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kept in a constant-temperature water bath at 30 0C. After tempera­
ture equilibration, 50 juL of the stock solution of the imidate ester (0.01 
M) in acetonitrile was added to the buffer solution by means of a 
Gilson Pipetman adjustable pipet (delivery range 0-200 ^tL). The 
reaction mixture was thoroughly stirred and kept at 30 0C for at least 
10 half-lives of reaction before assay. 
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Since the discovery by Lankamp, Nauta, and MacLean 
in 1968 that the triphenylmethyl radical on dimerization does 
not yield hexaphenylethane but a cyclohexadiene-type com­
pound,4 attempts have been made5 - 9 to produce true ethanes 
that—by virtue of their voluminous or radical-stabilizing 
substituents—tend to undergo facile C-C homolysis at rela­
tively low temperatures. As shown by Seebach et al.6'7 with 
hexakis(aryl- or alkylthio)ethanes, homolytic dissociation of 
the C- C bond is detectable in the temperature range 55-110 
0 C. 1 0 

During systematic investigations of the photochemistry of 
perfluorothioketones, (CF3S)2CS was also irradiated. During 
this photolysis, besides l,l,3,3-tetrakis(trifluoromethylmer-
capto)thiirane and CFjSnCFj, ( C F J S ) J C C ( S C F I ) J " was also 
formed. The present paper describes thermodynamic and ki­
netic results concerning the homolysis of hexakis(trifluo-
romethylmercapto)ethane in solutions near room tempera­
ture. 

Experimental Section 

A. Materials. Hexakis(trifluoromethylmercapto)ethane. In a quartz 
vessel equipped with stirrer and condenser, a solution of 9.8 g (0.04 
mol) of (CF3S)2CS12 in 400 mL of hexane was irradiated for 10 h at 
reflux temperature in a Rayonet photoreactor with UV light of 300 
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nm. The photolysis reaction was controlled by analyzing samples for 
the amount of unreacted starting material using the 500-nm band of 
(CFjS)2CS for detection. The reaction was stopped at 90% conversion 
of (CF3S)2CS. On cooling to -70 to -80 0C white crystals of 
(CF3S)2CC(SCFj)3 deposited. After filtration the crystals were 
washed with hexane and recrystallized from ether; yield 1.6 g (18%); 
mp 129-130 0C (sealed tube); sublimation at 90 0C; IR (RbBr pellet) 
1210 (s), 1170 (vs), 1085 (vs), 761 (s), 747 (m), 620 (w), 560 (w), 556 
(m), 546 (m), 468 (m), 445 (w), 425 (m), 355 (m). 335 cm"1 (vw); 
19F N MR (in 90% CCl3F) (CF3) 36.9 ppm. Anal. Calcd for C8F,8S6: 
C, 15.13; S, 30.34. Found: C, 15.24; S, 30.51. 

Benzene (Uvasol, Merck) was dried with sodium and used without 
further purification. Nitrogen and argon (99.997%) were purified with 
Oxisorb filters (Messer-Griesheim) (after purification O2 content 
<0.1 vpm; H2O content 0.5 vpm). Galvinoxyl (Aldrich) was recrys­
tallized from carbon tetrachloride and stored at —30 0C under ni­
trogen. 2-Phenylbis(biphenylene)allyl13 was recrystallized from 
benzene and isolated as a 1:1 adduct with benzene. For galvinoxyl and 
2-phenylbis(biphenylene)allyl the free-radical content was determined 
spcctrophotometrically using previously reported extinction coeffi­
cients.13-14 

