Measurements To check the eventual formation (PBH) by PIC-W in Chloroform #

of intermediate free radical species, we monitored the oxidation supstrate g AN Ag'enzyl Ai'ipropyl

process by the EPR technique. Amine and oxidant solutions BU 2.0057 13.87 7.35 (2)

were prepared in accurately degassed chloroform, under argon  py 2.0050 16.78 10.20 (2) 4.90 (1)

atmosphere, in order to avoid any contamination from oxygen. DBA 2.0062 16.81 9.95 (4)

Then appropriate volumes of both solutions (kept at 210 K) DBH 2.0062 16.81 9.95

were mixed under dry argon atmosphere in an EPR tube. The apjeasured on a Varian EPR instrument at .0

tube was thereafter positioned in the EPR cavity, still keeping

the temperature at 210 K. Then the temperature was allowed tospectra registered during the oxidation process (Figure 2, a,a
rise until the signals reported in Figures 2 and 3 appearedand b, b; Figure 3, a and b).

(normally at nearly 260 K). The observed signals were ascribed In fact the computed hyperfine coupling constants, reported
to the presence of the aminoxyl radicals generated by the parenin Table 2, are in agreement with the spectral parameters
amines, by matching the simulated spectra with the experimentalreported in the literature for the aminoxyl radicals having the
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expected structure® Therefore, we can reasonably conclude
that in all the investigated oxidation reactions of the starting

Ballistreri et al.

This scheme involves first the oxidation of the amine by PIC-W
leading to the formation of aminoxyl radicals through the

amines aminoxyl radical species are detected as intermediatesintermediacy oN-hydroxylamine derivatives. The intermediacy

In the case of DBA oxidation, the presence of the corre-
sponding aminoxyl radical (1sCH,),NO* was further con-
firmed by comparing the EPR spectrum registered during the
oxidation reaction of the amine by PIC-W with the spectra
registered, respectively, during the oxidation process of the
correspondind\,N-dibenzylhydroxylamine by PIC-W (Figure
3c) and during the irradiation dfl,N-dibenzylhydroxylamine
itself in the presence of BOOH.

In the latter case, the\,N-dibenzylaminoxyl radical is
generated as reported in the following reaction.

(CaHsCH,),NOH + BUOOH > (C;H.,CH,),NO" (3)

This procedure was employed by Coppingand Ingold and

the pertinent reactions involving thi,N-dibenzylaminoxyl
radical are represented by the following equations of Scheme
1

SCHEME 1

BU-OOH-™ BU'O" (42)

k4
BU'O" + (CgH<CH,),NOH —
BU'OH + (CgHCH,),NO" (4b)

Ko .
2(CgHsCH,),NO* k‘:i‘: [(CeHsCH,),NOT, (4c)

o Kag

[(CeHsCH,),NOT, —
CgHsCH=N"(0O")CH,CgHs + (C4HsCH,),NOH (4d)
The pertinent EPR spectra, shown in Figure 3a,c, appear
overlapping and match perfectly with the simulated spectrum
(Figure 3b) (spectral parameters are reported in the literatfre).
(i) Kinetic Approach . We followed both the nitrone

formation by UV technique (Table 1) and the aminoxyl radicals
build up and decay by EPR spectroscopy. In order to check
whether the observed aminoxyl radicals are intermediates in the

oxidation process of amines to nitrones, we employed a fitting
iterative procedure, based on Scheme 2:

SCHEME 2

ks
WO(Q), + ArCH,NHR — ArCH,N(OH)R + WO,(O,)
+6 5

WO(0,), + ArCHzN(OH)RE
+5
ArCH,N(O")R + WO(Q,), + H" (6)

k-
WO(0,), + ArCH,N(O")R + H" —~
ArCH=N*(0")R + WO,(O,) + H,0 (7)

2W0,(0,) — WO(O,), + WO,
2ArCH,N(O)R % [ArCH,N(O"R], ®)

[ArCH,N(O")R], 5 AFCH=N*(O)R + ArCH,N(OH)R
9)

of N-hydroxylamine derivatives along the reaction pathway has
been previously addressed, but here it receives further support,
due to the EPR observation that the same aminoxyl radical is
generated as an intermediate in the oxidation reactions by PIC-W
of both N,N-dibenzylamine andN,N-hydroxydibenzylamine,
respectively.

