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Abstract: A general, nanosecond equilibrium method is described for determining thermodynamically
meaningful oxidation potentials in organic media for compounds that form highly reactive cation radicals
upon one-electron oxidation. The method provides oxidation potentials with unusually high precision and
accuracy. Redox ladders have been constructed of appropriate reference compounds in dichloromethane
and in acetonitrile that can be used to set up electron-transfer equilibria with compounds with unknown
oxidation potentials. The method has been successfully applied to determining equilibrium oxidation
potentials for a series of aryl—alkylcyclopropanes, whose oxidation potentials were imprecisely known
previously. Structure—property trends for oxidation potentials of the cyclopropanes are discussed.

Introduction compounds that form highly reactive ion radic&$The method
utilizes an electron-transfer mediator that undergoes rapid and
reversible electron transfer at an electrode. The reduced (or
cation radicals (e.g., bond dissociation energies agsp oxidized) m(_ediator then undergoes electr_on traqsfer with the
Unfortunately, for compounds that form reactive cation radicals substrate of mt_erest._ln turn, th_e_ subs_,trate ion radical undergoes
upon one-electron oxidation, the most common method of follow-up regctlon(s) in cgmpetmon with return electron trgnsfer
obtaining oxidation potentiatscyclic voltammetry with milli- to the mediator. Experimentally, the standard potential for
metric electrodesoften fails to provide reversible voltammo-  eduction (oxidation) of the substrate is obtained from an
metric data. One solution to this problem has been provided by €Xtrapolated plot of the homogeneous rate constants for reduc-
the introduction of ultramicroelectrodes, which decrease the tion (oxidation) of a range of mediators vs the standard potentials

electrochemical cell response time and ohrif®) (irop, thereby ~ Of the mediators. Although this method can, in principle, be
permitting significantly higher scan rates to be uddebten- applied to both reductive and oxidative chemistry, it has rarely

Accurate oxidation potentials provide important data for
evaluating a variety of thermodynamic properties of organic

recently been demonstrated which, in principle, allow oxidation ; o . 7.
potentials to be measured for compounds whose correspondindevers_'bly OX|d|zqu unde_r standard_ electrochemical conditions,
ion radicals have lifetimes in the nanosecond regidespite espeC|a_1IIy at relatlv_ely high potentials.
these impressive advances in ultrafast cyclic voltammetry Heréin we describe a complementary approach to modern
instrumentation, full advantage of the technique can be realized€/ectrochemical methods for determining accurate oxidation
only for substrates that have extremely high heterogeneous rate®0tentials of compounds that form reactive cation radicals. The
for electron transfer at the electrode. Unfortunately, this criterion techmq_ue utilizes nanosecond trangl_en_t absorptlo_n spectroscopy
is not met by many substrates. to monitor the electron-transfer eqwhbnum e_stabllshed_ between
Redox catalysis provides an alternative and powerful, indirect & 'éference compound (R) of known oxidation potential and a
electrochemical technique for estimating redox potentials of comPound of unknown oxidation potential (C), i.e.,
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oxide anion radical and duroquinoh&he method has been ficients, which is essential for accurate fitting of the electron-
used in subsequent pulse radiolysis studies to estimate reductiorransfer equilibrium spectra.
potentials for a variety of inorganic and organic compouhds. (iii) It should be possible to generate the cation radicals in
Prior investigations have largely been restricted to work in protic relatively nonnucleophilic solvents (e.g., gEl,), since many
media due to the ease of generating solvated electrons in thesarylcyclopropanes rapidly react with polar nucleophilic solvents
solvents® Many cation radicals are unstable in these media, like acetonitrile?
however, due to proton transfer to and/or nucleophilic attack  (iv) The absorption spectrum of the one-electron-reduced
by the solvents. A general method for measuring oxidation photosensitizer should not interfere with the cation radical
potentials in nonbasic and nonnucleophilic organic solvents by absorptions of the arylcyclopropanes or the reference com-
using the electron-transfer equilibrium method is currently poundst®
lacking and would clearly be desirable. All of these criteria were met by a photooxidant system
In connection with recent work in our laboratory on the consisting olN-methylquinolinium hexafluorophosphate (NMQ)
chemistry of arylcyclopropane cation radic&lsge required the as photosensitizer, toluene (1 M) as codonor, and@Has
oxidation potentials of the corresponding neutral cyclopropanes solvent?1! This system has a number of advantages. NMQ can
to estimate bond dissociation energies and to construct linearbe conveniently excited at sufficiently long wavelength (343
free energy relationships. Electrochemical oxidations of the nm) so that there is no competitive absorption by the arylcy-
cyclopropanes were irreversible due to rapid follow-up reactions clopropanes or the reference compounds. In addition, the singlet
of their cation radicals, including nucleophilic attack by the excited state of NMQ is a powerful one-electron oxidaftd
solvent (CHCN). The irreversible nature of the electrochemical = 2.7 V vs SCE). Using toluene in high concentration as a
oxidations led to unacceptably large uncertainties in the derived codonor leads to initial formation of the NM®@hCH"
potentials. For example, literature oxidation potentials for geminate radical/cation-radical pair, which undergoes efficient
phenylcyclopropane vary from 1.72 to 2.34 V vs SCE (vide separation even in moderate polarity solvents like dichloro-
infra)—a range of>14 kcal/mol! Obviously, this large uncer- methané? The “free” toluene cation radical is a powerful one-
tainty compromises the use of electrochemically derived oxida- electron oxidantfeq= 2.35 V vs SCE® that can then be used
tion potentials for estimating thermodynamic properties. We to effectively, irreversibly oxidize the arylcyclopropanes (C) and
therefore sought to develop a reliable method for determining reference (R) compounds that are present at relatively low
the oxidation potentials of arylcyclopropanes by equilibrium concentration (e.g.,-#50 mM) in solution. Thus, in a pulsed
electron transfer with suitable reference compounds in non- laser experiment, each laser pulse produces the same concentra-
nucleophilic organic solvents. As will become clear, the method tion of PhCH** and, consequently, the same total concentration
has broad utility for the determination of oxidation potentials of arylcyclopropanes and reference cation radicals. Importantly,

of compounds that lead to reactive cation radicals. the reduced form of the photooxidant, NM@an be rapidly
_ _ scavenged with dioxygen, leading te ® which does not have
Results and Discussion interfering absorptions in the UWis region where many

