
2946 J.  Org. Chern., Vol. 40, No. 20, 1875 Moniz, Poranski, and Sojka 

of Health, 1971-1973. (c) Predoctoral Trainee of the National Institutes 
of Health. 

(2) (a) G. L. Schmir, J. Am. Chem. SOC., 90, 3478 (1968); (b) W. P. Jencks. 
"Catalysis in Chemistry and Enzymology", McGraw-Hill, New York, 
N.Y., 1969, Chapter 10. 

(3) (a) T. Okuyama, T. C. Pletcher, D. J. Sahn, and G. L. Schmlr, J. Am. 
Chem. SOC., 95, 1253 (1973), and references cited therein; (b) T. Okuy- 
ama, D. J. Sahn, and G. L. Schmir, ibM., 95, 2345 (1973); (c) J. P. Fox, 
M. I. Page, A. Satterthwait, and W. P. Jencks, ibid., 94, 4729 (1972); (d) 
A. C. Satterthwait and W. P. Jencks, ibM., 98,7031 (1974). 

(4) (a) R. E. Barnett and W. P. Jencks, J. Am. Chem. SOC., 91, 2358 
(1969); (b) C. Cerjan and R. E. Earnett, J. fhys. Chem., 76, 1192 
(1972); (c) R. K. Chaturvedi, A. E. MacMahon, and G. L. Schmir, J. Am. 
Chem. SOC., 89, 6984 (1967); (d) R. K. Chaturvedi and G. L. Schmir, 
ibid., 91, 737 (1969); (e) R. B. Martin, S. Lowey, E. L. Elson, and J. T. 
Edsall, ibid., 81, 5089 (1959). 

(5) (a) R. Hershfield and G. L. Schmir, J. Am. Chem. Soc., 94, 1263 (1972): 
(b) R. Hershfield and G. L. Schrnir, ibid., 94, 6788 (1972). 

(6) (a) H. J. Alkema and H. J. Arens, Recl. Trav. Chim. fays-Bas, 79, 1257 
(1960); (b) W. F. Truce and R. G. Steltenkamp, J. Org. Chem., 27, 2816 
(1962); (c) A. J. Borisova, A. K. Filippova, V. K. Voronov, and M. F. 
Shostakovskii, Bull Acad. Sci. USSR, Div. Chem. Sci., 2236 (1969). 

(7) H. D. Stachel, Chem. Ber., 95, 2166 (1962). 
(8) Y. A. Eoiko, 8. S. Kupin, and A. A. Petrov, J. Org. Chem. USSR (fngl. 

Trans/.), 2, 1893 (1966). 
(9) (a) P. J. W. Schuljl and L. Brandsma, Recl. Trav. Chim fays-Bas, 87, 

929 (1968); (b) G. Strickmann and G. Barnikow, 2. Chem.. 10, 223 
(1970). 

10) R. Raap, Can. J. Chem., 48, 2251 (1968). 
11) E. T. McBeeandR. 0. Bolt, Ind. fng. Chem., 39, 412(1947). 
12) A. Kankaanpera and H. Tuominen, Suom. Kemistil. 8, 40, 271 (1967). 
13) A. Kankaanpera and R. Aaltonen. Acta Chem. Scand.. 26, 1698 (1972). 
14) T. S. Straub, Ph.D. Dissertation, Illinois Institute of Technology, 1970. 
15) K. Koehler, R. Skora, and E .  H. Cordes, J. Am. Chem. Soc., 88, 3577 

(1966). 
(16) (a) C. A. Buntoo, J. H. Fendler, N. A. Fuller, S. Perry, and J. Rocek, J. 

Chem. SOC., 5361 (1963); (b) C. A. Eunton, J. H. Fendler. N. A. Fuller, 
S. Perry, and J. Rocek, ibid., 6174 (1965). 

