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worked up as above. The calculations were based on the middle 
methylene in the propyl group. 
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Through the use of steady-state equations, the isotope rate effects and product yields for the solvolysis r l t '  cyclu- 
pentyl p-bromobenzenesulfonate and its ru-d, cis-r)-d, trans-d-d. and d - d l  analogues in eight different rthanol- 
water. trifluoroethanol-water, and hexafluoroisopropyi alcohol-water solvents have been quantitatively fitted to 
a reaction mechanistic scheme involving two ion-pair intermediates. The number (it' adjustahle mechanistic, paran- 
eters is reduced by the assumption that the isotope effects on the various single steps of the mechanism arr solvent 
independent and by the assumption that isotope effects on certain of the steps are identical. The simplex method 
was used to select the best values for the ion-pair partitioning ratios in each solvent and the hest values tor  the iw- 
tope effects on the various steps of the mechanism. In general, the calculated results fit the experimental ijhserva- 
tions well Lvithin the expected experimental error. The single step isotope effects seem well-determined ("rugged") 
and are close to the values previously determined from observations on other secondary sulfonates. The sxondary 
3-d  effects on proton elimination from the tight ion pair suggest a tLvisted-envelope transition state structure. The 
mechanism will not fit satisfactorily unless significant fractions of ion-pair return are allowed i n  most of the sol- 
vents. The mechanism fits the results without the necessity of postulating nucleophilic solvation of the ion-pair in- 
termediate. LVe helieve that the approach used to fit the experimental ohservations to the reaction mec hanistic 
scheme is novel and of general utility. 

In earlier papers, N- and /j-deuterium rate effects, prod- 
uct distributions, and the  stereochemistry of elimination and 
substi tution in the  solvolysis of cyclopentyl p-bromoben- 
zenesulfonate (I )  in a series of solvents of varying nucleophi- 
licity and  polarity have been reported.' These results have 
heen interpreted qualitatively and semiquantitatively in 
te rms  of a common mechanism involving two ion-pair inter- 
mediates. T h e  influences of solvent changes on the  isotope 
effects and  product yields were rationalized on the  basis of 
reasonable shifts in the  relative rates of the  various steps in 
the  common mechanism, it being assumed tha t  the  isotope 
effects on the  individual mechanistic steps were approxi- 
mately solvent independent. In this paper, we apply a newly 
developed, versatile technique, which we believe is of general 
utility, to  the  quantitatioe fitting of all of these da ta  to  the 
proposed mechanism. 

The  general problem in the quantitative fitting of a reaction 
to a branched mechanistic scheme, such as tha t  given below, 

0022-3263/79/1944-2108$01.00/0 

is tha t  in any solvent there are more unknowns than there are 
observable results which can be used to define them. With a 
given set of results, one then seeks to alter the system in some 
way which provides more information. for example, by a 
change in the  solvent or by modification of the reactant with 
a substituent. However, since substituent and solvent changes 
perturb the  free energies of reactants. intermediates, and 
transition states in a variety of ways that are difficult to  ac- 
count for, the  relative rates of all of the  single s tep  processes 
of the reaction scheme change; in principle. the problem is not 
simplified, although linear free energy relationships can be 
used t o  give, for example, rate-product correlations." How- 
ever, isotopes constitute a class of substituents with properties 
uniquely favorable for the study of reaction mechanisms both 
from a theoretical and  an  operational standpoint.:'" 

Experience indicates tha t  C Y -  and $-deuterium rate effects 
in solvolytic reactions do not strongly depend on solvent 
change except when the  change causes a shift in mechanism 
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pair are the  same, e.g., r6s = rg,, etc.; this reduces the  number 
of parameters by 12. T h e  second assumption is that the  
analogous isotope effects are the  same for t he  cis-P-d as for 
t he  trans-P-d compound; this further reduces the  number of 
parameters by seven. Thi rd ,  because similar transition s ta te  
structures would be involved, it is expected that  isotope effects 
on return and  those on the other nucleophilic attacks on the  
carbonium ion fragment are of very similar size. Thus ,  r - I o  
is expected to  be similar to  rss(* and  r - lc  to  r5sc, so tha t  the  
number of different isotope effects required can be reduced 
by two more to  nine. 

