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The secondary a-deuterium isotope effect was determined for the unimolecular formation of methyl and 
k H / k D  varied 

From the temperature dependence of the effect it was concluded that the 
methyl-& radicals and acetophenone from methyltrideuteriornethylphenylcarbinyl hypochlorite. 
from 1.17 at -9" to 1.12 at 75'. 
transition state is more akin to products than to the reactant oxy radical. 

The study of isotope effects on reaction rates and 
chemical equilibria has developed into a valuable mech- 
anistic tool.2 Substitution of deuterium on a reacting 
carbon atom leads to a decrease in the rate of SN1 reac- 
tions. This secondary a-deuterium isotope effect has 
been found to  result in k H / k D  Z 1.15 per deuterium for 
a considerable number of "limiting" solvolytic reac- 
tions 

The generally accepted interpretation of secondary a- 
deuterium effects is based on Bigeleisen's equation for 
the effect of isotope substitution on reaction rates.5 The 
theoretical treatment is based on absclute rate theory 
and statistical mechanics; anharmonicity is neglected. 
Although absolute rate theory predicts reaction rates 
only qualitatively, the effect of isotopic substitution on 
the various quantities can be calculated with much 
greater reliability than the quantities themselves. 
Streitwieser has adapted the general equation to second- 
ary a-effects6 and by a series of reasonable approxima- 
tions has reduced it to a form similar to eq. 1. 

k H / l k l )  = b&: [ ( W H I  - WU,) - ( W E > *  - W D L * ) ~ / ~ ~ T  (1) 

In this equation the pre-exponential term 6 is not a 
strictly temperature-independent term, but a t  the tem- 
peratures usually employed in mechanistic work it re- 
mains fairly constant and is usually close to unity (vide 
zn fra) ;  W ,  are the fundamental frequencies in cm.-'; 
*denotes the transition state. 

For the stretching and bending frequencies, WD = 

W H  1 3 1  is a good approximation'; substitution in eq. 
1 and insertion of the values of the constants lead to 
eq 2 

Thus the isotope effect is related to changes in vibra- 
tional frequencies from starting to transition state; 
herein lies the value of secondary cr-effects as a mech- 
anistic too:. A net decrease in the sum of the frequency 
changes leads to a normal effect, k a / k ~ ,  > 1. In reac- 
tions accompanied by an sp3- toward sp2-hybridization 

1 I I Reseal-ch was periormed under the auspfces of the U .  S .  Atomic En-  

( 2 )  { a i  K H Wibei-g. C h r m  Rev.. 66, 713 (1955), (h) F H .  Westheimer. 
erg, Commission 

1)  I< Ii Weston. A M U  Rez' h;uc l .  S c i ,  11, 439 (1961) 
I I )  A Streitwiese: , J r  , "Solvolytic Ilisplacernent Reactions." McCraw~- 

Hill H o u k  Cir , inc , h'cw Y w k ,  k' Y. .  1862, p. 170 ff 
51 la) J Ijixrleiren. J ( ' h e n .  P h r r  , 11, A75 ( l949) ,  (h) J Bigeleisen 

an,? XI V.',,lfherg, "Advancer in Chemical Physics,'' Vol. 1 .  lnterscience 

ahry, and S Susuki. J .  Ani 

he ratio of the fundamental 
[ i  w ~ u t ~ ~ ~ c ~ c ~  i i i  thr methyl and methyl-da halides \ A .  1). Ilickson. el a1 , 

.r I ' h ?  % , 2 7 ,  $45  i!!157) I and in C?H%Rr: and CzI)2Rrr, the bending fre 
~ U T I I C I P .  ha iv  I,een u r i ~ h t e d  more heavily as  in rei 6 

h t ,  

S 5 , , c l t ~ ~ >  .I .4>,: C h r m  S o c . .  83,  16fil (1961, 

change the stretching and one of the bending fre- 
quencies do not change much; the bending frequency 
which eventually becomes the out-of-plane bending 
mode in the sp2-hybrid decreases by about 500 cm.-l 
for the complete change and is considered the major 
contributor to the isotope effect.6 Since similar hy- 
bridization changes accompany SN 1 and radical reac- 
tions, similar isotope effects of about 15% are to be ex- 
pected for both," and the secondary a-deuterium ef- 
fect has been determined in mechanistic studies of ther- 
mal cleavage, radical addition, Diels-Alder, and cyclo- 
addition reacti0ns.O For a fully formed carbonium 
ion in the transition state an isotope effect of k H / k D  = 
1.4 has been calculated by an equatipn similar to 2 6 ;  
the lower observed value of -1.15 indicates that, as 
would be expected, the reacting carbon atom has not 
fully attained a tricoordinated sp2-structure in the 
transition state. 

