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acetone (freshly distilled from potassium permanganate) under a 
nitrogen atmosphere was added 5.7 ml. of chromic acid solution11 
(26.72 g. of chromium trioxide in 23 ml. of concentrated sulfuric 
acid diluted to 100 ml. with water) over 1 min. with stirring. 
After an additional 3 min. of stirring, the mixture was poured 
lnto 10 1. of icewater and filtered. The solid product was dried 
in a vacuum desiccator overnight, dissolved in methylene chlo- 
ride, filtered, and evaporated to dryness in the cold to yield 3.18 
g. of white solid. The lnfrared spectrum of this material in 
carbon disulfide solution showed carbonyl absorption at  1709 
em.-‘ (20-ketone) and 1718 em.-’ (sh) (3-ketone) as well as 
absorption bands consistent with the presence of a benzyl ether 
grouping and weak hydroxyl absorption. The carbonyl absorp- 
tions of another sample in a potassium bromide pellet were at  
1711 and 1693 em.-’. The remainder of the product was car- 
ried to the next step without additional purification by solution 
in 500 ml. of redistilled 95Y0 ethanol and shaking with hydrogen 
in the presence of several grams of W-2 Raney nickel a t  room 
temperature and atmospheric pressure. The reaction mixture 
was filtered and solvent removed. The product was triturated 
with a small volume of ether. The ether-insoluble material ( 1.54 
g.) had a strong carbonyl absorption band at  1706 cm.-l in carbon 
disulfide solution and was presumably a mixture of 3a + @,16a- 
dihydroxy-A6-pregnen-20-one (L). Since the desired isomeric 
A6-pregnene-3, 16a,2O-triols could be separated readily, no 
attempts a t  fractionation of the 3a- and 38-hydroxy epimers of L 
were made. 

Crude L (1.5 9.) was dissolved in a minimum amount of freshly 
distilled tetrahydrofuran and added to  an excess of lithium 
aluminum hydride in ether. The reaction mixture was allowed 
to stand at  room temperature for 40 hr. and then worked up 
in the usual fashion. The solid product was triturated with a 
small volume of ether and the residual solid (1.37 g.) was treated 
with 6 g. of digitonin in 100 ml. of 90% ethanol. This was 
allowed to stand a t  room temperature overnight and extracted 
with ethyl acetate. The solvent was removed and 872 mg. of 
crude “a-fraction” was obtained. The insoluble digitonide was 
dissolved in 35 ml. of pyridine, diluted with 2 1. of ethyl acetate, 
and filtered. The filtrate was washed with 10% hydrochloric 
acid, water, sodium bicarbonate solution, and finally with water, 
dried over anhydrous sodium sulfate, and distilled to give 500 mg. 
of crude “@-fraction.” 

The “@-fraction” was chromatographed on 175 g. of silica gel 
containing 70 ml. of ethanol on the stationary phase. Elution 

with 6% ethanol In methylene chloride yielded 110 mg. of AS- 

pregnene-3@,16~1,20a-triol (Ea)  which melted at  243.5-245.5’ 
after recrystallization from methanol. Further elution with 6% 
and 8% ethanol in methylene chloride gave 270 mg. of As-preg- 
nene-3@,16~~,2O@-triol (D),  m.p. 268, 280-287’; the infrared 
spectrum in potassium bromide dispersion was identical with that 
of D obtained in the previous synthesis. The sample was free of 
impurity as judged by thin layer chromatography on silica gel G 
with ethyl acetate. 

The “a-fraction” was chromatographed on 150 g. of silica gel 
and 60 ml. of ethanol. Elution with 4% ethanol in methylene 
chloride gave 83 mg. of A6-pregnene-3a,16a,20a-triol (Ha) which 
melted a t  229.5-230’ after recrystallization from ethanol. The 
infrared spectrum in a potassium bromide dispersion was identical 
in all respects with that of the triol from natural sources. Acety- 
lation with acetic anhydride and pyridine yielded the triacetate 
Hb, m.p. 136-137’, after recrystallization from methanol. 
The triacetate prepared from the urinary triol had m.p. 
133-135’; m.m.p. was 137-139’. The lnfrared spectra of the 
two samples were identical In all respects in carbon disulfide solu- 
tion. 