The formation of theN-hydroxy derivative due to the
nucleophilic attack of amine on the peroxide oxygen is the
slowest step (step 5), as suggested by the observed second-order
rate law? If we assume that thi-hydroxylamine derivative is
able to bind the metal by its hydroxyl group, its oxidation might
occur within the coordination sphere of the peroxo complex
and also the generation of aminoxyl radicals (step 6) might occur
there. A similar behavior is exhibited by alcohols in the
oxidation process to carbonyl compounds by PIC-W through
the probable intermediacy of ketyl radicdlk such a case the
aminoxyl radical might be itself oxidized to nitrone within the
coordination sphere of the oxidant (step 7) or it might be able
to escape to yield the corresponding nitrone through the steps
8 and 9 without the further involvement of the oxidant.

Disproportionation of M@to MOs and MQ; has already been
suggested in the oxidation reactions employing Ma@d WG
as oxidant agents to rationalize the kinetic observations that only
one oxidant species carries on the oxidation prot&ssSteps
8 and 9 are the same steps 4c and 4d reported in Scheme 1.
They represent, respectively, the equilibrium of formation of a
presumably dimeric species and the disproportionation step of
this dimer to nitrone and tdl-hydroxy derivative.

The kinetic equations of Scheme 2 can be written as follows
(A = amine, O= oxidant, H= N-hydroxylamine, R= radical,

D = dimer, and N= nitrone): (which is the rate-limiting step)

k5
A+O0—H (5)
H+O-%R (6)
k7
R+0—N ©)
R+R-D (8a)
K g
D—>2R (8b)
DN+ H 9)

Reaction 5, which leads to the formationMdfN-hydroxylamine,

is transparent with respect to the EPR technique. Therefore, with
reference to the process monitored by EPR, we can rewrite the
two steps 5 and 6 as a unique step:

A+OE>R

The relative differential equations, describing the evolution of
concentrations with time, are reported as follows:

_d [A]

= k[Al[O] (10

d[O]

= K[Al[O] + k[R][O] (11)
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d 1600
IR] — JATIO] ~ KIRIO] ~ 2GR + kD] (12)
d
I — R0 + ko] ()
d
% — ZkB[R]Z _ k,S[D] — kg[D] (14) 800

In the fitting procedure the program took into account both
the EPR and the UV spectra, registered at the same temperatures,,
with the same starting reagent concentrations, and generated
by experimental measurements performed at identical time
intervals and for a coincident time duration (Figure 4) (see
Experimental Section). In each fitting we tried to simulate the  ° T T T T T e o e e oo
two different spectral curves. In order to check the involvement e e
of the aminoxyl free radical along the reaction coordinate, we Figure 4. EPR and UV (335 nm) kinetics for the reaction of PIC-W
looked for a correlation between the nitroxide radical build up (1.2 x 107 M) with Bu (2.0 x 1072 M) in chloroform at 60°C.
and decay process and the nitrone formation. Therefore, theAPSorption data have been multiplied by a factor of 10 be in a

. . comparable scale with EPR curve. Full lines are experimental curves,

S_tartlng parameters were used to fit th_e EPR curve, the_n thecrosses are computed EPR, and triangles computed absorptions.
fitted values found were employed to fit the UV absorption/
time curve, and then again back to the EPR, in an iterative TABLE 3: Kinetic Rate Constants Obtained by the Fitting
process whose final convergence consisted of an acceptablyProcedure for the Oxidation Reactions of .
good reproduction of both curvé3The final values of the fitted N.N-Benzylalkylamines with PIC-W in Chloroform at 40 °C
kinetic constants are shown in Table 3. PIC-W 10%ks 10k, 10Pks

