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Abstract: The electron transfer to peresters was studied by electrochemical médhsdimethylformamide.

The reduction was carried out by three independent methods: (i) heterogeneously, by using glassy carbon
electrodes, (ii) homogeneously, by using electrogenerated radical anions as the donors, and (iii) intramolecularly,
by using purposely synthesized donspaceracceptor (D-Sp-A) systems. Convolution analysis of the
heterogeneous data led to results in excellent agreement with the dissociative electron transfer theory. The
homogeneous redox catalysis data also confirmed the reduction mechanism. The cyclic voltammetries of the
D-Sp-A molecules could be simulated, leading to determination of the corresponding intramolecular dissociative
rate constants. Analysis of the results showed that, regardless of the way by which the acceptor is reduced, the
investigated dissociative electron transfers are strongly nonadiabatic and, particularly, that the experimental
rates are several orders of magnitude smaller than the adiabatic limit. A possible mechanism responsible for
the observed behavior is discussed.

In the last 15 years the study of intramolecular electron spatially separated. Very recently, as a first step in this direction,
transfer (ET) reactions in D-Sp-A molecules, in which a donor we reported data on thAG°® dependence of intramolecular
(D) and an acceptor (A) are separated by a molecular spaceDETS, using systems in which A was-®@r, D was a series of
(Sp), has provided a variety of information on how electrons ring-substituted benzoates, and Sp was cyclohésghe in-
are transferred through bonds and spaGanversely, almost  tramolecular rate constants were found to be more sensitive to
nothing is known about dissociative electron transfers (DETS), variation of AG° than the corresponding intermolecular data.
i.e., those reactions in which ET and bond cleavage are This was attributed to the substituent-dependent variation of the
concerted—* Indeed, there is a relatively large amount of studies effective distance between the orbitals involved in the transfer.
on the decay of radical anions occurring by fragmentation of a Concerning the distance effect caused by variation of the
o bond24%In most cases, however, the mixing of tiie(donor spacer’s length, we expect the rate to decrease with distance
side) ando* (acceptor side) orbitals is so strong that analysis along similar lines as reported for a variety of nondissociative
of the rate data, e.g., in terms of the relevant thermodynamic systems. This is because of reduced electronic coupling between
parameters, may require several approximations. In fact, it hasthe reactant and product states, leading to nonadiabatic pro-
been argued that describing the reductive cleavage of thesecesses. In fact, there are some interesting results on the
systems in terms of electron uptake followed by intramolecular dissociative electron attachment to chloronorbornenes in which
transfer from ther* orbital to the o* orbital is not a realistic the efficiency of chloride ion production was related to the
model® Generally speaking, the study of intramolecular ET electronic coupling between localized-Cl ¢* and C=C z*
processes, whether dissociative or not, is best performed byorbitals® Some data on the intramolecular DET in D-Sp-A
using systems in which the D and A functional moieties are systems in which Sp is a variable-length alkyl chain have also
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5135; (e-mail) f.maran@chfi.unipd.it. molecules appears to be responsible for the small distance effect
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indicating that there can be kinetically slow intermolecular
DETs, the homogeneous ET to the—O bond of dialkyl
peroxidesi! for which poor electronic coupling is attributable
to the nature of the acceptor itself.

We are currently studying the distance dependence of DETs
and more generally the problem of nonadiabaticity by using
different types of spacer to control the electronic interaction
between the D and A redox moieties. Thus, we devised the
D-Sp-A systemda,bin which A is the dissociative-typtert-

A

1b

ot o

2b

1a

N

3a, R = CMe2CO2Me
3b, R = 4-(CgH10)CO2Me

butyl perester function, C£-OtBu,*2and Sp is a rigid molecular
framework, CMe and 1,4-cyclohexanediyl. In this paper, we
describe the results that we obtained by studying the redox
properties ofla,b and of the related molecul&a,b and3a,b.
Data on the distance effect on the intramolecular DET rate are
provided. Rate data are reported also for the heterogeneous an
intermolecular reduction of the perester-O bond. Analysis

of the data led to discovery that regardless of the way by which
the reaction is carried out, ET to the perester acceptor is an
exceptionally slow DET.

Results and Discussion

Electroreduction of 2 and 3 and Analysis of the DET
Mechanism. Models of both the accepto2#,b) and donor
moieties Ba,b) were used to analyze, independently, their redox
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Figure 1. Background-subtracted cyclic voltammetries for the reduction
of 2.1 mM2ain DMF—0.1 M TBAP at 25°C. Left to right: 0.1, 0.2,
05,1, 2,5, 10,20 Vs.

was thus carried out to study in detail the kinetics of the
heterogeneous reductiéA?1315The i—E curves were trans-
formed into the corresponding convolution curreitersusE
curves, leading to plots of excellent quality (independence,
within 1-2%, of the limiting value ofl on »).2® In the
convolution analysis, theand| values are then combined to
obtain the potential dependence of both the heterogeneous rate
constantkne;, and the transfer coefficient.!” By applying the
basic concepts of the Szt DET model? the standard
potential E°) of the dissociative reduction of the perester was
estimated by calculating the value Bfcorresponding tax =

0.5. Thisk® value was then used to calculate the standard rate
constant,k®net The intrinsic barrier of the DETAGy™) was
obtained from the slope of the—E plot.}318 The consistency

of the E° and k°he values was finally checked by digital

aimulation of the cyclic voltammograms, which led to good

reproduction of the experimental curves. Ray the values of
E°, k°hey aNdAGy™ are—0.30V, 1x 10°cm s%, and 12.2
kcal moll, respectively. The corresponding values2bf are
very similar, being—0.24 V, 9 x 10711 c¢cm s'1, and 13.3 kcal
mol~1.

