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Abstract: The oxidation and reduction potentials of a variety of carbon-centered radicals have been measured by a technique 
that makes use of modulated photolysis for radical generation and phase-sensitive voltammetry for their detection. The measured 
half-wave potentials were close to the thermodynamically significant E0 values for the arylmethyl radicals and led to estimates 
of pATa(RH) and pATR(ROH) as well as data for the solvation energies of these ions and radicals. 

The electron donor and acceptor properties of a molecule in 
the gas phase are characterized by the ionization potential, IP,2 

and electron affinity, EA.3 However, these properties are not 
directly relevant to the liquid phase where solvation of ions becomes 
important. In fact, the solution analogues of the ionization po­
tential and electron affinity of a molecule are the electrochemical 
oxidation and reduction potentials4 which, for the vast majority 
of persistent molecules, are easily measured by standard tech­
niques. 

Transient species such as free radicals in solution are beyond 
the scope of conventional electrochemistry since they cannot be 
sustained, over long periods of time, at concentrations high enough 
for routine measurements. Nevertheless, information on the 
electrochemical properties of free radicals is highly desirable, since 
these species participate in a plethora of electron-transfer reactions. 

In response to the problem, a number of attempts have been 
made to develop methods that can accomodate short-lived free 
radicals. For example, relatively high concentrations of free 
radicals have been generated by pulse radiolysis in the presence 
of electron acceptor molecules that had well-defined reduction 
potentials.5,6 The success or failure of electron transfer between 
a radical and an acceptor gave a rough indication of the radical 
oxidation potential. By selecting a series of acceptor molecules 
with different reduction potentials, it became possible to "bracket" 
the oxidation potential for the radical.5,6 

Pulse radiolysis has also been used with direct polarographic 
detection of the radicals formed.7 However, the technique has 
been largely restricted to water as solvent which reacts rapidly 
with most ions formed on reduction or oxidation of free radicals.73 

This means that the measured potentials reflect irreversible 
processes and may therefore be of limited thermodynamic sig­
nificance.73 

Aprotic solvents allow an alternative approach since they provide 
a medium in which solutions of some organic ions can be prepared. 
These are then either oxidized or reduced to the corresponding 
free radical.8"11 However, the method has several drawbacks. 
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First, solutions of this kind are difficult to characterize un­
equivocally. Second, the ions are sometimes adsorbed onto 
electrode surfaces so that desorption becomes a complicating factor 
in the interpretation of the electrochemical data; and third, the 
number of organic ions, especially carbocations, that are amenable 
to this approach is quite limited. 

We have developed a method for measuring the reduction and 
oxidation potentials of free radicals in aprotic solvents that uses 
the radical itself as the electroactive species.12 In this approach, 
radicals were generated by modulated photolysis13 and monitored 
electrochemically with phase-sensitive detection which enhanced 
instrumental sensitivity by several orders of magnitude.13-15 

We have now used the technique to measure the half-wave 
potentials, El/2< for the oxidations and reductions of 19 organic 
radicals. Analysis of the data suggests that E^1 values for the 
radicals, R-, are generally within 100 mV of the standard po­
tentials, E", for their oxidations and reductions. These values can 
therefore be used to calculate a variety of useful thermodynamic 
properties including p#a(RH), pATR(ROH), and solvation free 
energies for the corresponding carbocations and carbanions. 

Experimental Section 

Materials. Acetonitrile was stirred for 24 h over KMnO4, filtered 
through Celite and distilled. The distillate was stirred over CaH2 for 12 
h and fractionally distilled under 1 atm of nitrogen. The purified ace­
tonitrile was stored over 3A molecular sieves. Tetrabutylammonium 
perchlorate (TBAP, Eastman) was recrystallized three times from 10% 
hexane in ethyl acetate. The crystals were dried in a vacuum oven (40 
0C, 10 Torr) and were stored in a desiccator. Di-<er;-butyl peroxide 
(DTBP, Aldrich) was passed through a column of activated alumina 
before use. With the exceptions listed below, all other chemicals were 
commercially available and used as received. 

1,1-Diphenylethane was synthesized according to the method of Olah 
and Prakash.16 

A^TV-Dimethylaniline was fractionally distilled from KOH and stored 
under an atmosphere of nitrogen. 

Instrumentation. A block diagram of the instrument used in this work 
is shown in Figure 1. Radicals were generated in the electrochemical 
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Table I. Electrochemical Properties of Free Radicals"' 

radical 

PhCH2 

PhCHCH3 

PhC(CH3)2 
Ph2CH 
Ph2CCH3 

9-fluorenyl 
(CH3)3C 
CH3OCH2 

CH3CH2OCHCH3 

(CH3)2CHOC(CH3)2 

CH2CH2CH2CHO 

CH2CH2OCH2CHO 
l,3-dioxolan-2-yl 
l,3-dioxolan-4-yl 
l,3,5-trioxan-2-yl 
(CH3)2NCH2 

(CH3CH2)2NCHCH3 

(PhCH2)2NCHPh 
PhN(CH3)CH2 

method' 

1, 2 
2 
2 
1, 2 
2 
2 
1 
2 
2 
2 

2 

2 
2 
2 
2 
2 
2 
2 
2 

p ox 
^ 1 / 2 

(V vs SCE) 