B. ESR Measurements. The ESR measurements were performed 
using a Varian E-9 ESR spectrometer with a variable-temperature 
unit. For double integration of the spectra the ESR spectrometer was 
connected to a DEC PDP 10 computer. The doubly integrated spectra 
of C(SCFj)3 in benzene15 were compared with corresponding data 
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from 1O-5-1O-4 m solutions of diphenylpicrylhydrazyl (DPPH) in 
benzene using the method described by Zimmermann et al.16 The 
optical density of the DPPH solutions was determined using a Zeiss 
PMQ 2 spectrometer. The extinction coefficient at 519 nm of DPPH 
in benzene was taken to be 1.415 X 104 M - 1 cm-1.16 The coupling 
constants and g factors were determined from simultaneous mea­
surements of field and microwave frequency taking account of the 
difference in field between the ESR cell and NMR probe positions. 
The coupling constants and g factor are accurate to 30 mG and 5 X 
10-5, respectively. 

C. Kinetic Measurements. Reaction rates of tris(trifluoromethyl-
mercapto)methyl radicals in benzene with the scavenger radicals 
galvinoxyl and 2-phenylbis(biphenylene)allyl were determined by 
monitoring the decrease in the optical absorptions of the scavengers, 
using a Zeiss DMR 21 UV spectrometer equipped with a thermostated 
cell holder. A tandem cell was used. Initial concentration of the 
scavenger was 10-3 M and that of hexakis(trifluoromethylmercap-
to)ethane was 2 X 10-2 M. Exactly equal volumes of the benzene 
solutions were transferred to the tandem cell and freed from oxygen 
by bubbling with argon (saturated with benzene) through a capillary 
for 20 min. The temperature was monitored in a parallel cell. After 
20 min the two solutions were mixed and registration was started (t 
= 0). The decrease of the extinction of the scavenger was registered 
automatically for galvinoxyl at 444 nm and for 2-phenylbis(biphen-
ylene)allyl at 490 nm. The rate constants for dissociation of hexa-
kis(trifluoromethylmercapto)ethane were determined from the linear 
parts of the experimental curves using the method described by 
Bartictt and Funahashi.14-17 

Results 

1. ESR Studies. At room temperature, solutions of hexa-
kis(trifluoromethylmercapto)ethane in benzene show an ESR 
spectrum (g = 2.004 18) which consists of ten equally spaced 
lines (line width 0.35 G; intensity ratio 1:9:36:84:126:126: 
84:36:9:1) separated by 2.88 G which demonstrates that the 
radical contains nine equivalent nuclei with a spin of '/2- The 
spectrum is assigned to the radical C(SCF3)3." At 110 0 C in 
liquid naphthalene the concentration of C(SCF3)3 , 0(19F) = 
2.96 G, was sufficiently high to observe satellite lines from 13C 
in natural abundance as shown in Figure 1. From the intensity 
pattern of these lines it is concluded that the radical contains 
three equivalent carbon atoms—0(13C-,,) = 16.04 G—and an 
additional single carbon atom—a( l iCa) = 40.09 G—which 
supports the assignment given above. Lines from 33S are not 
visible in the experimental spectrum, although the amplitudes 
of these lines are expected to be of similar magnitude as those 
due to 1 3C a . The upper limit for a(33S) can, however, be de­
termined from the spectrum to be 4.5 G. This value, which 
would lead to overlap of the lines due to 33S with those due to 
1 3Cn , 1 3C7 , and 19F, is similar to those measured19 for 
C(SCsHs)3 and analogous radicals. 

In benzene solution15 the intensity of the lines due to 
C(SCFj)3 increases reversibly with increasing temperature 
in the range 10-60 0 C, whereas at temperatures above 70 0 C 
the intensity of the lines decreases slowly with time indicating 
that some irreversible reaction occurs. The experimental results 
concerning the reversible formation and disappearance of 
C(SCF3)3 in the temperature range up to 60 0 C are rational­
ized in terms of homolytic fission of the C-C bond in the parent 
compound: 