(17) M. A. Paul and F. A. Long, Chem. Rev., 57, 1 (1957). 
(18) M. T. Reagan, J. Am. Chem. Soc., 91,5506 (1969). 
(19) W. M. Schubert and J. R. Keeffe, J. Am. Chem. SOC., 94, 559 1972). 
(20) W. P. Jencks and J. Carriuolo, J. Am. Chem. SOC., 83, 1743 (1961). 
(21) See paragraph at end of paper regarding supplementary material. 
(22) G. L. Ellrnan, Arch. Biochem. Biophys., 82, 70 (1959). 
(23) V. Gold and D. C. A. Waterman, J. Chem. SOC. S, 839, 849 (1968). 
(24) A. Kankaanpera and R. Aaltonen, Suom. Kemistil. B, 43, 183 (1970). 
(25) (a) A. J. Kresge, H. L. Chen, Y. Chiang, E. Murrill, M. A. Payne, and D. S. 

Sagatys, J. Am. Chem. SOC., 93, 413 (1971); (b) G. E. Lienhard and T. 
C. Wang, ibid., 91, 1146 (1969). 

(26) Other phenomena which might be responsible for nonllnear buffer plots 
include specific salt and solvent effects, and association of buffer com- 

ponents to form catalytically inactive aggregates. The latter explanation 
seems unlikely in the present case, in view of the fact that strictly linear 
buffer plots (up to 0.7 Macetate buffer) have been observed in acetate- 
catalyzed reactions where no change in ratedetermining step was ex- 
pected?'" The rate of nitroethane ionization shows a linear dependence 
on acetate buffer concentration up to 2 M (E. S. Hand and W. P. 
Jencks, personal communication). 

(27) (a) E. H. Cordes and W. P. Jencks, J. Am. Chem. Soc., 84, 4319 (1962); 
(b) R. B. Martin, A. Parcell, and R. I. Hedrick, ibid., 88, 2406 (1964); (c) 
W. P. Jencks and M. Gilchrist. bid., 88, 5616 (1964); (d) R. B. Martin, R. 
I. Hedrick, and A. Parcell, J. Org. Chem., 29, 3197 (1964): (e) G. E. Lien- 
hard and W. P. Jencks, J. Am. Chem. SOC., 87, 3855 (1985); (f) s. 0. 
Erlksson and C. Holst, Acta Chem. Scand., 20, 1892 (1966); (g) D. R. 
Robinson and W. P. Jencks, J. Am. Chem. Soc., 89,7098 (1967); (h) B. 
A. Cunningham and G. L. Schmir, ibid., 89, 917 (1967); (i) G. M. Black- 
burn and W. P. Jencks, /bid., 90, 2638 (1968); 0) ref 2b, p 477; (k) W. P. 
Jencks and K. Salvesen, J. Am. Chem. Soc., 93, 1419 (1971): (I) T. 
Okuyarna and G. L. Schmir, ibid., 94,8805 (1972); (m) D. J. Hupe, M. C. 
R. Kendall, G. T. Sinner, and T. A. Spencer, ibid., 95, 2260 (1973): (n) R. 
Hershfield and G. L. Schmlr, ibid., 95, 8032 (1973). 

(28) J. D. Cooper, V. P. Vitullo, and D. L. Whalen, J. Am. Chem. SOC., 93, 
6294 (1971). 

(29) V. Gold and S. Grist, J. Chem. SOC. B, 2272 (1971). 
(30) (a) M. M. Kreevoy and E. E. Konasewich, J. fhys. Chem., 74, 4464 

(1970); (b) W. J. Albery, J. S. Curran, and A. D. Campbell-Crawford, J. 
Chem. SOC., ferkln Trans. 2, 2185 (1972). 

(31) K. R. Hanson, R. Ling, and E. Havlr, Biochem. Biophys. Res. Commun., 
29, 194 (1967). 

(32) (a) T. Okuyama, T. Fueno, H. Nakatsuji, and J. Furukawa, J. Am. Chem. 
SOC., 89, 5826 (1967); (b) T. Okuyama, T. Fueno, and J. Furukawa, Bull. 
Chem. SOC. Jpn.. 43, 3256 (1970). 

