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A kinetic study of the one-electron oxidation of a series of ferrocenes (FcX: BX, COEt, CONH,,

CH.CN, CH,OH, Et, and Mg) by PINO generated in C4N by reaction ofN-hydroxyphthalimide
(NHPI) with the cumyloxyl radical produced by 355 nm laser flash photolysis of dicumyl peroxide has
been carried out. Ferrocenium cations were formed, and the reaction rate was determined by following
the decay of PINO radical at 380 nm as a function of the FcX concentration. Rate constants were very
sensitive to the oxidation potential of the substrates and exhibited a good fit with the Marcus equation,
from which al value of 38.3 kcal moi* was calculated for the reorganization energy required in the
PINO/ferrocenes electron-transfer process. Knowing the ferrocene/ferrocenium self-exchange reorganization
energy it was possible to calculate a value of 49.1 kcal ol the PINO/PINO self-exchange reaction

in CH3CN. Moreover, from the Marcus cross relation and the self-exchange rates of ferrocene and
dimethylferrocene, the intrinsic reactivity of PINO in electron-transfer reactions has been calculated as
7.6 x 10 M~ s, The implications of these values and the comparison with the electron-transfer self-
exchange reorganization energies of peroxyl radicals are briefly discussed.

Introduction Generally, the HAT mechanism is the most common one
when PINO reacts with €H% and phenolic G-H bonds?6

The reactivity of phthalimidéN-oxyl radical (PINO) is Recently, however, we have provided convincing evidence that
receiving continuous attention since this species is the activethe efficientN-demethylation oN,N-dimethylanilines promoted
oxidant in the synthetically useful metal-catalyzed oxidation of by PINO occurs by an electron-transfer (ET) mechanfisi.
aliphatic and alkylaromatic hydrocarbons lyhydroxyphthal-
imide (NHPI)1 Moreover, the reactivity of PINO toward (1) Ishii, Y.; Nakayama, K.; Takeno, M.; Sakaguchi, S.; lwahama, T.;
phenolic O-H bond&?3 represents an additional reason of Ni§hiyama, Y.J. Qrg. Chem1995. 60, 3934-3935. Ishii, Y.; lwahama,
interest since it may make PINO suitable for evaluating the [ SI@0uEN, S Nakeyama K Nshiama YOrg. Chem19eB s
radical-scavenging ability of phenolic antioxidants. In this Y. J. Org. Chem1997 62, 6810-6813. Wentzel, B. B.; Donners, M. P.
respect it can be also noted that PINO may be a good model toJ.; Alsters, P. L.; Feiters, M. C.; Nolte, R. J. Metrahedron200Q 56,

mimic the properties of alkylperoxyl radicals in hydrogen atom
transfer (HAT) reactions. Accordingly, the bond dissociation
energy (BDE) of the ©H bond formed by PINO in HAT
reactions (88 kcal/mal)is very close to that of the ©H bonds
formed by alkylperoxyl radical&.
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Mol. Catal. A2003 204—205 63—90. Minisci, F.; Recupero, F.; Cecchetto,
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was suggested that &hN-dimethylaniline radical cation is first 0.4
formed that then undergoes proton loss from-aHCbond of

the dimethylamino group. The kinetic data fitted a Marcus plot,

but since the self-exchange ET reorganization energyl,Nf 03 -
dimethylaniline is not known with certainty, only a lower limit

(=60 kcal/mol) could be estimated for the reorganization energy

of the PINO/PINO self-exchange reactich. < 02

To confirm and quantitatively assess the properties of PINO h \
in ET reactions is certainly important in view of the growing \
attention for the possible role of electron-transfer mechanisms \ -

. : . . . L 014 N e

in radical-scavenging reactions of phenolic antioxidahtss ———77TN

well as for a better understanding of the catalytic role of this \\ 7N\
species in synthetically useful processes. Thus, we have -
considered it worthwhile to acquire definitive and unambiguous 0.0 ' tesssaes * i -~
information on the self-exchange intrinsic barrier for the PINO/ 400 500 600 700
PINO™ couple, by investigating the reactivity of PINO in the A (nm)

OXIda'[IOIjl ofa gerles of fgrrocene]s—(Q) to the Co”'?Spof‘d'”g FIGURE 1. UV—uvis spectra of a CECN solution containing Pb(OAg)
ferrocenium cations, genuineelectron-transfer reactidi.Since (0.1 mM) and NHPI (3 mM) in the presence of 1% (v/v) AcOH at
the intrinsic barrier for the ferrocene/ferrocenium couple is 25°C in the absence (dotted line) or in the presence (dashed line) of
known2the Marcus cross relation should allow us to determine ferrocene ) (1 mM).

a reliable self-exchange ET intrinsic barrier for the PINO/PINO

couple. In this respect, it should also be mentioned that no

information of this kind is presently available for nitroxyl ~Semiquinones, viologens, anghydroxyl carbon-centered radi-
radicals, even though the electron-transfer reductions of severafcals’® The results of this study are presented herewith.

