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The one-electron oxidation of two fl,fl-dimesityl enol trifluoroacetates with different substituents R at C, 
was investigated. For the first time enol trifluoroacetate cation radicals could be reversibly monitored in 
cyclic voltammetry experiments allowing the determination of the rate constants of their follow-up 
reactions. While mesolytic cleavage of the O-CO bond (k, = 1.4 s-') with direct formation of an a- 
carbonyl cation constitutes the primary reaction of the enol trifluoroacetate cation radical with R = But, 
the one with R = Ph exclusively cyclizes (k, = 75 s-') to a phenanthrene derivative. This change in reactivity 
can be rationalized by the different nature of the electrophoric system as a function of the substituent R. 

Introduction 
In many cases, activation barriers for bond dissociation pro- 
cesses are effectively decreased for cation radicals, which allows 
the use of one-electron oxidation in synthetic schemes as a 
powerful and selective method to break, e.g., C-C, C-O and 
0-X bonds that are quite strong in neutral substrates.' In this 
context, mesolytic cleavage of 0-X bonds in enol type cation 
radicals has recently attracted our since the highly 
selective deprotection of silyl enol ethers could be effected in 
the presence of alkoxysilanes after one-electron ~xidation.~ 

Furthermore, the oxidative addition of enol derivatives to 
electron-rich olefins is a promising protocol to form C-C bonds 
under mild conditions.' Several mechanistic alternatives for this 
reaction are discussed in the literature, with either the bond 
formation taking place at the cation radical or the a-carbonyl 
radical stage (after mesolytic cleavage of the 0-X bond). For a 
sound distinction between these two processes, information is 
needed on the kinetics of such mesolytic bond cleavage reac- 
tions in comparison with kinetics of nucleophilic attack on 
cation radicals. 

we present herein the 
first kinetic and mechanistic investigations on mesolytic bond 
cleavage and cyclization processes in enol trifluoroacetate cat- 
ion radicals. To monitor such reactions without interference, 
other typical processes, such as deprotonation in the y-position 
and nucleophilic attack in the P-position of the enol ester cation 
radical, had to be rigorously excluded. Hence, the enol tri- 
fluoroacetates T1 and T2 were chosen as sterically 
model systems. 

In continuation of our earlier 

Results 
Synthesis 
The model compounds could be smoothly prepared from the 
corresponding enolates after esterification with trifluoroacetic 
anhydride in 77% (Tl) and 80% (T2) yield, respectively. Not- 
ably, the 'H NMR spectra of both enol trifluoroacetates exhibit 
interesting coalescence phenomena, probably due to a two or 
three-blade propeller conformation, caused by the hindered 
rotation of the mesityl groups as has already been shown for the 
2,2-dimesityl- 1 -phenylethenol ' and its dimethyl-tert-butylsilyl 
enol ether.3" 

t For Part 3 see ref. 3h. 
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Preparative one-electron oxidation 
Preparative scale electrolysis of T1 in acetonitrile-trifluoro- 
acetic acid afforded in a clean reaction the known benzofuran 
B1' (32% yield) and unreacted T1 (510/).$ In contrast, the one- 
electron oxidation of T2 with tris(4-nitropheny1)aminium 
hexachloroantimonate or preparative scale electrolysis provided 
solely phenanthrene PT2 as evidenced by the 'H NMR data 
(Scheme 2). Unfortunately, PT2 could not be separated from 
unreacted T2 (conversion 65%).$ Under conditions of column 
chromatography (SOz), however, or by treatment with eth- 
anolic KOH, PT2 was hydrolysed affording 9-hydroxy-10- 
mesityl-l,3,4-trimethylphenanthrene P2 in 20% yield, the 
structure of which could unambiguously be established on the 
basis of the spectral data. 