(33) Thermodynamic pKa values show that dialkyl ethers, pKa ca. -2.5,34 
are considerably more basic than dialkyl sulfides (pK. ca. -7).35 

(34) P. Bonvlcini, A. Levl, V. Lucchlni. and G. Scorrano, J. Chem. Soc., fer- 
kin Trans. 2, 2267 (1972). 

(35) P. Bonvlcinl, A. Levl, V. Lucchinl, 0. Modena, and G. Scorrano, J. Am. 
Chem. SOC., 85, 5960 (1973). 

(36) R. Hershfield and G. L. Schrnir, J. Am. Chem. SOC., 95,3994 (1973). 
(37) R. Hershfield and G. L. Schmir, J. Am. Chem. SOC., 95, 7359 (1973). 
(38) P. Deslongchamps, P. Atlanl, D. Frbhel, and A. Malaval, Can. J. Chem., 

(39) S. Hunig, Angew. Chem., ht. Ed. fngl., 3, 548 (1964). 
(40) V. L. Tweedie and E. G. Earron, J. Org. Chem., 25, 2023 (1960). 
(41) A. V. Kalabina, L. S. Myasnlkova, E. F. Kolmakova. I. R. Shestakova, 

and M. P. Pavlova, lzv. Fiz-Khim. Nauchno-lssled. lnst. lrkutsk. Gos. 
Univ., 5, 225 (1961); Chem. Abstr., 61, 1783g(1964). 

(42) A. Van Es and W. Stevens. Recl. Trav. Chim. fays-Bas, 84, 1247 
(1965). 

(43) W. Stevens and A. Van Es, Recl. Trav. Chim. fays-Bas, 83, 1287 
(1964). 

(44) W. Stevens and A. Van Es. Recl. Trav. Chim. fays-Bas, 83, 1294 
(1964). 

50, 3405 (1972). 

Carbon-13 CIDNP during Photolysis of Di-tert-butyl Ketone in Carbon 
Tetrachloride' 

W. B. Moniz, C. F. Poranski, Jr., and S. A. Sojka* 

Chemistry Division, N a v a l  Research Laboratory, Washingtou, D.C. 20375 

Received February 27,1975 

Carbon-13 Fourier transform (FT)  NMR was used t o  observe CIDNP during the photolytic decomposition of 
di - ter t -  b u t y l  ketone in CC4. Recombination o f  the t r ip le t  tert- butyl-pivaloyl radical pair (I) was unambiguously 
established. T h e  polarizations f rom Z,Z-dirnethylpropanal(l) and 2,2-dimethylpropanoic acid chloride (3) also re-  
sult  f rom t r ip le t  Fadical pair I. Other polarized products may come f rom singlet or t r ip le t  radical pair precursors. 
The  observed polarization signs agreed w i t h  those predicted for a l l  identi f ied products. 

The use of carbon-13 FT NMR to study CIDNP holds 
great promise as a mechanistic and kinetic tool for the in- 
vestigation of radical reactions.2 The major advantages of 
studying carbon-13 CIDNP are the large chemical shift 
range and the ability to make all carbons appear as singlets 
by proton decoupling. In addition, FT NMR techniques en- 
able the entire spectrum to be recorded in a matter of sec- 
onds. 

As part of our program of defining the pathways 6f mate- 
rial degradation, we have examined by carbon-13 FT NMR 
the CIDNP during the photochemical decomposition of di- 

tert-butyl ketone (DTBK) in CCl4. Analysis of the polar- 
ization signs provided insight into the various degradation 
steps and the multiplicities of radical pair precuysors. Pro- 
ton CIDNP during the photolysis of DTBK has been pre- 
viously studied using continuous-wave NMR? 