To set up the electron-transfer equilibrium, photoinduced organic cation radicals strongly absorb. Working under dioxy-
electron transfer was selected as the method of choice for cationd€n-saturated conditions does not interfere with the observation

radical generation since it provides flexibility with respect to Of organic cation radicals since most of them do not react rapidly
the reaction medium. with dioxygen!* The primary processes of the overall photo-

A. Photooxidation System. Four primary criteria were ~ ©Xidant scheme are illustrated in Scheme 1.

identified for the photooxidation system:

Scheme 1
(i) The photosensitizer must absorb at sufficiently long N .
wavelength such that competitive absorption does not occur by J — Q"
the arylcyclopropanes or the reference compounds. NC)
(i) Each laser pulse that excites the photosensitizer should NMQ - Me

generate the same total concentration of cation radicals, in high

quantum yield, regardless of the oxidation potentials of the NMQ" + PhCH; NMQ  + PhCH,

arylcyclopropanes and the reference compounds. This criterion NMQs + O, —= NMQ + O,
ensures that spectra of the pure arylcyclopropane and reference

cation radicals properly reflect their relative extinction coef- PhCH;" + RorC —>  PhCH; + R™ or C*°
(6) Patel, K. B.; Wilson, R. LJ. Chem. Soc., Faraday Trans1973 69, 814. R + Cc* Ka R" + C

(7) For reviews, see: (a) Wardman, R.Phys. Chem. Ref. Date989 18,
1637. (b) Stanbury, D. M. I&eneral Aspects of the Chemistry of Radicals . R
Alfassi, Z. B., Ed.; Wiley: New York, 1999, Chapter 11. B. Selection of Reference CompoundsOn the basis of

(8) For rare exceptions, see: (a) Gould, I. R.; Ege, D.; Moser, J. F.; Farid, S. i ; ; i i
J. Am. Chem. S0d99Q 112, 4290. (b) Simpson, T. R. Ph.D. Dissertation, cyclic voltammetry experiments, the oxidation potentials of the
University of Rochester, Rochester, NY, 1994.

(9) (a) Dinnocenzo, J. P.; Conlon, D. A. Am. Chem. S0d.988 110, 2324. (10) This requirement is necessary only if one intends to record clean cation
(b) Dinnocenzo, J. P.; Todd, W. P.; Simpson, T. R.; Gould, IJRAm. radical spectra of both species involved in the electron-transfer equilibrium.

Chem. Soc199Q 112, 2462. (c) Dinnocenzo, J. P.; Lieberman, D. R.; (11) Dockery, K. P.; Dinnocenzo, J. P.; Farid, S.; Goodman, J. L.; Gould, I. R.;

Simpson, T. RJ. Am. Chem. S0d.993 115 366. (d) Dinnocenzo, J. P.; Todd, W. P.J. Am. Chem. S0d.997, 119, 1877.

Conlon, D. A. Tetrahedron Lett.1995 36, 7415. (e) Karki, S. B.; (12) Todd, W. P.; Dinnocenzo, J. P.; Farid, S.; Goodman, J. L.; Gould,J. R.
Dinnocenzo, J. P.; Farid, S.; Goodman, J. L.; Gould, I. R.; Zona, T. A. Am. Chem. Socdl 991, 113 3601.

Am. Chem. Socl997 119 431. (f) Dinnocenzo, J. P.; Simpson, T. R.; (13) Schlesener, C. J.; Amatore, C.; Kochi, JJKPhys. Chenl986 90, 3747.
Zuilhof, H.; Todd, W. P.; Heinrich, TJ. Am. Chem. Soc1997 119 987. (14) Itis not essential to remove NM@ perform equilibrium measurements.
(9) Dinnocenzo, J. P.; Zuilhof, H.; Lieberman, D. R.; Simpson, T. R.; It is does, however, permit cation radical spectra to be measured without
McKechney, M. W.J. Am. Chem. S0d.997, 119, 994. interference by absorptions due to NMQ
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arylcyclopropanes we intended to measure by the redox equi- 0.06
librium method were estimated to be in the range-af5-2.0

V vs SCE. Thus, it was immediately clear that no single

reference compound could be used to measure all of the electron-

transfer equilibrium constants with the arylcyclopropanes since, 0.041
otherwise, extremely large concentration differences would be =)
required to achieve comparable absorptions of both the reference o
and cyclopropane cation radicals. This, in turn, would increase

the time necessary to achieve the redox equilibrium and result

in diminution of the cation radical absorptions due to various

decay pathways for the cation radicals (e.g., return electron-

r T T T
0 50 100 150 200
Time (nsec)

transfer processes or reaction with adventitious nucleophiles and/ 0.00 i i . .
or electron donor impurities). Thus, a range of reference 450 500 550 600 650 700
compounds whose oxidation potentials spanned this redox range Wavelength (nm)

were needed in order to construct a redox ladder. The choice _

of the reference compounds was dictated by several criteria. Ingure 1. Transient spectrum of NMQrecorded 100 ns after the laser
. . pulse in argon-saturated GEl,. Inset shows transient kinetic trace in

addition to spanning the above redox range, the referencejoyygen-saturated solution monitoring at 540 nm.