0.73 
0.37 
0.16 
0.35 [0.33s] 
0.23 
0.76 
0.09 

-0.24 
-0.45 
-0.10 

-0.35 [-0.8-0 

-0.08 [-0.8/-0.12«] 
0.31h 

-0.34h 

0.20 
-1.03 [-1.20 
-1.12 
-0.92 
-0.85 

a* 

0.36 
0.32 
0.39 
0.60 
0.37 
0.33 
0.28 
0.20 
0.21 
0.32 

0.34 

0.26 
0.60 
0.25 
0.27 
0.54 
0.60 
0.42 
0.30 

F red £ l / 2 
(V VS SCE) 

-1.45 [-1.43,'-1.3O 
-1.60 
-1.73 
-1.14 [-1.16,'-1.13*] 
-1.34 [-1.42*] 
-0.76 [-0.68/ -0.85m] 
n [-2.00,° -2.54*] 
(-1.3) 
(-1.2) 
-0.79 

(-1.0) 

(-1.0) [-1.28*] 
(-1.2) 
(-1.2) 
(-1.1) 
(-2.0) 
(-2.0) 
-1.79 
-2.03 

ad 

0.54 
0.49 
0.54 
0.60 
0.30 
0.41 
1 
<? 
<7 
0.39 

<? 

<? 
q 
Q 

<? 
<? 
9 
0.68 
0.22 

"In acetonitrile, 0.10 M TBAP, gold minigrid. 4AIl values ±50 mV average of at least three determinations; literature values in square brackets. 
Values in parentheses are less reliable. cMethod 1: eq 1. Method 2: eq 2 and 3. dCalculated from eq 4 and 6 (see text). eReduction of cation, 
CH2Cl2, 0.1 M TBAP (ref 19). •''Pulse radiolysis/polarography oxidation of radical; H2O, 0.35 M Na2SO4; pH 11 (ref 7a). «Pulse radiolysis/po-
larography; H2O, 0.35 M Na2SO4; pH 3 (ref 7a). *Values assigned by comparison to THF derived radical and l,3,5-trioxan-2-yl. 'Oxidation of 
anion; THF/HMPA (4:1), 0.1 M TBAP, -62 0C (ref 1 Ie). -1PuISe radiolysis/polarography; H2O, 0.35 M Na2SO4 (ref 7a). ^Oxidation of anion; 
DME, 0.10 M TBAP (ref 9b). 'Oxidation of anion; DMSO, 0.1 M TEAP (ref 10). "Oxidation of anion; DMSO, 0.1 M TBAP (ref 8a). "No 
definitive reduction wave was observed (see text). "Reduction of radical; DMF, 0.1 M TMAP (ref 20). ''Reduction of radical; CH3CN, 1.0 M 
TBAP (ref 11). "Broad waves, a < 0.2. 

RECORDER 

Figure 1. Block diagram of the instrument: C, light chopper; POT, 
potentiostat; PSD, phase sensitive detector (lock-in amplifier). 

cell by photolysis of appropriate precursors (vide infra) with use of a 1000 
W Hg/Xe arc lamp (Oriel Corp.). The output from the lamp was 
modulated with a light chopper (EG and G Model 9479) that was fitted 
with a specially designed iris so that the light intensity at the sample rose 
and fell as a sine wave. 

The electrochemical cell was controlled with a PAR Model 174A 
polarographic analyzer equipped with a Model 174/50 AC interface that 
contained the positive feedback loop for iR compensation. In a typical 
experiment, potential was slowly scanned (10 mV/s) and the ac com­
ponent of the output was measured with an Ithaco Model 391A lock-in 
amplifier. A plot of the ac current versus the potential gave a voltam-
mogram of the photogenerated free radical (Figure 2). 

The electrochemical cell, constructed from Teflon, had a volume of 
500 ML. The working electrode (gold minigrid, 400 wires/cm, 50% 
transmittance, available from Buckby-Mears, Minneapolis, MN) was 
held in place between two quartz plates. The exterior plate served as a 
window for the photolyzing beam and a 0.5-cm hole cut into the center 
of the inner window allowed contact between the electrode and the so­
lution. Electrical contact to the gold minigrid was made with a ring 
constructed from platinum foil which was designed so that the platinum 
was not in contact with the solution. The counterelectrode was a plati­
num coil located in the exit tube so that products formed at the coun­
terelectrode did not interfere with the measurements. Contact between 
the reference electrode (aqueous saturated calomel electrode, SCE), and 
the solution was made through a luggin capillary. The cell was held 
together by compression with seals between the Teflon and the quartz 

being made with neoprene O-rings. 
The electrochemical cell was iR compensated by using the method 

described by Evans.17 Under these conditions the capacitive charging 
time was typically on the order of 300-500 us. All measurements were 
made in acetonitrile containing 0.1 M TBAP as supporting electrolyte. 
Samples were allowed to flow slowly through the cell (2-3 mL/min) so 
as to avoid problems associated with sample depletion and/or product 
accumulation. 