Results 
Figure 1 shows proton decoupled carbon-13 FT NMR 

spectra of a 25% DTBK solution in CCL obtained before, 
during, and after irradiation. The center spectrum, ob- 
tained during 'the first 1000 sec of photolysis, shows emis- 
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Figure 1. Proton decoupled carbon-13 FT NMR spectra of a 25% 
DTBK solution in CCl4 obtained before (top), during (middle), 
and after (bottom) irradiation. The spectra width is 250 ppm. For 
each spectrum 100 free induction decays were accumulated at a 
pulse repetition time of 10 sec. 

sion and enhanced absorption signals. These CIDNP sig- 
nals were assigned to particular carbon atoms by compar- 
ing their chemical shifts to those of authentic compounds 
(Table I). Assignments were aided by observing the carbon- 
hydrogen splitting patterns in proton coupled spectra. In 
addition, the proton coupled CIDNP spectra ensured that 
signals were not being lost in the decoupled spectra due to 
the exact cancellation of any multiplet effects. 

Emission signals occur from C-3 of DTBK, C-1 and C-2 
of 2,%dimethylpropanal (l), C-1 of methylpropene (2), C-2 
of 2-ctloro-2-methylpropane (4), and CHC13. The emission 
signal a t  23.9 ppm may be assigned to C-3 of either alde- 
hyde 1 or olefin 2. Enhanced absorption signals are ob- 
served for C-2 of olefin 2, C-1 of chloride 4, and all the car- 
bons of 2,2-dimethylpropanoic acid chloride (3). Although 
the signals from C-1 and C-2 of DTBK were affected dur- 
ing photolysis, it was difficult to tell if absorption or emis- 
sion was occurring because of contributions from unreacted 
DTBK. Other CIDNP signals of lower intensity were not 
assignable. The spectrum recorded after photolysis, using 
the same number of spectral accumulations, contained only 
signals attributable to C-1 and C-2 of DTBK, C-3 of acid 

Table I 
Carbon-13 Chemical Shifts of Products Showing CIDNF 

During the Photolysis of DTBK in cCha  
Chemical shift, ppm 

Carbon During Authentic 

Product position photolysis product 

DTBK 1 28.5' 28.5 
2 45.3d 45.2 
3 215.2 (E) 215.1 

1 1 202.4 (E) 202.2 
2 42.2 (E) 42.5 
3 23.9 (E)e 24 .O 

2 1 110.7 (E) 110.6 
2 140.8 (A) 140.7 
3 23.9 (E)e 23.8 

3 1 178.6 (A) 178.6 
2 48.9 (A) 49 .O 
3 27.1 (A) 27.1 

2 65.7 (E) 65.6 
CHC1, 1 77.2 (E) 77.1 

a Chemical shifts converted toMerSi scale using a M e d q l  = 6 ~ ~ 1 ~  + 
96.0. b A = enhanced absorption; E = emission. Unassigned CIDNP 
signals occurred at 137.8 (E), 111.4 (E), 111.1 (A), 103.4 (E), 98.1 
(E), 53.8 (E), 49.7 (A). 25% solutions in CC14. d Although the in- 
tensity of this peak was affected, it was difficult to tell if enhanced 
absorption or emission was occurring because of signal contributioi~ 
from unreacted DTBK. e This signal may be assigned to C-3 of 1 or 
2. 

4 1 34.5 (A) 34.5 

chloride 3, and C-1 of chloride 4. Additional signal averag- 
ing revealed peaks assigned to CHCls and C2C16. 

Products 1, 3, 4, CHCl3, CzCle as well as l,l,l-trichloro- 
2,2-dimethylpropane (5 ) ,  HCzC15, and C2C14 were identi- 
fied by GC-MS analysis. 

Discussion 
Interpretation of the polarization signs in terms of the 

CKO theory* of CIDNP suggested the mechanistic path- 
ways shown in Scheme I. All the polarization signs may be 

Scheme I 
hv A DTBK 

DTBKS -ZBKT 

5 

rationalized by initially invoking the triplet tert- butyl-pi- 
valoyl radical pair (I). Some of the polarizations, however, 
are also consistent with reaction from the singlet tert- 
butyl-trichloromethyl radical pair (11). 