To check the actual reduction mechanism, we compared the
results obtained witl2a with those predicted by applying the
DET theory!” TheE° of the concerted DET can be conveniently
expressed through a thermochemical c¥flehich, for the pre-
sent case, is expressed8s= E°gycoorsucoo- — BDFEF. BDFE

behavior both at the electrode and in the bulk. The experimentsjs the pond dissociation free energy of the peroxide @

were carried out in DMF/0.1 M BINCIO, (TBAP) at 25°C.
The electrode reduction of model perest@esand 2b was
studied by cyclic voltammetry. Both reductions are characterized
by an irreversible and broad peak (at 0.2 Vi sthe peak
potential, E,, values of2a and 2b are —1.55 and—1.50 V,
respectively), in agreement with the voltammetric behavior

expected for heterogeneous processes controlled by the activa-

tion barrier. The dependence of the normalized peak current,
i/v'2, on the scan rate is illustrated for2ain Figure 1. The
decrease af, /' together with the fact that the peak broadens
whenv increases indicate that the electron-transfer coefficient
o. depends on the applied potential?~14 Convolution analysis

(11) Donkers, R. L.; Maran, F.; Wayner, D. D. M.; Workentin, M.JS.
Am. Chem. Sod 999 121, 7239.

(12) (a) Antonello, S.; Maran, F. Am. Chem. S0d.997, 119, 12595.

(b) Antonello, S.; Maran, FJ. Am. Chem. S0d.999 121, 9668.

(13) Antonello, S.; Musumeci, M.; Wayner, D. D. M.; Maran,J- Am.
Chem. Soc1997, 119, 9541.

(14) Conventional analysis of electrochemically irreversible peaks should
provide v-independeniy/»*2 and peak width 4E) values (For example,
see: Bard, A. J.; Faulkner, L. EElectrochemical Methods, Fundamentals
and Applications2nd ed.; Wiley: New York, 2001.). This is because the
Butler—Volmer description of electrode kinetics is employed, which implies
that the transfer coefficiert is constant at anye values. As previously
discussed in detalf13150the nonconstancy of with respect toE fully
accounts for experimental trends such as those here described.

bond. TheE® of the leaving groupE°wucooisucoo-, Was
estimated to be 0.82 V by analysis and simulation of the

(15) (a) Imbeaux, J. C.; Saaet, J.-M.J. Electroanal. Chem1973 44,
169. (b) Savant, J.-M.; Tessier, DJ. Electroanal. Chem1975 65, 57.
(16)1 andi are related by the convolution integtal

| = ﬂ—1/2ft i(u)

e u)l/Z

The sigmoidall — E curves are characterized by a diffusion-controlled
limiting valuel;, = nFADY2C*, wheren is the overall electron consumption,
A the electrode aredd the diffusion coefficient, andC* the substrate
concentration. Provided the electrode process is irreverdildedi are
related toknet through equation

IN Kyee=In D2 — In {1, — IB)Vi(t)}

Beingo. = —(RT/Pdlnkne{9E, the apparent value of the transfer coefficient
o can be experimentally determined as a functiof dfy derivatization of
the Irkne/DY2 — E plots.

(17) Savent, J.-M J. Am. Chem. S0d 987, 109, 6788.

(18) () The DET modél leads to the same relationship between the
activation free energAG™ and free energAG® obtained by Marcus for
outer-sphere ETs (For example, see: Marcus, R. A.; SutirBidchim.
Biophys. Actal985 811,265.); i.e.,AG™ = AGy™ [1 + AG°/4AGy™]2 (b)
Under electrochemical conditions and by neglecting the double-layer effect,
the rate/driving force relationship becom&&™ = AGy™ [1 + F(E — E°)/
4AGy™]2. Sincea is IAG*/OAG® = —(RT/P) 3 In knef0E, it follows that
AGy™= F/(8 do/3E).
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Figure 2. Comparison between homogeneo@$ é&nd heterogeneous
(+) rate constants for the reduction of pivaloyl peroxizein DMF at
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Table 1. Reduction of2a by Radical Anions in DMF at 25°C

E° AG® 10g Knhom

donor V) (eV) M~1s)
3a —-1.41 —-1.11 4.25
3-fluoro-3a —-1.26 —0.96 3.68
nitrobenzene -1.10 —0.80 2.86
nitronaphthalene —-1.05 -0.75 2.50
4-nitroacetophenone —0.86 —0.56 1.73
anthraquinone —-0.85 —-0.55 1.67
4-nitrobenzonitrile —0.80 —0.50 1.49

formation of delocalized radical anions. In fact, convolution
analysis of the reduction &&a gave evidence of a very small
intrinsic barrier, which is consistent with a process ruled mainly
by solvent reorganization. The analysis was carried out at low
temperatures and relatively high scan rates to slow the hetero-
geneous kinetics. The data were thus obtained under conditions

25 °C. The dashed line is the second-order fit to the data (see text). in which the ET is quasi-reversib}é? The temperature effect

voltammetric oxidation peak ofBuCO,, as previously de-
scribed for other carboxylaté3?1920The bond dissociation
energy (BDE) of2a, 30.6 kcal mot?l, was corrected for the
entropy by adding—6 kcal moll?l AGy” was estimated
through equatioAGy™ = (BDE + Ag)/4,17 where As is the

solvent reorganization energy. The latter was calculated to be

20.5 kcal mot? by using the empirical equatioty = 55.7f,13
where/s is given in kilocalories per mole and the molecular
radiusr in angstromsy, 2.72 A, was obtained by using the
experimental diffusion coefficient and the Stokdsinstein
equatior?? By using this procedure, we obtained for the
concerted DET t@athe theoretical valueB® = —0.25 V and
AGy” = 12.8 kcal mof?, in excellent agreement with the
corresponding convolution results0.30 V and 12.2 kcal mok-
The above analysis thus ensures that the reductiora of
and 2b proceed by concerted ETAID bond cleavage (eq 1).