Results and Discussion 
Our approach to the measurement of the oxidation and re­

duction potentials of free radicals is similar to that used in ex­
periments where radicals were generated by modulated photolysis 
and were detected optically.13 Modulated photolysis causes the 
radical concentration to oscillate at a fixed frequency. As a 
consequence the signal from the detection system, be it optical 
or electrochemical, contains a small oscillating component due 
to the free radical. This can be separated from other contributions 
by the use of a phase-sensitive detector which only detects signals 
that oscillate at the modulation frequency. Driving an experiment 
at a fixed frequency coupled with phase-sensitive detection can 
lead to enhancement in signal to noise of several orders of mag­
nitude, and in this instance it allowed the detection of free radicals 
under conditions where their average concentration was ca. 
10"7-10"8 M and the average lifetime ca. 10"3 s. However, in 
practice these systems are slightly more complicated than this 
simple analysis would suggest. 

The modulated photolysis of precursors has the effect of 
modulating the concentrations of the starting materials, radicals, 
and products, whose signals will all contribute to the ac signal 
obtained. The signals from the starting materials and products 
can be separated from those of the radicals in two ways: first, 
by monitoring the radicals in regions where the starting materials 
and products do not give strong signals, or second, by the use of 
phase relationships to separate the signals of interest.13 In this 
work, we have relied on the former method, since in most cases 
the starting materials were more difficult to oxidize and reduce 
than the radicals. Furthermore, the phase relationships in the 
electrochemical experiment are further complicated by the fact 
that the electrode itself has a characteristic response time that 

(17) Whitson, P. E.; Van den Born, H. W.; Evans, D. H. Anal. Chem. 
1973, 45, 1298. 
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Figure 2. Voltammogram of the diphenylmethyl radical obtained from 
the photolysis of 1,1,3,3-tetraphenylacetone (5 X 10"3 M) in acetonitrile 
(0.1 M TBAP). 

may cause phase shifts above and beyond those due to the simple 
kinetic constraints of the system.18 

The electrochemical oxidation and reduction potentials of a 
variety of carbon-centered radicals were measured by using this 
modulation approach and are reported in Table I. In general, 
two methods were used to generate the radicals: photodecom-
position of a ketone (method 1: eq 1) and photolysis of di-tert-
butyl peroxide (DTBP) followed by hydrogen atom abstraction 
(method 2: eq 2 and 3). 

RC(O)R - ^ 2R- + CO (1) 

r-BuOOBu-r - ^ * 2f-BuO# (2) 

f-BuO* + RH — R' + J-BuOH (3) 

In those cases when it was possible to generate the transient 
radical by both methods, the measured half-wave potentials were 
within 50 mV. Furthermore, the half-wave potentials were not 
dependent on the phase setting for the lock-in amplifier (i.e., 
in-phase or quadrature) nor were they dependent on the modu­
lation frequency over the range used in the experiments (29 to 
200 Hz). Consequently, most of the measurements were made 
under conditions that gave optimal signal-to-noise ratios in the 
voltammograms, i.e., 53-Hz modulation frequency and detection 
of the quadrature component of the signal. 

Providing the composition of the diffusion layer at the electrode 
is constant, voltammograms can be analyzed with eq 4.21 In this 
equation, E is the applied potential, E^2 is the half-wave potential, 

E = El/2+C\og{{ilim-i)/i) (4) 

i is the current, !'iim is the limiting current, and C is a constant. 
In situations where the electrochemical process is rapidly reversible, 
E1/2 is equal to E°, the standard potential for the reaction, and 
C is described by eq 5, where n is the number of electrons 
transferred. Under these conditions, C has a value of 59 mV at 
298 K. 

C = 2.303RT/nF (5) 

Deviations from these ideal conditions are not uncommon and 
analyses of the voltammograms often yield values of C that are 

(18) Parker, V. D. Adv. Phys. Org. Chem. 1983, 19, 131. 
(19) Arnold, D. R., unpublished results. 
(20) Vieira, K. L.; Peters, D. G. J. Org. Chem. 1986, Sl, 1231. 
(21) Hammerich, 0.; Svensmark, B.; Parker, V. D. In Organic Electro­

chemistry; Baizer, M. M., Lund, H., Eds.; Marcel Dekker: New York, 1983; 
pp 77-150. 

greater than 59 mV. Under these circumstances C is better defined 
by eq 6.21 In this equation a is the "transfer coefficient" and has 

C=2.l\0RT/nFa (6) 

a value between 0 and 1. Small values of a are thought to be 
indicative of large differences in the equilibrium configurations 
of the oxidized and reduced forms of the electroactive species in 
their solvation spheres.72 

The voltammograms obtained in this work were analyzed by 
the use of eq 4 and 6 and led to values of a that were generally 
in the range 0.2-0.6 (Table I). This immediately indicated that 
the systems under investigation were not strictly reversible and 
therefore that the measured values of E1 j2 were not necessarily 
equal to standard potentials E° for the electrochemical reactions. 
This situation is frequently encountered in voltammetric mea­
surements and stems from two basic causes. First, E{/2 may be 
displaced due to a slow heterogeneous electron-transfer step and, 
second, the entire oxidation or reduction wave may be distorted 
because the reaction product undergoes a chemical reaction that 
rapidly depletes its concentration at the electrode. In our ex­
periments, the situation was further complicated by the fact that 
the radicals were generated by photolysis through the gold minigrid 
electrode so that the radical concentration near the electrode was 
probably not homogeneous.22 Despite these envisaged problems, 
it was possible to estimate the extent to which the measured values 
of El/2 deviated from the thermodynamically significant values 
of E0. 