stable dialkyl nitroxides have been qualitatively studied by using

. . . . . 1 R=R'=H
a series of reducing agents such as nitroarene radical anions, @R 2 R-COEt R=H
E 3 R=CONH, R'=H
. . - e 4 R=CH,CN R'=H
(2) Baciocchi, E.; Gerini, M. F.; Lanzalunga, Q. Org. Chem2004 . 2 o
69, 8863-8866. — F R=CH0H R=H
(3) Amorati, R.; Lucarini, M.; Mugnaini, V.; Pedulli, G. F.; Minisci, F.; 6 R=EtR'=H
Recupero, F.; Fontana, F.; Astolfi, P.; Greci,1.Org. Chem2003 68, 7 R=R=Me
1747-1754.
(4) Fortert-butylhydroperoxide the ©H BDE is 89 kcal/mol. Berkowitz, CHs
J.; Ellison, J. B.; Gutman, Dl. Phys. Chem1994 98, 2744-2765. HaC CHs, HsC CH;,
(5) Ueda, C.; Noyama, M.; Ohmori, H.; Masui, @hem. Pharm. Bull. g
1987 35, 1372-1377. Minisci, F.; Punta, C.; Recupero, F.; Fontana, F.; HaC Fe CH, HsC Fe CHs
Pedulli, G. F.J. Org. Chem2002 67, 2671-2676. Koshino, N.; Cai, Y.; HsC CH, HaC CHs
Espenson, J. HJ. Phys. Chem. 2003 107, 4262-4267. Koshino, N.;
Saha, B.; Espenson, J. Hl. Org. Chem2003 68, 9364-9370. Minisci, HsC CHs H.C CH
F.; Recupero, F.; Cecchetto, A.; Gambarotti, C.; Punta, C.; Faletti, R.; 8 8
Paganelli, R.; Pedulli, G. Feur. J. Org. Chem2004 109-119. Annun- 8 CHy o

ziatini, C.; Gerini, M. F.; Lanzalunga, O.; Lucarini, M. Org. Chem2004
69, 3431-3438.

(6) Actually, with phenolic G-H bonds a proton-coupled electron-transfer  Results
mechanism has also been suggested.

(7) Baciocchi, E.; Bietti, M.; Gerini, M. F; Lanzalunga, @.0rg. Chem. The ability of the phthalimideN-oxyl radical to oxidize the

2005 70, 5144-5149. oo . : :
(8) This lower limit was determined from/a= 37.6 kcal mot* for the ferrocene derivatives to the corresponding ferrocenium cations

ET process fromN,N-dimethylanilines to PINO considering that the —was first assessed spectrophotometrically by generating the
reorganization energy for the DMA'DMA self-exchange reaction is15 PINO radical in CHCN by reaction of NHPI with Pb(OAg)
kcal mol.° : . . o
(9) Macdonald, T. L.; Gutheim, W. G.: Martin, R. B.. Guengerich, F. p. &5 previously desgnbé@ﬁWﬂh ferrocened—9 it was observed .
Biochemistry1989 28, 2071-2077. that when a solution of the ferrocene was added to a solution
(10) Fukuzumi, S.; Tokuda, Y.; Chiba, Y.; Greci, L.; Carloni, P.;  of PINO, the absorption of PINOl;ax = 380 nm) disappeared

Damiani, E.Chem. CommurL993 1575-1577. Wright, J. S.; Johnson, E. i ; i ;
R.; DiLabio, G. A.J. Am. Chem. So@001, 123 1173-1183. Nakanishi, a1n+d_v;$s |nr1]medl[atgly :jeglacid by :.hat of the fer(octﬁmuﬁr&;:gtmns
I; Miyazaki, K.: Shimada, T.; Ohkubo, K. Urano, S.; Ikota, N.; Ozawa, ( ) characterized by absorption maxima in the

T.; Fukuzumi, S.; Fukuhara, K. Phys. Chem. 2002 106, 11123-11126. nm region of the spectruth(see Figure 1 for the addition df
Leopoldini, M., Marino, T.; Russo, N.; Toscano, B.Phys. Chem. 2004 and Figures StS8 in the Supporting Information for the
108 4916-4922. Leopoldini, M.; Pitarch, I. P.; Russo, N.; Toscano,JM. ddition of ferr neg—9

Phys. Chem. 2004 108 92-96. Foti, M. C.; Daquino, C.; Geraci, Q. addition of ferrocene@—9). _ _

Org. Chem2004 69, 2309-2314. Nakanishi, |.; Kawashima, T.; Ohkubo, Thus, the electron-transfer reaction of PINO with ferrocenes