1)
&)

The first reduction step is rapidly followed by the reduction of
the tBuO radical (eq 2), which hag&® = —0.23 V2 The

RCQ,~OtBu + e— RCQ,” + tBuC

tBuO + e— tBuO~

reduction of the investigated peresters is also remarkably slow,

K°net being 1 x 1071° and 9 x 1071 cm s for 2a and 2b,

respectively, which causes the peak to be more negative than

the estimated® by ~1.3 V. On the other hand, the reduction
of the model donors is reversibldg, E° = —1.41 V; 3b, E° =
—1.45 V) and fast3a, k°he(GC) = 0.13 cm s?, k°ne(Hg) =
0.12 cm s1; 3b, k°he(GC) = 0.12 cm s1), as expected for the

(19) The oxidation peak of the carboxylaBuCQO,™ is characterized by
the following parameters (0.2 V¥): E, = 0.96 V, peak widtnAE,, = 85
mV, 9Ey/d log v = 50 mV/decade. The carboxylate was generated
electrochemically through reduction 8& (eqs 1 and 2).

(20) Isse, A. A.; Gennaro, A.; Maran, Rcta Chem. Scand 999 53,
1013.

(21) (a) Bartlett, P. D.; Hiatt, R. RI. Am. Chem. S0d.958 80, 1398.
(b) Theoretical calculations provided a very similar value, 31 kcal ol
Benassi, R.; Taddei, Rl. Mol. Struct.1994 303 101. (c) The entropy
correction at 25C was estimated by taking into account both the commonly
used fragmentation contribution (Benson, S. Mdermochemical Kineti¢s
2nd ed.; Wiley: New York, 1976} and the activation entropy for the
thermal decomposition dta.212

(22) The diffusion coefficients c2a and2b, D = 1.0 x 107% and 9x
10°% cm? s71, respectively, were calculated from the limiting values of the
convolution currentd Since the convolution analysis leads tddr{D?)—

E plots, theseD values were also used to calculate the pertiigatand
k°nhet values. The radius o2a was calculated also by using the effective
radius approadd or molecular models, leading to 2.64 and 2.59 A,
respectively; in either case, the increase of the valugs @ within 1 kcal
mol~1.

on k°he, Studied for3ain the range 233278 K by using both
mercury and glassy carbon electrodes, led to preexponential
Arrhenius factor in the range &% 10°>—5 x 10° cm s, in
agreement with an adiabatic outer-sphere ET.

Homogeneous DET and Comparison with the Heteroge-
neous ResultsThe ET rate between free diffusing D and A
was determined foRa by the homogeneous redox catalysis
approach* In this method, radical anion donors () are
electrogenerated and used to reduce homogeneously the accep-
tor. Thus, the reversible reduction peak of the donor (or
mediator) is transformed into a chemically irreversible, catalytic
peak upon addition of the peroxide (eqs3. The current of

D+e=D" ©)
D™+ RCQ,~OtBu—D + RCO,” +tBuC  (4)
D" 4 tBuO — D + tBuO™ (5)

the catalytic peak depends enand the concentration of the
acceptor. The rate constankndy) values (Table 1) were
determined by simulation of the experimental voltammograms
obtained using scan rates in the range-22/ st and at least
three concentrations of the acceptor. Besides stefs the
simulations included the set of side reactions already used for
other peroxided!23.25

In Figure 2 the homogeneous and the heterogeneous ET data
are combined together by adjusting the two vertical scales to
fit the same parabola. The latter was generated by using the
experimental heterogeneof&,™. Although the heterogeneous
and the homogeneousGy™s are not exactly the same, the latter
term can be estimated to be 11.5 kcal mohnd thus very
similar to the heterogeneous one. The homogenaAgs was
estimated as one-fourth of the sum of the BDE, 30.6 kcal
mol~1,212 and the solvent reorganization energyy 15.4 kcal
mol~%. The As value was estimated by using the empirical
equationls = 95[(2rp) 1 + (2ra) 1 — (rp + ra) ", whererp
andra are the donor and acceptor radii; an average value of
3.8 A was used forp.26 Therefore, by assuming th&Gg™
difference negligible, the difference between the two ordinates
of Figure 2 would therefore reflect that between the two
preexponential factors. The observed Kygm — log Znervalue,

(23) Workentin, M. S.; Maran, F.; Wayner, D. D. M. Am. Chem. Soc.
1995 117, 2120.

(24) (a) Andrieux, C. P.; Blocman, C.; Dumas-Bouchiat, J. M.; M’'Halla,
F.; Savant J.-M.J. Electroanal. Chem198Q 113 19. (b) Andrieux, C.
P.; Savant J.-M.J. Electroanal. Chem1986 205, 43.

(25) Kjeer, N. T.; Lund, HActa Chem. Scand.995 49, 848.
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respectively. Convolution analysis of the first peak data led to
o ) _evidence of a wavelike potential dependencexdqfFigure 4),
7.2, is indeed close to 7.8, the difference calculated by using \yhich is very similar to those previously reported for the
the commonly acceptétf+2%*2adiabaticpreexponential factors  reqyction of some ring-substituted perbenzo&teEhis is, in
Zhom=3 x 10" M1 st andZet= 4.8 x 13 cm st (Zner = fact, the typicaln—E pattern predicted for a DET occurring by

(RT22M)*2 where M is the molar mass @). mixed concerted/stepwise mechanism (eqs 6 aAgP Reaction
Because of their large intrinsic barriers, DETs are intrinsically

slow ET processes. However, inspection of the data reveals that en. .o .
for the specific cases investigated both kqg, andknet values D-Sp-A+e—D-Sp +A ©)
are surprisingly small By using an Eyring-type rate constant e =" DP.Sp.A— D.SR .
expression K = Z' exp(—AG*/RT), where Z' includes the D-Sp-Ate D-Sp-A—D-Sp +A (7)
transmission coefficient, i.e., Z' = «Z), the quadratic DET
rate/driving force relationshif2the reaction free energyG°®

= —F(E°2a — E°pip-.), and the experimentddom values, the
averageZ'nom results to be 1x 10° M~! sl Even by
considering! the latest modifications to the DET thed¥this
value is still 4-5 orders of magnitude below the adiabatic limit.
Therefore, we can conclude that the homogeneous DERto
is stronglynonadiabati¢c even more pronouncedly than previ-