The most reliable estimates of E° are obtained when the 
electrochemical reaction of interest can be investigated in both 
directions. In the present context, this would mean carrying out 
one experiment with the free radical as the electroactive species 
and a second with the corresponding ion as the starting material. 
The value of E" would necessarily fall between the halfwave 
potentials measured for the two reactions. 

In several cases such comparisons are indeed possible since data 
exist for the oxidation potentials of a number of organic anions 
that corresponded to radicals investigated in this work. The data 
are given in Table I and show that the measured potentials for 
the opposing reactions were extremely close, irrespective of the 
solvent used (vide infra), and that the experimental values of E1/2 

were within 100 mV of E°. We assume that this will also be true 
for all of the values of E^2 measured in these experiments. 

The data in Table I for the simple arylmethyl radicals show 
that successive replacement of hydrogen by either methyl or phenyl 
groups reduces the oxidation potentials. In fact, the contribution 
due to a single methyl or phenyl group is about the same and is 
roughly -300 mV (ca. -8 kcal mol-1). Presumably, both of these 
groups preferentially stabilize the carbocations that are the ox­
idation products. Interestingly, methyl and phenyl groups have 
opposite effects on the reduction potentials, the contributions being 
-150 mV (CH3) and 300 mV (Ph). Indeed, it is possible to begin 
with the electrochemical data for the benzyl radical and to cal­
culate the properties for all of the other arylmethyl radicals by 
treating these incremental effects as "group contributions". 

The same approach can be used to calculate the oxidation and 
reduction potentials for the tert-butyl radical giving £ = 0.13 and 
-2.2 V. The calculated value for the oxidation potential is in 
excellent agreement with that observed experimentally (Table I). 
However, we were not able to measure the reduction potential 
with any degree of confidence. A broad reduction wave was 
observed just below -2 V, but the voltammogram was badly 
affected by contributions from the reduction of di-/ert-butyl ketone 
which was used as the radical precursor. Nevertheless the cal­
culated value for the reduction is actually quite consistent with 
measurements or estimates obtained by other experimental 
techniques.11,20 

The oxidation potentials for the a-aminoalkyl radicals are 
substantially lower than those of the arylmethyl radicals. For 
example, that for (CH3J2NCH2 is 1.7 eV less than the oxidation 
potential for the benzyl radical. This enormous reduction in the 

(22) Birk, J. R.; Perone, S. P. Anal. Chem. 1968, 40, 496. 
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oxidation potential of a-aminoalkyl radicals has been attributed23 

to the existence of a three-electron interaction in the radical in 
which two of the electrons lie in a bonding orbital while the third 
is placed in a high-energy antibonding orbital and is therefore more 
easily removed. The same effect is seen in the gas-phase ionization 
potentials of these radicals which are 1-2 eV lower than those 
for simple alkyl radicals.23 These properties make a-aminoalkyl 
radicals excellent reducing agents as has often been observed in 
their solution chemistry.24,25 

The oxidation potential of (CH3CH2)2NCHCH3 has been 
estimated by Marcus theory to be -1.6 to -1.7 V from the rate 
of its electron transfer to substituted benzophenones which had 
reduction potentials between -1.4 and -1.8 V in aqueous aceto-
nitrile.25 By contrast, our measured value of -1.12 V implies that 
the reaction is endothermic for all of the benzophenones and 
therefore should not have been rapid. However, the benzophenone 
reductions were only efficient when carried out in the presence 
of 0.02 M sodium hydroxide. It is therefore likely that hydroxide 
ion drove the reactions forward by reacting with the incipient 
iminium ion. A similar involvement of hydroxyl has been observed 
in the oxidation of l,4-dioxan-2-yl radicals where the potential 
was pH dependent.73 Moreover, the applicability of Marcus theory 
under such conditions has recently been questioned.26 We believe 
that these factors explain the poor agreement between our own 
data and those reported previously.25 

Radicals derived from ethers, i.e., those with an a-oxygen atom, 
had oxidation potentials that were intermediate between those of 
the arylmethyl and a-aminoalkyl radicals. Indeed, the same order 
has also been observed for the gas-phase ionization potentials of 
these radicals.23,27 The effect can again be rationalized in terms 
of the properties of the three-electron bond and implies that the 
interaction between the oxygen lone pair electrons and that in the 
singly occupied orbital is smaller than that found for nitrogen. 
As a consequence, the energy of the electron in the antibonding 
orbital is not as high as is found in a-aminoalkyl radicals and hence 
the electron is more difficult to remove. 

In those alkyl radicals containing an a-nitrogen or oxygen, 
substitution of a single methyl group at the a-carbon led to de­
creases in the oxidation potentials as was observed for the aryl­
methyl radicals. However, the effect was attenuated for the 
heteroatom containing radicals and was only ca. 0.2 eV for the 
a-alkoxyalkyl radicals and 0.1 eV for the a-aminoalkyls. 

Clearly, the group increments that were observed for the 
arylmethyl radicals are inapplicable in these cases. Furthermore, 
the oxidation potential of the radical derived from diisopropyl 
ether, which contains two a-methyl groups, was actually higher 
by 0.35 eV than that found for CH3CH2OCHCH3. In addition, 
its reduction potential was lowered by a similar amount. These 
observations suggest that this congested radical adopts a con­
formation that inhibits the overlap of the unpaired electron with 
the p-type lone pair on oxygen thus lowering the energy of the 
singly occupied antibonding orbital. 