K.; Kanazawa, H.; Inami, K.; Mochizuchi, M.; Fukuhara, K.; Okuda, H.;  occurs as reported in Scheme 1.
Ozawa, T.; Itoh, S.; Fukuzumi, S.; Ikota, Rrg. Biomol. Chem2005 3,
626—629. Musialik, M.; Litwinienko, G.Org. Lett.2005 7, 4951-4954.
Friaa, O.; Brault, DOrg. Biomol. Chem2006 4, 2417-2423. (13) Nigam, S.; Asmus, K.-D.; Willson, R. Chem. Soc. Faradayld76
(11) Carlson, B. W.; Miller, L. L.; Neta, P.; Grodkowski,d.Am. Chem. 72, 2324-2340. Sealy, R. C.; Swartz, H. M.; Olive, P.Biochem. Biophys.
So0c.1984 103 7233. Eberson, L.; Barry, J. E.; Finkelstein, M.; Moore, Res. Commmurli978 82, 680-684. O'Neill, P.; Jenkins, T. CFaraday

W. M.; Ross, S. DActa Chem. Scand.986 B40, 283. Discuss.1979 1912-1918.
(12) Yang, E. S.; Chan, M.-S.; Wahl, A. Q. Phys. Chem198Q 84, (14) Frey, J. E.; Du Pont, L. E.; Puckett, J.JJ.Org. Chem1994 59,
3094. 5386-5392.
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Ingold and associaté8,according to which for a reaction of
the type XH+ Y* the rate decreases as the hydrogen bond
accepting ability of the solvent (measured by Abrahap's
valueg?) increases. Thus, the rate of the HAT reaction between
cumyloxyl radical and NHPI is expected to be much lower in
CH3CN than in benzene since the former is a much better
hydrogen bond accepting solverft( = 0.44) than the latter
(B = 0.14).

The PINO signal is stable on the millisecond time scale
(Figure 3a,A = 380 nm), but in the presence of an excess of
ferrocene (0.2 mM), a fast decay occurs that follows first-order

Since the process was too fast to be followed by conventional kinetics (Figure 3b for the case ffrom the first-order fitkons
spectrophotometry, the reactions were kinetically investigated = 4.0 x 10° s™). A significant residual absorption at 380 nm
by the laser flash photolysis technique, where PINO was was however observed, likely due to the formation of PINO

produced by hydrogen atom abstraction fribirmydroxyphthal-
imide (NHPI) by photochemically generated alkoxyl radi-

following the ET from1 to PINO2! Accordingly, when the
experiment was carried out in the presence of AcOH (0.2% Vv/v),

cals37-1%In the present study the hydrogen-abstracting species a large reduction of the residual absorption took pf&aeithout
was the cumyloxyl radical, generated by 355 nm laser flash significant change in the PINO decay rate (Figure 3c, from the

photolysis of dicumyl peroxide (eqs 1 and 2 in Scheme 2).

The time-resolved spectra obtained in a LFP experiment

carried out with a solution of dicumyl peroxide (0.9 M) and
NHPI (4.5 mM) are reported in Figure 2, where it can be

first-order fit kops = 3.8 x 10% s71).28

In Figure 4 are reported the time-resolved spectra obtained
after 355 nm LFP of an Nsaturated CECN solution containing
dicumyl peroxide (0.9 M), NHPI (4.5 mM), anti(0.1 mM) in

observed that the cumyloxyl radical, characterized by an the presence of 0.2% (v/v) AcOH, &t= 25°C. The absorption

absorption maximum at 490 nm (empty circlésyndergoes a

spectrum of the PINO radical, recorded 1@$%after the laser

first-order decay accompanied by a corresponding buildup of pulse (filled circles), undergoes a first-order decay (see inset a)

optical density aflmax = 380 nm due to the absorption of the
PINO radical (filled circlesf. An isosbestic point can be
identified atA = 420 nm.

Using the absorption maximum at 490 nm of cumyloxyl

accompanied by the formation of the ferrocenium ibh) (inset

b), which displays the characteristic visible absorption band at
Amax = 620 nm!* Two isosbestic points can be identified at
ca.A =350 nm and. = 470 nm. Similar results were obtained

radical, it was also possible to measure the hydrogen atomfor ferrocenes$—7, and the corresponding time-resolved spectra

transfer rate ky) from NHPI to the alkoxyl radical itself that
occurs in competition with itsg-scission, leading to the

are reported in Figures S¥&16 in the Supporting Information.
Ferrocene exhibited too low a reactivity for the PINO decay

formation of acetophenone and a methyl radical (eq 3 in Schemeto be followed in the microsecond time scale, and it was not

2, kg ~ 6.5 x 10°P s1 in CH3CNY). ky was measured by

following the decrease of the optical density at 490 nm, as a ferrocenes8 and 9 (E° =

function of the concentration of NHPI in the range 23 mM.

possible to study the reactivity of PINO with the more oxidizable
—0.02 and —-0.1 V vs SCE,
respectively; see Experimental Section) since the decay of the