1.15 per deuterium 
for unimolecular reactions involving hybridization 
changes from sp3 to sp2 has been violated by the re- 
port of an inverse effect, k H / k D  = 0.92 for three deu- 
terium atoms, in the rate of methyl radical formation by 
gas phase pyrolysis of dimethylmercury. lo This viola- 
tion of the empirical pattern has led to a questioning 
of the validity of conclusions drawn from studies of a- 
deuterium effects." 

The present paper reports a study of the a-deuterium 
kinetic isotope effect in the formation of methyl radicals 
by carbon-carbon bond cleavage in solution, the tem- 
perature dependence of the effect, and the magnitude 
of the pre-exponential factor in eq. 2 .  We also offer a 
possible explanation for the unexpected dimethylmer- 
cury results. 

This universal pattern of k H / k D  

Results and Discussion 
We undertook the determination of the a-deuterium 

kinetic isotope effect in the formation of methyl radicals 
from methyltrideuteriomethylphenylcarbinyl hypo- 
chlorite whose decomposition has been studied.I2 In 
nonpolar solvents and in the presence of reactive hy- 
drogen sources, hypochlorites of this type react by a 
radical chain reaction, initiated by light or other radical 
(9) (a) S.  Seltzer. i b i d . .  89, 2825 (1961). (h)  $bid . ,  81, 14 (18633, (cl rb rd . ,  

81, 1360 (1963); (d) D. B. Dennepand N.Tunkel ,  Chem. I n d .  (ImIdOn), 1383 
(19591; (e) D. E. \'an Sickle, T e l r Q h e d r O s  Leflers, N I .  19, 687 (19GII .  ( f )  M. 
Takahasi and I<.  J .  Cvetanovib. Can J .  Chem..  40, 1037 (1962), ( g '  M. Feld. 
A P. Stefani, and M .  Srwarc. J .  A m .  C h r m  S o c ,  84, 4451 11062): ch) T J. 
Gatz and R.  Dessau, ib id . ,  86, 2172 (1983;. 

(101 R .  E. Weston and S. Seltzer, J P h y s .  Chem..  66, 2192 (19621 
(11) P.I J. Goldstein and G .  L Thayei, Jr.,  J .  A m  Chem Cor..  81, 26;:' 

in) C Walling and A.  Padwa. ib td . .  86, 1593 (196.71, We t h a n k  
Professor Walling for suggesting this particular hypochlorite ( b '  M S 
Kharasch A Fono. and R' Nudenberg. J .  Ore. C h r m . ,  16, 748 (19.50) 
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initiatorsl3 as shown in eq. 3-5. 
as the reactive hydrogen source. 

Cyclohexane was used 

CHI CH3 
I I 

I I 
CsHs-C-0-Cl + R .  + CsHs-C-0. + RC1 (3) 

CD3 CDs 

CD3 

Chain lengths are long; a minimum of lo4 has been es- 
tablished for t-butyl hypochlorite. l 3  The methyl radi- 
cals produced according to eq. 4 attack unreacted hypo- 
chlorite to give CH3Cl (or CD3Cl) and regenerate oxy 
radicals. Cyclohexyl radicals (eq. 5) react in the same 
fashion. The ratio of CH3Cl to  CDICl formed is the 
ratio of the rate constants for C-CH3 and C-CD3 bond 
cleavage, i.e., kH/kn for three deuterium atoms. The 
fragmentation is a unimolecular thermal reaction l 4  al- 
though light was used to initiate the over-all reaction. 
Possible side reactions that could complicate the han- 
dling of the data were investigated with dimethylphenyl- 
carbinyl hypochlorite (cumyl hypochlorite). The cum- 
yloxy radical can abstract a hydrogen from the methyl 
groups of unreacted hypochlorite. This abstraction 
will be accompanied by a considerable primary isotope 
effectI5; this would lead to preferential destruction of 
the methyl group, compared to methyl-d3, on unreacted 
hypochlorite. Such methyl hydrogen abstraction leads 
to the formation of methylchloromethylphenylcar- 
binyl hypochlorite and, after reaction and fragmenta- 
tion, to methylene chloride; chloromethyl is a t  least 
three times better as a leaving group in the fragmenta- 
tion than methyl.'*" We found that in the presence 
of a twofold excess of cyclohexane over hypochlorite, as 
dilute solutions in carbon tetrachloride, the yield of 
methylene chloride was a negligible O.lyo at  75'. The 
extent of methyl hydrogen abstraction a t  lower tem- 
peratures was not determined, but i t  is expected to de- 
crease because of increased selectivity of oxy radicals 
a t  lower temperatures. -4 twofold excess of cyclo- 
hexane was used in all isotope effect determinations. 
Another side reaction, cleavage of the cuinyloxy radical 
to acetone and phenyl radical, occurs to theGextent of 
2% but does not interfere with the ratio CH3CI/CD&l. 