The situation was even more complex in instances where the 
radical center had two adjacent oxygen atoms. For example, the 
oxidation potential of l,3,5-trioxan-2-yl was 0.4 eV higher than 
for CH3OCH2. It has been shown in EPR experiments that the 
introduction of a second oxygen into a-alkoxyalkyl radicals dra­
matically changes their structure.28 The electronegativity of the 
substituents becomes more important than the three-electron 
interaction and causes the radical center to become pyramidal.28 

Thermochemistry. The oxidation and reduction potentials of 
free radicals can be used in thermochemical cycles to calculate 

(23) Burkey, T. J.; Castelhano, A. L.; Griller, D.; Lossing, F. P. J. Am. 
Chem.Soc. 1983, /05,4701. 

(24) (a) DeLawe, P. J.; Lee, J. T.; Sprintschnik, H. W.; Abruna, H.; 
Meyer, T. J.; Whitten, D. G. J. Am. Chem. Soc. 1977, 99, 7094. (b) 
Chandrasekaran, K.; Whitten, D. G. Ibid. 1980, 102, 5119. 

(25) Bhattacharyya, K.; Das, P. K. J. Phys. Chem. 1986, 90, 3987. 
(26) Caronna, T.; Morrocchi, S.; Vittimberga, B. M. J. Am. Chem. Soc. 

1986, 108, 2205. 
(27) Lossing, F. P. J. Am. Chem. Soc. 1977, 99, 7526. 
(28) Dobbs, A. J.; Gilbert, B. C; Norman, R. O. C. J. Chem. Soc. A 1971, 

124. 
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Table II. Acidities of Carbon Acids in Acetonitrile and DMSO0 

RH P̂ a(RH)CH3CN* pA-a(RH)DMS0 ApJ, 
PhCH3 51.2 41,c42c 9.2 
PhCH2CH3 51.5 
PhCH(CH3)2 52.9 
Ph2CH2 43.1 32.2^ 10.9 
Ph2CHCH3 44.2 
Fluorene 33.8 22.6 11.2 

Jptfa(RH) = 0.728 AG°_H+(RH) at 298 K. 'Calculated from eq 
7-12; the uncertainty is estimated to be ±4 pK3 units. All bond ener­
gies from ref 31. 'Extrapolated value (ref 36). ''Reference 37. 

thermodynamic properties of ions and molecules." For example, 
a simple cycle can be defined to evaluate the free energy for 
deprotonation of an acid RH, AG°_H+(RH) (eq 7-12), where 

RH(sol) — R'(sol) + H'(sol) AG°BDE(RH) (7) 

R-(sol) — R-(sol) -FE° (8) 

H-(sol) - y2H2(g) -A(7r
8(H-) (9) 

1AH2Cg) - H+(aq) NHE (10) 

H+(aq) — H+(SoI) AG°tr(H+) (11) 

RH(sol) — R-(sol) + H+(SOl) AG°_H
+(RH) (12) 

AG°tr(H+) is the free energy associated with the transfer of a 
proton from water to the solvent of interest (in this case aceto­
nitrile) and sol, aq, and g correspond to a species in the solvent, 
water, and the gas phase, respectively. 

In applying this cycle, we have made three assumptions. First, 
we have assumed that the bond dissociation free energy can be 
represented by the bond dissociation enthalpy plus a contribution 
of -8 kcal mol"1 that derives from the entropy of formation of 
the hydrogen atom at 300 K.29 This assumption is based on the 
general observation that hydrocarbons (RH) and their corre­
sponding radicals, R*, differ in entropy by ca. 2 eu, which makes 
a negligible contribution in the present context. The second 
assumption is that BDE(R-H) are the same in solution as in the 
gas phase. This has been discussed in detail elsewhere30 and is 
thoroughly supported by the excellent agreement between bond 
dissociation enthalpies that have been determined in solution and 
their gas-phase counterparts.30 The third assumption is that the 
measured values of .E1 ̂ 2 are essentially equal to the thermody-
namically significant E° values. For the purposes of this cycle 
both E1J2 and E0 are defined with respect to the normal hydrogen 
electrode (NHE) which has a potential of -0.24 V versus SCE. 

We have calculated values of pATa for the arylmethyl radicals 
investigated in this work (Table II). For these radicals, the 
reduction waves were well defined, as was indicated by the values 
of a which were >0.3. Moreover, in the majority of these cases 
we were able to establish (vide supra) that our third assumption 
was valid, i.e., that E]/2 was within 100 mV of E0 (Table I). 
Literature values were used for BDE(R-H),31 and the value of 
AG°tr(H+) from water to acetonitrile was taken to be 11 kcal 
mol"'.32 The data in Table II show that the arylmethanes have 
very large pK^ values. Indeed, they are so large that they no longer 
represent any pragmatic measure of acidity. For example, a 
sample of ca. 1010 moles of fluorene in acetonitrile as solvent would 
only contain one molecule that was ionized. The values should 
therefore simply be regarded as thermodynamic properties rather 
than as measures of acidity per se. 