CV investigations 
At a scan rate of 100 mV s-' the enol trifluoroacetates T exhib- 
ited irreversible oxidation waves in acetonitrile, similar to those 
of the corresponding enol acetates A that had been investigated 
earlier.2 However, in comparison with the latter, the anodic 
peak potentials Ep. of T1 and T2 were shifted anodically 
(Table 1).$ 

T1 displays a simple irreversible oxidation wave in 
acetonitrile at all scan rates ~ 2 0 0  mV s-l with decreasing Ip l~ 'R  

$To avoid further oxidation of the products, the electrolysis was 
stopped at partial conversion. 
4 A11 potentials are referred to the ferrocene/ferrocenium (Fc) 
couple unless otherwise noted. To obtain values w. SCE, simply add 
+0.39 V. 
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Table 1 Oxidation potentials of the enol trifluoroacetates, en01 acet- 
ates, enols and benzofurans vs. Fc 

Mes 

E m 2  81/82 

T1/"2 AllA2 EllE2 BllB2 

" Irreversible peak potential at 100 mV s-', 0.001 M in acetonitrile/O. 1 M 
Bu4NPF6. Thermodynamic half-wave potential, 0.001 M in dichloro- 
methane/O. 1 M Bu4NPF6. ' Ref. 2. Ref. 1 1. Ref. 15. 
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Scheme 2 

when increasing v. Calibration against tris(p-bromopheny1)- 
amine revealed that the oxidation wave of T1 corresponds to 
the transfer of only one electron. At a scan rate of 1 V s-', the 
oxidation wave turns partially reversible [Fig. l(a)J, allowing 
for a kinetic evaluation of the follow-up process using the 
Nicholson-Shain formalism.' Assuming an EC,,,-mechanism, 
the first-order rate constant could be determined as kf = 1.4 s-' 
at 0 "C in acetonitrile. 

Cyclic voltammetry investigations of T2 likewise provide an 
irreversible anodic wave (E,  = 1.26 V), but in addition a reduc- 
tion wave at Epc = 1.10 V on the reverse scan. The latter wave 
cannot be caused by the reduction of T2" [Fig. 1(6)] and must 
therefore stem from a follow-up product. In multisweep 
experiments, an oxidation wave corresponding to the new 
reduction product emanated [Fig. I(c)], but it is not completely 
separated from the oxidation wave of T2. A half-wave potential 
EllZ = 1.13 V was determined for the follow-up product. Digital 
simulation'' of the multisweep experiment of T2, using an 
ECECECDrsp mechanism, showed a good coincidence with the 
experimental CV. 

To probe whether the wave at El, = 1.13 V can be assigned to 
the trifluoroacetate PT2, it was prepared from P2 with sodium 
hydride and trifluoroacetic anhydride. Comparison of its 'H 
NMR and cyclic voltammetry data with those of the crude 
reaction mixture unequivocally established that PT2 is the pri- 
mary one-electron oxidation product of T2. 

When using fast scan CV to probe the lifetime of no+, a new 
reduction wave corresponding to T2" + e- + T2 could be 
detected at scan rates >20 V s-' allowing us to estimate the 
first-order rate constant kf = 75 s-' for the follow-up reaction 
of T2". 

Discussion 
Oxidation potentials 
Not unexpectedly, the oxidation potentials of Tl,T2 caused by 
the strongly electron-withdrawing effect of the trifluoroacetyl 
group, are markedly higher than those of other enol derivatives 
(see Table 1). However, when comparing enol acetates A1,A2 
and enol trifluoroacetates T1 ,T2, the incremental increase AEP 
is much smaller in the case of the phenyl substituted T2. 
This may be indicative of the fact that the electrophore 
system changes from the Mes,C=C-O moiety in T1 to the 
Mes,C=C-Ph constituent in T2. Indeed, such an interpretation 
is supported by the different reactivity pattern of the cor- 
responding cation radicals. 

Mesolytic fragmentation of T1*+ 
Formation of benzofuran B1 suggests that T1*+ undergoes 
O-CO bond cleavage analogous to the mesolytic fragmenta- 
tions of enol acetate cation radicals? (Scheme 3). The altern- 
ative pathway, cyclization on the stage of T1" to a distonic 
cation radical that is further oxidized to a dication can be 
excluded since then we would expect the anodic wave to corres- 
pond to a two electron oxidation process, which is not the case. 