compounds should be readily available, they should form
relatively stable cation radicals, and the cation radicals should saturated ChCl, solution was next measured by transient
exhibit reasonably strong absorptions in the visible region of kinetics. The inset of Figure 1 shows a transient kinetic trace
the spectrum. It was also important that the cation radicals of monitoring at 540 nm, which shows that NM@acts nearly
adjacent pairs of reference compounds along the redox laddercompletely with @ within ~100 ns. Similar results were
absorb in different regions of the visible spectrum. Finally, the optained in CHCN.
differences in the oxidation potentials of adjacent pairs of Spectra for the cation radicals b6 were generated using
reference compounds needed to be reasonably sm@ll(V), the NMQ/PhCH photooxidant system for concentrations of the
for the reason cited above. Fortunately, we found that all of yeference compounds ranging from 0.005 to 0.05 M. Over this
these criteria could be met with appropriate combinations of cqncentration range, the growth of the cation radicals of the
alkyl-substituted benzenes and biphenyls. The oxidation poten-eference compounds was complete<iBO ns. Spectra were
tials of these compounds can be readily tuned over the potentialtypica”y recorded at=100 ns, however, to allow for decay of
range of interest by alkyl substitution and give rise to relatively NMQ-. The experimental spectra showed that the optical
stable cation radicals that conveniently absorb in different yensities for each of the cation radical absorptions at fheir
spectral regions (alkylbenzene cation radicals, 4500 nm; were invariant to the concentration of the neutral reference
biphenyl cation radicals, 676700 nm). In practice, we used  compound, except in the case®fin this case, the absorbance
the six reference compounds shown below, which are arrangedat 3. for 6t was~1.2 times greater at 0.005 M than at 0.05
in order of decreasing oxidation potential. M, in both CHCl, and CHCN. We attribute the lower
absorbance of™ at higher p] to formation of a small amount
of dimer cation radical, i.e.6,"™, which absorbs outside our
jg/ O O spectral regiort® Therefore, in this case, the spectrumésf
1 5 3 used for fitting equilibrium spectra was generated<&.005
M 6, where the dimer cation radical contribute2%. Fortu-
nately, for all redox equilibria involving, it was possible to
ﬂ work at [6] < 0.005 M, so intrusion b,"* was negligible in
our equilibrium experiment¥’. Direct evidence thab,** does
4 5 6 not interfere with oxidation potential measurements was derived
from electron-transfer equilibrium measurements \gitiwhere
Before measuring the absorption spectra for the cation radicalsthe equilibrium-derived difference in oxidation potentials be-
of the reference compounds, it was necessary to determine th@ween5 and 6 was found to be in excellent agreement with
lifetime of NMQ" in a dioxygen-saturated solution to ensure that determined electrochemically (vide infra).
that the spectrum of NMQwould not interfere with the cation The fact that optical densities of the reference cation generated
radical spectra. First, a spectrum of NM®as generated by  py the NMQ/PhCH photooxidant system were invariant with
adding benzyltrimethylsilane (0.05 M) to the above photooxidant ~gncentration of the neutral reference compounds (except, of
system in an argon-saturated &Hp solution. Under these  cqyrse, foB) demonstrates that-6 are effectively, irreversibly
conditions, PhCLBiMe; has been shown to react with PhgM oxidized by PhCH**. This conclusion is consistent with reported
to produce PhCSiMe; ™, which undergoes rapid fragmentation  gxidation potential data. For biphenyl)( the reference com-
(=50 ns) to form products that are optically transparent in the ound of highest oxidation potential, the difference in oxidation

visible region of the spectruAt. The absorption spectrum potential between PhGHind1 is ~0.4 V (~9 kcal/mol)!8 Thus,
recorded 50 ns after the laser pulse (Figure 1) shows a long-

lived species withlmax ~ 540 nm, in good agreement with the  (16) Badger, B.; Brocklehurst, Birans. Faraday Socl969 65, 2582.

i 15 ifati i ; _ (17) A 2% formation of a dimer cation radical would result in a 2% error in the
literature value for NMQ The lifetime of NMQ in dIOXygen determination oKe;, which corresponds to an error &XEq, of ~0.0005 V.

(18) Based on the oxidation potentials of toluene and biphenyl in refs 13 and
(15) Cozzens, R. F.; Gover, T. A. Phys. Chem197Q 74, 3003. 8a, respectively.
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0.20 Table 1. Oxidation Potentials Differences for 1—6 Determined
from Redox Equilibrium Experiments (AE,y) at 20 °C, Oxidation
Potentials for 1—6 (E¢Y) Based on AE, and Electrochemically
Determined Oxidation Potentials for 1—6 (Ee') in CH.Cl, and
0.154 ox
CH3CN
CH,Cl, CH;CN
8 0.10- compd  AEy (Eo); (AR Eqy (Eqr
a00 00 i 700 1 1,950(7) 1.96 1.953(6)
0.025(1) 0.048(3)
0.054 2 1.925(7) 192 1.905(5)
0.082(4) 0.061(2)
3 1.843(6) 1.85 1.844(4)
G 0.071(2) 0.091(1)
0.00 T T T 4 1.772(6) 1.78 1.753(4) 1.75
400 500 600 700 0.108(3) 0.083(3)
5 1.664(5) 1.66 1.670(2)
Wavelength (nm) 0.074(5) 0.090(2)
Figure 2. Spectra of durene cation radicalnex = 457 nm), 3,3- 6 1.590' 1.59 1.580 1.58
dimethylbiphenyl cation radicallfax = 700 nm), and the corresponding
equilibrium, electron-transfer spectra (gray lines) in,CH. Inset shows aOxidation potentials in V vs SCE; standard deviation in the last
one of the experimental spectra (gray line) and the best least-squares fit tosignificant digit in parenthese8Reference 8a Reference 224 Value
it according to eq 2 (thin black line). based on literature electrochemical data.