The hypochlorite was prepared via the alcohol from 
acetophenone-d3 and methylmagnesium iodide. The 
possibility of deuterium exchange during acid hy- 
drolsis16 of C6H,C(CH3) (CD3)OMgT was investigated 
by n.m.r. and none was found. Analysis of the alcohol 
for deuterium content showed greater than 99% deu- 
teration of one methyl group: Treatment of the akohol 
with HOCl gave the hypochlorite; no deuterium ex- 
change is expected a t  the acidity level of the HOCl 
treatment of the alcohol. 41a:ss spectrometry indicated 
that I..'??. of the i1euter:rtt.d methyl is --CD2H and all 
data were corrected a.ccorclinglv 

:1:3! C .  Walling and B H Jacsn . . i \ ,  .I A m .  Chrm.  S<,c., 89,  61OR (19601. 
! I+)  A. I .  'A"ll1iams. !.:, .A C w i r y h t .  and J. W. Brooks. i b i d . ,  78, 140 

(15) D. B. Denney.  D. 2. I i ennry and C. F a g ,  Tilqahedron Ldleia. NO. 

! i C )  V .  S .  Setkina and 11. S .  Kursanov, I e w s l  Acari. iVol<k S . S  .7 R 

1,1956). P. Grey and  A .  I, William,; j ' ; u , z J ,  F a v d o y  Soc., 66.  760 119593 

1 6 ,  19 (1959). 

O r d ~ l  X h i m  Mauk,  433 (1950). Chrm A b ~ t r , ,  63 1803h (1959) 

The CH3Cl/CD3Cl ratio was determinaed by mass 
spectrometry. We used the 52 and 55 peaks. A Con- 
solidated-Nier mass spectrometer was used as a single 
collector! and i t  was calibrated with known mixtures 
for its relative sensitivity to the two compounds. The 
correction factor to be applied to the 52/55 ratio was 
G.99 f 0.01. A correction factor of 1.45 has been re- 
ported for the ratio of the parent peaks, 50/53.17 We 
find 1.00 f 0.04 for this ratio. Similar sensitivities 
for the two compounds are expected a priori and the 
fragmentation patterns (Table I) of the two compounds 
are very similar, after allowance for the different masses 
involved. 

TABLE I 
MASS SPECTRAL FRAGMENTATION PATTERNS 

47 4.3 7 . 7  7 . 8  
48 0.06 3 . 5  3.5 
49 4.02 10.0 10.0 
50 0.25 100.0 100.0 
51 8.01 3.52 3.38 
52 1.23 31.6 31.5 
53 100 0.43 0.34 
54 1.44 
55 31.1 
56 0.39 

m/e CDCI' CHaCl C H C l b  

a From which 1.3y0 CD2HCI was deduced to be present. 
* A.P.I. Research Project 44, Mass Spectral Data, Carnegie 
Institute of Technology, Pittsburgh 13, Pa. 

The isotope effect was determined over a range of 84' 
and the results are shown in Table 11. The constant 
temperature baths were controlled to within 0.5'. The 
ratio kH/kD per deuterium is the cubic root of CH,Cl/ 
CD3Cl after correction for relative sensitivities and the 
presence of -CD2H; secondary a-effects would be ex- 
pected to be very nearly cumulative although some 6-  
effects are not, apparently because' of conformational 
requirements. l8 

TABLE I1 
KINETIC WDEUTERIUM ISOTOPE EFFECT O N  FORMATION 

OF METHYL RADICAL 
1 ,  oc. Solvent CHaCl/CDaCI' k a / k g b  

-9 CClr 1.588 i 0.006 1 163 i 0 01 
20 CClr 1.486 i ,003 1.137 i 01 
50 CClr 1.429 i 009 1 123 i 01 
75 CCI, 1 401 f 006 1 115 i 01 

-9 CH3CNC 1 598 1 165 

-7 CsH,Cr\'c 1 571 1 159 

10 CH3COOHC 1 518 1 145 

-7 CeH; 1.584 1 162 

-10 CH3COOH' 1.618 1 170 

0 Uncorrected for relative sensitivity of mass Spectrometer 

These results show that the magnitude of the effect 
is in line with other determinations on limiting solvoly- 
ses and unimolecular thermal cleavage reactions. The 
observed effect also confirms the universality of the pat- 
tern of similar a-effects in reactions involving similar 
hybridization changes, irrespectively of the type of b o ~ d  
cleavage, homolytic or heterolytic. The unexpected 
small inverse effect reported for methyl radical fcrtna- 
tion by gas phase pyrolysis of dimethylmercury I" does 
not therefore reflect any peculiarity of the methyi radi-- 
ral . 