Scheme 3 

We assume that mesolytic cleavage selectively provides the 
trifluoroacetyl radical and an a-carbonyl cation. The a-carbonyl 
cation then undergoes a fast Nazarov cyclization, followed by a 
slow [1,2]-methyl shift (Scheme 3) and deprotonation of the 
resulting cyclohexadienyl cation to afford benzofuran B1 as the 
exclusive product of the one-electron oxidation of T1. 
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In principle, another plausible fragmentation selectivity, 
resulting in the formation of the corresponding a-carbonyl 
radical and a trifluoroacylium cation, could be postulated, 
which is, however, less favourable as derived from a thermo- 
chemical calculation (Scheme 4). Pathway B is favoured by 150 
kJ mol-I, since the oxidation potential of the a-carbonyl rad- 
ical (Eln = 0.14 V)" is much lower than that of the trifluoro- 
acetyl radical (Eln ca. 1.7 V). The latter was estimated using 
Miller's'' or Gassman'sI3 correlation of Ei, vs. EIn with the 
AM 1 calculated adiabatic ionization potential of CF3CO* 
(Ei, = 9.2 eV).14 

In earlier investigations on the corresponding enol acetate 
cation radicals A" it was unequivocally proved that the frag- 
mentation follows the selectivity shown in Scheme 3. As the 
oxidation potential of the CH3CO' radical is lower than that 
of CF3CO' (Eln cu. 1.1 V vs. ca. 1.7 V), the direct formation of 
an a-carbonyl cation intermediate is even more favoured 

thermodynamically in the O-CO bond fragmentation of enol 
trifluoroacetate cation radicals. 

One-electron oxidation of T2 
The occurrence of a reduction wave at Epc = 1.10 V vs. Fc after 
oxidation of T2 implies that a new follow-up product is formed 
on the timescale of the CV experiment. In earlier investig- 
ations,2 a similar phenomenon was observed for the corres- 
ponding enol acetates A1 and A2, which could be easily 
explained by the formation of benzofurans B1 and B2. With 
T2, however, the reduction wave in the CV does not coincide 
with the redox potential of the corresponding benzofuran 
derivative B2 (Eln = 0.87 V vs. Fc)," which would be the antici- 
pated product derived from mesolytic cleavage of the cation 
radical.'' The reduction wave must be assigned to the reduction 
of PT2" instead, formed from T2 under anodic oxidation 
conditions. 
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Apparently, the mesolytic O-CO bond cleavage in T2" can- 
not compete with the much faster cyclization as shown in 
Scheme 5. After deprotonation, further oxidation of the result- 
ing radical, [ 1,2]-methyl shift and deprotonation, PT2 is formed 
and immediately oxidized at the applied working potential. As 
PT2" is sufficiently persistent, it is reduced in the CV and PT2 
accumulates in the diffusion layer. As a consequence, the 
corresponding oxidation wave can be observed in the multi- 
sweep experiment. The occurrence of isopotential points l6 indi- 
cates that one electroactive species was quantitatively converted 
into another, the sum of reactant and product concentration 
thus remaining constant." 

The multisweep CV trace could be successfully simulated 
using a ECECECDlsp mechanism1 (Fig. 1)  using kf cu. 75-80 
s-' for the follow-up reaction of T2" and k ca. 3 s-l for the 
second chemical step. In addition, the redox data of PT2 were 
added to the simulation file. 

Lifetime of the cation radicals 
Knowing the homolytic 0-CO bond dissociation energies11 one 
can determine the mesolytic fragmentation of A1 * +  to be more 
endergonic than that of T1*+ by 26 kJ mol-I. This is a result of 
a straightforward thermochemical cycle calculation because 
E,,,(Tl) > E,(Al). Quite unexpectedly, however, T1*+ is more 
persistent by a factor of lo4 in acetonitrile than the correspond- 
ing A l e + .  Apparently, quite in contrast to C-C bond fragment- 
ations in substituted bicumyl cation radicals," there is no 
correlation between the thermochemical driving force and the 
kinetics. This behaviour can be readily rationalized in light of 
a three-electron two-orbital two-configuration model." 
Accordingly, both A1 * +  and TI * +  possess a ll-ground state, 
but the bond dissociation is governed by the relative energy 
of the E state, which is much less favourable with TI" because 
of the lower lying o (O-COCF,) (Fig. 2). 

1 'E' stands for electrochemical, 'C' for chemical reaction step. For this 
type of reaction, the expression 'DISP' has been established in spite of 
the fact that this is not a disproportionation reaction but an electron- 
transfer equilibrium between the employed redox-active species'' 
11 Semiempirical AM I calculations have revealed that the homolytic 
+CO bond energies in vinylacetate and vinyltrifluoroacetate differ by 
less than 4.2 kJ mol-'. 