Elution with 5y0 ethanol ln methylene chloride gave 355 mg. of 
fractions contalnhg A6-pregnene-3a, 16a,20@-triol (M) ,  m.p. 
224-225’, after recrystallization from methanol; [a] 2 7 ~  -94.3’ 
(ethanol); 3530 (sh), 3460, 3390, 1663, 1086, 1064, 1049, 
1020,881,867,804 em.-’. 

Anal.  Calcd. for CnlHsrO3: C, 75.40; H ,  10.25. Found: 
C ,  75.23; H ,  10.15. 

The triacetate was prepared by the action of acetic anhydride 
in pyridine and melted a t  137.5-140’ after several recrystalliza- 
tions from methanol; : [ C Y ] ~ ~ D  -81.6’: ”“ 1738, 1667, 1239, 
1158-1151 (sh), 1046, 1035, 1020 em.-’. Further elution with 
5% ethanol in methylene chloride gave small amounts of AS- 
pregnene-3@,16a,20@-triol (D)  identical with that isolated from 
the @-fraction. 
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Secondary isotope effects on the rate of acid-induced deoxymercuration of 2-phenyl-2-methoxyethylmercuric 
iodide have been studied. Deuterium substitution at  the 2-carbon gives k x / k D ,  1.12. Deuterium substitution 
at  the 1-carbon gives k H / k D ,  0.91. The latter is one of a small number of inverse isotope effects that have been 
observed. From these and results previously presented it is concluded that the deoxymercuration transition 
state has a partial positive charge on the carbon from which oxygen is leaving and also has some olefin-mercuric 
iodide complex character. 

In  a previous paper2 the acid-induced deoxymercura- 
tion rate for CH30CD2CD2HgI (11) was compared with 
that for CH30CH2CH2HgI (I). They were very similar 
( k H / k ~  = 1.06), and from this it was concluded that the 
transition state must resemble the protonated starting 
state, IX. More recent studies of relative reactivities3 
indicate that this view was oversimplified. It was 
shown that either the carbonium ion, VII, or the olefin 
mercuric iodide complex, VIII, or both, must con- 

tribute to the transition state electronic structure. The 
present paper describes further work on secondary hy- 
drogen isotope effects, involving isotopic substitution 
in CaH6CH(OCH3)CH2HgI (111) designed to shed 
more light on the electronic structure of the transition 
state and to explain the apparent discrepancy between 
the results obtained from the secondary isotope effect 
and those obtained from the effect of substitution. 

Results 
(1) This work was supported by the Air Force Office of Scientific Research 

through contract  no. AF  4 9 ( 6 3 s ) n i .  Reproduction in whole or in part  is Well established synthetic methods were used to 
permitted for  any purpose of the U. S. Government. prepare 111, CeH6CD(OCHJCH2HgI (IV), C.SHF,- 

CH(OCH3)CD2HgI (V), and C6H6CD(OCH3)CD2HgI 
J .  Org. Chem.. 97,3421 (1962). (VI). Acid-induced deoxymercuration rates were 

(2 )  M. M .  Kreevoy and L. T. Ditsch. J .  Am.  Chem. Sac., 89, 6127 (1960). 
(3) L. L. Schaleger, M .  A. Turner, T .  C .  Chamberlin, and M. M. Kreevoy, 
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measured for all of these in water containing 2% of 
methanol a t  25.0'. First-order rate constants were 
evaluated spectrophotometrically in the usual way.2 
The acid was provided by acetic acid-sodium acetate 
buffers. Second-order rate constants, k, were obtained 
by dividing the first-order rate constants by the hy- 
dronium ion concentration. Ratios of rates were 
evaluated by comparing rates obtained from solutions 
that were made up from the same buffers and were run 
in the cell block at  the same time, so that there would 
be no possibility of temperature or buffer discrepancies. 
Table I reports the mean of the various second-order 
rate constants, the probable error of each rate ~ o n s t a n t , ~  
the ratio of kIII to each k, and the probable error of 
each ratio, as estimated from the average deviation 
from the mean of ratios of rate constants obtained 
simultaneously. Each reported mean value was ob- 
tained from four to six individual determinations. 