Corrected values, per deuterium. 4.0 M in CCL 

,17) G. Ghiltz, er ai..  J .  Chem. Phys. .  38, 1053 (19631 
(18) V .  J Shiner, Jr , B. L. Murr. and G .  Heinemann, J . I r : t  I:hrm Soc , 

86,  2413 (1963) 
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Fig. l.-Semilog plot of k H / k D  (for 3 D's) us. 1/T in methyl radi- 
cal formation from C ~ H ~ C ( C H ~ ) ( C D I ) O .  

The anomalous results with dimethylmercury may be 
misleading since no study of pressure dependence of the 
isotope effect was made; the effect was determined a t  
pressures about 600 mm. For gas-phase systems a 
strong dependence of isotope effect on pressure has 
been found recently; this dependence is attributed to 
thermal nonequilibrium conditions a t  low pressure. Is 
In the unimolecular gas-phase isomerization of CH3NC 
to CHsCN, for example, K H / K D  = 0.28 a t  mm., 
about 0.9 at 600 mm., and 1.07 at the high pressure 
limit, which probably would be the value in solution. 
I t  should be pointed out, however, that small, inverse 
a-effects have been reported in deoxymercurationsm ; 
the nature of the transition state has not been definitely 
established for this type of reaction, and no precise 
predictions can be made for the isotope effect. The 
fact that mercury is involved again may or may not be 
significant. 

A plot of log (KH/~,) for three deuterium atoms vs. 
1/ T is shown in Fig. 1. The rather good straight-line fit 
indicates that the pre-exponential term is fairly con- 
stant over a temperature range of 84'. From a least- 
squares treatment, the, extrapolated high temperature 
value (the pre-exponential term b )  is 0.93 f 0.02 and 
from the slope a total decrease of 811 f 15 an.- '  is 
calculated for the frequency changes from starting to 
transition state. This corresponds to a net decrease 
of 270 * 5 cm.-I per deuterium atom and, to  our knowl- 
edge, the only other value available for comparison is 
a net increase of 375 f 111 crn.-l reported for the 
SCN - catalyzed isomerization of maleic acid where the 
reverse hybridization changes are taking place, sp2 to- 
ward sp3 in the transition state.8n21 

For the maleic acid isomerization the total net change 
accompanying conversion to a fully formed tetrahedral 
carbon was calculated as 565 cm.-l and i t  was con- 
cluded that more than half of the vibrational changes 
had occurred in the transition state. In our case the 
C-H bond in the methyl radical is about 0.013 A. 
shorter than the bond in methanez2 and about equal 
to the bond length in ethylene. The ethylene frequen- 
cies will be taken as a model for the fully formed methyl 

(19) F. W.  Schneider and B.  S .  Rabinovitch, 1. Am. Chcm. SOL., 88, 2365 

(20) M .  M. Kreevoy and B. M. Eisen. J .  Ora. Chcm.. 48, 2104 (1963). 
(21) The secondary a-deuterium isotope effect has been measured for the 

iodide-promoted debromination of sym-tetrabromoethane-di a s  a function of 
teruperature IW. G .  Lee and S. 1 .  Miller. J .  Phyr. Chrm.. 66, 655 (1962)l. 
The isotope eflect was observed to decrease with increa+ng temperature. 

(22) (a)  C .  C .  Costain and B. P. Stoicheff, J .  Chcm. Phys., SO, 774 (1959); 

(1963). and references therein. 

(b)  G. Hrrzberg, P r w .  Roy. SOC. (London). A964. 291 (1961). 

radical.23 The average of the C-H stretching frequen- 
cies of a methyl group is about 2920 cm. --I and that of 
olefins about 3020 cm.-'. For the methyl group the 
symmetrical and asymmetrical C-H deformations occur 
around 1375 and 1450 cm. -I ,  respectively. Although 
specific assignments I re difficult to make in a compli- 
cated intermediate such as cumyloxy radical, we ob- 
tained two strong bands a t  1375 and 1448 ern.-' in 
cumyl hypochlorite. 