Clean first-order decays were observed, and a linear dependencgumyloxyl radical was significantly accelerated by the presence

of the observed rategd,9 on the concentration of NHPI was

obtained (see Figure S9 in the Supporting Information). From

the slope of the plot ok.ps vs the NHPI concentration the

second-order rate constant for this process was determined a

5.1 x 10’ M~ s This value, which represents the first direct

(18) By using the 355 nm laser it was possible to measure the hydrogen
atom transfer ratek() from NHPI to the cumyloxyl radical by the LFP
approach also in benzene. The value obtained by us following the decay of

fumyloxyl radical, as a function of the concentration of NHPI in the range

0.1-0.5 mM at 25°C (k = 1.08 x 10®> M1 s7%, see Figure S10 in the

determination of the rate constant for the HAT process from Supporting Information) is in excellent agreement with the value determined

NHPI to a tert-alkoxyl radical, is much lower than that
(k=1.05x 1® M~1 s indirectly determined in benzene by
using the thermal decomposition of dicumylhyponitrite at
30°C1518

(15) Coseri, S.; Mendenhall, G. D.; Ingold, K. U. Org. Chem2005
70, 4629-4636.

(16) Avila, D. V.; Lusztyk, J.; Ingold, K. UJ. Am. Chem. Sod.992
114, 6576-6577. Avila, D. V.; Ingold, K. U.; Di Nardo, A. A.; Zerbetto,
F.; Zgierski, M. Z.; Lusztyk, JJ. Am. Chem. S0d.995 117, 2711-2718.

(17) Avila, D. V.; Brown, C. E.; Ingold, K. U.; Lusztyk, J. Am. Chem.
Soc.1993 115, 466—-470.
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by Coseri and Ingold by thermal decomposition of dicumylhyponitrite at
30°C15

(19) Avila, D. V.; Ingold, K. U.; Lusztyk, J.; Green, W. H.; Procopio,
D. R.J. Am. Chem. S0d.995 117, 2929. Snelgrove, D. W.; Lusztyk, J.;
Banks, J. T.; Mulder, P.; Ingold, K. U. Am. Chem. So2001, 123 469.

(20) Abraham, M. H.; Grellier, P. L.; Prior, D. V.; Morris, J. J.; Taylor,
P. J.J. Chem. Soc., Perkin Trans.1®9Q 521.

(21) The absorption spectrum of this species produced by reaction of
NHPI with triethylamine is reported in Figure S11 in the Supporting
Information.

(22) In the presence of AcOH the residual absorption at 380 nm is likely
due to the formation of the ferrocenium ion.

(23) No significant kinetic effect on the decay rate of PINO was observed
also in the presence of 1% AcOH.
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FIGURE 2. Transient absorption spectra measured 160 ns (empty FIGURE 4. Time-resolved absorption spectra observed after 355 nm
circles), 510 ns (filled triangles), 12s (empty squares), and 4.8 LFP of an N-saturated CECN solution T = 25 °C) containing dicumyl
(filled circles) after 355 nm laser excitation of a solution of dicumyl  peroxide (0.9 M), NHPI (4.5 mM), and ferrocen® (0.1 mM) in the
peroxide (0.9 M) and NHPI (4.5 mM) in GJEN at 25°C under N. presence of 0.2% (v/v) AcOH, at 1045 (filled circles), 10Qus (empty
Inset a: first-order buildup of the absorption of the PINO radical at squares), 50@s (filled triangles), and 1.1 ms (empty diamonds) after
380 nm. Inset b: first-order decay of the absorption of the cumyloxyl the 20 ns, 20 mJ laser flash. Inset a: first-order decay of the absorption
radical at 490 nm. of the PINO radical at 380 nm. Inset b: first-order buildup of the

0025 absorption of ferrocenium ion at 620 nm.
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FIGURE 3. (a) Time-resolved changes in absorbance measured at 380FIGURE 5. Dependence di,psfor decay of PINO on the concentra-
nm after laser excitation of a solution of dicumyl peroxide (0.9 M) tions of ferrocened and3—7 in CHsCN at 25°C.

and NHPI (4.5 mM) in CHCN (b) in the presence of ferroceng) (
(0.2 mM) and (c) in the presence df(0.2 mM) and 0.2% AcOH (v/

v) table are also displayed the redox potentials of the ferrocenes

1-7 measured by cyclic voltammetry (see Experimental Sec-
tion) and the electron-transfer free energie&°«. For the
calculation of the latter values & value of 0.69 V vs SCE
for the PINO/PINO couple was used, measured in §CH .25

of these ferrocenes, with the reaction occurring, under the

experimental conditions employed, at a rate comparable to that

observed for the reaction of the cumyloxyl radical with NH®I.
When the pseudo-first-orde rate constakgsy for the decay . .

of the PINO radical measured at 380 nm were plotted against Discussion

the concentration of ferrocendsand 3—7, excellent linear )

dependencies were observed (Figure 5), and the second-order The data in Table 1 show that the second-order rate constants

rate constantskg) for the one-electron oxidation of compounds or the electron transfer from compounds7 to PINO ()