TABLE I 
KINETIC ISOTOPE EFFECTS IN THE DEOXYMERCURATION OF 

Compound k Ak kiir/k A(kiii/k) 

CsHbCH( 0CHg)CHzHgI 

I11 12.16 0 .08  
IV 11.03 .10 1 .12  0 . 0 2  
V 13.62 .13 0 .91  .02 
VI 11.50 .07 1.07 .02 

In  addition to random errors in measuring, rates k ~ v  
may be a little high and klII/klv a little low (each by a 
factor of 1.02) due to isotopic contamination. This is 
discussed in the Experimental. 

I t  is not strictly required by theory that k111/kv1 
should be exactly given by the product of kIII/kIv 
and kIII/kv, but in other cases5-' where the data is 
sufficiently extensive such a product relationship has 
been found to hold approximately. Such a relationship 
is in accord with the rule of the geometric mean.8 It 
is, therefore, reassuring that the present data does con- 
form to such a pattern within the combined experimental 
uncertainties. 

Spectroscopic Results.-Infrared spectra were made 
using a Perkin-Elmer Model 421 infrared spectro- 
photometer of thin liquid films of compounds 111-VI. 
These serve to identify the stretching frequencies as- 
sociated with the methylene and methine groups, but 
a complete experimental assignment of frequencies for 
molecules of this complexity is beyond our present 
capacity. The stretching frequencies are shown in 
Table 11. 

TABLE 11 
ALIPHATIC STRETCHING FREQUENCIES IN CM. -l FOR 
CsHbCH(0CHI)CH2HgI A N D  ITS ISOTOPIC VARIANTS 

Compound Methine Methylene (sym.) Methylene (assym.) 

I11 2885 2910 2850 
IV 2107 2910 2850 
V 2885 223 1 2138 
VI 2107 2231 2138 

(4) R. Livingston, "Physico Chemical Experiments," The MacMillan 

(5) A .  Streitwieser, Jr., R.  H. Jagaw, F. C.  Fahey, and S. Suruki, J .  

(6) K. Mislow, S. Borcic, and V. Prelog, H e h .  Chem. Acto, 40, 2477 (1957). 
(7) V. ,J. Shiner, J. A m .  Ckem. Soc., 76, 2925 (1953). 
(8) J .  Bigeleisen, J .  Chem. P h y s . ,  18, 2264 (1955). 

Co., New York, N. Y., 1957, Chap. I. 

A m .  Chem. Soc., 80,2326 (1958). 

Discussion 

The results of isotopic substitution a t  the hydrogen 
a to the methoxy group is in good accord with data 
for other reactions whose rate-determining steps produce 
carbonium ions or related  specie^.^^^.^,'^ Values of 
k H / k D  are generally in the range 1.10 to 1.20 per isotopic 
substitution, and the present value falls well within 
that range. Such isotope effects have been attributed 
primarily to a lowering of one of the bending frequencies 
in the transition state,5 and there is no reason to ques- 
tion that interpretation in the present case. 

Inverse secondary hydrogen isotope effects are not 
without although they seem to be fairly 
rare. The effect observed on deuterium substitution 
in the methylene group may be the result of an altera- 
tion of vibrational frequencies toward those appropriate 
to the olefin-mercuric ioide n-complex in the transition 
state. It previously has been pointed out that such 
a change would probably lead to an inverse isotope 
effect . 