'TI 

=o-cocH, 

+ +  

n z n x 
Fig. 2 Three-electron two-orbital two-configuration model of A1 .+ 
and T1" 

Conclusion 
Using cyclic voltammetry and preparative one-electron oxi- 
dation, it could be shown that two similar enol trifluoroacetates 
exhibit completely different follow-up reactions of their cation 
radicals. In addition, the mesolytic O-CO bond cleavage of 
enol trifluoroacetate cation radicals is much smaller than those 
of the corresponding enol acetate cation radicals although they 
are less endergonic. This behaviour has been rationalized in terms 
of the three-electron two-orbital two-configuration model. 

Experimental 
General aspects 
250 MHz 'H NMR and 150 MHz 13C NMR spectra were 
recorded in CDCI, on a Bruker AC250 or a Bruker DMX600. 
Chemical shifts are reported in ppm downfield vs. the internal 
standard SiMe, and coupling constants are given in Hz. The 
abbreviation br designates signals broadened by coalescence. I R 
spectra were recorded in KBr using a Perkin-Elmer FTIR infra- 
red spectrometer. Mass spectra were recorded on a Finnigan 
MAT 8200 Mass spectrometer using electron ionization (EI) at 
70 eV. Elemental analyses were performed at the Institute for 
Inorganic Chemistry, University of Wiirzburg. Melting points 
were taken on a Buchi Smp-20 apparatus and are uncorrected. 

Materials 
Commercial reagents were purchased from standard chemical 
suppliers and were used without further purification. 
Acetonitrile for CV and one-electron oxidation was purchased 
in HPLC quality from Riedel-de-Haen, distilled over calcium 
hydride and filtered through basic alumina (ICN). The prepar- 
ation of the corresponding enols has been reported elsewhere.6 

General procedure for the preparation of the trifluoroacetates 
from the corresponding enols 
Enol E (1.3-1.7 mmol) was suspended in trifluoroacetic 
anhydride (20 mmol), and pyridine was added dropwise until 
the enol had completely dissolved. After stirring for 24 h at 
room temp., the reaction mixture was poured on ice, 5% HCl 
(5 cm3) was added, and the resulting suspension was extracted 
three times with diethyl ether. The combined organic layers 
were washed with saturated aqueous NaHCO, and water and 
dried over Na'SO,. Removal of the solvent and recrystallization 
from methanol at 8 "C afforded the pure enol trifluoroacetates 
as white solids. 

l,l-Dimesityl-3,3-dimethyl-2-trifluoroacetoxybut-2~ne (Tl). 
l,l-Dimesityl-3,3-dimethylbut-l-en-2-ol (El) (0.40 g, 1.2 
mmol), pyridine (0.50 g, 6.3 mmol) and trifluoroacetic 
anhydride (1.3 g, 6.2 mmol) afforded 0.40 g (0.90 mmol, 77%) 
of T1 as a white solid. Mp 127-130°C (Found: C, 71.7; 
H, 7.75. C26H3,02F3 requires: C, 72.2; H, 7.2%). IR (KBr): 
vmax/cm-' = 2970 (C-H), 1770 (C=O), 1600 (C=C), 1470, 1360, 

(br, 6 H, 0-CH,), 2.17 (s, 3 H, p-CH,), 2.22 (s, 3 H, p-CH,), 
2.30-2.55 (br, 3 H, 0-CH,), 2.60-2.90 (br, 3 H, o-CH,), 

1220, 1150, 860. GH(CDC13) 1.06 [s, 9 H, C(CH,),], 1.75-2.05 
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6.50-6.90 (br, 4 H, mesityl-H). G,(CDCI,, 150 MHz) 20.34, 