The asymmetrical deformation frequency in the 
series methyl chloride, bromide, iodide, decreases by a 
factor of 1.37 in the deuterated analogs, the symme- 
trical by a factor of 1.31.24 Such a decrease in the deu- 
terated cumyl hypochlorite would bring the asymme- 
trical deformation to 1057 and the symmetrical to 1050 
an.-'. The deuterated compound shows a strong 
band at 1050 cm.-' with a definite shoulder; such a 
band is absent in the natural compound. We take the 
average of the deformation frequencies as 1412 cm.-'. 
The C-H in-plane bend of ethylenes is about 1415 
cm.-I; the out-of-plane bend of vinyl-CH2 is about 
910 cm.-l. The total frequency changes for the methyl 
hydrogens from starting state (oxy radical) to  a fully 
formed methyl radical are from 2920 to 3020 cm.-' 
(stretching), no change in the deformation frequency 
that becomes the in-plane bend, and from 1412 to 
910 cm.-I for the deformation that becomes the out-of- 
plane bend. The total net frequency change from tet- 
rahedral to a fully formed methyl radical is then about 
400 ern.-'; the experimentally determined change of 
270 cm.-l from starting to transition state indicates 
that well over half of the vibrational changes accom- 
panying the formation of the methyl radical have oc- 
curred in the transition state. The conclusion that the 
transition state is more akin to products than to reac- 
tants in a reaction involving carbon-carbon bond cleav- 
age and the formation of a methyl radical and a double 
bond is consistent with the findings of Szwarc and co- 
workers. 25 They have concluded that the transition 
state for methyl radical addition to olefins, a reaction 
similar to the reverse of cumyloxy decomposition, is 
closer to the configuration of the reactants than to that 
of products. 

The energetics of the reaction show that @-scission 
of the oxy radical requires a considerable energy of ac- 
tivation, even though the reactant is a high energy in- 
termediate. From the temperature dependence of the 
ratio of the rate constants for abstraction and decom- 
position, ka/kd (eq. 4, 5), we cakulate Ea,dec -Ea ,abs  = 5 
kcal./mole26 (Table 111, no. 1 and 2).  The energy of 
activation for p-scission of the t-butoxy radical is esti- 
mated to be 13 kcal./mole in the gas phase.27 Assum- 
ing a similar value in cc& and with Ea,dec-Ea,abs = 10 
kcal./mole for the t-butoxy radical toward cyclohex- 
aneIza we obtain Ea,abs = 3 kcal./mole. The energy of 
activation for hydrogen abstraction must be about the 
same for all t-alkoxy radicals since they exhibit similar 
selectivities and the same type bonds are involved. 

(23) Infrared frequencies from: L. J. Bellamy, "The Infra-Red Spectra 
of Complex Molecules," John Wiley and Sons, Inc., New York, N. Y. ,  
1958, pp. 13, 34. 

(24) A. D. Dickson, I. M. Mills, and B.  Crawford, J .  Chcm. Phys. ,  47, 
445 (1957). 

(25) M .  Feld. A. P. Stefani, and M. Szwarc, J .  A m .  Chem. Soc., 84, 4451 
(1962). 

(26) This value compares with 5.1 kcal./mole reported in ref 12a. 
(27)  P. Grey and A. L.  Williams, Chem. Reu., 69, 239 (1959). 
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This leads to  a value of &,dec LZ 8 kcal./mole, a consider- 
able energy in excess of that of the reactive cumyloxy 
radical. This is compatible with the substantial re- 
organization of the bonds indicated by the a-deuterium 
effect. 

TABLE I11 
k. /kd FOR CUMYL HYPOCHLORITE WITH CYCLOHEXANE 

1 75 CCL 1.3" 
2 40 CClr 2 .  87e 

4 40 4.90 M ( CHa)sCCOOHb 2.04' 

N O .  1 ,  o c .  Solvent k a / h  

3 40 6.12 M CHgCOOHb 1.12' 

a 0.5 M hypochlorite, 1.5 M cyclohexane. b In CCl,. c 0.5 M 
hypochlorite, 1.0 M cyclohexane. 

A direct comparison of the magnitude of the isotope 
effect with effects reported for other systems is not 
meaningful a t  this stage because the pre-exponential 
terms for most other systems are not known and, es- 
pecially, the significance of inductive effects is not yet 
clear. A greater inductive effect is attributed to deu- 
terium than to hydrogeri2s; this effect is caused by the 
anharmonic character of the normal vibrations. Basic- 
ities of deuterium-substituted acids have been ex- 
plained by a greater inductive effect of deuterium.29 
Substitution of deuterium in the a-position of a car- 
bonium ion would be expected to increase stability, on 
this basis. It has therefore been suggested that the 
usual -15% decrease in the rate of limiting solvolyses 
of a-deuterated compounds and associated with coor- 
dination number or hybridization changes would be still 
greater were i t  not for this superposed inductive ef- 