A number of p£a values for the substrates of interest have been 
measured by other workers in dimethyl sulfoxide as solvent by 
chemical equilibration techniques,33"37 and the data are reported 

(29) Benson, S. W. In Thermochemical Kinetics; Wiley: New York, 1976. 
(30) Castelhano, A. L.; Griller, D. J. Am. Chem. Soc. 1982, 104, 3655. 
(31) McMillen, D. G.; Golden, D. M. Annu. Rev. Phys. Chem. 1982, 33, 

493. 
(32) Koltoff, I. M.; Chantooni, M. K., Jr. J. Phys. Chem. 1972, 76, 2024. 
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Table IH. Calculated p#R(ROH) Values" 

R 

PhCH2 

PhCHCH3 

PhC(CH3)2 

Ph2CH 
Ph2CCH3 

9-fluorenyl 
(CH3)3C 

PA:R (ROH) 

-22.6 
-14.4 
-10.1 
-13.3» 

-9.1 
-17.3 
-15.5 

lit. 

<-15 c 

<-15 c 

<-\Sc 

-10.4C 

<-16.6* 
-\A.ld 

"Calculated from eq 20. 'Reference compound used in all calcula­
tions (ref 39). 'Reference 40. ^References 39 and 41. 

in Table II for comparison. These values are 9-11 pA"a units (i.e., 
13-15 kcal mol"1) less than the values obtained in acetonitrile. 
These differences are within experimental error of the change in 
free energy associated with the transfer of a proton from dimethyl 
sulfoxide to acetonitrile (15.6 kcal mol"1; 11.4 pATa units32). The 
implication of this result is that the solvation energies of the organic 
anions are not appreciably solvent dependent, a suggestion that 
has been made elsewhere.38 

A corollary of this result is that relative pA"a values will tend 
to be solvent independent. However, this will clearly not be the 
case for the absolute values which are likely to vary by large 
amounts from solvent to solvent in a way that reflects the solvation 
free energy of the proton in the various media. This factor has 
not always been considered when thermodynamic data have been 
derived from measurements made in different solvents.11 

By using a similar approach, the pA"R values for the equilibrium 
between an alcohol and its corresponding carbocation can be 
determined (eq 13-19).11 

ROH(sol) + H2(SOl) — RH(sol) + H20(sol) AAGf° (13) 

RH(sol) -* R'(sol) + H'(sol) 

R-(sol) — R+(SOl) FE0 

H+(aq) - >/2H2(g) NHE 

H'(sol) - >/2H2(g) -AGf°(H-) 

H+(SOl) — H + ( aq ) - A G ° t r ( H + ) 

AG°BDE(RH) (14) 

(15) 

(16) 

(17) 

(18) 

ROH(sol) + H+(SoI) — R+(SoI) + H2O A G ° K R ( R O H ) 

(19) 

In general, pA"R values have been obtained by spectrophoto-
metric determination of the equilibrium concentrations of the 
organic cations in concentrated sulfuric acid.39 It is therefore 
impossible to make a direct comparison with the pATR values 
obtained from our electrochemical data since these measurements 
were carried out with acetonitrile as solvent. Notwithstanding, 
we made a crude comparison, by assuming that differences be­
tween the oxidation potentials of the various radicals were solvent 
independent (even though one of the solvents of interest was 
sulfuric acid). We also assumed that the free energy difference 

(33) Streitweiser, A., Jr.; Murdoch, J. R.; Hafelinger, G.; Chang, C. J. J. 
Am. Chem. Soc. 1973, 95, 4248. 

(34) Matthews, W. S.; Baires, J. E.; Bartmess, J. E.; Bordwell, F. G.; 
Cornforth, F. J.; Drucker, G. E.; Margolin, Z.; McCallum, R. J.; McCollum, 
G. J.; Vanier, N. R. J. Am. Chem. Soc. 1975, 97, 7006. 

(35) Streitwieser, A., Jr.; Granger, M. R.; Marcs, F.; Wolf, R. A. / . Am. 
Chem. Soc. 1973, 95, 4257. 

(36) Bordwell, F. G.; Algrin, D.; Vanier, N. R. J. Org. Chem. 1977, 42, 
1817. 

(37) Bordwell, F. G. Pure Appl. Chem. 1977, 49, 963 and references cited 
therein. 

(38) Stevenson, G. R.; Hashim, R. T. J. Phys. Chem. 1986, 90, 3217. 
(39) Arnett, E. M.; Hofelich, T. C. / . Am. Chem. Soc. 1983, 105, 2889 

and references cited therein. 
(40) Singh, S.; Gill, S.; Sharma, V. K.; Nagrath, S. J. Chem. Soc, Perkin 

Trans 2 1986, 1273. 
(41) The pKR of 9-fluorenol is, to our knowledge, not available. Hence the 

pKR of 9-methyl-9-fluorenol (-16.6, ref 32) has been used in the calculation. 
This value, of course, is an upper limit of the pAfR of the unsubstituted system. 

AG°21 = E0x(R-) - E1 -(R-) 

2R'(g) - R+(g) + R-(g) 

AG°23 = IP(R-) - EA(R-

between an alcohol and its corresponding hydrocarbon was in­
dependent of structure. These assumptions would seem to be 
justified for the arylmethyl moieties. 