6 corresponds to the direct reduction of glew end(A) of the
system (concerted DET). Conversely, reaction sequence 7
corresponds to electron injection into tfast end(D), followed

by intramolecular DET from D to A (stepwise DET). The second
mechanism has been discussed in detail for both dissociative-
and nondissociativé? type acceptors. In graphs a and b of
Figure 5, the experimental curves and those simulated for the
) . ! . pathways 6 and 7 are compared for two different scan rates. It
ously observed with dialkyl peroxides such asteft-butyl is evident that the first peak arises from the overlapping of the

pelr(:xldehgng (tjvl\;:umytlhpek:omd'é.Because 3ftlt1hehe{np|r|cal two components. On the other hand, because of the very
relationship between the homogeneous and the NELErogeneoUgiga ant intrinsic barriers involved, the stepwise pathway is

preexponential values th.at we commented on "%‘bo"e.- it follows favored over the concerted DET at larger driving forces and
that the electrode DET is also strongly nonadiabatic. In fact, thus whenE becomes more negatidel? Since the peak is

. : . ),
byl usllntgog)e %%elrlmentelld het alnd Aﬂ?ot : va:ues toézla, we_t irreversible and thus scan rate dependent, the concerted-to-
Cac‘ﬁa?h he’th_t. cmtsd,?va ue d'ablst'a m%s i ngl%gls stepwise mechanism transition is conveniently induced by
smatler than that expected for an adiabalic reduction.4uor increasing, as illustrated very nicely in graphs a and b of Figure

Zhet 1S Sma” as well, pemg 0.5 cnms These reductions ar€ 5 The practical result is that fdt values more negative than
thus the first characterized cases of heterogeneous nonadlabatlc_l 3 V the mechanism is essentially a pure stepwise process
DETSs. | '

) As such, thex values obtained foE < —1.3 V should reflect
Intramolecular DET. The reduction of the D-Sp-A system 6 gependence da typical of the fast end ola. In fact, the
la exhibits an irreversible pealE{ = —1.29 V, at 0.2 V s1)

- o > slope estimated in thi€ region (cf. Figure 4) is in good
followed by a reversible componeri (= —1.70 V). As verified agreement with that expected for an outer-sphere ET process

in comparison with an authentic sample, the second peak is dujed solely by solvent reorganization and is essentially the same
to the reduction of the phthalimide moiety in the carboxylate ¢ that obtained with the model donse.

anion D-Sp, formed together withBuO in the DET. The
dependence of the normalized peak currg/t'’? on v is
illustrated in Figure 3. Although the figure is the equivalent of
Figure 1, the pattern of the main reduction peak is pretty
different. In fact, whenv is progressively increasei}/ v/ first
increases and then decrea%eAt the same time, the peak first

Full simulation of the competitive mechanisms 6 and 7 is
illustrated in graph c of Figure 5. The simulations of Figure 5
were carried out by using the information obtained vdtand
3 and by taking into account the possible intermolecular side
reactions, as described in detail elsewhei®Because of the
presence of the very short spacetCMe,— (poor spatial

h aé‘eparation between D and A) and the fact @ahas no amino
width AEy are 99, 78, and 99 mV at 0.1, 2, and 50 Vs gypstituentsx to the carbonyl, the optimizeB® values of the
(26) (a) Kojima, H.. Bard, A. JJ. Am. Chem. S0d.975 97, 6317. (b) A and D ends ofla are 0.18 and 0.06 V more positive than

Eberson, LAdv. Phys. Org. Chem1982 18, 79. those of2a and3a, respectively. Folla, the intramolecular rate
12((1231)129(1“6“)(' C. P, Sawamt, J.-M.; Tardy, CJ. Am. Chem. S02998 constant Kny) Was thus estimated to be 1:3 10* s™1. The

(28) The small decrease of thgv'/? ratio of the second peak is related corresponding preexponentlal faCtz.hf(”a) was Calcu'.ated from
to the relatively slow reduction of the carboxylate. In fact, the reduction of Kinra @nd the quadratic DET rate/driving force relationship. The

the phthalimide moiety in the carboxylate D-Spask®e;= 0.055 cm s, intrinsic barrier was obtained by considering that the@BDE
as determined by the Nicholson method (Nicholson, RAr&l. Chem1965
37, 1351). (29) Zheng, Z.-R.; Evans, D. H. Am. Chem. Sod.999 121, 2941.
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Figure 5. Comparison between background-subtracted cyclic volta-
mmetries (solid lines) for the reduction of 2.3 nM at different scan
rates, in DMF0.1 M TBAP at 25°C, and corresponding simulations.

In graphs a and b, the curves were simulated by considering either the

J. Am. Chem. Soc., Vol. 123, No. 39, 2681

be significantly different. In fact, all other factors being the same,
the strength of ther*/ o* coupling and thusnya depends not
only on the separation but also on the relative orientation of
the D and A groups. Concerninta and 1b, we drawn this
preliminary conclusion by comparing the X-ray crystal structure
of 1b%2 with a molecular model ofLa, built according to the
X-ray structure of a similar molecule-(phthalimido)isobutyric
anhydride®® The result obtained witlib, however, allows us

to make another useful comparison with previous work. It is
worth noting that thekina of 1b is 2.2 orders of magnitude
smallerthan that of a bromide system of similar geometry, i.e.,
cis-1-methyl-4-benzoyloxycyclohexyl bromide, in which analo-
gously to1b®2 the donor is equatorial and the acceptor axial,
and driving forceAG°® = —1.21 eV, lodntra = 5.57 This result
would be surprising on the basis of a simple comparison between
the two nuclear factors because the B bond of tertiary alkyl
bromides is~35 kcal mof! stronger than the ©0 bond of
peresters and thus the bromides have much larger intrinsic
barriers than peroxides. Therefore, since the DET to tertiary
alkyl bromides is adiabatic, as checkedy applying the
nonadiabatic DET theorf, the observed smaka of 1b also
points to the remarkable slowness of perester reduction.