It should be pointed out that both the previous 
prediction and the present results (for substitution in 
the methylene group) imply that it is possible to 
progress toward sp2 hybridization from sp3 hybridiaa- 
tion with k ~ / k ~  < 1 .O a t  the carbon atom undergoing the 
change. Since this takes place without the inter- 
vention of a new incoming group, it is contrary to a 
previous suggestion that such changes should always 
k H / k D  > l.0.6J3J4 It must be admitted, however, 
that deoxymercuration involves rather special struc- 
tures and may be a special case. The reported stretch- 
in frequencies show no anomalies, which suggests that 
the origin of the effect is not in the starting state. 

It now seems likely that the very small isotope effect 
previously observed2 was due to an approximate can- 
cellation of two effects of opposite sign, rather than to a 
transition state closely resembling the starting state, 
as was previously assumed. This, of course, resolves 
the apparent conflict between the conclusions pre- 
viously based on the isotope effect and those based on 
relative reactivity3 in favor of the latter. There is a 
substantial charge deficit in the transition state a t  the 
carbon from which the methoxy group is leaving. In  
terms of resonance structures there are important 
contributions to the transition state from VI1 as well 
as from the protonated starting state, IX.  The 
explanation given before for the effect of deuterium 
substitution in the methylene group would also require 
significant contributions from VIII, but there is no 
evidence for the participation of X. The significant 
participation of X would probably yield kH/kD > 1.0 
for deuterium substitution in the methylene group. 

It is interesting that the quantitative parallel between 
the present results and the earlier ones2 is not too good. 

(9) R. R. Johnson and E. S. Lewis, Proc. Ckem. Soc., 52 (1958). 
(10) W. H. Saunders, S.  Asperger, and D. H. Edison, J .  Am.  Ckem. Soc.. 

(11) K. T .  LeRek, J. A.  Llewellyn, and R.  E. Robertson, ibid., sa, 6315 
(1960). 

(12) J. A.  Llewellyn. R. E. Robertson, and J. M. W. Scott, Chcm. Ind .  
(London), 732 (1959). 

(13) (a) S. Seltzer, J .  A m .  Ckem. Soc., 88, 1861 (1961). (b) NOTE 
ADDED I N  PROOF.-An effect of similar magnitude in the same direction on 
the pyrolysis rate of dimethylmercury, reported by R.  E .  Weston. J. and 
S. Seltzer, J .  Pkya.  Ckem. ,  66,  2192 (19821, can be interpreted in the same 
wny. 

80, 2421 (1958). 

(14) R .  R. Johnson and E. S. Lewis, Proc. Ckem. Soc. ,  52 (1958). 
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If it is assumed that double isotopic substitution at the 
hydrogens cy to the methoxy group in I would 
contribute a factor ( ~ I I I / ~ I ~ ) ~  to kI/klI,  and that the 
isotopic substitution of the hydrogens a to the 
iodomercuri group would contribute a factor k l I l / k v ,  

then k l / k I I  would be -1.14. This probably should be 
multiplied by a further factor of 1.035 arising from the 
pre-exponential ratio of reduced masses2 to give a 
calculated value of -1.18 for k ~ l k ~ ~ .  Although still 
small this is considerably larger than the value, 1.06, 
actually found. These results support the suggestion 
that quantitative changei in the transition state elec- 
tronic structure accompany the introduction of an 
alkyl group on the carbon atom bearing the methoxy 
group. These changes probably involve the incorpora- 
tion of more carbonium ion character a t  that position. 
On the other hand it is possible that the lack of quanti- 
tative correspondence is due to the fortuitous accumu- 
lation of mechanical factors15 and/or experimental 
errors and is without significance. 