Under these conditions and with diphenylmethanol as a ref­
erence material (pKR = -13.3 in sulfuric acid) many of the terms 
in eq 13-19 cancel and ApATR is given by eq 20. The results of 
the calculations are given in Table III. Despite the many as-

ApZsT3 = 0.728(FAE0 + ABDE) (20) 

sumptions involved, there was excellent agreement between the 
data based on electrochemical measurements and those obtained 
by other techniques. 

Finally, comparison of the oxidation and reduction potentials 
of the radicals in solution with their gas-phase IPs and EAs leads 
to information on the total solvation energy for the system, eq 
21-25. For example, in the case of the benzyl system AG21 and 
AG23 are 6.3 and 2.2 eV, respectively, leading to AG25 = -4.1 eV 
(-95 kcal mol"1).42-44 

2R-(sol) — R+(SoI) + R-(sol) (21) 

(22) 

(23) 

— « , —.-, (24) 

AG°2, - AG°23 = AC501(R+) + AG°S0|(R~) - 2AG°sol(R') 
(25) 

When the absolute potential of the electrode is known, the 
contributions to the total solvation energy can be partially sepa­
rated. The absolute potential of the normal hydrogen electrode, 
NHE, has been estimated to be 4.5 eV.45 We have used this value 
to convert our measurements from relative to absolute potentials, 
E', and were thus able to calculate the differences in solvation 
energies between the ions and their corresponding radicals, eq 26 
and 27. The data are reported in Table IV for the systems where 
the ionization potentials and electron affinities have been reported. 

AG0^1(R+) - AG0S01(R-) = E'„(R-) - IP(R') (26) 

AG°sol(R-) - AG0S01(R-) = E'red(R-) - EA(R-) (27) 

The ionization potentials for the radicals described in Table 
IV are generally considered to be reasonably reliable and inter­
estingly lead to values of AG26 that are the same within experi­
mental error. This implies that the solvation energies for these 
delocalized cations are essentially constant. 

The electron affinities of the diphenylmethyl and fluorenyl 
radicals have been determined by an indirect method involving 
the equilibrium of ions in the gas phase.46 These numbers do 
not appear to be reliable since the EA of benzyl in the same work 
was found to be 1.2 eV higher than the more recently determined 
values.3'44 However, on the assumption that the values of AG°27 

for these radicals will be independent of structure, as was the case 
for the cations, the EA's can be estimated from our solution 
reduction potentials and the value of AG°27 for the benzyl radical. 
Using this approach, we have calculated EA values of 1.15 and 
1.53 eV for the diphenylmethyl and fluorenyl radicals, respectively. 

Summary 
The electrochemical oxidation and reduction potentials of 19 

carbon-centered free radicals have been measured by modulated 
photolytic generation of the radicals with phase-sensitive volt-
ammetric detection. It was found that the effect of substitution 
of phenyl or methyl groups on the oxidation potentials of the 
arylmethyl radicals was about the same. In fact, the electro­
chemical properties of all the arylmethyl radicals can be calculated 

(42) We thank Professor R. G. Pearson and Professor L. L. Miller for 
pointing out an error is a previous paper.12" 

(43) Houle, F. A.; Beauchamp, J. L. J. Am. Chem. Soc. 1978, 100, 3290. 
(44) Drzaic, P. S.; Brauman, J. I. J. Phys. Chem. 1984, 88, 5285. 
(45) Pearson, R. G. / . Am. Chem. Soc. 1986, 108, 6109 and references 

cited therein. 
(46) McMahon, T. B.; Kebarle, P. / . Am. Chem. Soc. 1976, 98, 3399. 
(47) Harrison, A. G.; Lossing, F. P. J. Am. Chem. Soc. 1960, 82, 1052. 
(48) Pottie, R. F.; Lossing, F. P. J. Am. Chem. Soc. 1963, 85, 269. 
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Table IV. Solvation in Acetonitrile 

EA(R-) F1-(R") IP(R-) £'„(R') A C V A G V 
radical (eV) (eV) (eV) (eV) (kcal/mol) (kcal/mol) 

PhCH2 0.86° 33F 7.20<* 54T -56.5 (-57)* -39.8 
Ph2CH 1.15» 3.60' 6.8' 5.09' i -39.3 
9-fluorenyl 1.53* 3.98' 7.1' 5.50' / -36.2 

"Reference 44. 'Calculated from this work assuming AG°27 = -56 kcal mol. 'Calculated assuming £'(SCE) = 4.74 eV (ref 45). ^Reference 43. 
'Reference 47. Corrected for the difference between benzyl and diphenylmethyl measured in the same laboratory. /Reference 48. ^Estimated 
uncertainty ±4 kcal mol"1. * Reference 45. 'Assumed to be -56 kcal mol"1. 

by treating the effect of substitution by phenyl or methyl as group 
contributions. 

The decrease in the radical oxidation potentials caused by the 
presence of a-oxygen or nitrogen atoms was atributed to a 
three-electron-bonding interaction. 