T o  recount, the  30 isotope effects on  the  individual steps 
can he reduced to nine different numerical values as fol- 
lows: 

1. r l c , ;  2 ,  r-10 r5.'& r(;,"; 3, r5ei' r6e(l;  4, rlV r l l ;  5, r- ,(  s 
r - , l  = rzsL G 

1: biic 5 b,jt; 8, c5: E cit !I cliC s cfit; and 9, daL E d5t 
5 r5.t E r(;,t; 6, a!i( = a r t  ,) = a  - (ji' I at;'; 7 ,  b5' I br,' 

d(;c g d6t, 

T h e  partitioning ratios can also be reduced by certain rea- 
sonable assumptions. These are (a)  that  the  anti/syn elimi- 
nation ratio for the solvent-separated ion pair, ~ 6 ,  is solvent 
independent and  ( b )  tha t  the  anti/syn raticry;, has one value 
for all ethanol-water mixtures, another value for the two tri-  
fluoroet,hanol-water mixtures. and  a third value for the  
I-IFIKwater mixtures."'.e This reduces the total number of 
partitioning fractions by  11, so tha t  the total number of dif- 
f'erent numerical values for the parameters needed to specify 
all results is 37 partitioning ratios plus 9 single-step isotope 
effects or 46. This  would appear to  be near the  minimum 
number of different parameters t ha t  could reasonably be ex- 
pected to  give a n  approximate fit. As will he seen below, our 
method of fitting allows one, in response to the  quality o f the  
oLreral1 fit, to increase or reduce the number of independent 
parameters determined. 

T h e  number of observed reaction results includes, in prin- 
ciple. for each s3.)lvent: the fraction of elimination for the  hy- 
drogen and  for the  ci-d, cis-2-d, trans-2-d,  and $ - d ~  com- 
pounds ( the  f r x t i o n  of substitution is considered to  be a 
cxtmplementar> depcndcn t  variable); the  isotope rate effect 
for each of the four deuterium compounds; and for the  cis-2-d 
;and trans-2-d reactants, two independent ratios giving the  
fractions of cyclopentene-1-d and cyclopentene-3-d of the 
iota1 cyclopentene yield ( the  fraction of cyclopentene-dll is 
considered to be a complementary dependent variable). Thus. 
for each solvent there are potentially 18 observable results for 
,317 eight-solvent total of 104. Since not all observations were 
made in all solvents (see Table 11). the  actual number used is 
.38. This  number can be increased by 7 to  95 if one assumes 
that the  iorzizc!tion rate i h l )  of cyclopentyl p-bromoben- 
zenesulfonate should have the same logarithmic dependence 
on solvent as does the  reaction rate of pinacolyl p-bromo- 
henzenesulfonete. This  is closely analogous to  an m-Y cor- 
relation4 but uses pinacolyl p-bromobenzenesulfonate as the 
reference reactant rather than tert-butyl chloride. Thus,  the  
iystem which requires 46 parametric values to fit 95 experi- 
mental  observations would appear to he adequately over- 
determined to allow not only the calculation of  the parameters 
hut some internal checks on their reliability. 

In order to select the values of the parameters, 15 equations 
a re  needed to  c,alculate the 15 independently observable 
quantit ies in each of' the  eight solvents. For calculating the  

s. we use equations derived from the steady 
(see Supplementary Material for examples). 

For calculating yields, we use equations analogous to those ot' 
the  steady state method. while the  solvolysis rate correlation 
uses the familiar logarithmic relationshipJ (see Supplementary 
Material). 

In order to optimize the t'it of'the 46 parameters to the 95 
experimental observations. one first needs a measure of the 
quality of the f i t ;  for this we use the sums of the squares of the 

differences between the  observed and  calculated values 
("residuals") for the reaction results. Except for the rate ratios 
calculated from the linear free-energy relationships, we do  not 
use differential weights for the  residuals, because the other 
observed reaction results are all isotope effects or reaction 
yield fractions which have expected errors in the range of 0.01 
to  0.02. For the log h l(solvent)/kl(80E) values. the  residuals 
( the differences between the logarithms of'the calculated and 
observed rate ratios) are squared. multiplied by 0.1, and added 
to the  grand sum of the  squares of the  residuals ( S R ' ) .  The  
46 reaction parameters were first selected by inspection. 
transfer, or trial and error and then optimized by the simplex 
method. 

T h e  simplex method of optimization as introduced by 
Spendley et  and later modified by Nelder and Mead' has 
been demonstrated to  be a powerful tool for fitting parameters 
related to  a variety of kinds of experiments.s T o  our knowl- 
edge. this is the  first application o f t h e  method in the corre- 
lation of rates, product distributions. and effect of isotopic 
substitution on both rates and product distributions. 