The rate constant values reported in Table 3 indicate that the gmme M) (M) M7s) M~s7) M7s7)
agreement between the value obtained on the basis of EPR  Pr(0.012) ~ (0.018) 3.@12  91+26 33+11
data and thek, \./alue. (shown in Tablg 1), obtained by uv EB)S'?O(%%Z)O) ((8'.331)) %‘lgt&ob?ﬂ zg%fge ?;I é:é
measurements, is quite good, supporting therefore the idea thatgt (0.021y  (0.001) 0.28£0.12 2.5£05 0.76+0.16
the observed second-order rate conskgridescribing the attack Bu'(0.020y  (0.001) 1.6+£0.5 11+ 2.0 41+1.0
pf the amine on.to the peroxide oxygen to yie[d .the correspond- a Standard deviatior? T = 22 °C. ¢ T = 60 °C.
ing hydroxylamine, is indeed the rate-determining step. In fact,
by stopped flow technique we were able to measureNie 0
dibenzylhydroxylamine disappearance rate conskar{eq 6)
in the presence of PIC-W in chloroform at 40. The observed
valueks = 12 +£ 2 M~t st is much larger tharks = (2.5 &
0.6) x 1002 M~1 s and then we can conclude that the rate of
formation ofN,N-dibenzylaminoxyl radicals is controlled by the 42
ks value. Therefore, on this basis, it would be expected, and
indeed it is found, that the formation raégof aminoxyl radicals
measured by EPR should correspond, at least within the
experimental errors, to tHe value determined by UV measure-
ments. The agreement amorg values obtained by EPR 4
technique andk; values measured by UV is good also for the
other two amines, Prand BU. Finally, the above approach Y N - -~
allowed a good stability of the fitting procedure, since even © 3400 6800 10200 13600 17000
considerably different starting guesses (3 times larger, or Figure 5. Experimental (line) and computed (symbols) kinetics for
smaller) of the fitting parameters with respect to the final fitting the reaction ofN,N-dibenzylhydroxylamine (0.1 M) withtert-butyl
results converged to the same final results. Only when thesehydroperoxide in chioroform under irradiation.

guesses were orders of magnitude far from reasonable values . .
the fitting diverged. But in any case no different final fitting Figure 5 shows the buildup and decay, monitored by EPR,

values were obtained for the fitting parameters from those ©f N:N-dibenzylaminoxyl radicals obtained by UV irradiation
reported in the table, the only alternative being just a total Of the corresponding,N-dibenzylhydroxylamine (eq 3, Scheme
divergence of the fitting procedure. :

However, the values ok s (step 8b, radical dimerization The curve is composed of two distinct sections, the first one
process) andks (step 9, nitrone formation from the dimer) Cconsisting of a very fast buildup and a rapid decay of the

obtained by the fitting procedure are not displayed in Table 3, @minoxyl radical (GHsCH,):NO* down to 10% of its initial
because they are very low and much smaller than standargconcentration, and the second one representing a signal which
deviation valued? decreases very slowly and then persists for many hours. With

reference to Scheme 1 the following differential equations can
be taken into account:

In order to check whether the very small values obtained for
k_g and kg is a pitfall of the iterative procedure or they are

intrinsically so low, we tried to obtain them experimentally by 5
independent measurements. d[R}/dt = 2k_,{D] — 2k,JR] (15)



2714 J. Phys. Chem. A, Vol. 104, No. 12, 2000 Ballistreri et al.

d[DYdt = k,JR]* — k_,JD] — ky([D] (16) ~ SCHEME4
o f o 2 ol
d[NJ/dt = k,{D] 17 ‘\)\rﬂi‘ + HO—N—CHy A T ?\'{f((‘) + B e U N —o
oL/ o) E ;I? o/“ o o~
Also in this case the iterative procedure, based on Scheme 1, ~<§*r‘r CHy—Ar —4 .
provided a very good agreement with the experimental observa- R o 1 21
tions. The convergence of the fitting was reached with a very ET ﬁ’\“‘,lo s
low variance of the computed versus experimental curve (Figure 07 o-H T
4), and the computed kinetic values wége= (3.6 + 0.03) x A N :
102M-1s1, kg = (4.6+ 0.03)x 1055, andksg = (1.3 Tk +
+ 0.01) x 10 sL Indeed it is very interesting to observe oM

that the rate constant value concerning the dimerization process

kac is, within the experimental error, equal to the rate constant |n our case, coordination of tHe-hydroxylamine derivative to

ke , reported in Table 3, which represents in Scheme 2 the samethe metal by the hydroxylic group would lead to the formation
dimerization process. Therefore, since two experiments, per-of an association complex, which by two subsequent electron
formed in different ways, lead to the same rate constant value transfer steps (associated with two proton transfers) might evolve
for the same reaction step, we can reasonably conclude that theo nitrone, through the intermediacy of aminoxyl radicals
process reported in Scheme 1 is a good model also for stepgScheme 4). The first ET step might follow an association
kg andks. In such a case the value lofs would correspond to  complex formation between the oxidant and the hydroxylamine
that ofk-4c (4.6 x 107°). This observek g value is very low  and therefore it might occur within the coordination sphere of
and in agreement with the computed value of the iterative the metal. Both potential reduction values and literature
procedure, which is itself low and smaller than the standard examp|es indicate that Mo(V|) and W(V|) are very often eager