1 and3—7 with PINO were obtained from the slopes of these &ré very sensitive to the oxidation potential of the substrate,

plots. For the reasons mentioned above only an upper limit rateincréasing with decreasing® value, i.e., as the free energy

constant ke < 108 M~ s71) is reported for the reaction & chang_e _of the electron-tran_sfer stepQ°e) decreases. _A

(the least oxidizable among the ferrocenes investigated) with duantitative assessment of this dependence can be obtained by

PINO. All the kinetic data are collected in Table 1. In the same treating the data according to eq 1, which combines the Eyring

(24) Further studies are underway in our laboratory in order to (25) A value 0.84 V vs SCE has been recently repottadowever, we
guantitatively determine the reactivity tafrt-alkoxyl radicals in the reaction have preferred to use the value measured by us that is coincident with that
with easily oxidizable ferrocenes. previously measured by Einhorn et2l.

J. Org. ChemVol. 72, No. 23, 2007 8751
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TABLE 1. Second-Order Rate Constants and Electron-Transfer
Free Energies for the Reaction of Ferrocenes-17 with PINO in
CH3CN at 25 °C2 and Oxidation Potentials of Ferrocenes %7

substrate E°b AG°f Ket(M~1s~1)d
1 0.41 —6.5 (1.5+ 0.1) x 107
(1.6 0.1) x 107¢

2 0.65 -0.9 <10P

3 0.58 2.5 (9.14 0.7) x 10P
4 0.50 —4.4 (2.2+£0.1) x 108
5 0.40 6.7 (4.3+ 0.3) x 107
6 0.34 -8.1 (7.240.3) x 107
7 0.29 -9.2 (1.8+£0.1) x 108

(1.74+0.1) x 108¢

aDicumyl peroxide (0.9 M), NHPI (4.5 mM), ferrocenes (6-4.7 mM)
in the presence of 0.2% (v/v) AcOHMV vs SCE in CHCN. ¢ In kcal mot?,
on the basis of arE’¢q value of 0.69 V vs SCE for PINO (see text).
dDetermined from the slopes of thieps (for decay of PINO radical,
monitored at 380 nm) vs ferrocene concentration (see Figuréns)he
absence of AcOH.

20

Ink, (M"s™)

12 ; . v :
-10 -8 % 4 2

AG®' (kcal mol™")

FIGURE 6. Diagram of Inke; vs AG* for the reactions of ferrocenes
1 and3—7 with PINO. The solid circles correspond to the experimental

Baciocchi et al.

good quality of the fit indicates that the ferrocenes investigated
should have very close self-exchange reorganization energies,
and in agreement Wahl et Hlstate that ring substituents affect
the rates of ferrocene self-exchange only to a moderate éktent.
Thus, assuming that the value (27.5 kcal ndidh CH3;CN)3!

of the ET self-exchange reorganization energy for the ferrocene/
ferrocenium coupledgc/ro) holds, at least to a first approxima-
tion, also for the substituted ferrocenes, the reorganization
energy for the PINO/PINO couple {pinoring) Can be calcu-
lated from eq 2 as 49.1 kcal mdl

12@pinopino T Arciird = 38.3 (2)

Using the Marcus cross relation given in eq 3, the ET self-
exchange rate constant of the PINO/PIN@ouple kex) can
also be calculated. In eq B is the rate of the cross reaction,
kex is the self-exchange ET rate constant of the specific
ferrocene/ferrocenium couple (known for compouhdsd7),1?

Ket is the equilibrium constant for the appropriate electron-
transfer process (calculated from the difference in reduction
potential between PINO aridor 7), andf is a correction factor
generally assumed to be*a.

ok
X kex'Ketf

From theke values for the reaction of PINO with ferrocenes
1 and7 (Table 1), very close values &f,, 8.6 x 1% and 6.6
x 10# M~1 571 respectively, for the PINO/PINOcouple can
be obtained. The average value, .60 M1 s"1can be taken
as thentrinsic reactivity of PINO in electron-transfer reactions.
From this value, dpinoping Value of 48.5 kcal molt can be
calculated, which is in excellent agreement with the value of
49.1 kcal/mol determined from the nonlinear least-squares fit
of Figure 6.

Even though the good quality of the fit in Figure 6 as well
as the fact that the Marcus cross relation provides us with very

®3)

values; the curve is calculated by nonlinear least-squares fit to eq 1 cjose values okey for the PINO/PINO couple by using two

withZ=6 x 108 M1s1

and Marcus equatior’§2° In eq 1, AG® is the standard free

energy for the electron-transfer step corrected for the electrostatic

interaction arising from the charge variation in the reactants
upon electron transfef, is the reorganization energy, adds

the bimolecular collision frequency. The satisfactory fft €
0.927) obtained when the k values are plotted against the
AG® values is shown in Figure 6. (See Supporting Information
for the calculation details.)