The  simplex optimization met hod derives its general utility 
f'rom its lack of constraints on the  definition of the response. 
Thus ,  it is not necessary to  derive complex analytical ex- 
pressions as are required in the  various gradient techniques 
 of^ optimization.'' T h e  definition of the response can he quite 
flexible. For instance, changes in a particular model. or in- 
sertions of additional experimental observations. or additional 
constraints on the  prohlem such as linear free-energy rela- 
t ionships can be incorporated simply hy adding additional 
equations to  the set defining the  response. I t  is also possible 
t o  study the  effects of fixing certain ot ' the input parameters 
while allowing the  rest to  vary. Thus.  one is free to  choose as 
many or as few response evaluating parameters or input pa- 
rameters as are necessary to define the s>-item. 

'The reaction scheme which we use here represents a subset 
o f  mechanisms within the  larger set represented by the  more 
general scheme we have discussed ear1ic.r. ' This  subset is 
further restricted by the assumptions we have made about the 
approximate equalities among various hingle-step isotope 
effects. A particular mechanism within this restricted subset 
is specified by a given set of partitioning ratios for the  t w o  
intermediates. LVhen the simplex optimization procedure is 
applied. the first question to he answered i- vrhether or not the 
bcheme adequately describes the reactions. \Ve \vi11 conclude 
that it does if we find a reasonable set of parameters that allow 
the equations to predict the results Lvithin experimental error. 
hearing in mind also that the assumptions ahout relationships 
among the  single s tep  isotope effects are approximations. 

If a satisfactory fit is achieved, two additional questions 
arise. First. has the exact minimum in the  response surface 
been achieved? LVith such a large simples as ours, this ques- 
t ion may he difficult to an  wer, hut it  is not ot' much mecha- 
nistic significance if  the  f t ohtained i i  well bvithin experi- 
mental error. Second. and more significant. tve wish t o  know 
how well the  various parameters are determined hy the  ex- 
periments. This  is, in the first place. a n  involved question 
simply because there are 46 different parameters. One can get 
ii "feel" for this by running simplex calcular ions with different 
starting values to see how closely the parsmeters are repro- 
duced. For any par t icu lar  parameter ot 'interest. such as the 
return ratio, one can assign a series offixrd values. allow the  
simplex process to optimize the other parametric values. and 
determine the resulting quality of t'it. 'I'he xhen ie  can. of 
course. he further tested by requiring it t o  f i t  additional ex- 
perimental results as these are obtained. Experiments in- 
\,olving reactions with partitioning ratios signif'icantly dif- 
terent from those already used would be ot' particular signif- 
icance. 

It' the  restricted scheme does not produre a satisfactory fit 
of'the experimental results. one should cciiisider f'irst whether 
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Table 11. Reaction Parameters which Give the Best Fit with Different Assumed Restrictions 

calcd valuesb for the following calcn no. 
parametersU 1 2 3 4 -  3 6 i 

- 
r - I O  
rl 
r i r  

r1' 
r - Ic  
r - l t  
a i  
h i  

d i 
i;. E '  

\ j. H' 

-1 

i, r r l  

I,' 

m l -  
cor r  coeff" 
f 1  70E 

80E 
90E 
96E 
l00E 
70T 
97T 
90H 

80E 
90E 
96E 
l00E 
70T 
97T 
90H 

80E 
90E 
96E 
100E 
TOT 
97T 
90H 

80E 
90E 
96E 
1 OOE 
70T 
97T 
90H 

x p 1  

no ( J f  errorsk 

f l  70E 

70E 

f w  70E 

1 0  02 
20 0.3 
20 04 

1.137 
0.916 
0.996 
1.1 1 

0.92 
d 
1.86 
0.88 
1.04 
0.87 
1.327 
0.314 
0.2:12 
1.216 
0.739 
0.8:3!5 

,5 1.05 
21.56 
?.:I1 
0.968 
1,077 
1:1,3) 
6.08 
:i:.64 

0.224 
0.018 
0 . 0 2 2  
0.04:3 
0.031 
0.d56 
0.U90 
0.220 
0.212 
0 . m  
0.22'3 
0.17; 
0.1'9 
0.141 
0,754 
0.782 
o,ll:<8 
0.05:i 
i).O30 
0.0:12 
0.0:18 
0.;i09 
0.1 l p i  
0 .1  :36 
I ) .  0 13 7 

11 
:i 
0 

c 

1.132 
0.898 
0.985 
1.112 

0.899 
d 
1.78 
0.85 
1.03 
0.83 
1.31 
0.306 
0.204 
1.16 
0.852 
0.999 
2.85 

1,*5:1 
1.00 
0.7.50 
14.67 
33.6 
68.1 
0.345 
0.154 
0.094 
0.106 
0.023 
0.579 
0.062 
0.23:3 
0.186 
0.261 
0,221 
0.161 
0.13:3 
0.2,55 
0.75:3 
0.785 
0.101 
0.044 
0.025 
0.086 
0.068 
0.25,j 
0.120 
0.067 
0.0162 