the equilibrium constant for electron transfer frarto PhCH™ M, since otherwise it competitively intercepts NMQ*, which
is >10° at 20°C, the temperature of the equilibrium measure- |5\ers the overall quantum for cation radical formation and thus
ments. The electron-transfer equilibrium constants for the other e total cation radical concentration. Consequently, a relatively
reference compounds with Ph@H will, of course, be even |5\ concentration of the low oxidation potential reference
greater. compound had to be used, which, in turn, resulted in longer
Redox equilibrium spectra were recorded for pairs of the gejay times to reach equilibrium. As the delay time after the
reference compounds at appropriate concentrations of the|aser pulse was lengthened, the equilibration time sometimes
neutrals (typically between 1 and 50 mM) so that the spectra pecame competitive with decay of the cation radical absorbances
of both cation radicals could be detectédThe approach t0  fom return electron transfer, which leads to a lower total cation
equilibrium was followed in each case by monitoring the ragical concentration at equilibrium. This process was easily

absorptions of the cation radicals at thaif.x, and delay times  getected experimentally and could be conveniently accounted
sufficient to reach equilibrium were thereby chosen. The results o quring fitting process by multiplying the right-hand side of

for compounds$ and4, which are typical, are shown in Figure eq 2 by a scaling factor during the fitting process, which
2. As can be seen, a clean isosbestic point is observed, aspiroduced a second adjustable parameter. Since absorption
expected for the simple electron-transfer equilibrium in eq 1. spectra were typically recorded ab00 wavelengths, even when
The equilibrium constant was determined by least-squares fitting 5 scaling factor is introduced the number of observations used

of the experimental spectra to eq*2where An; is the  for fitting greatly exceeds the number of fitted parameters.
absorbance of the equilibrium mixture _at wave_lengml,i and Equation 2 makes the conventional assumption that concen-
Aryi are the absorbances of the cation radicals of referenCetrations can be used in place of activity coefficients. Thus, the

compounds Rand R at wavelength, [R,] and [Ry] are the AEyx values derived from the redox equilibrium experiments

conﬁ%nFratlons of R an_lt_j Rz alllnd Ket IS thﬁ elecitron(;rans{ﬁr are strictly differences in formal potentials rather than standard
equilibrium constant. TypicallyKer was the only adjustable potentials. It is worth noting, however, that for the redox

parameter in eq 2 that needed to be fit. Fridgp the difference equilibrium conditions used in this work, the neglect of activity

in oxidation poter_1t|aIon(Rl) ~ Ea(Ry), was calculated from coefficients should be inconsequential because the ionic strength
the Nernst equation (eq 3). of the medium is particularly low (e.g., [NMQ¥ 4 x 104
Ky M) and because the activity coefficients of the species on both
R, +R," =R, +R, (1) sides of the equilibrium in eq 1 are expected to be quite similar.
Fitting of the four equilibrium spectra in Figure 2 gave an
KedR4l [R,] @) average value foKe of 0.059(7)?* The average value dfe
[Ry] + KR ARZ'i [R,] + KR4l from three independent experiments was 0.057(5). This value
of Ket corresponds téox(3) — Eox(4) = 0.071(2) V. Note that
AE,, = E(R) — Ei(Ry) = —(RTF) InK,,  (3) the error inAEo is small (2 mV) but typical of the high
precision that can be obtained by the redox equilibrium
When the difference in the oxidation potentials of the electron method’® The values of AE, for the remaining pairs of
donors is large{0.1 V), a relatively large concentration ratio reference compounds were obtained in a similar manner from
of the neutrals is required to attain comparable absorbances foran average of 35 independent experiments, with similarly
both cation radicals. In these cases, the concentrations of theexcellent results (see Supporting Information for equilibrium
high oxidation potential reference compound was kept05 spectra). A summary of th&E, values for compounds—6 is
given in Table 1.

Anj = ARl,i

(29) In principle,Ke can be determined even if the absorption of only one of
the cation radicals is detectable.
(20) Meisel, D.; Neta, PJ. Am. Chem. Sod.975 97, 5198. (21) The standard deviation in the last significant digit is given in parentheses.
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We next sought to compare the relative oxidation potentials Tab/e+ 2. +Absorlotion Maxima (Amax) and Extinction Coefficients (e)
derived from the redox equilibrium method to those obtained [or1"=6"" in CH:Cl> and CH3CN

electrochemically. Fortunately, the oxidation potentiald 66 Anax
have been all determined electrochemically in,CH by Gould cation radical CH,Cl, CH,CN e
and co-worker$2 For our later redox equilibrium experiments 1+ 670 667 14500
with arylcyclopropanes described below, we also sought absolute 2t 451 447 5300
oxidation potentials for the reference compounds. This latter 3 700 700 15000
o . 4+ 457 450 6100
objective requires that one of the reference compounds be used S 699 690 21000
as a redox anchor; we cho$ebecause its electrochemical 6" 490 488 5100

oxidation is well behaved (i.e., fully reversible) and because
we wanted to later make comparisons to data in@CW where