_ —(A+AG*)24\RT
kn=Ze

1)

From the nonlinear least-squares fitting/ azalue of 38.3
kcal molt can be calculated for the reorganization energy
required in the transfer of one electron from ferrocene deriva-
tives to PINO. For this fit, the frequency factdmwas taken as
6 x 10" M~1s™1 as suggested for reactions in soluti8i.he

(26) Kishioka, S.; Yamada, Al. Electroanal. Chem2005 578 71—
77. Kishioka, S.; Yamada, AElectrochim. Acta2006 51, 4582-4588.

(27) Gorgy, K.; Lepretre, J.-C.; Saint-Aman, E.; Einhorn, C.; Einhorn,
J.; Marcadal, C.; Pierre, J.-[Electrochim. Actal998 44, 385.

(28) Marcus, R. AAnn. Re. Phys. Chem1964 15, 155.

(29) Eberson, L.Electron Transfer Reactions in Organic Chemistry
Springler Verlag: Berlin, 1986; Chapter 3.
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different ferrocenes would indicate that the system under
investigation exhibits substantial adiabatic behavior, it is
important to mention that Wahl et 8have also suggested that
ferrocene self-exchange reactions might have some nonadiabatic
characte®?® This suggestion appears corroborated by Weaver
and associate¥,who have estimated a value of 0.1 kcal miol

for the electronic matrix coupling element{)3® of the
ferrocene/ferrocenium self-exchange reaction, somewhat low to

(30) The largest deviations concern decamethylferrocene on one side and
ferrocene substituted by a charged quaternary amino group on the other
side, whereas very close values of self-exchange rate are instead observed
for ferrocene, 1,idimethylferrocene, di+-butylferrocene, and methyl
ferrocenecarboxylate. Moreover similar self-exchange reorganization ener-
gies have been reported for ferrocene, chloromercuryferrocene, butylfer-
rocene, and 1;ddimethylferrocene. Pladziewicz, J. R.; Espenson, J.H.
Am. Chem. Socl973 95, 56. Eberson, L.; Barry, J. E.; Finkelstein, M.;
Moore, W. M.; Ross, S. DActa Chem. Scand.986 B40, 283-294.

(31) This value is obtained by the self-exchange rate for the Fa&iaple
in MeCN at 25°C (5.3 x 10° M~ s7%) reported in ref 12, however using
Z=6 x 10"t Mt s71, as for the fit above.

(32) Chanon, R. DElectron Transfer ReactionButterworths: London,
1980; pp 205-207.

(33) We thank one of the referees for calling our attention to this point.

(34) Mc Manis, G. E.; Nielson, R. M.; Gochev, A.; Weaver, M.JJ.

Am. Chem. Sod989 111, 5533-5341.

(35) Hap describes the extent of overlap between the donor and acceptor
redox orbitals, which determines the extent of resonance splitting of the
barrier tops.
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ensure adiabatic behaviotsCertainly, this a very important  a model of peroxyl radicals also in electron-transfer reactions.
problem that should deserve both specific experimental and Unfortunately, examination of the literature provided us with
theoretical investigations; nevertheless a possible degree ofvery discordant data for the self-exchange electron-transfer
nonadiabaticity of ferrocene self-exchange reactions should notreorganization energies of peroxyl radicalgdo/roo). Thus,
significantly influence our results (particularly the self-exchange Fukuzumi et ab” have recently reported a very highooroo
electron-transfer rate obtained for the PINO/PINEuple)3® value (185-189 kcal mot?) for cumylperoxyl radical in EtCN,
as Nelsen and Pladziewicz have recently reported a very largea value that is extremely different than that measured by us for
number of data showing that the Marcus cross relation remainsPINO in CHCN (49.1 kcal motl). However, much lower
valid also when applied to couples witthy, as small as 0.01  Arooroo Values, not much different from that of PINO, are
kcal mol1.41 reported for other alkylperoxy radicals, albeit under different
The Apinoping Value of 49.1 kcal moll, calculated above,  conditions. Accordingly, a value of 72 kcal mélhas been
is significantly lower than thatX60 kcal mot?) estimated in ~ reported by Jovanovic at &.for Aroa/roo 0f methylperoxyl,
our study of the PINO-promotet-demethylation ofN,N- cyclohexylperoxyl, and (dimethyl)hydroxyethylperoxyl radicals.
dimethylanilines. We have no doubt that the value reported Moreover,iroa/roo Values in the 66870 kcal mot range can
herewith is the most reliable one. As already mentioned, the be calculated from an estimate of 404 kcal mol* for the
self-exchange reorganization energy for the ArNMeNMe,* reorganization energy for ET reactions between closed-shell
couple is not known with certainty, and moreover the PINO- organics and several alkyl peroxyl radic#$® Another estimate
promotedN-demethylation reaction is a two-step reaction: A for irooiroo (=45 kcal mot™) is possible from the rate constant
reversible electron transfer from tHé,N-dimethylaniline to (2.1 x 1° M~1 s71) for the reaction ofN,N-dimethylaniline
PINO followed by deprotonation of the anilinium radical cation. With t-BuOO reported by Das et &f.*8 Although the above
Thus, it cannot be excluded that with the less electron-rich values are obtained in water, still lower values are probably to
substrates rates might be somewhat influenced by the seconde expected in CECN and EtCN since the solvent reorganiza-
step involving the deprotonation of the,N-dimethylaniline  tion energy accompanying the electron transfer should be larger
radical cation. in water than in a less polar solveiitFurthermore, it is likely
Interestingly, outlpnoring Value is very close to the value that in aqueous solvgnts electron transfer is concerte_)d \_/vith
determined by Espenson and his associates for the self-exchangBroton transfef? and this should lead to a greater reorganization
hydrogen atom transfer reaction of the same spegigsdintei energy:?
= 49 kcal/mot1).42 Similar intrinsic barriers for self-exchange In conclusion, given the uncertainty in the self-exchange ET
ET and HAT reactions have been observed for other sydfems reorganization energy value for the peroxyl radicalsa
and have been explained by suggesting that in HAT reactions meaningful comparison of the intrinsic reactivity in ET processes
the larger inner-sphere reorganization energy associated withof these radicals with that of PINO is not possible at present.
O—H bond C|eavage may be partia”y offset by the absence of Further studies, aimed at obtaining additional and, hopefully,
solvent reorganization energy. The latter is instead present indefinitive information on the electon-transfer reactivity of
ET processes. Anyway, whatever the explanation, an importantPeroxyl radicals, are in progress in our laboratories.
conclusion is that for PINO the choice between exhibiting ET
or HAT reactivity should be principally dictated by thermody- Experimental Section