The polarizations from DTBK, aldehyde 1, and acid 
chloride 3 must result from triplet pair I. Olefin 2 and chlo- 
ride 4 may come from I, from triplet pair I1 formed by pair 
substitution5 (eq f),  or from singlet pair I1 formed by a sin- 
glet exciplex reaction (eq j). In addition, trichloropropane 5 
and CHC13 may result from the singlet or triplet pair 11. 
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Table I1 
Evaluation of Kaptein's Expression for Products 

Formed During Photolysis of DTBK in CC14a 

Radical  Product 

formation formation Polarizationb 

Product position eqc p eqc B Agd A Calcd Exp 

Carbon 

DTBK 1 a +  b . +  + -  E e  
2 a +  b +  + +  A e  
3 a + b + - + E E  

1 1  a + c + - + E E  
2 a +  c + - +  E E  
3f a + c + - + E E  

2 1  a +  c +  + -  E E  
f +  h +  + -  E E  
j - h + - -  E E  

2 a +  c +  + +  A A  
f + h + + + A A  
j -  h +  - +  A A  

3f a +  c +  + -  E E  
f + h + + - E E  
j - h + - -  E E  

3 1  a +  d -  - + A A  
2 a +  d -  - + A A  

4 1  a +  e -  + -  A A  

A A  j -  i -  
2 a +  e -  + +  E E  

f + i -  + +  E E  
j -  i -  - + E E  

5 1  f +  g +  - +  E g  
j - g + + + E g  

2 f + g + + + A g  
j -  g +  - +  A g  

3 f +  g +  + -  E g  

CHC1, 1 f +  h +  - +  E E  

3 a +  d -  - + A A ,  

f + i -  + -  A A  
- -  

j - g + - -  E g  

j - h + + + E E  
a is + for triplet pairs and pairs formed from free radical en- 

counters, - for singlet pairs; c is + for cage products, - for escape 
products; Ag is + for the radical with the larger g factor, - for the 
radical with the smaller g factor. A = enhanced absorption; E = 
emission. C Equations of Scheme I. g(pivaloy1) = 2.0008;16 
g(tert-butyl) = 2.0026;16 g(.CC13) = 2.0091.17 e See Table I, foot- 
note d. f See Table I, footnote e. g The chemical shifts of these car- 
bons have not been determined. However, an emission signal was 
observed in the region where C-1 would be expected to appear (see 
ref 8). 

Table I1 evaluates Kaptein's expression,6 I? = pcAgA, for 
the reaction products formed by the indicated pathways. 
The four terms determine the sense of the polarization. 
Thus, r is positive for enhanced absorption and negative 
for emission. The multiplicity of the radical pair is given by 
p,  the type of product-forming reaction is taken into ac- 
count by the t term, Ag is the sign of the spectroscopic 
splitting factor difference, and the sign of the electron-nu- 
clear hyperfine interaction constant, A ,  directly enters the 
expression. 

Triplet Reactions. Spin selection originating in triplet 
pair I can rationalize the polarization signs for all identified 
products. Triplet DTBK undergoes a-cleavage (eq a) to 
form I, which may recombine (eq b), disproportionate (eq 
c), lead to escape products (eq d, e), or produce triplet pair 
I1 by pair substitution5 (eq f). Pair I1 may also collapse (eq 
g), disproportionate (eq h), or lead to escape products (eq 
i) . 

Although all the carbons of DTBK are being affected 

during photolysis, the emission of C-3 is most distinctive. 
This emission must result from collapse of triplet radical 
pair I to regenerate starting DTBK (eq b). Carbon-13 
CIDNP provides unambiguous evidence that recombina- 
tion is occurring. This information is difficult to obtain by 
other photochemical methods. Furthermore, proton 
CIDNP studies3 were unable to reveal this reaction, except 
under stationary nutation  condition^.^ 

Table I1 shows that the polarization from all the carbons 
of aldehyde 1 can only result from the disproportionation 
of triplet radical pair I (eq c). Olefin 2 produced in this 
same process also shows agreement between the experi- 
mental and predicted polarization signs. The polarization 
of all the carbons of chloride 4 and acid chloride 3 are con- 
sistent with spin sorting in triplet radical pair I. Escape of 
the ter t -  butyl and pivaloyl radicals from this cage followed 
by abstraction of chlorine from solvent would lead to the 
observed polarizations (eq d, e). 