Eox(6) has recently been carefully determined (vide infra). Since Nature. This hypothesis is supported by the observation that
6 has the lowest oxidation potential of all of the reference solvent reorganization energies for return electron transfer from

compounds investigated, naturally, as one progresses up thdon radical pairs in Clgl_:N are greater for substituted benzenes
redox ladder, the errors in the derived oxidation potentials than for substituted biphenyts. o

increase due to the propagation of errora,,. Nonetheless, As noted above, the NMQ/PhGHphotooxidation system
the error in the oxidation potential df the highest compound generates the same concentration of catlgn rad!cals with each
studied in this work, is still only 0.007 V, reflecting the high laser pulse. Therefore, for each redox pair studied, spectra of

precision of the method. As shown in Table 1, the oxidation the reference cation radicals at the same concentration are
potentials determined by the redox equilibrium methB4cY gengrated._ Th_us, the s_,p_ectra can alsq be us_ed to determin_e the
are in excellent agreement with those derived electrochemically. "€1ative extinction coefficients of the cation radicals. The relative
Since electron-transfer reactiongarticularly photoinduced  €Xtinction coefficients could be combined with the previously
electron-transfer reactionsre commonly performed in polar ~ determined extinction coefficient df'* in CH;CN*to provide

- - e
solvents such as acetonitrile, we decided to also deterEffie reb?bszlfﬁ extllnc_tlon coefficients ﬁ]]:f_ 6 'nbgH%E[\l (see
for reference compound4—6 in CHs;CN. In addition to able 2). The relative extinction coefficients bf*—6** were

providing useful reference oxidation potential data, the high similarly determined in CbCl,. Since none of the cation radical

precision of the redox equilibrium method offered an opportunity €Xtinction coefficients are accurately known in &3, it was
to probe subtle solvation effects akEo values. The redox not possible to obtain their absolute extinction coefficients as

equilibrium experiments were carried out using the same in CH:CN. However, we observed that, when the reference

NMQ/PhCH; photooxidant system used above, exceptCM cation spectra were recorded using the same laser power, the
! o _Qte i H
was substituted for CiTl,. The results are summarized in aPsorbances df"~6" at theirimg, were lower in CHCN than

Table 1. in CH,ClI, by a constant amount, 0.82(2). This can be explained
by either a lower quantum yield for cation radical formation in
CH3CN or uniformly lower extinction coefficients fdrt*—6+*

in CH3CN. The former hypothesis is more reasonable and is
consistent with the expectation that return electron transfer
within the NMQ/PhCH;** geminate pair should be faster in
CHsCN. The return electron transfer is expected to lie in the
Marcus inverted regiot? therefore, the higher solvent reorga-
nization energy of CECN should lead to a greater rate constant
for return electron transféf,which in turn will lead to a lower
guantum yield for separated cation radicals. If the data are
interpreted in this manner, they require closely similar extinction
coefficients for1™—6% in both CHCN and CHCI,, since

aEstimated errors in the extinction coefficients are $%Reference 8a.

Interestingly, comparison of the oxidation potential differ-
ences in CHCI, vs CH;CN show a periodic alternation in the
relative magnitudes oAE,« along the redox ladder. While the
average differences are onk20—30 mV, they are well outside
the experimental errors of the equilibrium measurements. Some
insight into the origin of the fluctuations iNE.« can be obtained
from the oxidation potentials df—6 in CH,Cl, vs CHsCN. The
latter values, like the former ones, rest on the usé® efs a
redox anchor. The oxidation potential 6fin CH3CN has
recently been carefully measured by Amatore and co-workers
using fast scan cyclic voltammetry with ultramicroelectroéfes.
These workers also measurg(4) in CHyCN, and their value otherwise the ratios of absorbances iat.x would not be

agrees well with our estimate based on the valuAgfy from dtob Th L ffici
the redox equilibrium measurements (see Table 1). Comparablye)(p(_acte . to be constant. € extinction coel |C|ent§ are sum-
marized in Table 2, along withmax for the cation radicals in

reliable electrochemical estimatesky; for the other reference
both CHCIl, and CHCN.

compounds in CBCN are not available for comparison. C. Redox Eaquilibri ith Arvievel With th
A comparison of theEg] values in CHCl, and CHCN eq edox Equilibria with Arylcyc Opropanes. ith the
E.x values for references compounds-6 in hand, redox

shows that the oxidation potentials for the substituted benzenes—ox " i . .
(2, 4, and6) are lower in CHCN by 10-20 mV. In contrast equilibrium experiments were next carried out with arylcyclo-

the differences in the oxidation potentials of the biphengls ( pro.panes7—15. These cyglopropanes were studied bec?“.se of
3, and 5) are <4 mV between the two solvents and are their relevance to our previous wdérnd to address uncertainties

indistinguishable within experimental error. A plausible expla- ]|cn thedll_ter(z:atug o>_<|dat|c;]n pottlentlals. Experl_mentsc,j_w?re per-
nation for these results is that the differences in the cation radical'©"™med I HCl; since the cyclopropane cation radicals react

) . N ; .
solvation energies between @EN and CHCI, are greater for rapidly Wc'jt? CHﬁN' IThe optimum bchouée of refer_e_nce h
the benzene cation radicals than for the biphenyl cation radicals, €0mpound for each cyclopropane was based on maximizing the

One would expect a greater solvation energy difference for the spectral differences between their respective cation radicals and

benzene cation radicals because of their more charge-Iocalizecfn'n!m'_z'ng A.E"X .Of the neu_trals. Toselecta refr_erence compqund
of similar oxidation potential, the electrochemically determined

(22) Amatore, C.; Lefrou, CJ. Electroanal. Chem1992 325 239. oxidation potentials of the cyclopropanes were used as an
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Table 3. AEo for 7—15 and Reference Compounds 1—6 Determined from Redox Equilibrium Experiments in CHCl, at 20 °C, Oxidation
Potentials for 7—15 (EgY) Based on AE,y, and Electrochemically Determined Oxidation Potentials for 7—15 (£, and Ep;) in CH3CN