namics. ) ) )
Starting Materials. CH3;CN (spectrophotometric grade) was

Since PINO and peroxyl radicals have similar reduction distilled Cah. C il les of di | % d

tentials!* it would be also of great interest to compare the istilled over Cari Commercial samples of dicumyl peroxide an
po ’ o N-hydroxyphthalimide were used as received. Ferrocene ELH (
self-exchange electron-transfer reorganization energy of thesergrrgceneacetonitrile FcGIEN (4), ferrocenemethanol FcGBH
species in order to establish if and to what extent PINO can be (5), ethylferrocene FcEt6), 1,1-dimethylferrocene FcMe(7),
octamethylferrocene8f, and decamethylferrocen®)(are com-

(36) It should also be noted that in ref 34 the value measured for the Mercially available and were further purified by sublimation
self-exchange rate of the ferrocene/ferrocenium coupte (@ M~1 s7%) (compounddl, 4, 5, 7, 8, and9) or by column chromatography on
is twice larger than that reported in ref 12. However, also using this value, silica gel using toluene as eluent (compou@d Ethyl ferro-

Apinoreing is 50.2 keal mot?, which is a value not significantly different cenecarboxylate, FcGBt (2), was prepared by esterification of
from that in the text. For our calculations, we have preferred the value

reported in ref 12, since this is the value used in previous studies to

determine the reorganization energy for peroxyl radicals (vide iAfr#). (45) Jonsson, MJ. Phys. Chem. A996 100, 6814-6818.
(37) Fukuzumi, S.; Shimoosako, K.; Suenobu, T.; Watanabd, Xm. (46) Self-exchange ET energies for most closed-shell organics lie between
Chem. Soc2003 125, 9074-9082. 10 and 20 kcal motlt; see: Eberson, LElectron Transfer Reactions in
(38) Jovanovic, S. V.; Jankovic, |.; Josimovic, I. Am. Chem. Soc. Organic ChemistrySpringer-Verlag: Berlin, 1986; Chapter 4, Table 5.
1992 114, 9018-9021. (47) Das, T. D. A.; Dhanasekaran, T.; Alfassi, Z. B.; Neta,JPPhys.

(39) It should also be mentioned that very recently Mayer and his Chem. A1998 102 280-284.
associaté8 have reported that there is not much difference between adiabatic ~ (48) Assuming that the self-exchange ET energyNi-dimethylaniline

