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The kinetics of radical heterolysis reactions, including rate constants for radical cation —anion contact ion pair formation, collapse of the
contact pair back to the parent radical, and separation of the contact pair to a solvent-separated ion pair or free ions were obtained in several
solvents for a B-mesyloxy radical. Rate constants were determined from indirect kinetic studies using thiophenol as both a radical trapping
agent via H-atom transfer and an alkene radical cation trapping agent via electron transfer.

Radicals containing-leaving groups react in substitution

cation can be produced in an inherently basic or reductive

and rearrangement reactions that mimic reactions of closed-environment, and complete regioselectivity in radical cation

shell molecules but are much fastérThe reactions occur
by heterolytic pathways that initially give an alkene radical
cation—anion pair, providing a nonoxidative entry to radical
cations that has useful synthetic applicatiérfsThe radical

generation is possible even when high reactivity donor groups
are present in the molecule. Moreover, high stereoselectivity
is possible in substitution reactions and has been demon-
strated in processes that involve putative achiral radical
cations?” indicating that reactions of the ion pair can be

t This paper is dedicated to Prof. Bernd Giese in honor of his receipt of faster than molecular correlation times.

the 2006 Tetrahedron Prize.
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The utility of radical heterolysis reactions in synthesis will
increase with better understanding of the kinetics of various
reactions. Rate constants for radical heterolysis reactions
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obviously are important, but the rate constants for reactions The reactions of interest are shown in Scheme 1. Radical

of the transient radical catioh%and their first-formed ion

1 gave radical catio®, which cyclized reversibly to distonic

pairs also are necessary for planning purposes. Little kineticradical cation3.1° Thiophenol reacted witd by H-atom

information is known for reactions of ion pairs composed
of a radical cation and a closed-shell anion.

We report here rate constants for reactions of a radical
containing g3-mesylate group in various solvents including
rate constants for the initial heterolysis reactions that give a
contact ion pair, for collapse of the contact ion pair back to
the neutral radical, and for separation of the contact ion pair

transfer to give mesylaté and with radical cationg and3

to give acyclic products and, in small amounts, cyclic

products represented & Formation of5 involves an
electron transfer from PhSH to radical catidh The
mechanism for formation o8 is not known with certainty
but apparently involves a rate-limiting, diffusion-controlled
reaction of PhSH with the distonic radical catiBn most

to the solvent-separated ion pair. Thiophenol has beenlikely deprotonation o8 to give a diphenylalkyl radical that
employed as a trapping agent for radical heterolysis reactionssubsequently abstracts a hydrogen atom from PhSH to give

studied by indirect kinetics metho#8and we demonstrate
that PhSH can be used not only for timing the initial
heterolysis reactions but also for timing reactions of the ion

product6.

Product yields were determined by HPLC analysis. In the
low reactivity solvents benzene, trifluorotoluene (TFT), and

pairs formed in the heterolyses. We are not aware of previousmethylene chloride, the total yields 4f+ 5 + 6 were high,

calibrations of such radical cation—anion pair dynamics.
We studied theg-(methansulfonyloxy)alkyl radicall
(Scheme 1). The diphenylethenyl grouliwas incorporated
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in part for use in direct kinetic studies of cyclization
reactions, which are reported elsewh&&adical 1 was
produced from its PTOC ester radical precursor (Schertfe 1).

PTOC esters are photosensitive and react in radical chain

reactions with thiyl radical$! and we initiated reactions by

visible light photolysis. Reactions were conducted at ambient

temperature with varying concentrations of thiophenol.
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approaching quantitative yields. In a reactive solvent such
as THF, the total yields were reduced considerably, presum-
ably due to alkylation of the solvent by the radical cations.
Figure 1 shows results obtained in TFT. The ratio of
mesylate producd to solvolysis product$ + 6 is plotted

[41/(5]+[61)

2
[PhSH] (M)

Figure 1. Product ratios from reactions of radicalin PhCk
solutions containing thiophenol. The solid black line is the fit of
the data solved by eq 1. The dashed lines are linear least-squares
fits for data at<0.4 M PhSH (blue) and1.5 M PhSH (red).

against the concentration of PhSH. The raticodb 6 was
relatively constant at all concentrations of PhSH, indicating
that cyclization of2 to 3 was reversible and that the rate
constants for these reactions were |yt low concentra-
tions of PhSH, little mesylaté was obtained and extrapola-
tion of the ratio4/(5 + 6) to infinite dilution of PhSH had
nearly a zero intercept, as expected for irreversible fragmen-
tation of radicall. As the PhSH concentration was increased,
however, the plot of the ratio of mesylaté¢o radical cation-
derived products and 6 was markedly curved. For the
product ratios obtained with PhSH concentrations of 1.5 M
and greater, extrapolation of the product ratios to infinite
dilution of PhSH gave a large intercept, requiring equilibra-
tion between radical and radical cationg and 3.