(CF 3 S) 3 C-C(SCFs ) 3 ^ = 2(CF3S)3C (D 

The equilibrium constant K = [-C(SCF3)3
2]/[(CF3S)3-

CC(SCF3)3] = k\/k-\ was determined by double integration 
of the ESR spectrum of C(SCF3)3 and comparison with cor­
responding data for 10~5 M solutions of DPPH in benzene. At 
30 0 C, K = (7.5 ± 2.5)10-'° M, from which AG, the free-
energy change occurring on formation of C(SCF3)3 from 
(CF3S)3CC(SCF3)3, is calculated to be 12.6 kcal/mol. A// , 
the enthalpy change involved in reaction 1, was determined by 

Oam x 40 Gam x 40 

10 G 

Figure 1. ESR spectrum of (CFsS) 3C in liquid naphthalene at 110 0C. The 
upper and lower stick spectra indicate the positions of the satellite lines 
due to 13C7 and 13Cn, respectively. 

measuring the concentration of C(SCF3)3 as a function of 
temperature and plotting log [C(SCF3)3] vs. reciprocal ab­
solute temperature. From the slope of the straight line which 
resulted from this plot AH = 13.7 ± 0.5 kcal/mol. The entropy 
change due to dissociation of (CF3S)3C-C(SCF3)3 according 
to reaction 1 is therefore AS = {AH -AG)/T= 3 .6calK - 1 

mol - 1 . 
2. Studies on the Kinetics of Homolytic Dissociation of 

(CF3S)3C-C(SCFs)3. The rate constant for dissociation of 
(CF3S)C-C(SCF3)3 was determined by scavenging C(SCF3)3 

with the stable free radicals galvinoxyl and l-phenylbis(bi-
phenylene)allyl. A > 100-fold excess of these scavengers over 
thatofC(SCF3)3(for 10 - 3 M solutions of (CF3S)3CC(SCF3)3 

[(CF3S)3C] «_10 -6 M) was used in order to ensure complete 
reaction with C(SCF3)3 . The experimental data were inter­
preted using the method described by Bartlett and Funahashi14 

assuming that the rate constants for reaction of (CF3S)3C with 
galvinoxyl and l-phenylbis(biphenylene)allyl are a factor of 
> 100 larger than that for dimerization of (CF3S)3C, k-\. The 
rate constants k\ for dissociation of (CF3S)3C-C(SCF3)3 thus 
determined are presented in Table I. At 10-30 0 C, the k\ 
values are of the order 1 0 _ 5 s _ 1 and approximately indepen­
dent of the chemical nature of the scavenger used. From 
Arrhenius plots of the rate data AH* and AS*, the activation 
energy and entropy for dissociation of (CF3S)3C-C(SCF3)3 

are determined to be (21.0 ± 0.5) kcal/mol and (7.5 ± 2) cal 
K - 1 mol - 1 , respectively. Since the equilibrium constant K is 
known from ESR measurements, k-\ can be calculated. At 
3 0 0 C , A:-, =4 .5 X 104 M - 1 s - 1 . 

Discussion 

With (CF3S)3C the low value of 40.09 G for «(' 3Cn), which 
is almost identical with corresponding values determined19 for 
other methyl radicals substituted by three R-S groups, is very 
similar to the value of 38.5 G measured20 for a(13C„) of the 
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Table I. Rate Constants and Activation Parameters for 
Dissociation of (CF3S)3C-C(SCFa)3 

scavenger 

galvinoxyl 

Koelsch 
radical 

/ /0C 

/12.55 
I 15.30 

I 20.12 
125.01 
\29.98 

/12.55 
I 15.25 
I 
I 20,10 
I 25.05 
V 30.00 

A:,/10-5 

s-1 

0.48 
0.73 

1.25 
2.71 
4.70 

0.50 
0.66 

1.27 
2.15 
4.40 

//+/kcal 
mol-1 

22 

20 

5*/eu 

10 

5 

(planar) methyl radical.21'22 In addition, the value of <4.5 G 
for a (33S) indicates that only a small fraction of the spin is 
delocalized onto the adjacent sulfurs. From these facts it is 
concluded that Ca in (CF3ShC has a planar configuration. The 
value of 40.09 G may be compared with the value of 154.0 G 
determined23-24 for 13Ca of the homologous radical C(OCH3)3 
which—according to INDO calculations—is almost perfectly 
pyramidal.23 