The a-deuterium effect on the rate of carbanion 
formation is again -15% even though inductive and 
hybridization effects are now acting in the same direc- 
t i ~ n . ~ O  In methyl radical formation the significance 
of inductive effects would be minimal, but the over-all 
effect is again -15%. I t  appears that, without inde- 
pendent knowledge of the exact position of the transi- 
tion state along the reaction coordinate, no estimate can 
be made of the significance of the a-deuterium inductive 
effect from the isotope effect. The isotope effect is the 
result of changes in the C-H and C-D force constants 
and cannot be separated into inductive and vibrational 
components. 31  

It should be noted that the extrapolated high tem- 
perature value of 0.93 i 0.K2 for three deuterium 
atoms (the pre-exponential term) is not the high tem- 
perature limit of the isotope effect; as noted earlier, 
the pre-exponential term is not temperature inde- 
pendent. The theoretical treatment upon which eq. 
2 is based requires the high temperature limit of the 
isotope effect to equal Y L , H * / ' Y L , D *  (1.08 for our com- 
pound)32 and this has been found to be the case at  tem- 
peratures about 1000'K. 17,33 For unimolecular cleav- 
age of compounds of the type CH3-X, where X is a 
heavy atom or group, calculations show that an extra- 
polated value of about 0.95 is to be expected for the 

(28) E. A. Halevi, Tetrahedron. 1, 174 (1957). 
(29) A. Streitweiser. J r . ,  and H. S. Klein, J .  Am. Chem.  Soc., 86,  2759 

(1963). 
(30) A. Streitweiser, Jr.. and D. E. Van Sickle, ib id . ,  84, 254 (1962). 
131) For a fuller discussion of this point see: R.  E. Weston, Tetrahedron, 

(32) For the definition and method of calculation of the V L  ratio see ref. 5b. 
(33) (a) H. S. Johnston and E. Tschuikow-Rous, J. Chcm. P h y s . ,  116, 

6 ,  31 (1959). 

463 (1962); (b) T .  E .  Sharp and H. S. Johnston, ib id . ,  87, 1541 (1962). 

pre-exponential term at 20' for a fully deuterated 
methyl group. 

We also thought it worthwhile to  investigate com- 
plex formation by the oxy radical. Interest in and 
realization of the importance of complex formation in 
free-radical reactions is relatively .recent. The 
t-butoxy radical has been found to form complexes with 
benzene, acetonitrile, acetic acid, etc. J6b; complexing 
results in smaller k,/kd ratios, ie., decomposition by 8- 
scission is favored. Table 111, no. 3 and 4, shows the 
effect of acetic acid and trimethylacetic acid on K,/kd. 

In an attempt to  determine the extent of involvement 
of 'the methyl groups of the oxy radical in the'complex, 
we investigated the effect of the presence of radical-com- 
plexing agents on the isotope effect. If in the complex 
there develops some degree of steric repulsion between 
a methyl group and the complexing agent, then be- 
cause of the difference in volume between a CHr and 
CDs- group there might be a different preference 
(RA/kD)  of bond ruptures when compared to the non- 
complexed system.% Table I1 shows that the presence 
of acetic acid, acetonitrile, benzene, and benzonitrile 
does not alter the isotope effect. We take this to in- 
dicate that the methyl groups in the equilibrium com- 
plex or the incipient methyl radical in the transition 
state are not being sterically compressed to any large 
extent during reaction, nor does the expansion caused 
by the stretching of the C-C bond create any severe 
steric interaction with the complexing agent. 

Experimental 
Methyltrideuteriomethylphenylcarbinyl Hypochlorite.- 

Freshly distilled methyl iodide (11.0 g., 0.077 mole) in 100 cc. of 
dry ether was slowlyadded to 1.80 g. (0.074 g.-atom) of magnesium 
turnings. Upon complete reaction, 5.0 g. (0.045 mole) aceto- 
phenonedz (Merck and Co., Ltd.)  in 40 cc. of dry ether was added 
dropwise and the mixture was refluxed for an additional 0.5 hr. 
The magnesium salt was hydrolyzed with 6 cc. of 96% sulfuric 
acid in 175 g. of ice. The organic layer was separated and 
washed with 25 cc. of saturated aqueous sodium chloride solution, 
twice with 25 cc. of saturated sodium carbonatesodium chloride, 
and three times with saturated sodium chloride solution. Re- 
moval of volatile compments by aspirator-vacuum gave 4.90 g. 
of pale yellow-colored product. Gas-liquid chromatography 
(g.1.c.) on Carbowax 2OM-KOH-washed Firebrick (the material 
cleaves on other columns) showed a minimum purity of 99%. 
Infrared and n.m.r. established the structure as methyltrideuterio- 
methylphenylcarbinol, yield Myc',, n P s ~  1.5184; for the natural 
material, cumyl alcohol, lit.- 1.5197; n.m.r. showed 100 
f 2.5% deuteration of one methyl group. 