X

cyclopropane reference AEy, (ES)? (Ep)? (Ep)®
7 1 —0.032(2) 1.918(7) 2.03 184,194
8 1 —0.038(2) 1.912(7) 1.97 1.83,192.78,
2 —0.015(2) 1.910(7) 1.831.871, 2.34
9 3 +0.011(4) 1.854(7) 1.95, 210 1.70
10 4 +0.028(3) 1.800(7) 1.80 1.69
11 4 +0.024(4) 1.796(7) 1.79 1.67
12 4 +0.020(3) 1.792(7) 181 1.69, 1.71
13 5 —0.007(4) 1.657(6) 1.70 151
14 5 —0.043(7) 1.621(9) 1.75
15 5 —0.039(3) 1.625(6) 1.441.48, 1.51
6 +0.032(5) 1.622(5)

aEcreference, CkClp) + AEox; V vs SCE in CHCI,; standard deviation in the last significant digit in parenthe%&is work unless otherwise noted;
V vs SCE in CHCN; where necessary literature potentials were converted to SCE on the basis of corrections given ihRefé®nce 32 Reference
32b.¢Reference 32c.Reference 32 Reference 32€! Reference 32fi Reference 32g.Reference 32h.

0.20 potentials, AE.x for cyclopropanes8 and 15 were each
determined against two different reference compounds to obtain
two independent estimates &5 for each of the cyclopro-

0.151 panes. As the data in Table 3 show, the oxidation potentials
derived from different reference compounds are in excellent

al s allss agreement for both cyclopropanes.
2l Also shown in Table 3 are the oxidation potentials of the

cyclopropanes determined electrochemically by cyclic voltam-
0.054 metry in CHCN. Where available, anodic peak potentiddg) (
and half-peak potential€fy,) are provided. All of the electro-
chemical oxidations are irreversible, presumably due to rapid

0.00 . s a follow-up reactions of the cyclopropane cation radicals. As
500 600 700 discussed above, arylcyclopropane cation radig&ts 15 all
Wavelength, nm react with CHCN, which is why the redox equilibrium

Figure 3. Spectra of phenylcyclopropane cation radidal = 540 nm), measurements were made in £Hp. Since the electrochemical

bipheny! cation radicalig= 670 nm), and the corresponding equilibrium, ~ Potentials were all measured in @EN, however, we sought
electron-transfer spectra (gray lines) in £Hp. Inset shows one of the to test the effect of solvent oAEy measured by the redox

experimental spectra (gray line) and the best least-squares fit to it accordingequ”ibrium method. By making equilibrium measurements at
t 2 (thin black line). . L . . .
0 €q 2 (thin black line) relatively short times, we found that it was possible to determine

approximate guide, but sometimes the best reference compoundEox for phenylcyclopropanesj and biphenyl 1) in CH:CN.

had to be found by trial and error. The measured\Eo, was —0.054(2) V, which provide&5}(8)
= 1.899(6) V vs SCE in CECN. This value differs from that
m M Ph\ e Ph H determined in CHCl, by 0.012(9) V.ES)8) in CH,Cl, vs
/ / / \ >A< CH3CN is ca. one-half of that observed for the alkylbenzenes,
"o ™o oy M o P consistent with the greater degree of charge delocalization
expected for8".99 Since the other arylcyclopropane cation
Ph Me  Ph H Ph H Ph Me  Ph Me radicals should have a greater degree of charge delocalization
> ( ) ( ) { < > ( than 8,9 the oxidation potentials of the other arylcyclopro-
H ., H® H M H B H M Ph M panes in CHCl, and CHCN are expected to be even more

similar than for8.

Figure 3 shows data for the redox equilibrium established Several other aspects of the arylcyclopropane oxidation
between phenylcyclopropang)@nd biphenyl {). Good equi- potentials are worthy of comment. First, previous electrochemi-
librium behavior is evidenced by the clean isosbestic point at cal measurements suggested quite different effects of geminal
~590 nm. Fitting of the equilibrium spectra as described above vs vicinal diphenyl substitution o&.y. For example, electro-
provided a value foEq«(8) — Eox(1) of —0.038(2) V. Combining chemical data suggested that the oxidation potential of 1,1-
this with the oxidation potential df determined earlier provides  diphenylcyclopropane 7§ was similar to that ofcis-1,2-
Eox(8) = 1.912(7) V vs SCE. As discussed in the Introduction, diphenylcyclopropanel@) but substantially higher than for
literature values for the oxidation potential 8franged from trans-1,2-diphenylcyclopropanel) (cf. Ey» values in Table
1.72 to 2.34 V vs SCE. Thus, the redox equilibrium measure- 3). In contrast, the redox equilibrium measurements show that
ments have reduced the uncertainty in the oxidation potential the oxidation potential o¥ is nearly 0.3 V greater than those
of 8 by a factor of ~50! The oxidation potentials for the of both14and15. The lower oxidation potentials d4 and15
remainder of the cyclopropanes were determined in an analogousare consistent with the delocalized structures proposeti4for
manner (see Supporting Information for spectra). The results and 15** on the basis of the CIDNP experiments by Roth and
are listed in Table 3. To test the internal consistency of oxidation co-workers? It is clear that the electrochemical measurements,
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Figure 4. B3LYP/6-311G(d,p) calculated structures and selected bond lengths for cyclopropane cation radicals.

which previously suggested tha#é and 15 had significantly nearly the same difference iNAEq for 7/9 vs 8/13 as the

different oxidation potentials, are not supported by the equi- equilibrium oxidation potential measurements (0.19 V), the

librium oxidation potential measurements. AEy» values show no difference when recorded under the same
Similar to the results above, alkyl substitution at C2 also electrochemical conditions.

lowers the oxidation potential of phenylcyclopropanes. Thus,

the redox-equilibrium-derived oxidation potentialsa$- and Ph\ Ph\ 1/\46 Ph\ Ph\ l/VIe
trans-1-phenyl-2-methylcyclopropand l and 12) are 0.1+ / / \ / / \
0.12 V lower than that of phenylcyclopropar.(The effect Ph 7 Ph 9 Me H 8 H 13 Me
of 2-alkyl substitution orEoy is smaller than that of 2-phenyl _ —

AEq =—0.064(10) V AEy =-0.2549) V

substitution, suggesting that a methyl group is not as effective
as a phenyl group for cation radical stabilization. Note that the
oxidation potentials ofl1 and12 are indistinguishable within
experimental error. Thus, as with 1,2-diphenylcyclopropddes
and15, cis vs trans methyl substitution has no discernible effect
on Eoy.