Nonadiabatic DET and Conclusions.The nonadiabaticity
issue is emerging as an important but also intriguing aspect of
DETSs. Previously, we found that the homogeneous reduction
of dialkyl peroxides is slower than expected on the basis of the
adiabatic DET theory by~2 orders of magnitud&. More
specifically, we used the nonadiabatic DET thébgnd found
that for these peroxides the electronic coupling energy between
the reactant and product statklgp, is of the order of 15 cmt,

a value distinctly below the commonly accepted adiabatic limit

concerted (eq 6, dotted lines) or the stepwise (eq 7, dashed lines)©f 200 cnT* (=~ RT).% In another study?® we found that in
mechanism. For clarity, the second peak was not included in the order to account for the heterogeneous reduction kinetics of

simulation of the concerted mechanism. Graph c illustrates the result some ring-substituted perbenzoates, which proceeds by a

of full simulation O) of a typical experimental curve.

of 1lais essentially the same of that 2&° and by taking into
account, as previously describéthat the presence of the spacer

increases the D/A distance and thus the solvent reorganization

term12 The experimental'inya Was thus estimated to be7
orders of magnitude lower than the adiabatic lidta = kg T/

h. Although this difference includes some distance effect brought
about by the short spacer, this finding points, once again, to

the remarkable intrinsic slowness of the perester reduction.
The voltammetric behavior dfb is quite similar to that of

la The main difference is that the reduction of D=Sp now

easier E° = —1.50 V) because the cyclohexyl spacer 1dif

greatly diminishes the effect caused by the charge of the

carboxylate on thée® of D. Simulation of the experimental
curves, carried out as fdra, led tokipya = 2 x 10° s71. As
expected for a system in which the spacer is sufficiently long

to separate efficiently the electron exchanging moieties, the A

and D groups are now characterized by the s&healues
determined with the modelb and 3b.
Although thekinra Of 1bis smaller than that dfa, as expected,

competitive concerted/stepwise mechanism (cf. eqs 6 and 7), it
was necessary to assume that the preexponential factor of the
concerted DET component 182 orders of magnitude smaller
than that for the transient formation of the radical anion. In
addition, by using our previous convolution results on, for
example, the reduction dért-butyl perbenzoate, it is possible

to calculatek’het = 2 x 10°° cm st and Zhet = 8 cm s,

Very recently, Workentin and co-workers reported evidence
indicating that the DET to endoperoxides artemisinin, ascaridole,
and dihydroascaridole is nonadiaba&fcTherefore, it appears
that the homogeneous or heterogeneous DET to peroxides is,
as a rule, inherently nonadiabatic. Although for the peresters
investigated here the decrease of the preexponential factors with
respect to the corresponding adiabatic values may be easily in
error by 1 order of magnitude (because of the uncertainty
associated with thAG°® and AGy™ estimates), analysis of the
reduction results provides compelling evidence for the slowest
DET so far characterized.

(31) Crisma, M.; Antonello, S.; Formaggio, F.; Moretto, A.; Maran, F.;
Toniolo, C. Work in progress.

the decrease appears to be somewhat small compared to (32) X-ray crystallography indicated thab has acis(cyclohexane)

nondissociative-type systerhsThis relatively small distance

effect is not caused by a significant difference between the two

DET driving forces, which are 1.23 and 1.20 eV faand1b,
respectively. On the other hand, the spacefl@is probably
too short to put much weight on this comparison. We are
currently investigating this aspe€twhich is complicated by
the fact that the relative D/A orientations bd and1b seem to

(30) Richardt, C.; Hamprecht, GChem. Ber1968 101, 3957.

equatorial(phthalimideyaxial(perester) conformation. Full details of the
structural analysis oflb and related compounds will be published
elsewherél

(33) Valle, G.; Toniolo, C.; Jung, Q.iebigs Ann. Chem1986 1809.

(34) (a) German, E. D.; Kuznetsov, A. Nl. Phys. Cheni994 98,6120.
(b) German, E. D.; Kuznetsov, A. M.; Tikhomirov, V. A. Phys. Chem.
1995 99, 9095.

(35) Newton, M. D.; Sutin, NAnnu. Re. Phys. Chem1984 35, 437.

(36) (a) Magri, D. C.; Donkers, R. L.; Workentin, M. $. Photochem.
Phytobiol. A: Chem2001, 138 29. (b) Donkers, R. L.; Workentin, M. S.
Chem. Eur. J.in press.



9582 J. Am. Chem. Soc., Vol. 123, No. 39, 2001 Antonello et al.

Intrinsic nonadiabaticity can be confirmed also by carrying
out the calculation of the electronic coupling matrix element
Hrp, along lines similar to those previously described in detail
for the intermolecular DET to dialkyl peroxidés.Thus, we

be an intrinsic reason for observing such a slow DET rate. Very
recently, it has been argued on the basis of both experimental
data and theoretical calculations that there are reactions whose
rate is markedly reduced because of the failure of the Born
used the GermanKuznetsov nonadiabatic DET theory in its  Oppenheimer approximation near the transition state; a very nice
semiclassical limit, in which the intramolecular modes and the and mind-provoking account on the matter has been published
solvent polarization are treated classically (harmonic approxima- very recently by Butler, who contributed significantly to this
tion).3* A Morse potential was used for the motion along the topic? In these reactions, such as for example some photodis-
O—0 bond coordinate, whereas the energy curve of the sociations, the electronic wave function does not instantaneously
fragmented products was taken as the repulsive part of theadjust along the reaction coordinate near the transition state. In
reactant Morse curve, as in the original Savetheory:” Under fact, the dominant bonding electronic configuration on the
these conditions, the rate constant for DET between donor andreactant side must change to become repulsive past the transition

acceptor at encounter distanég)can be expressed by eq 8 in

€ = 2 AGTRTAGE expl-(” — 1]}
exp(—AG™/RT) (8)

which r* — rg is the bond elongation at the transition stgte,

is the Morse exponential factor, and>= is the activation free
energy. ThereforeHgrp can be calculated once the first-order
rate constant™ is related to the experimental rate constgd;

and all the other quantities on the right-hand side of eq 8 are
calculatedkiqer can be corrected to” by using the equilibrium
constant Ky) for the diffusion-controlled formation of reacting
D/A complex, i.e.,kiner = Kgk™. To calculateKy, we used
equationKy = [(4Nr20r)/1000]28 which takes into account

state. If the dynamics of the electronic rearrangement is
sufficiently slow, the crossing between the reactant and product
curves is only narrowly avoided, causing the reaction rate to
drop significantly. An analogous situation may hold for
concerted DETSs, in which the donor injects one electron into
the o* orbital of the frangible bond. In this framework, it would

not be unreasonable to start considering DETs as reactions that
are particularly susceptible to proceed nonadiabatically. This
hypothesis, however, calls for theoretical and further experi-
mental studies.