The unusual properties of manganese dicyclopentadienide, 
(C5H5)2Mn, and its adducts have been the subject of many in­
vestigations1-2 since the first discovery of these compounds.3'4 

Recently Wilkinson, Hursthouse, and their co-workers discussed 
a series of phosphine and diphosphine adducts of (C5H5)2Mn.5 

In these adducts the C5H5 rings are planar but "tilted" to a small 
but significant extent. Tilting occurs when the manganese-ring 
(centroid) vector and the normal to the plane of the ring through 
the manganese are not collinear but make a small angle with each 
other. There are two possible reasons for this tilting. The first 
is electronic. If (C5H5J2Mn is regarded as containing Mn2+ and 
two 775-C5H5" ligands and T/5-C5H5~ donates six electrons, then 
monoadducts of (C5H5)2Mn have 19 valence electrons and bi-
sadducts have 21. Lauher and Hoffmann have analyzed the 
consequences of the presence of more than 18 valence electrons 
in (r;5-C5H5)2M(L)„ derivatives.6 They attributed the tilted, 
slipped, or bent C5H5 rings in such complexes as (C5H5J2Mo-
(R)(NO) (R = I, CH3, 77'-C5H5

7) and (C5H5)2W(CO)2
8 to the 

(1) For the most recent work, see: Hebendanz, N.; Kohler, F. H.; Muller, 
G.; Riede, J. J. Am. Chem. Soc. 1986, 108, 3281. 

(2) Cozak, D.; Gauvin, F.; Demers, J. Can. J. Chem. 1986, 64, 71. 
(3) Wilkinson, G.; Cotton, F. A.; Birmingham, J. M. /. Inorg. Nucl. Chem. 

1956, 2, 95. 
(4) Fischer, E. O.; Jira, R. Z. Naturforsch. B: Anorg. Chem., Org. Chem., 

Biochem., Biophys., Biol. 1954, 9B, 618. 
(5) Howard, G. C ; Girolami, G. S.; Wilkinson, G.; Thornton-Pett, M.; 

Hursthouse, M. B. J. Am. Chem. Soc. 1984, 106, 2033. 
(6) Lauher, J. W.; Hoffmann, R. J. Am. Chem. Soc. 1976, 98, 1729. 
(7) Cotton, F. A.; Rusholme, G. A. /. Am. Chem. Soc. 1972, 94, 402. 

Calderon, J. L.; Cotton, F. A.; Legzdins, P. J. Am. Chem. Soc. 1969, 91, 2528. 

Analysis of the data as a whole suggested that the measured 
ExJ1 values were within 100 mV of the standard potential, E". 
The values obtained were used to calculate other thermodynamic 
properties such as pATa(RH), p^R(ROH), and solvation free en­
ergies. 

population of orbitals having ir-antibonding character. These 
orbitals are significantly and unsymmetrically localized on the 
C5H5 rings. However, as Wilkinson, Hursthouse, and co-workers 
pointed out,5 a too rigid application of the model derived by Lauher 
and Hoffmann to the adducts of (C5H5J2Mn is unwise, because 
both (C5H5)2Mn and the adducts are essentially high spin at the 
temperature of the X-ray diffraction experiments that determined 
the structures. The bonding between C5H5 and Mn is very ion-
;C(i,3,9,10 a n ( j (J1118 t h e covalent model of Lauher and Hoffmann 
may not be valid. 

Wilkinson, Hursthouse, and co-workers suggested that the 
second possibility, steric repulsion, was more likely to be responsible 
for the observed tilting of the C5H5 rings.5 The evidence was not 
clear-cut, as is often the case with steric arguments. The balance 
of various steric and electronic effects was obviously very close. 
It occurred to us that a detailed analysis of the structure of an 
adduct between (C5H5)2Mn and a donor that had fewer steric 
requirements than phosphines would be a useful way to resolve 
the problem of whether steric or electronic effects are the cause 
of the tilt. A donor in which the ligating atom was from group 
16 would be particularly useful, and tetrahydrofuran, C4H8O 
(THF), appeared to be an ideal candidate. An unstable adduct 
between THF and (C5H5)2Mn was described by Wilkinson and 
co-workers in their first report on (C5H5)2Mn, though it appeared 

(8) Huttner, G.; Brintzinger, H. H.; Bell, L. G.; Friedrich, P.; Bejenke, V.; 
Neugebauer, D. J. Organomet. Chem. 1978, 145, 329. 

(9) Reynolds, L. T.; Wilkinson, G. /. Inorg. Nucl. Chem. 1959, 9, 86. 
(10) Evans, S.; Green, M. L. H.; Jewitt, B.; King, G. H.; Orchard, A. F. 

J. Chem. Soc, Faraday Trans. II1974, 356. 

Steric versus Electronic Effects on the "Tilt" of the 
Cyclopentadienyl Rings in Adducts of Manganese 
Dicyclopentadienide. Molecular and Electronic Structure of 
Dicyclopentadienide Manganese Tetrahydrofuran 

Frank Bottomley,* Petra N. Keizer, and Peter S. White 
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Abstract: The crystal and molecular structure of the tetrahydrofuran adduct of manganese dicyclopentadienide has been 
determined. The C5H5 rings are planar, and the total "tilt" of both rings is only 3.9°. Comparison with the tilt in phosphine 
adducts of (C5H5J2Mn leads to the conclusion that the tilting of the rings in such high-spin (C5H5J2Mn(L)n adducts is due 
to steric rather than electronic effects. Crystal data for (C5H5)2Mn(OC4H8): monoclinic, C2/c; a = 12.541 (1), b = 9.927 
(1), c = 12.650 (1) A; /3 = 125.58 (I)0; Z = 4; R = 0.025 for 111 parameters and 987 observed reflections. 
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