126.90 (Cl), 127.78, 128.50, 129.17, 130.69, 131.87, 132.28, 
132.87, 133.45, 136.66, 136.79, 138.02, 151.12 (C2), 155.25 (4, 
2Jc-F 42.0, C=O). m/z (El) (%) = 432 (M'), 303, 252, 251, 221, 
220, 207, 206, 133, 132, 91, 57, 41. HRMS Found 432.2281, 
required for CXH,,O2F3: 432.2276. 
2,2-Dimesityl-l-phenylethenyltrifluoroacetate (T2). 2,2-Di- 

mesityl-1-phenylethenol (E2) (0.60 g, 1.5 mmol), pyridine (2.0 
g, 13 mmol) and trifluoracetic anhydride (1.5 g, 7.1 mmol) 
yielded 0.60 g (1.2 mmol, 80%) of T2 as a white solid. Mp 
160 "C (Found: C, 74.1; H, 6.1. CZIIH2,02F3 requires: C, 74.3; H, 
6.0%). IR (KBr): v/cm-'=2960 (C-H), 1785 (GO), 1605 

GH(CDC13) 1.80 (br, 3 H, 0-CH,), 2.02 (br, 6 H, 0-CH,), 2.20 (s, 3 
H,p-CH,), 2.22 (s, 3 H,p-CH,), 2.48 (br, 3 H, 0-CH,), 6.70 (br, 
2 H, mesityl-H), 6.84 (br, 2 H, mesityl-H), 7.06 (m, 2 H, Ph-H), 
7.18 (m, 3 H, Ph-H). G,(CDCI,) 20.10 (br), 20.85, 20.95 (br), 
114.44 (9, IJC-F 285, CF3), 128.19, 128.31 (br), 128.57 (br), 
128.90, 129.61 (br), 129.75, 132.28, 133.38, 133.70, 137.35, 
137.97 (br), 144.25 (Cl), 155.71 (4, 2Jc-F 42.4, M). m/z 
(EI) = 453,452 (M'), 355,341,340,327,325,323,220,219,207, 
105,91 , 77. HRMS Found: 452.1964, required: 452.1963. 

28.10 [C(CH,),], 38.67 [C(CH,)J, 114.39 (4, 'Jc+ 285, CF3), 

(CX) ,  1440, 1365, 1235, 1180-1140, 850, 770, 755, 695. 

Cyclic vol tamme try 
In a glove box tetra(buty1)ammoniumhexafluorophosphate 
(232 mg, 600 pmol) and the electroactive species (6 pmol) were 
placed into a thoroughly dried CV cell. At a high purity argon 
line acetonitrile or dichloromethane (6.0 cm3) was added 
through a gas-tight syringe, then a 1 mm platinum disc elec- 
trode as working electrode, a Pt wire counter electrode and a Ag 
pseudo reference electrode were placed into the solution. The 
cyclic vol tammograms were recorded at various scan rates using 
various starting and switching potentials. For determination of 
the oxidation potentials, ferrocene was added as the internal 
standard. CVs were recorded using a Princeton Applied 
Research Model 362 potentiostat with a Philips model PM 
8271 XYt-recorder for scan rates < I  V s-'. For fast scan cyclic 
voltammetry, a Hewlett Packard model 33 1A4 function gener- 
ator was used connected to a three-electrode potentiostat 
developed by Amatore.2' The ratios IpclIpa were determined 
according to the equation of Nicholson.22 

Digital simulations of the cyclic voltammograms 
The computer simulations of the cyclic voltammetry were 
carried out on a 486DX66 computer using the Crank- 
Nicholson technique2' and DigiSim." The simulation of a full- 
cycle voltammogram consisted of 1000 data points, allowing 
for an acceptable resolution of the cyclic voltammograms. All 
chemical reactions were assumed to be irreversible except the 
ET equilibria. With a standard heterogeneous electron transfer 
constant of kohetero= 1 cm s-' and standard diffusion coef- 
ficients of D = lo-' cm2 s-l, the rate constants for the chemical 
reaction steps were varied to achieve the best possible agree- 
ment with the experimental curves. 