By taking into account the present results as well as those
obtained previously with other dissociative-type acceptors, it
also appears that the weaker the cleaving bond the smaller the
electronic coupling matrix elemeiigp. In fact, the BDE and
averageHgp values (the comparison is for = 0.3 A) are as

that the peroxide acceptor is uncharged and thus that no electridollows: tert-butyl bromide, 66 kcal moft and 190 cm*; di-

work is required to form the encounter complex. According to
this model, the DET is viewed as occurring significantly only
between the contact distance(taken as the van der Waals
distancerp + ra) andr + dr, in which or ranges from~2 to
~0.3 A for adiabatic and nonadiabatic reactions, respectffely.
B, 2.84 A1, was calculated from the-€0 stretching frequency
vo®® using the relationshiy = vo(272u/BDE)Y2, whereu is
the reduced mass. The bond elongation- rg is related to the
reaction free energyAG°3* and becomes larger for less

tert-butyl peroxide, 37.3 kcal mot and 15 cm?; dicumyl
peroxide, 36.2 kcal mol and 17 cm;11 23, 30.6 kcal mot?

and 0.3 cm. On the other hand, within the description of the
reactant and product energy curves in terms of the Morse
equation, it is worth reminding that, for a given cleaving bond,
stretching frequency, and AG®°, bond elongation at the
transition state is minimized by a decrease of BDE. On these
grounds, one might be tempted to speculate that a more reactant-
like transition state also implies a larger degree of electronic

exoergonic reactions. Because of the weakness of the perestefvave function reorganization. It follows that lowering the

O—0 bond,r — rqis rather small. In particular, we estimated
thatr® — ro ranges from 0.09 to 0.17 A fokG° = —1.11 and
—0.50 eV, respectivelyAG™, AGy™, andAG® were calculated

driving force would increase the electronic coupling between
the reactant and product energy curves at the transition state
and thus the DET rate. In keeping with this hypothesis, we note

as already described. By using this procedure, we found thatthat for the nonadiabatic reduction of wirt-butyl peroxide the

for the homogeneous reduction2d Hgp is indeed remarkably
small, being in the range 0-0.3 cnt?! throughout the series

of mediators employed. As for tl# estimates, theddgrp values
also suffer from the uncertainty of the input estimated quantities
and the limits of the theory. Nevertheless, it is interesting to
observe that the calculatétkp values correspond to a rate drop

of ~6 orders of magnitude with respect to an adiabatic process.

An aspect that is particularly worth noting about the present
investigation is that the same nonadiabaticity outcome could
be observed by using electrode, solution, or intramolecular
donors. This implies that the D/A orientation cannot be an

Arrhenius preexponential factor (which is proportionaHg:?,

as shown in eq 8) indeed increases as the driving force
decrease’! A similar, although less pronounced trend, was
reported in the temperature study of the reductiotedafbuty!
bromide by aromatic radical aniof$ The trend observed with
other halides, however, led to ambiguous restiiSn the other
hand, we expect that nonadiabatic rather than intrinsically fast
DETs would be more prone to be affected by this rate-enhancing
mechanism at low driving forces. This is an intriguing possibility
that would suggest a new way of looking at the long-debated
problem of why some DET systems give rise to almost linear

important issue because both the heterogeneous and théctivation/driving force relati.onship‘.&“ o o
homogeneous intermolecular DET rates are the result of random It is evident that the nonadiabatic issue is at its very beginning

distance and orientation distributions between D and A. In

in the area of DETs. More experimental data on carefully

keeping with this reasoning, it thus appears that there shouldSelected acceptor molecules and specific theoretical calculations

(37) Nonadiabaticity cannot be attributed to steric hindrance; as a matter
of fact, we showed that screening of the-O ¢* orbital by the bulkytert-
butyl groups of ditert-butyl peroxide is responsible for a rate drop of only
0.8 log unit!t

(38) Sutin, N.Prog. Inorg. Chem1983 30, 441.

(39) Our own measurements led to 854 ¢pra value that is within the
very narrow range of frequencies reported for the@vibration of an
extensive series of peroxides: Vacque, V.; Sombret, B.; Huvenne, J. P.;
Legrand, P.; Suc, SSpectrochim. Acta A997, 53, 55.

are definitely needed to better understand the reasons why some

(40) See: Butler, L. JAnnu. Re. Phys. Chem1998 49, 125 and
pertinent references therein.

(41) (a) Daasbjerg, K.; Pedersen, S. U.; Lund,Adta Chem. Scand.
1991, 45, 424. (b) Balslev, H.; Daasbjerg, K.; Lund, Bicta Chem. Scand.
1993 47, 1221.

(42) (a) Lund, H.; Daasbjerg, K.; Lund, L.; Pedersen, SAtc. Chem.
Res.1995 28, 313. (b) Lund, H.; Daasbjerg, K.; Lund, T.; Occhialini, D.;
Pedersen, S. WActa Chem. Scand.997 51, 135.