A n d .  Calcd. for CoHPD80: C, 77.65; H + D, 10.85. 
Found: C, 77.60, 77.02; H + D, 10.85, 11.12. 

The alcohol was treated with a twofold excess of 2.2 N hypo- 
chlorous acid, essentially as in ref. 12a. No exchange occurs 
at this acidity level (vide infra). The yield of hypochlorite from 
the alcohol was 96.4% of theoretical. Mass spechrometry of the 
methyl chloride evolved during light-initiated decomposition of 
the hypochlorite in the presence of cyclohexane showed that 
CDzHCI amounted to 1.3'?& of CDaCl; this deduction was made 
from the magnitude of the 54 (CDzHCl") peak after correction 
for contributions of C'JD3C1" to that peak according to its frag- 
mentation pattern. This amount of -CDzH is consistent with the 
analysis and n.m.r. spectrum of the alcohol; the material with 
which all isotope effects were determined was taken to contain 
98.7% C,HsC(CHg)(CD,)OC1 and 1.3% C~H~C(CHS)(CDZH)- 

(34) M .  Wolfsberg and M. J .  Stern, presented as paper No. SM-50/2? 
at the Symposium on Isotopic Mass Effects in Chemistry and Biochemistry. 
Vienna, Dec.. 1963; to be published in 3.  P u r r  Appl. Chrm.  

(35) (a) F. F. Rust and E. A. Youngman, J. &E. Chcm., 17, 3778 (1962); 
(b) C. Walling and P. Wagner, J. Am. Chrm. Soc., 86, 2333 (1063); (c) 
G. A. Russell, A. Ito. and D. G.  Hendry, i b i d . ,  86, 2976 (1963). 

(36) K .  Mislow, R. Graeve, A. J .  Gordon, and G .  H. Wahl,-Jr., ibid. ,  86, 
I199 (1963). 
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OC1. I t  was stored at 0" in the dark as a dilute solution in carbon 
tetrachloride. Under these conditions the hypochlorite is stable; 
about lyO decomposition over a period of 3 months was found by 
iodometric titration. 

Possible deuterium exchange during acid hydrolysis of Cd-IsC- 
(CHa)(CDa)OMgI was investigated with cumyl alcohol; 1.5 g. of 
the alcohol in 12.5 CC. of ether was washed with 0.6 cc. of con- 
centrated sulfuric acid in 18 cc. of D20; these conditions are 
similar to those of the hydrolysis of the magnesium salt. The 
two layers were allowed to remain in contact for 24 hr. a t  room 
temperature with occasional shaking; n .m .r. analysis showed no 
detectable incorporation of deuterium within experimental error, 

Standard mixtures of methyl chloride and methylds chloride 
were prepared volumetrically. Some difficulty was encountered 
because of the solubility of the two gases in stopcock grease, but 
it was overcome by the use of Cello-grease (Fisher Scientific Co.). 
Mixtures of varying proportions were made, and the relative 
sensitivity of the mass spectrometer to the two compounds was 
found to be independent of the composition of the mixture. 

The methyl chloride used (The Matheson Co., Inc.) was puri- 
fied by g.1.c. on a dinonyl phthalate 2-m column. 

Methyldl chloride was prepared from methyld, iodide contain- 
ing l.3Y0 methyl42 iodide (Merck and Co., Ltd.) by passing 
over a 50-fold ewess of a hot mixture of aluminum chloride, 
mercuric chloride, and asbestos fiber under reduced pressure a t  
100".z4 Thirty passes gave almost complete conversion to the 
chloride. The material was purified by g.1.c. and mass spectros- 
copy showed that it contained 1 .3y0 methyl42 chloride. 

Determination of the Isotope Effect.-A typical experiment is 
described. A solution of hypochlorite (0.5 M )  and freshly dis- 
tilled cyclohexane (1  .O M ,  Eastman White Label) in freshly dis- 
tilled carbon tetrachloride (Baker and Adamson) was prepared ir. 
the dark. It was placed in a breakseal ampoule, wrapped in 
black cloth, degassed under high vacuum, sealed, and placed in a 
7 5  Z!K 0.5' bath. Ten minutes was allowed for temperature equili- 
bration, then the black cloth was removed and the tube was ir- 

f2.570. 

radiated with a 200-watt incandescent lamp from a distance of 10 
cm. for 24 hr. The tube was frozen with liquid nitrogen, then 
broken open in a vacuum line system under a pressure of 10-6 mm. 
The reaction products were allowed to  warm up to room tempera- 
ture and the kapors were allowed to expand into a Toepler pump 
after passing through an efficient spiral trap maintained a t  -20". 
The contents of the Toepler pump were pushed into a U-tube 
equipped with stopcocks and the contents of the trap were re- 
frozen into the remaining reaction mixture with liquid nitrogen. 
This distillation was repeated ten times; then only a trace of 
methyl chloride could be detected in the distillation residue by 
g.1.c. The contents of the U-tube were chromatographed on a 
2-m. dinonyl phthalate column and the methyl chloride was col- 
lected and analyzed by mass spectrometry. 