The large coupling constant for the 13C atoms in the CF3 
groups, i.e., a(]iCy) = 16.04 G as compared to 7.5 G for 
a( 13C7) in the radical C(SC6Hs)3,'9 does not necessarily in­
dicate that the unpaired spin is delocalized, since with 
CF3CH2C (CMe3)2, in which the spin is localized, the coupling 
constant for the 13C atom in the CF3 group is even larger (30.1 
G).25 

Preliminary results of an X-ray investigation26 and an 
electron diffraction study27 of the structure of (CF3S)3C-
C(SCF3)3 indicate that (a) the central carbon atoms in this 
molecule have essentially a planar configuration and (b) the 
C-C bond distance (1.7 A as compared to 1.54 A in ethane) 
is anomalously large. Both effects are suggested to be due to 
the strong steric interaction of the six CF3S groups (F- and 
B-strain),28_31 which results in converting the tetrahedral 
configuration of the carbons into one approximating a planar 
structure. The ground state of (CF3S)3C-C(SCF3)3 must 
therefore be quite similar to the transition state for the 
homolytic bond cleavage reaction 1. This interpretation is 
supported by the low value of AS* (7.5 cal K - ' mol - '), which 
is only 50% of that observed for homolytic fission of ethane 
(17.2 cal K-1 mol-1)32 and which demonstrates that the dif­
ference in the degree or kind of order between ground and 
transition state is unusually low. 

From the activation energy for C-C bond dissociation (A//* 
= 21.0 kcal/mol) and the C-C bond energy (AH = 13.7 
kcal/mol) the activation energy for dimerization of C(SCF3)3, 
the rate of which (k-\ = 104 M - 1 s_1) is much lower than 
diffusion controlled, is calculated as 7.3 kcal/mol. This value 
leads to a preexponential factor of 109-1010 M - 1 s_1 for the 
dimerization reaction reverse (1). The low value for the rate 

constant for dimerization of (CF3S)3C is reasonable in view 
of the strong steric interaction (F- and B-strain) of the CF3S 
groups in the transition state^ In conclusion it is suggested that 
the radical C(SCF3)3 is not a stable but a "persistent"33 radical 
and that the unusually low34 C-C bond dissociation energy is 
not the result of a stabilization of the radicals formed but is 
caused by sterically induced destabilization of the parent 
compound. 

References and Notes 

(1) A.H. and K.S. thank the Deutsche Forschungsgemeinschatt for financial 
support and Professor C. Ruchardt, Freiburg, and Professor H. J. Troe, 
Gottingen, for valuable discussions. 

(2) Ruhr-Universitat Bochum. 
(3) lnstitut fur Strahlenchemie. 
(4) H. Lankamp, W. T. Nauta, and C. MacLean, Tetrahedron Lett., 249 

(1968). 
(5) H. A. Staab, H. Brettschneider, and H. Brunner, Chem. Ber., 103, 1101 

(1970); A. H. Staab, K. S. Rao, and H. Brunner, Ibid., 104, 2634 (1971). 
(6) D. Seebach and A. K. Beck, Chem. Ber., 105, 3892 (1972), and references 

cited therein. 
(7) D. Seebach, H. B. Stegmann, K. Scheffler, A. K. Beck, and K.-H. Geiss, 

Chem. Ber., 105, 3905 (1972). 
(8) H.-D. Beckhaus and C. Ruchardt, Chem. Ber., 110, 878 (1977). 
(9) For a recent review concerning sterically crowded organic molecules see: 

T. T. Tidwell, Tetrahedron, 34, 1855 (1978). 
(10) Concerning hexakis(alkylthio)ethanes Seebach et al. have recently pre­

sented a different interpretation of the thermal decomposition of these 
compounds: R. Schlecker, U. Henkel, and D. Seebach, Chem. Ber., 110, 
2880(1977). 