deviation value. LikeWise, the value kleOUld CorreSpOnd to to be involved as acceptors in electron transfer S%é‘ﬁé
that of kyg (1.3 x 107%) which is small too and therefore also

this experimental value is according to the expectation of the Experimental Section
iterative procedure. In conclusion these results suggest that the
iterative procedure provides a reliable outcome. Therefore, the
two reaction steps, (8b) and (9), indeed are so slow that their
significance in the overall kinetic picture of Scheme 2 is
irrelevant and the relative rate constant values, and Ko,

obtained by the iterative procedure are not meaningful param- : . )
eters (they are almost 2 or 3 orders of magnitude lower than tions of amine and oxidant were independently prepared. The

the other rate constants reported in Table 3). The rate constanfhloroform was degassed, and the overall solutions were kept
values, related to the oxidation process of DBA with PIC-W under argon atmosphere. Then equal volumes of the reagents

and displayed in Table 3, show that processes of type (8b) andVe'® mixed in the cell, and the formation of the nitrone was
(9) can eventually affect the concentration of the final product, followed in a Cary 220 instrument at the selected wavelength,
or that of the aminoxyl radical, only after a considerable amount USing @ Haake thermostat. At the examined wavelength-{320

of time, by far longer than that usually required to accomplish 340 Nm), molar absorption df was around 10, while those of
the oxidation reactions under observation. nitrones, the unique reaction product, were around 50 to

2 x 1 M~ cm™L The kinetics were found linear, on plotting
SCHEME 3 In(A. — Ay) versus time, for at least two half-lives. But generally
they were linear for more than 90% conversion (Figure 1). In
the case of DBH N,N-dibenzylhydroxylamine) the kinetic

Materials. Fluka chloroform containing 1% ethanol was used
as such.N,N-Benzylalkylamines (Aldrich) were purified by
distillation over calcium hydride. PIC-W was prepared by the
previously reported original procedute.

UV —Vis Spectroscopic MeasurementsChloroform solu-

ks=2.5x 10-2 k; =20 x 10-2
R+ 0O

DBA + PIC-W : . . 4
experiments were carried out in a diode-array stopped flow
ky=13.7 x 10-2 ky=13x 104 instrument’” monitoring the UV interval, and using the same
ko= 46x105 mathematical approach to make linear absorption/time data so
obtained.

In fact, considering that the maximum value of concentration = EPR Measurements EPR spectra and the time evolution of
of free radicals R is 1/1000 of the [Q)]a rate/ratey = 5 x 10® the amplitude of the highest line in each spectrum (EPR kinetics)
ratio can be estimated. This value indicates that only when thewere taken from a Varian E 112 EPR spectrometer. The
oxidant is completely reacted does step 6 supply free radicalstemperature of the samples was controlled by an Oxford EPR
R to the equilibrium 8 (but this situation involves reaction times 900 cryostat. The spectrometer was interfaced to a 486/100 PC
out of the present investigation). Thus, it turns out that step 8 computer through a data acquisition system able to give in real
yields an amount of nitrone which can be considered insignifi- time the average sign&él.The software employed was able to
cant and that step 7 is the unique pathway which leads to theoperate simultaneously the EPR spectrometer, the temperature
nitrone formation. In other words, the observed nitrone is formed controller, and the data acquisition syst&hilhe hyperfine
only by oxidation of aminoxyl radicals by the peroxometal coupling constants and line widths of the paramagnetic species
complex. were the result of the best-fitting between experimental and
We do not have any piece of information on how aminoxyl simulated spectra. The spectral optimization software was
radicals are oxidized by PIC-W. However, we can speculate provided by D. Duling, NIEHS, NIG?
that such a process might bear closely to the mechanistic scheme Reaction Mixture Preparation. In a quartz EPR tube,
suggested for alcohol oxidations to carbonyl compounds by equipped with a Rotaflo stopcock, 285 mL of the oxidant
Mo(VI) peroxo complexe8which envisages the association of solution was introduced under dry argon; after freezing by
the alcohol to the peroxo complex, followed by two electron immersion of the EPR tube in a dry ieacetone refrigerant
transfers to the oxidant from the coordinate alkoxo compound. bath, an equivalent volume of the amine solution was added,
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taking care that it solidified before reaching the surface of the Toscano, R. MTetrahedron1992 48, 8677-8684. (c) Murahashi, S. I;
oxidant frozen solution. The overall frozen sample was rapidly 9”7'?(;’_'1';4 4Tatsu"" S.; Tsudo, T.; Watanabe, J5.0rg. Chem199Q 55,
transferred .|nto the EPR cavity, Whe.re the temperature was (2) Ball, S.: Bruice, T. CJ. Am. Chem. Sod98Q 102, 6498.
a"Qwed to increase slowly by a heating controller up to t_he (3) Ballistreri, F. P.; Barbuzzi, E. G.; Tomaselli, G.; Toscano, R. M.
fusion temperature of the two frozen phases, thus allowing J. org. Chem1996 61, 6381-6387.