The oxidation potential ofrans-1-phenyltert-butylcyclopro-

The origin of the differences iAEyy for 7/9 vs 8/13 can be
attributed to structural differences in the cation radicals,
especially betweefi* and13™. The structures of all four cation
radicals were computed using the B3LYP density functional
method, which is particularly well suited to cation radic#is.

; - Using a 6-311G(d,p) basis set, cation radicaisand8** are
pane {L0) is also noteworthy. One might have expected the more both predicted to have nearly equal-e22 and C+C3 bond

electron-releasintert-butyl group to caus&ox(10) < Eox(12), i )
whereas the equilibrium oxidation potential data suggest the !engths that are elongated relative to the neutral cyclopropanes;

opposite. We propose that this surprising result may be the result'l‘e" th?y hflvf. So'gig(f 2LIN (g"_'ot I%n?, gne n(illr_rgaNl) sttructﬁﬂres.
of steric inhibition of solvation of.0** (relative to12**) by the n contrast9™ an are predicted to have structures,

tert-butyl group. The similarity in oxidation potentials fa0 where the C+C2 bonds are significantly elongated relative to

I . A .
and12is also supported by electrochemical data (see Table 3),2;5?:';7[) 3n.d 89+.' .AS ?h‘?;’.vn ml Figure 4, ?:ong?]tlonmgi}he
albeit more tenuously. — ond in9™ is significantly greater than that i

Perhaps the most striking aspect of the arylcyclopropane (rer-co=2.24for9™ vs 1.97Afo_r13+'). For comparison, the
oxidation potential measurements relates to the effect of 2,2- ci!culategl. C_i—CZ bond lengths in the parent cation radicals
dimethyl substitution for 1-phenyl- vs 1,1-diphenylcyclopro- ' 2nd8 +.d|ﬁer by .<0'03 A. The large difference inoicz
panes. As illustrated below, redox equilibrium measurements between9™ and 13.+ can be ascribed to d|ﬁerent!al s.terlc
show that 2,2-dimethyl substitution lowers the oxidation po- effepts. As ghown In Figure 4, Fhe pheny! group1i8™ is
tential ca. 4 times less for 1,1-diphenylcyclopropane than for optimally quented for _overlap with the elongated €12 o
1-phenylcyclopropane. It is worth noting that, here, the elec- bond. In this conformation, the phenyl group at C1 and the syn-

trochemical data (Table 3) are ambiguous. WhiE, data show methyl group at C2 do not sterically interfere to a significant
extent. For9**, however, neither phenyl group is optimally

(23) (a) Roth, H. D.; Schilling, M. L. MJ. Am. Chem. Sod.98Q 102 7956.
(b) Roth, H. D.; Schilling, M. L. M.J. Am. Chem. S0d.981, 103 7210. (24) Bally, T.; Borden, W. TRev. Comput. Chem1999 13, 1.
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Table 4. Absorption Maxima (Amax) and Extinction Coefficients (¢)
for Arylcyclopropane Cation Radicals 77*—15%* in CH,Cl,.

cation radical Amax el

7t 510 6700
8t 540 8300
gt 615 4500

515 6300
10+ 550 11000
11t 560 7300
12+ 545 9200
13+ 540 5000
14+ 675 5700

480 19000
15* 700 11000

430 23000

aEstimated errors in the extinction coefficients are 10%.

oriented foro—s overlap with the elongated bond. Eclipsing

interactions between ortho ring protons of the two phenyl groups

in 9t presumably prevent either ring from achieving the

coplanar conformation that would maximiaze-zr overlap. The

gearing of the phenyl rings i®™ results in a nonbonded

interaction between one of the phenyl rings and the syn-methyl

group at C2, which is presumably relieved by elongation of the

C1-C2 bond. This additional lengthening of the-©€T2 bond

in 9™ raises the energy of the cation radical relative to a hypo-

thetical structure of shorter bond length (more similai 8*)

in which the steric interaction is absent. The increase in the en-

ergy of 9™ results in a higher oxidation potential fdand there-

by decreases the oxidation potential difference betweand

9, consistent with the observed equilibrium oxidation potentials.
Finally, the absorption maxima and extinction coefficients

for arylcyclopropane cation radical$*—15" are given in Table

4. Although the data show that bothaxande can be influenced

by alkyl and phenyl substitution, a detailed interpretation of the

data must await further study into the detailed nature of cation

radical electronic transitions, similar to that recently carried out

for 825

Summary

A general, nanosecond redox equilibrium method has been
developed for determining accurate oxidations potentials in
organic solvents for compounds that form short-lived cation
radicals. Furthermore, the method can readily provide oxidation
potentials with a precision a£10 mV. The equilibrium method

has been successfully tested using a series of substituted

arylcyclopropanes, whose oxidation potentials were imprecisely
known previously. The generality of the redox equilibrium
methodology should permit similarly accurate oxidation poten-
tials to be measured for a variety of other substrates.

Experimental Section

Materials. Methylene chloride was distilled from,©s under
nitrogen. Acetonitrile was purified by passing the solvent over a bed
of activated alumin& Reference compounds-6 were purchased in
the highest available purity and recrystallized several times before use
(solids) or were fractionally distilled (liquids). Cyclopropangsl10,

14, and 15 were prepared by literature methddsThe remainder of
the cyclopropanes were obtained as described previdusly.