(11) A. Haas and K. Schlosser, Tetrahedron Lett, 4631 (1976). 
(12) A. Haas and W. Klug, Chem. Ber., 101, 2609 (1968). 
(13) R. Kuhn and F. A. Neugebauer, Monatsh. Chem., 95, 3 (1964); F. Koelsch, 

J. Am. Chem. Soc, 54, 3386 (1932). 
(14) P. D. Bartlett and T. Funahashi, J. Am. Chem. Soc, 84, 2596 (1962). 
(15) In solvents like, e.g., toluene or hexane the signal of C(SCF3J3 decays with 

time, possibly owing to abstraction of H from the solvent. 
(16) E. Ohmes, G. Kothe, A. Naujok, and H. Zimmermann, Ber. Bunsenges. Phys. 

Chem., 75,895(1971). 
(17) The temperature-jump method tor measuring the rate of dissociation, using 

ESR detection,18 could not successfully be applied since at temperatures 
above 6 °C1S the rate of establishment of the equilibrium between C(SCF3Ja 
and (CF3S)3C-C(SCF3J3 was too fast to be measured satisfactorily. 

(18) D. Griller, L. R. C. Barclay, and K. L). Ingold, J. Am. Chem. Soc, 97, 6151 
(1975). 

(19) H. B. Stegmann, K. Scheffler, and D. Seebach, Chem. Ber., 108, 64 
(1975). 

(20) R. W. Fessenden and R. H. Schuler, J. Chem. Phys., 39, 2147 (1963). 
(21) For details concerning the configuration of trialkylmethyl radicals with bulky 

alkyl substituents see: D. Griller, K. U. Ingold, P. J. Krusic, and H. Fischer, 
J. Am. Chem. Soc, 100, 6750 (1978); K. Schluter and A. Berndt, Tefra-
hedronLett, 929(1979). 

(22) About radical planarity and a(13C„) see: D. Griller and K. U. Ingold, J. Am. 
Chem. Soc, 96, 6715 (1974), and references cited therein. 

(23) S. Steenken, to be submitted for publication. 
(24) G. Brunton, K. U. Ingold, B. P. Roberts, A. R. J. Beckwith, and P. J. Krusic, 

J. Am. Chem. Soc, 99, 3177 (1977). 
(25) J. C. Scaiano and K. U. Ingold, J. Phys. Chem., 80, 275 (1976). 
(26) C. Kruger, unpublished results. 
(27) H. Oberhammer, A. Haas, and K. Schlosser, J. Chem. Soc, Dalton Trans., 

1075(1979). 
(28) H. C. Brown and R. S. Fletcher, J. Am. Chem. Soc, 71, 1845 (1949). 
(29) J. Slutsky, R. C. Bingham, P. v. R. Schleyer, W. C. Dickerson, and H. C. 

Brown, J. Am. Chem. Soc, 96, 1969 (1974), and references cited 
therein. 

(30) H. D. Beckhaus and C. Ruchardt, Chem. Ber., 110, 878 (1976), and refer­
ences cited therein. 

(31) It has been shown8 that with highly strained alkanes the influence of the 
group size on the thermolysis rates of the C-C bond is essentially due to 
F-strain. 

(32) S. W. Benson, "Thermochemical Kinetics", Wiley, New York, 1976, pp 
97-100. 

(33) D. Griller and K. U. Ingold, Ace Chem. Res., 9, 13 (1976). 
(34) For comparison, the C-C bond dissociation energy in 2,2,3,3-tetrameth-

ylbutane has been determined to be ~70 kcal/mol: G. M. Atri, R. R. Baldwin, 
G. A. Evans, and R. W. Walker, J. Chem. Soc, Faraday Trans. 1, 366 
(1978). 

file:///29.98