Dissociatve Electrom Transfer to Peresters J. Am. Chem. Soc., Vol. 123, No. 39, 2688

of these DET reactions are inherently very slow. Most probably, compound was isolated by flash chromatography {ClktEtOH 96:
the study of intramolecular DET rates in well-defined D-Sp-A  4). Yield, 90%: mp 19+192°C (EtOAc-petroleum ether), = 0.80;
molecules will provide a particularly efficient tool to gain new Re = 0.55;Ru = 0.80; IR (KBr) 1773, 1704 crrt; *H NMR (DMSO-

insights into the fine details of the dynamics of these dissociative ) 0 783 (s, 4H, Pht CH), 3.90 (m, 1H, cyclohexane CH), 2.6 (m,
processes 1H, cyclohexane CH), 2.20 (m, 4H, cyclohexane ALH.55 (m, 4H,

cyclohexane Ch.

cis-4-Phthaloylaminocyclohexanecarboxylic Acid-O@Bu (1b).
This compound was prepared froeis-4-phthaloylaminocyclohexan-

Synthesis and Characterization.Melting points were determined ecarboxylic acid (0.15 g, 0.55 mmol) and a 5.5 M solutiontet-
using a Leitz model Laborlux 12 apparatus and are not corrected. Thin- butyl hydroperoxide im-decane (0.10 mL, 0.55 mmol) as described
layer chromatography (TLC) and column chromatography were per- above forlaand purified by flash chromatography (EtOApetroleum
formed on Merck Kieselgel 60,54 plates and on Merck Kieselgel 60  ether 1:9). Yield, 79%: mp 105106 °C (EtOAc—petroleum ether);
(0.040-0.063 mm), respectively. The following eluants were used for Ry = 0.95;R, = 0.95;Rs = 0.30; IR (KBr) 1769, 1723, 1703 criy'H
TLC analysis: (1) chloroformethanol, 9:1; (2) tolueneethanol, 7:1; NMR (CDCl) 6 7.78 and 7.67 (2m, 4H, Pht CH), 4.15 (m, 1H,
(3) ethyl acetatepetroleum ether, 1:8; (4) 1-butanehcetic acid- cyclohexane CH), 2.85 (m, 1H, cyclohexane CH), 2.50 (m, 4H,
water, 3:1:1. The TLC chromatograms were visualized by UV cyclohexane Ch), 1.70 (m, 4H, cyclohexane GH 1.38 (s, 9H, O@u
fluorescence (254 nm) or developed by chloriiséarch-potassium CHa); 3C NMR (CDCk) 6 171.13 (perester CO), 168.06 (Pht CO),
iodide chromatic reaction, as appropriate. Selective visualization of the 133.76 (phenyl CHand CH), 131.95 (phenyl CHand CH), 123.02
—0O—0- bond was achieved by developing the TLC plates with a (phenyl CH and CH), 83.48 (OQ@Bu quaternary C), 50.10, 36.84,
solution of NH,SCN (0.63 g) and FeSENH,),SO-6H,0 (Mohr's salt, 26.95, 26.41, 26.24 (cyclohexane CH and. Giid OQBu CH).
0.88 g) in 1% HSO, (12 mL). All compounds were obtained in a Pht-Aib-OMe (3a). To an ice-cold solution of Pht-Aib-OH (1 g,
chromatographically homogeneous state. The solid-state IR absorption4.2 mmol) in CHCI, (10 mL), DMAP (0.5 g, 4.2 mmol) and EDC
spectra (KBr disk technique) were recorded with a Perkin-EImer model HCI (0.79 g, 4.2 mmol) were added, followed by methanol (0.17 mL,
1720X FT-IR spectrophotometer, nitrogen-flushed, equipped with a 4.2 mmol). After stirring fo 4 h atroom temperature, the reaction
sample shuttle device, at 2-ckmominal resolution, averaging 50 scans.  mixture was evaporated to dryness and the residue dissolved in EtOAc.
'H NMR and**C NMR spectra were obtained by using a Bruker model The organic solution was washed with 10% KHSB,0, 5% NaHCGQ,
AC 250 spectrometer. Deuteriochloroform (99.968pAldrich) and and HO, dried over NgSQy, and concentrated under reduced pressure.
deuterated dimethyl sulfoxide (99.969s; Acros Organics), with A flash chromatography step (GEI,—EtOH 98:2) was required to
tetramethylsilane as the internal standard, were used as solvents.  purify the titte compound. Yield, 80%: mp 7€ (EtOAc—petroleum

The mixed alkyt-acyl peroxides (perester@g?@ and 2b** were ether);Ry = 0.90; R, = 0.90; R = 0.30; IR (KBr) 1765, 1734, 1710
prepared by using a literature procedtf@he mediators used for the ~ cm™; H NMR (CDCl) § 7.80 and 7.70 (2m, 4H, Pht CH), 3.75 (s,
homogeneous redox catalysis experiments were commercially available3H, OMe CHy), 1.85 (s, 6H, Aib CH).

Experimental Section

or synthesized as described below. 3-FPht-Aib-OH (3-FPht, 3-fluorophthaloyl). This derivative was
Pht-Aib-OOtBu (1a) (Pht, phthaloyl; Aiba-aminoisobutyric acidj® prepared from H-Aib-OH (0.46 g, 4.5 mmol) and the symmetrical
With respect to the previously described literature proceéfuss anhydride (3-FPh#D (1 g, 5.4 mmol) according to the procedure

improved synthetic protocol was employed. To an ice-cold solution of described for Pht-Aib-OR? Yield, 79%: mp 145146 °C (EtOAc—
Pht-Aib-OH?® (0.40 g, 1.6 mmol) in CkLl, (6 mL), 4-(dimethylamino)- petroleum ether)Ry = 0.75; R, = 0.50; Ry = 0.80; IR (KBr) 1785,

pyridine (DMAP; 0.20 g, 1.6 mmol) anl-ethyl-N'-dimethylamino- 1717 cnm; 'H NMR (CDCls) 6 7.70 and 7.35 (2m, 3H, Pht CH), 1.87

propylcarbodiimide) hydrochloride (EDC; 0.31 g, 1.6 mmol) were (s, 6H, Aib CH).