The results require the kinetic picture shown in Scheme
2. Radicall must fragment to give an ion pair, presumed to
be a contact ion pair (CIP), that can collapse back to the
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of the CIP is faster than solvation. The extrapolated non-

zero intercept for the product ratio from the high PhSH Figure 2. (A—C) Product ratios from reactions of radichlin

concentration studies (red line in Figure 1) is a clear Penzene (A), CkCl; (B), and CHCN (C) where the lines are fits

indication of a fast equilibration betwedrand the CIP. At~ according to eq 1. (D) Percentage of raditaas a function of
. . . : . time in benzene (solid line) and in GEI, (dashed line).

low concentrations of PhSH, an irreversible process domi-

nates. Thiophenol trapping of the CIP is slow relative to other

processes because the concentration of PhSH is small. Th%]c radical cation2 and 3 by PhSH, we assumed that the
CIP solvates to give a solvent-separated ion pair (SSIP) O reactions were diffusion-controlled on the basis of the large

diffusively free ions, and reactions of the_ radical cations in igte ronce in the oxidation potentials of 2-methyl-2-butene
SSIP or free ions with PhSH eventually give produgtnd _ _
6. Thus. the vield oft i Il at low PhSH trati (Exz = 2.08 V vs SCEY and PhSH E, = 1.08 V vs

: q tﬁs’. te yie tfo Iti sma da tOWt' ] concen rat|o?s, NHE).** A diffusional rate constant for PhSH &fr = 2 x
a?PhSeHln;rceF or the pr? uct ratio atfow concentrations 4 yo \j-1 51 was calculated from the von Smulochowski
0 d( ue line) is neary ze:co. h , f th equatiod® and the StokesEinstein equatiof® That value

Ié §tea K-statezapproxn;:atll(gn prt € conclzent'rat|onlo the agrees with the rate constant for reaction of PhSH with the
CIP in Scheme 2 gives the kinetic expression in eq 1, chlorobutane radical catidh.

Solutions of the data with the rate constants for PhSH

AU(I5] + 16 = ks[PhSH] x (k_; + K, + k[PhSH]) reactions described above gave the results listed in Table 1.
[41/(5] + (6] = k;k, + kik,[PhSH] The second and third columns in the table give the dielectric
1) constant (€)® and Er(30) solvent polarity valué$for each

solvent. The equilibrium or pseudo-equilibrium between the

where the numbered rate constants are those in Scheme £1P and radicall affects the observed rate of decay of the
and [PhSH] is the thiophenol concentration. Equation 1 radical, and column 8 of Table 1 contains the half-life for
requires that radical cation produc® and 3 rapidly decay of the radical at ambient temperature if formation of
equilibrate, which was demonstrated experimentally by the the SSIP or free ions is irreversible. The effect is demon-
finding that the ratio of acycl6 to cycle6 in a given solvent  Strated in Figure 2D for reaction of radichin benzene and
was only slightly changed with PhSH concentration. Iterative In CHzClz, where the rate constants for heterolysis are
least-squares solution of the data via eq 1 gave the solid lineessentially the same but those for CIP collapse differ by 1
in Figure 1. In total, we studied reactions in four solvents order of magnitude. Column 9 lists the average amount of
and two mixtures with up to 3 M PhSH. In all cases, the mesylate product that was obtained when radichateacted
data was fit to eq 1 (Figure 2). Varying the initial parameters in the presence of 1 M PhSH in the various solvents, a
for the regression analyses by a factor of 4 resulted in failuresPractical ramification of the various kinetic values.
for the fits to converge, and multiple sets of rate constants ~For the pure solvents we studied, the half-life for decay
that described the data were not found; this indicates thatOf radicall decreased as the solvent polarity increased, as
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for Fhe Pth trapping re_acuons are known. For reactions of (15) Schuh, H. H.: Fischer, Hely. Chim. Acta1978,61, 2130—2164,
radical1 with PhSH to give mesylaté, we used the value (16) Edward, J. TJ. Chem. Educ1970,47, 261—270.
of ky = 1.0 x 10° M~1 s71.12 For electron-transfer trapping (17) Hermann, R.; Dey, G. R.; Naumov, S.; BredePBys. Chem. Chem.