Triplet pair I may undergo pair substitution5 to give pair 
11. In this process one of the members of pair I (most prob- 
ably the more reactive pivaloyl radical) reacts with CC14 
and is quickly replaced by the trichloromethyl radical. 
Since spin multiplicity is conserved in this step, new pais I1 
retains triplet character. 

The product from cage collapse of pair I1 (eq g) is tri- 
chloropropane 5. Although an authentic sample of 5 was 
not available, there is a weak emission signal in the trichlo- 
romethyl carbon region which could be assigned to C-1 of 
5.* The production of 5 was confirmed by GC-MS analysis. 
The emission signal of CHC13 (eq h) may also be rational- 
ized by this pair substitution mechanism. Unfortunately, 
the polarization predictions for olefin 2 and chloride 4 are 
the same for reactions from triplet pair I or triplet pair 11, 
making a definite mechanistic choice impossible. 

Singlet Reactions. I t  has been shown that photoexcita- 
tion of tert- butyl ketones leads to both singlet and triplet 
reactive  state^.^ More recent evidence points to formation 
of a singlet exciplex species when the solvent is CC14.3a,10 
Scheme I illustrates the decomposition pathways from a 
singlet DTBK-CCl4 exciplex.'l Simultaneous a-cleavage 
and chlorine abstraction leads selectively to the tert-  butyl- 
trichloromethyl radical pair (11), which still retains singlet 
character (eq j). The acid chloride (3) produced in this re- 
action is not expected to be polarized.loa As Table I1 shows, 
the polarization signs from products 2, 4, 5, and CHCl3 are 
predicted to be the same for singlet pair I1 or a triplet pair 
I1 formed by pair substitution and a choice between these 
two radical pairs cannot be made on the basis of these 
CIDNP results alone. 

Other Reactions. In order to see if secondary photo- 
chemical reactions were contributing to the observed polar- 
izations, solutions of compounds 1,2,3, and 4 in CC14 were 
photolyzed in the spectrometer.12 

Aldehyde 1 readily photolyzed and gave rise to major 
CIDNP signals assigned to C-2 (A) of olefin 2, C-1 (A) and 
C-2 (E) of chloride 4. These polarizations are consistent 
with reaction from triplet radical pair (111) formed by C-C 
cleavage (Scheme 11). Disproportionation of triplet pair I11 

Scheme I1 n 

I11 

produces olefin 2 with C-2 in enhanced absorption while es- 
cape of tert-butyl radicals followed by abstraction gives po- 
larized chloride 4. The polarization signs are identical with 
those obtained from the photolysis of DTBK and indicate a 
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possible complexity in the quantitative analysis of these 
CIDNP intensities. 

Polarizations from the carbons of olefin 2 were not ob- 
served during irradiation of 2. Likewise, CIDNP signals 
were not detected during the photolysis of acid chloride 3 
or chloride 4 under the reaction conditions. 

Experimental Section 
All chemicals were commercially available and were used with- 

out further purification. Solutions were deaerated by a stream of 
high-purity nitrogen. The products of the photolysis were identi- 
fied with a Hewlett-Packard Model 5700A/5930A GC-MS system 
in addition to carbon-13 chemical shifts. 