and nonadiabatic reorganization energiesHgyvalues around 0.028 kcal is <15 kcal mot 1.2
mol~1. (49) Neta, P.; Huie, R. E.; Maruthamuthu, P.; Steenked, Bhys. Chem.
(40) Rhile, I. J.; Markle, T. F.; Nagao, H.; DiPasquale, A. G.; Lam, O. 1989 93, 7654-7659.
P.; Lockwood, M. A.; Rotter, K.; Mayer, J. Ml. Am. Chem. So@006 (50) Sjadin, M.; Styring, S.; Akermark, B.; Sun, L.; HammarstipL.
128 6075-6088. J. Am. Chem. So200Q 122, 3932-3936. Rhile, I. J.; Mayer, J. MI. Am.
(41) Nelsen, S. F.; Pladziewicz, J. Rcc. Chem. Re®002 35, 247— Chem. Soc2004 126, 12718-12719. Costentin, C.; Evans, D. H.; Robert,
254. M.; Savant, J.-M.; Singh, P. SJ. Am. Chem. SoQ005 127, 12490~
(42) Cai, Y.; Koshino, N.; Saha, B.; Espenson, JJHOrg. Chem2005 12491. Sjdin, M.; Styring, S.; Wolpher, H.; Xu, Y.; Sun, L.; Hammarsirp
70, 238-243. L. J. Am. Chem. So@005 127, 3855-3863. Rhile, I. J.; Markle, T. F.;
(43) Roth, J. P.; Lovell, S.; Mayer, J. M. Am. Chem. So200Q 122 Nagao, H.; DiPasquale, A. G.; Lam, O. P.; Lockwood, M. A.; Rotter, K.;
5486-5498. Mayer, J. M.J. Am. Chem. So@006 128 6075-6088.
(44) For example, the reduction potential of cumylperoxyl radical (0.65 (51) For the problems involved in the precise evaluatiodg@foroo
V vs SCE in CHCN)® is almost identical to that of PINO. values see ref 49.
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commercially available ferrocenecarboxylic acid with ethanol laser. The laser energy was adjusted<tb0 mJ/pulse by the use

according to the literatur®.Ferrocene carbamide, FCCOM(S), of the appropriate filterA 3 mL Suprasil quartz cell (10 mm 10
was prepared from the acyl chloride FcCOCI according to a mm) was used for all the experiments,-daturated CECN
literature procedure? solutions containing 0.2% (v/v) AcOH, dicumyl peroxide (0.9 M),

Cyclic Voltammetry. Cyclic voltammetry at the steady disk  N-hydroxyphthalimide (4.5 mM), and ferrocenés-7 (0.1-4.7
electrode (glassy carbon disk, 1.5 mm in diameter) was carried outmM) were used. All the experiments were carried oul at 25 +

at 25°C in CHCN containing the ferrocenes-9 (2.0 mM) or 0.5 °C under magnetic stirring. Data were collected at individual
NHPI (2.0) mM and BuNBF, (0.1 M) as supporting electrolyte.  wavelengths with an Agilent Infinium oscilloscope and analyzed
In the experiment with NHPI, in order to generate PiN@ollidine with the kinetic package implemented in the instrument. Rate

(4 mM) was added to the GEEN solution. A three-electrode circuit ~ constants were obtained by monitoring the change of absorbance

was used with a homemade potentiostat with positive feedback at 380 nm and by averaging-5 values. Each kinetic trace obeyed

ohmic drop compensation and PLI hardware (Vernier Software & a first-order kinetic, and second-order rate constants were obtained

Technology) controlled by a program written intG- language from the slopes of the plots of the observed rate constkgtsys

for Windows 95/98. The auxiliary electrode was a platinum wire substrate concentration.

(surface 1 crd), and an Ag/AgCl (KCI 3M) electrode was used as

reference; the redox potential values are then referred to SCE. The Acknowledgment. Financial support from the Ministero

sweep scan was 500 mV/s. dell'Universitae della Ricerca (MUR) is gratefully acknowl-
Spectrophotometric Studies. PINO was generated by the edged. We thank Prof. Basilio Pispisa and Prof. Lorenzo Stella

oxidation of NHPI (3 mM) with Pb(OAg)(0.1 mM) in CHCN at for the use and assistance in the use of a LFP equipment and

25 °C under an argon atmosphere, and its tNs absorption  pr. Patrizia Gentili and Dr. L@ Mottier for the technical
spectrum was recordedh(ax = 380 nm). A solution of the substrate  agsjstance in the cyclic voltammetry.

(1—7) was then added into the PINO solution in the cuvette
(substrate concentration 1 mM). The absorption of PINO disap-  g,550rting Information Available: UV —vis absorption spectra
peared and was replaced by that of the ferrocenium cations. of 1v—9*+ (spectrophotometric studies), dependencekgt on

Laser Flash Photolysis ExperimentsLaser flash photolysis [NHPI] for the HAT from NHPI by the cumyloxyl radical in Ci
experiments were carried out with an Applied Photophysics LK- =N and benzene, UWvis absorption spectrum of PINO time-

60 laser kinetic spectrometer providing 8 ns pulses, using the third o5q1ved absorpti ; ;
X - ; ) ption spectra of the dicumyl peroxide/NHR3+7
armenic (355 nm) of a Quantel Brilliant-B Q-switched Nd:YAG  gystems (laser flash photolysis in-saturated CECN), determi-

nation of the reorganization energy. This material is available free

18(%2) Top, S.; Masi, S.; Jaouen, Gur. J. Inorg. Chem2002 1848~ of charge via the Internet at http://pubs.acs.org.
(Sé) Peters, R.; Fisher, D. Brg. Lett.2005 7, 4137. JO071211Q
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