added, followed by a 5.5 M solution d@ért-butyl hydroperoxide in 3-FPht-Aib-OMe. This derivative was prepared from 3-FPht-Aib-

n-decane (0.29 mL, 1.6 mmol). After stirring rfod h at room OH (1 g, 4.0 mmol) as described above for Pht-Aib-OMe. Yield 76%:

temperature, the reaction mixture was evaporated to dryness and thanmp 95-96 °C (EtOAc—petroleum ether)R; = 0.90; R, = 0.90; Ri3
residue dissolved in ethyl acetate (EtOAc). The organic solution was = 0.35; IR (KBr) 1776, 1736, 1710 criy 'H NMR (CDCly) 6 7.80
washed with 10% KHSE) H,O, 5% NaHCQ and HO, dried over and 7.36 (2m, 3H, Pht CH), 3.76 (s, 3H, OMe §HL.83 (s, 6H, Aib
N&S0;, and evaporated to dryness. The title compound was purified CHy).

by silica gel column chromatography (EtOApetroleum ether 1:8). cis-4-Phthaloylaminocyclohexanecarboxylic Acid-OMe (3b)This

It precipitated as a Waxy SO|id fl’0m a EtOAc Solution Upon addition Of Compound was prepared froms_4_phtha|oy|aminocyclohexanecar-
petroleum ether. Yield, 80%Ry = 0.95; R, = 0.95;Rs = 0.35; IR boxylic acid (0.10 g, 0.37 mmol) as described abovestoand purified
(KBr) 1780, 1719 cm*; *H NMR (CDCl;) 6 7.83 and 7.73 (2m, 4H,  py flash chromatography (GBl,—EtOH 97:3). Yield, 88%: mp 128
Pht CH), 1.91 (s, 6H, Aib Chj, 1.34 (s, 9H, O@Bu CH;);**C NMR 129°C (EtOAc—petroleum ether)Ry = 0.90; R, = 0.90; Rz = 0.30;
(CDCl) 6 169.98 (perester CO), 167.96 (Pht CO), 134.14 (phenyl CH |R (KBr) 1765, 1723, 1706 cmi:!H NMR (CDCly) 6 7.80 and 7.70

and CH), 131.65 (phenyl CHand CH), 123.18 (phenyl CFand CH), (2m, 4H, Pht CH), 4.15 (m, 1H, cyclohexane CH), 3.76 (s, 3H, OMe

84.33 (OQGBu quaternary C), 60.25 (Aib quaternary C), 26.14 (BO CHj), 2.65 (m, 1H, cyclohexane CH), 2.3 (m, 4H, cyclohexane)CH

CHa), 24.67 (Aib CH). 1.65 (m, 4H, cyclohexane G
cis-4-Phthaloylaminocyclohexanecarboxylic Acid.(PhtpO (0.26 Electrochemical Apparatus and Procedures.N,N-Dimethylfor-

g, 2.5 mmol) anctis-4-aminocyclohexanecarboxylic acid (0.30 g, 2.1 mamide (Carlo Erba, 99.8%) and tetrabutylammonium perchlorate

mmol) were finely ground and then melted at 19D, After 15 min, (Fluka, 99%) were treated as previously descritfeglectrochemical

heating was stopped. The cold reaction mixture was dissolved in a measurements were conducted in an all-glass cell, thermostated at the
H2O—triethylamine (pH 8) solution and extracted with diethyl ether.  required temperature. An EG&G-PARC 173/179 potentiostidital

The aqueous layer was acidified to pH 2 with KHS&hd extracted  coylometer, EG&G-PARC 175 universal programmer, Nicolet 3091
twice with EtOAc. The organic phase was washed wigOHdried ~ 12.pjt resolution digital oscilloscope, and Amel 863 X/Y pen recorder
over NaSQ;, and evaporated to dryness. From this residue, the title \yere ysed. The feedback correction was applied to minimize the ohmic

(43) Other mechanisms have been proposed to be responsible for ratedrOp between the working and the reference electrodes. The glassy

enhancement at low driving forces. One of them considers the interference carbon (Tokai GC-20) electrode was prepared and activated before each
of an inner-sphere component when the ET becomes more endefgonic. measurement as previously describgdlhe electrode area was
Recently, Jensen and Daasbjerg published very interesting results suggestingletermined through the limiting convolution current of ferrocene, the
that for some halides the rate could be enhanced at low driving forces giffusion coefficient of ferrocene being 1.231075 cn? st in DMF.1
because of a more pronouncegilSike contribution to the transition-state Some experiments were carried out Ga by using a mercury

LK. bjerg,KXChem. Soc., Perkin Trans2B0 - .
itzrgclzt-t){re (Jensen, H. K.; Daasbjerg em. 50c., Ferkin fran 9 microelectrodé? The reference electrode was Ag/AgCl, calibrated after

(44) Lorenz, P.; Rehardt, C.; Schacht, EEhem. Ber1971, 104, 3429. each experiment against the ferrocene/ferricenium couple. In the
(45) Blomquist, A. T.; Berstein, Jl. Am. Chem. Sod.951, 73, 5546. presence of 0.1 M TBAP, we measuretkyre to be 0.464 V versus
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the KCl saturated calomel electrode (SCE) in DMF. All potential values analyzed by using our homemade convolution software or compared

are reported versus SCE. The counter electrode was & Btpiate. with the corresponding digital simulations. The DigiSim 3.03 package
Convolution and voltammetric analyses were carried out on low- was used for all simulations, using a step size of 1 mV and an
noise voltammetric curves obtained in the range-®Q V s?, exponential expansion factor of 0.5.

according to a procedure previously describe8ince the reduction

of peresters, RC§Bu, eventually yields RC® andtBuO-, a small

amount of a weak acid, acetanilide, was added to the solution to Acknowledgment. This work was financially supported by
protonatetBuO~. Acid addition hampered the fatheson reaction the University of Padova (research project A.OEE00.97) and
RCGO;tBu + tBUO™ — RCO,tBu + tBUO; -, which would have affected  the Ministero dellUniversita e della Ricerca Scientifica e
the voltammetric curves at low scan rate valtfeShe curves were Tecnologica (MURST).

digitalized, corrected for the background contribution by subtracting
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