Carbon-13 NMR Measurements. Carbon-13 NMR spectra 
were obtained at  25.15 MHz on a Varian HA-100 spectrometer 
modified for pulsed operation and equipped with an external fluo- 
rine-19 field-frequency l 0 ~ k . l ~  Free induction decays were accumu- 
lated and Fourier transformed with a NIC-80 data system. Typi- 
cally, 100 free induction decays were accumulated using a pulse in- 
terval of 10 sec. A 90° pulse took 130 hsec. The probe temperature 
was 44 i 2' and 7.5 mm 0.d. quartz sample tubes were used. Iden- 
tical phase corrections were applied to spectra obtained before, 
during, and after irradiation. Chemical shifts were assigned by 
comparison with spectra of authentic compounds, which were run 
as 25% solutions in CCld. Chemical shifts were converted to the 
MedSi scale using bhleasi = dcc14 + 96.0. 

Photolysis Experiments. Light from a 600-W Hg-Xe arc 
source was focused through a water filter, Corning filters no. CS- 
056 and CS-954, and onto the polished end of a quartz rod which 
terminated 1 mm from the bottom of the sample tube. The com- 
bined Corning filters had a measured transmittance of greater 
than 50% at  wavelengths longer than 290 nm and less than 1% at  
wavelengths shorter than 250 nm. Deaerated 25% solutions of 
DTBK in CC4 were used in the photolysis experiments. For the 
photolysis of compounds 1,2,3, and 4,10% solutions were used. 

INDO Calculations. The signs of the electron-carbon hyper- 
fine interaction constants for the pivaloyl and tert- butyl radicals 
were obtained using the INDO semiempirical method.14 Standard 
geometries were assumed and QCPE program 142 was used for the 
calculations. All the A(C13)'s for the pivaloyl radical were calculat- 

ed to be positive whilefor the tert-butyl radical A(@) is positive 
and A(@) is negative. The A(C13) for the trichloromethyl radical 
is p0~i t ive. l~ 

Registry No.-1, 630-19-3; 2, 115-11-7; 3, 3282-30-2; 4, 507-20- 
0; 5,56087-10-6; DTBK, 815-24-7; CHCl3,67-66-3. 
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Secondary deuterium isotope effects in ethanolysis of 3fl-cholestanyl-3-dl brosylate (2e), 3a-cholestanyl-3-dl 
brosylate (2a), 36-cholestanyl-2,2,4,4-d4 brosylate (3e), 3a-cholestanyl-2,2,4,4-d4 brosylate (3a), 3P-cholestanyl- 
2u-dl brosylate (4e), 3a-cholestanyl-2a-dl brosylate (4a), and 3a-cholestanyl-2fl-dl brosylate (5a) were mea- 
sured. The solvolysis products of unlabeled epimeric brosylates ( le  and la) were also determined. The deuterium 
content analyses of olefinic fraction obtained in acetolyses of 3e. 3a, 4a, and 5 s  were carried out. The magnitude 
of the 6 isotope effects obtained in solvolysis of 3e (kH/kD = 1.30), 4e (kH/kD = 0.95), and 6e ( k H / k D  = 1.18) leads 
to the conclusion that the 36-cholestanyl arensulfonates solvolyze via a chair-like rate-determining transition 
state. On the other hand, the solvolysis products indicate a half-chair conformation for a product-forming transi- 
tion state. The isotope effects measured on axial derivatives 3a (kH/kD = 2.30), 4a (kH/kD = 1.13), and 5a (kH/kD 
= 1.60) discussed together with acetolysis products and the deuterium content of olefins products from 3a, 4a, 
and 5a suggest a partitioning between k 3  and k, processes. 

The application of Hammond's postulate3 to S N 1  type 
reactions implies structural similarities of the cationic in- 
termediate with both ionization and product-forming tran- 
sition states. One of the best probes of the rate-determin- 
ing ionization transition state structure are kinetic isotope 
 effect^,^ in particular, owing to their strong conformational 
dependence, the secondary &deuterium isotope effects. 

Product studies, on the other hand, furnish information re- 
garding the structure of the product-forming transition 
state which, being of lower energy than the rate-determin- 
ing transition state, resembles the intermediate even more 
closely. 

R e ~ e n t l y , ~  we applied both kinetic isotope effects and 
product analysis in our studies of menthyl tosylate solvoly- 