oxidant and amine to interact each other. The Borning spectrum  (4) Bartlett, P. D.Record. Chem. Pragl95Q 11, 47—56.

was then registered, and the reaction process monitored by a (5) Coppinger, G. M.; Swalen, J. D. Am. Chem. Sot961, 83, 4900~
fast acquisition of EPR data for each programmed temperature4992- _

for the time requested by the evolution of the reaction. (s) go"l‘i'ei’\h D. J|]| \’I‘E’?tgrs' W. A]'((;:thA Sogh(mg;qf&_lg;-

In the best fitting procedure of the kinetic data, the fitting 1065(3_)10760_ aMare, H. E.; Coppinger, G. M. Am. Chem. S0d.963 28,
program took |n'to account alternatllvely the.EPR and the—UV. (8) Adamic, K.; Bowman, D. F.; Gillan, T.; Ingold, KI. Am. Chem.
Vvis spectroscopic curves, both registered with the same startingsoc.1971, 93, 902-908.
reagent concentrations, at the same temperatures, and with (9) Campestrini, S.; Di Furia, Fletrahedron1994 5119-5131.
experimental points registered at identical time intervals and  (10) Bortolini, O.; Di Furia, F.; Modena, G.; Scardellato, &.Mol.
for a coincident time duration. The program fits the two curves, Cazilj:)lgASl tllvéWA_ll?’- A Ballistreri . P T I G. A Bortolini

: : mato, G.; Arcoria, A.; pallistrert, . P.; Tomaselll, G. A.; Bortolint,
alternatively, and the computed parameters were the startingg, "oy v 'bi Furia, F.; Modena, G.; Valle, G. Mol. Catal. 1986 37,
fitting parameters for the computing process of the successive165-175.
kinetic curve, until a final, overall convergence was obtained.  (12) To evaluate the goodness of the fitting we considered the ratio,
Fixed parameters were, of course, the initial reagent concentra—expfe_Ssedt"I1 percer(ljtage,_betweeT léhz ilg(;l(gngszof r:he ;E;?Irfgld the
H H H experimental squarea maximum va n)~'<, wheresis the sum
tions and thelr mOIar. a_lbsorptlon at the Wa}velength Of_the_ of the squared residuals ands the number of data points minus the number
spectroscopic CU"V?- Fitting parameters were lnstgad the kineticof fitting parameters); see: Ambrosetti, R.; Bianchini, R; Bellucci,JG.
constants reported in Table 3 for each run. Even in the case ofPhys. Chem1986 90, 6261-6266. The minimization of such parameter
EPR kinetics, two half-lives (upon consideration of the product Was carried out by least-squares methods. We assumed that convergence

. ' . would occur for maximum 5% deviation.
formation) were considered, at least. . R ) et
- L . (13) The following are reported: for instance,2&)(M~* s™1) values

Besu_je§ the kinetic constants, reported in Tabllel3, the output gptained by the fitting procedure (amine, temp): 0.G0% (PF, 40 °C);
of the fitting program included the standard deviations and the 0.0067+ 0.85 (DBA, 40°C); 0.0045+ 5 (BU, 22°C); 0.01+ 0.02 (BU,
correlation coefficients between each possible couple of fitting 40 °C); 0.052+ 0.62 (Bu, 60°C).
parameters. These last values never approached too much to. (14) Bonchio, M.; Conte, V. Di Furia, F.; Modena, G.; Moro, S.;

. . arofiglio, T.; Magno, F.; Bonchio, M.; Pastore, Porg. Chem.199
the value of 1. The evaluation of the amount of free spins was 3, 5787_5799. 9 9 3

performed using a Varian standard pitch. (15) Campestrini, S.; Di Furia, F.; Modena, G.; Bortolini, 0.J00rg.
Chem 199Q 55, 3658-3660.
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