Treatment of Mass Spectrometric Data.-The machine was a 
Consolidated-Nier Isotope Ratio, Model 21-201, with a Gainsvill- 
Philip variable slit leak; an ionizing voltage of about 150 v. and 
an accelerating voltage of about 900 v. were used. The relative 
amounts of methyl and methyl43 chloride were determined from 
the 52 and 55 peaks. Corrections for the presence of 1.3% of 
methyld, chloride were made as follows: The 55 peak was as- 
sumed to be due entirely to CDaCl*7, an approximation good to- 
high degree (see Table I). The amount of CD2HCIS7 is equal to 
1.3% of the 55 peak; the amount of CDZHCls is three times that 
value and it will contribute to the 52 peak. Therefore, 3.97, of 
the value of 55 peak was subtracted from the 52. This correc- 
tion was applied to the relative sensitivity determinations as 
well. A further subtraction was made from the 52 peak for the 
amount of natural methyl chloride formed from hypochlorite 
molecules containing -CDzH. This correction amounts to 1.67; 
of the 55 peak ( l.3y0 X isotope effect in -CDzH group!. Kepro- 
ducibility of the ratios obtained in this fashion was good, f lo!.  
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The positions of base-catalyzed equilibrium between the a,@- and @, y-unsaturated isomers of alkenyl methyl 
sulfides, sulfoxides, and sulfones, (eq. 2, X = -SCHa, -SOCH3, and -SOsCH3) have been determined In the 
compounds containing an alkyl group attached'to the y-carbon atom, the ratios of @,y- to a,@-unsaturated iso- 
mers are: in sulfides ( X  = -SCH3), 34:66; in, sulfoxides ( X  = -SOCH,), 96:4; in sulfones (X = -SOCHI), 
>99: 1. In the allyl-propenyl equilibria the ratios of P , y -  to a,@- are: in sulfides, <1:99; in sulfoxides, 20:80; 
in sulfones, 44:56 The great predominance ,of @,y-isomers in the alkenyl methyl sulfoxides and sulfones is 
convincing evidence that ground-state B-orbital resonance contributes little or nothing to the stability of the 
a,p-double bond. The data are rationalized on the basis that  an inductive withdrawal of electrons destabilizes a 
double bond. Comparison of the case where R = alkyl with that where R = H in eq. 2 indicates that the 
stabilizing effect of the alkyl group is 2.8  kcal 

In an earlier communication,' we reported that the 
/3, y-unsaturated isomer is greatly favored over the a,@- 
unsaturated isomer a t  equilibrium in the base-catalyzed 
isomerization of certain alkenyl methyl sulfoxides (eq. 
1). Because this was the first case in which the &r- 
isomer was found to be favored in an open-chain sys- 

I-Flu0 - 

CRH,~CH~CH=CHSOCH~ 
1-BuOH 

CPH17CH=CHCH2SOCHa (1) 

tem, we wished to study the more general system (eq. 
2 )  in which R is hydrogen or alkyl and X represents 

I I1 
RCHzCH=CHX RCH=CHCHzX ( 2 )  

( 1 )  n E O'Connor and A' I Lyness. J A m  Chem S o t ,  86, 3044 (1983) 

methylmercapto, methylsulfinyl, and methylsulfonyl 
groups. The effect of these groupings on the equilib- 
rium is reported herewith. 

Linstead and Kon and their co-workers have made a 
thorough investigation of the effect of certain other 
substituent groups, X, in the prototropic system de- 
picted in eq. 2. In all such systems which they studied, 
I is more stable than 11. 

In esters (X = -COzR) the ratio of 1 : I I  a t  equilib- 
rium is approximately 92: 8 *; in carboxylic acids (X 
= -C02H) or their salts (X = -CO*-) the ratio is 
68-75:32-253,4; in nitriles (X = -CN) the ratio is 

( 2 )  G A R Kon, K. P.  Linstead. and G W G MacLennan, J Chrm 

(3) A A. Goldberg and R .  P Linstead, i b i d . .  2343 (1928) 
(4) R .  P. Linstead and E G. Noble, ibid , 614 11934). 

S o t ,  2452, 24.54 (1932) 