One-electron oxidation of T2; synthesis of P2 
In a glove-box were placed 50.0 mg (1 1 1 pmol) of T2 and 158 mg 
(220 pmol) of tris(4-nitropheny1)aminium hexachloroanti- 
monate into two separate test tubes equipped with stirring rods. 
At a high-purity argon line, 8 cm3 of acetonitrile was added to 
each test tube to dissolve the reactants. The solution of the 
oxidant was added dropwise through a syringe to the solution 
of T2. After stirring overnight, the mixture was quenched with 
5 cm3 of saturated aqueous NaHCO, and diluted with 15 cm3 
of dichloromethane. The aqueous layer was extracted three 
times with dichloromethane, and the combined organic layers 
were washed with saturated NaCl and water and dried over 
Na2S04. Removal of the solvent afforded the crude product. 
Col umn chromatography with cyclo hexane-dichlorome thane 

(4: 1) afforded P2 as a white solid. IR idem-' 3469, 2962, 
2920, 1616, 1585, 1444, 1208, 1057, 1034, 768. GH(CDCI3) 1.78 
(s, 3 H, CHJ, 1.93 (s, 6 H, o-mesityl-CH,), 2.36 (s, 3 H, CH,), 
2.42 (s, 3 H, CH,), 2.85 (s, 3 H, CH,), 5.12 (s, I H, OH), 7.00 (s, 
2 H, mesityl-H), 7.03 (s, I H, Ar-H), 7.54 (m, 2 H, Ar-H), 8.28 
(m, 1 H, Ar-H), 8.49 (m, 1 H, Ar-H). HRMS Found: 354.1989. 
CXH,O requires: 354.1984. Epa (CH,CN, 0.1 M Bu4NPF,, 100 
mV s-') = 0.59 V vs. Fc. 

Electrolysis of T1 
Under an atmosphere of dry argon, 13.5 mg (3 1.2 pmol) of T1 
and 167 mg (432 pmol) of Bu4NPF, were dissolved in 4.0 cm3 
of acetonitrile. After adding 0.5 cm3 of trifluoracetic acid, the 
mixture was electrolysed in an undivided cell at 2.0 V vs. Ag at 
a Pt wire. After 30 min the electrolysis was stopped and the 
mixture was extracted three times with pentane. The pentane 
layers were combined and the solvent was removed to yield 7.2 
mg (16 pmol, 51%) of unreacted T1 and 3.4 mg (10 pmol, 32%) 
of B1. The benzofuran derivative B1 was identified by com- 
parison of the 'H NMR data with those of an authentic 
sample.15 

Electrolysis of T2 
Under an atmosphere of dry argon, 32.0 mg (70.7 pmol) of T2 
and 380 mg (982 pmol) of Bu,NPF, were dissolved in 8.0 cm3 of 
acetonitrile. Then 0.2 cm3 of trifluoroacetic acid was added. 
The oxidation potential of T2 was determined versus the 
applied Ag pseudo reference electrode (Epa = 1.50 V) and the 
mixture was then electrolysed at 1.6 V vs. Ag at a Pt wire. After 
approximately 65% conversion, the electrolysis was stopped and 
20 cm3 of dichloromethane was added. The aqueous layer was 
extracted three times with dichloromethane and the combined 
organic layers were washed with saturated NaHCO, and water 
and dried over MgSO,. The solvent was removed and the crude 
product was extracted with pentane to separate from the elec- 
trolyte. The pentane layers were combined and the solvent was 
removed. From the crude mixture, 'H NMR data for PT2 were 
obtained, which was identified by comparison with the authen- 
tic compound prepared by esterification of P2. G,(CDCI3) 1.83 

CH,), 6.87 (br, 2 H, mesityl-H), 7.1 1 (s, 1 H, Ar-H), 7.57 
(m, 2 H, Ar-H), 7.74 (m, 1 H, Ar-H), 8.54 (m, 1 H, Ar-H). The 
o-mesityl-CH, pro tons were affected by coalescence phenom- 
ena and displayed no sharp signal. The aromatic signals were 
partially superimposed by signals of unreacted T2. The crude 
product was stirred with KOHXthanol for 2 h, neutralized with 
saturated NH4CI and the aqueous layer was extracted three 
times with diethyl ether. The combined organic layers were 
dried over MgSO, and the solvent was removed. Column 
chromatography (Si02, cyclohexane-dichloromethane) (2 : 1, 
R f =  0.47) afforded pure P2 (5.0 mg, 14 pmol, 20%) as a white 
solid, which exhibited the same spectroscopic data as the 
product obtained from one-electron oxidation. 

(s, 3 H, CH3), 2.32 ( s ,  3 H, CH,), 2.47 (s, 3 H, CH,), 2.88 (s ,  3 H, 
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