(25) Dinnocenzo, J. P.; MerthaM.; Roos, B. O.; Shaik, S.; Zuilhof, Hl.
Phys. Chem. A998 102 8979.

(26) (a) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.;
Timmers, F. JOrganometallicsl996 15, 1518. (b) Alaimo, P. J.; Peters,
D. W.; Arnold, J.; Bergman, R. Gl. Chem. Educ2001, 78, 64.

Nanosecond ApparatusA modified version of the nanosecond laser
flash apparatus previously descriBedias used. Excitations (343 nm;
1-3 mJ/pulse; 7 ns pulses) were performed using a XeCl excimer-
pumped dye laser containipgterphenyl. A home-built xenon flashlamp
system equipped with a Perkin-Elmer FX-193 flashlamp was used to
generate analyzing light. A portion of the analyzing light was focused
into the end of a fiber optic cable and, in turn, onto the entrance slit of
a Acton Research SpectrPro-275 monochromator equipped with an Oriel
Instaspec V gated, intensified CCD.

Equilibrium Measurements. N-Methylquinolinium hexafluoro-
phosphat& solutions (OD~ 0.5 at 343 nm) containn1 M toluene
were prepared in methylene chloride or acetonitrile. Experiments were
conducted in quartz cuvettes equipped with high-vacuum stopcocks
that carried serum caps. Solvent-saturated dioxygen was bubbled
through the solutions for 2015 min before equilibrium measurements
were made. Initially, separate solutions were prepared with each of
the equilibrium components in order to record the spectra of their
corresponding cation radicals. Increasing concentrations of the second
component were then added to one of the cuvettes from a dioxygen-
saturated stock solution via a calibrated gastight syringe equipped with
a 6-in. 22-gauge fixed needle. All equilibrium measurements were made
at 20°C. In general, equilibrium measurements were made 100 ns after
the laser pulse. At the end of each equilibrium experiment, the spectrum
of the sample containing the single equilibrium component was re-
recorded to ensure that the laser power had not changed during the
course of the experiment. Equilibrium spectra were fit to eqs 2 and 3
with Igor Pro (version 4.07; Wavemetrics, Inc.). The oxidation potential
differences given in Tables 1 and 3 are averages—5 Bdependent
determinations fol—6 and 1-3 determinations fo7—15.

Cyclic Voltammetry. Oxidation potentials were measured at room
temperature using a BAS-100B/W Electrochemical Workstation using
a three-electrode cyclic voltammetry cell. The cell was outfitted with
a 1.5-mm-diameter platinum disk working electrode, a platinum gauze
auxiliary electrode, and a silver wire reference electrode. All potentials
were referenced to internal ferrocene (0.39 V vs S€Bolutions
containing~5 mM cyclopropane{—13) and 0.1 M tetraa-butylam-
monium hexafluorophosphate as the supporting electrolyte were
prepared in dry acetonitrile under a nitrogen atmosphere. Samples were
analyzed using a scan rate of 150 mV/s. At this scan rate, all samples
showed irreversible oxidation waves.

(27) (a)7: Jorgenson, M. J.; Thacher, A. Brg. Synth.1968 48, 75. (b)10:
Casey, C. P.; Polichnowski, S. W.; Shusterman, A. J.; Jones, C.ARn.
Chem. Soc1979 101, 7282. (c)14, 15. Yang, Z.; Lorenz, J. C.; Shi, Y.
Tetrahedron Lett1998 39, 8621.

(28) Shukla, D.; Liu, G.; Dinnocenzo, J. P.; Farid,GGan. J. Chem2003 81,
744.

(29) GagreR. R.; Koval, C. A,; Lisensky, G. Gnorg. Chem198Q 19, 2854.

(30) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.

A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K. N,;

Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;

Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,

Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa,

J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.;

Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo,

J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R,;

Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A ;

Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,

A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.;

Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.;

Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,

P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;

Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,

B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. Baussian 03

Revision B.3; Gaussian, Inc.: Pittsburgh, PA, 2003.

(31) Larson, R. C.; lwamoto, R. T.; Adams, R. Anal. Chim. Actal961, 25,

371.

(32) (a) Takahashi, Y.; Ohaku, H.; Nishioka, N.; Ikeda, H.; Miyashi, T.; Gormin,

D. A,; Hilinski, E. F.J. Chem. Soc., Perkin Trans1297, 303. (b) Mizuno,

K.; Ogawa, J.; Otsuji, YChem. Lett1981, 741. (c) Somich, C.; Mazzocchi,
P. H.; Edwards, M.; Morgan, T.; Ammon, H. . Org. Chem199Q 55,
2624. (d) Shono, T.; Matsumura, ¥. Org. Chem.197Q 35, 4157. (e)
Wang, Y.; Tanko, J. MJ. Am. Chem. S0d.997 119, 8201. (f) Nishida,
S.; Murakami, M.; Oda, H.; Tsuji, T.; Mizuno, T.; Matsubara, M.; Kikai,
N. J. Org. Chem.1989 54, 3859. (g) Wang, P. C.; Arnold, D. R.
Tetrahedron Lett1979 2101. (h) Mizuno, K.; Ichinose, N.; Otsuji, Y.
Org. Chem.1992 57, 1855.
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Calculations. Density functional calculations were performed with ~ Organization for Scientific Research (NWO) for a postdoctoral
the Gaussian 03 series of prograifisAll geometries were fully Talent-stipendium.
optimized using a 6-311G(d,p) basis set, and all optimized species were
determined to be minima by frequency calculations. Supporting Information Available: SiX'[eeI’l fIgureS Of I’ep-

. resentative equilibrium electron-transfer spectralfed s, and
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