Experimental 
All the isotopic versions of 2-phenyl-2-methoxyethylmercuric 

iodide were prepared from the corresponding styrenes by Schale- 
ger’s method,3 and each had m.p. -30”. In each case, the 
styrene was prepared from the corresponding 1-phenylethanol by 
the method of Berstein, Bennett, and Fields.l6 

An ethereal solution of 2.06 g. (0.0492 mole) of lithium alumi- 
num deuteride (Metal Hydrides, 99.57,) was added slowly from 
a dropping funnel to 35.3 g. (0.294 mole) of acetophenone dis- 
solved in 200 ml. of dry ether to give 1-deuterio-1-phenylethanol 

(15) L. Melander, “Isotope Effects on Reaction Rates,” The Ronald 

(16) I. A. Berstein, W. Bennett, and M. Fields, J .  A m .  Chem. Soc., 74, 
Press Co. ,  New York, N. Y., 1960, p. 96. 

6763 (1952). 

after 2 hr. of refluxing followed by hydrolysis with an ethanol- 
water mixture. The usual precautions to exclude water were ob- 
served prior to the hydrolysis. An excess of acetophenone waa 
used, and the usual order of the addition was reversed in order to 
minimize the possibility of deuterium substitution a t  the 2- 
carbon. 

In a similar manner 2,2,2-trideuterio-l-phenylethanol was 
prepared from trideuterioacetophenone and lithium aluminum 
hydride. The trideuterioacetophenone was prepared by shak- 
ing acetophenone with three successive portions of sodium deu- 
teroxide in excess deuterium oxide. Each shaking was con- 
tinued until the infrared spectrum of the acetophenone showed 
no further change. The first shaking required about 1 hr. and 
each of the others about 0.5 hr. 

The 1,2,2,2-tetradeuterio-I-phenylethanol was prepared from 
trideuterioacetophenone and lithium aluminum deuteride in a 
similar fashion. 

The 1-phenylethanols were converted to styrenes without 
purification or weighing. The over-all yields of styrene were 
around 18% based on the lithium aluminum hydride or deu- 
teride which was the limiting reagent in each case. The styrenes 
each showed only one peak in vapor phase chromatography. 

To estimate isotopic purity, n.m.r. spectra of compounds III- 
VI were obtained in carbon tetrachloride solution. Each of 
these showed an aromatic band at  T -2.7 p.p.m. and a sharp 
singlet a t  T 6.65 p.p.m., attributed to the methoxy group. In 
addition I11 showed a band with the appearance of a triplet cen- 
tering at  T 7.56 p.p.m., and a second triplet, with about half the 
intensity of the first, centering a t  5.20 p.p.m. The former is 
attributed to the methylene group, the two protons being non- 
equivalent” and each signal being split by the methine proton. 
If the central lines are unresolved, the band has the appearance 
of a triplet. The smaller triplet is attributed to the methine 
proton. Again a quartet is predicted but a triplet would result 
if the central lines were unresolved. In the spectrum of IV the 
larger triplet becomes, roughly, a doublet, and the smaller triplet 
all but disappears. From the residual intensity of the smaller 
triplet a minimum isotopic purity of 85y0 can be estimated. In 
the spectrum of V no trace of the larger triplet can be found, and 
the methine band appears as a single peak. Asmming that a 
peak twice the height of the noise would have been detected a 
minimum isotopic purity of 90% is estimated. Neither methyl- 
ene nor methine signal can be detected in the spectrum of VI and 
with the same assumption about detectability 90% isotopic 
purity is again estimated. The latter two values indicate that 
lcIII/kv and kIrI/kvI given in Table I are not appreciably in error 
due to isotopic impurity. However it is possible that kr l I /kIv  
may be in error by as much as a factor of 1.02 due to isotopic con- 
tamination. None of the conclusions discussed previously would 
be altered by such an error. The n.m.r. spectra were obtained on 
a Varian Model 431 1 high resolution spectrometer operating at  
56 Mc. Tetramethylsilane was used as an internal reference.18 

(17) P. R.  Shafer, D. R.  Davis, M. Vogel, K. Nagarajan, and J .  D. 

(18) G. V. D. Tiers, J .  Phya. Chem., $4, 1151 (1958). 
Roberts, Proc. Natl. Acad. Sei., 47, 49 (1961). 