Phys.2000,2, 1213—1220.
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Table 1. Rate Constants for Radical Heterolysis and lon Pair Reactions Determined from the Kinetic Model in Seheme 2

solvent eb E1(30) Ehet Reoll Kper? Rsep t12¢ (ns) % 4
benzene 2.3 34.3 0.7+ 0.4 220 + 170 0.003 14 + 4 16 49
PhCF; (TFT) 9.0 38.5 1.0+02 260 + 70 0.004 10+1 18 51
CHsClsy 8.9 40.7 0.6 0.2 12+ 4 0.06 17+5 1.7 17
CH3CN 35.9 45.6 2.1+0.3 30 £ 10 0.07 10£5 1.3 9
TFT/0.5% TFEs 52.8 0.9+0.1 50 £ 10 0.02 7T+2 6 26
TEFT/1% TFEs 53.8 2.7+0.3 60 + 10 0.04 T2 2.4 10

a Second-order rate constants in units of §0. ® Dielectric constant at 2%C.18 ¢ Er(30) values from ref 19 for pure solvents and measured for mixtures
of TFE in TFT. 9 Heterolysis equilibrium constarftHalf-life for decay of radicall at ambient temperaturéPercentage of mesyladeobtained from reactions
of 1 in the presences of 1 M PhSHITFE = 2,2,2-trifluoroethanol.

judged byEr(30) values. The effect was due mainly to to be more accurate than the other values because product
changes in the rate constants for CIP collapse instead of thoséatios were measured directly for reactions in the presence
for heterolysis of radical. In more polar solvents, barriers 0f @ wide range of concentrations of PhSH, but we note that
for ionic collapse increase because the polar solvent isthe accuracy of those values is a function of the accuracy of

structured around the ions, and CIP lifetimes should in- €stimated rate constants for PhSH trapping reactions.
crease?® The half-lives for decay of radicdl in various solvents

When 2,2,2-trifluoroethanol (TFE) was added in small are Qerived from composite rate constants. Aq intuitive no'Fion
that increasing solvent polarity should result in faster radical

“heterolysis” is supported by our kinetic studies, but the
surprising results are that the heterolysis stegssehave
comparable rate constants, whereas the CIP collapse rate
constants vary considerably with solvent. One practical aspect
of the work is that a highly unfavorable equilibrium for
radical dissociation in low polarity solvents results from ion
recombination rates that are faster than molecular correlation
times, which might be a key feature for stereoselective radical
substitution reaction%’ increasing solvent polarity margin-
ally from that of benzene to that of GAI, might have a
profound effect on stereoselectivity. The method reported
. . ; here should be useful in studies of heterolysis reactions of
pair collapse rates in the mixtures. . . S

e ST ) ] otherf-(ester)alkyl radicals, and creation of a kinetic scale

Limited kinetic information about3-mesylate radical for various radical types can be envisioned.

heterolysis reactions is available, and those values are not
in good agreement with one another. Heterolysis of a Acknowledgment. We thank the National Science Foun-

mesylate radical similar to radical in structure was  dation for financial support and Dr. L. Bagnol (UIC) for
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in CH;CN solution? but estimated rate constants for het-
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rate constants obtained for radidain this work are likely OL062242V

amounts to TFT, the solvent polarity as evaluatedBhy
(30) solvent polarity measurements changed dramatically.
This nonlinear effect oiE(30) values for TFE in aromatic
solvents was noted previoushand was rationalized as
resulting from “solvent demixing” that gave unusually high
concentrations of the polar additive surrounding the betaine
salt used for theer(30) measurements. The TFE additive
has a retarding effect on the rate constant for CIP collapse,
and the concentration of the CIP in PhCsolvent was
increased by about 1 order of magnitude when TFE was
present at the level of 1%. It is interesting to note that polarity
as judged by th&x(30) values is a poor predictor of the ion
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