11 
2 
0 

c 

3 37 
-.I- 

1.135 
0.911 
0.992 
1.10 
1.128 
0.91 
0.92 
1.857 
0.870 
1.036 
0.869 
1.308 
0.304 
0.212 
1.183 
0.711 
0.839 
no. :35 
18.16 
2.50 
1.22 
1 .:14 
11.42 
6.20 
88.28 
0.212 
0.038 
0.021 
0.017 
0.010 
0.858 
0.097 
0.240 
0.218 
0.271 
0.228 
0 181 
0.131 
0.1,12 
0.7<51 
0.767 
0.019 
0.020 
0.016 
0.006 
0.014 
0.3 23 
0.120 
0.142 
0.0 13 5 

6 
:3 
0 

1.129 
0.894 
0.981 
1.093 
1.139 
0.905 
0.923 
1.840 
0.859 
1.005 
0.866 
1.307 
0.32:3 
0.200 
1.401 
0.936' 
0.999' 
5.q5.1 
3.91 

~17 
1.91 
1.08 
12.10 
48.45 
144.07 
0.339 
0.1:39 
0.0<5 1 
0.084 
0.015 
0.701 
0.052 
0.222 
0.197 
0.264 
0.228 
0.170 
0 1 $35 
0.226 
0.757 
0.797 
0.077 
0.0,10 
0.072 
0.146 
0.097 
0.257 
0.008 
0.067 
0.0166 

11 
1 
0 

1.153 
0.870 
0.930 
1.132 

0.907 
d 
1.82 
0.85 
0.99 
0.86 
1.34 
0 . S 2  
0.264 
1.77 
0.6<51 
0.997 
0.201 
0.100 
0.124 
0.043 
0.076 
1.85 
5.95 
10.05 
0.970 
0.248 
0.064 
0.240 
0.040 
0.831 
0.ot5 2 
0.219 
0.183 
0.261 
0.222 
0.160 
0.1 :3<5 
0.178 
0.790 
0.787 
0.031 
0.0 13 
0.110 
0.045 
0.128 
0.265 
0.104 
0.172 
0.0:163 

24 

:3 

c 

- 
I 

1.136 
0.86 
0.93 
1.121 

0.892 
d 
1.77 
0.832 
0.982 
0.832 
1.33 
0.316 
0.213 
1.14 
0.852 
0.991 
1.40 
1.000 
0. ,553 
0.301 
0.144 
7.61 
20.8 
:17.5 

0.358 
0.162 
0.091 
0.083 
0.022 
0541 
0.068 
0.241 
0.186 
0.261 
0.2") 
0.165 
0.125 
0.244 
0.744 
0.781 
0.084 
0.048 
0.019 
0.098 
0.062 
0.291 
0.107 
0.06:3 
0.0167 

13 
:1 
0 

C 

1 .122 
0.890 
0.980 
1.099 

0.889 
d 
1.77 
0.85 
0.984 
0.856 
1.35 
0.332 
0.247 
1.14 
0.878 
1.000 

11.93 
10.00 
7.19 
<5.46 
4.82 
52.:1 
1:32 
250 
0.319 
0.155 
0.087 
0.097 
0.041 
0.592 
0.099 
0.244 
0.192 
0.258 

0. l6,i 
0.1:10 
0.246 
0.74:i 
0.781 

0.102 
0.057 
0.0:38 
0.102 
0.076 
0.259 
0,117 
0.062 
0.0184 

16 
:i 
0 

c 

0.218 

'> Calculation 1: No LFER required for k l .  Separate values for r l l  ( I  Most symbols are defined in Table I; exceptions are footnoted . .  I .  
and r-,I are not allowed. Other isotope effects are related as given in the text. Calculation 2: Same restrictions as calculation 1 except 
that an LFER of 17 1's with solvolysis rates tor pinacolyl p-bromobenzenesulfi,nate of selected slope m 1 was required to be fit. Calculation 
3: Same restrictions as calculation 1 except that  r l t  and r I c  were allowed to  have different values as were r- l t  and r- ic .  Calculation 
4: Same restrictions as fo r  calculation 3 except that hl  and hlf2lf-I were each separately required to f i t  the LFER (described for cal- 
culation 2 above) for the ethanol-water solvents only. Calculations 5 ,  6, 7: The same restrictions as for calculation 2 except that return 
factors /-1 for 80E were required to be 0.1, 1.00, and 10.00 respectively. ( Fixed to have the same value as rlC.  Fixed to have the same 
value as r-,c. I' Ratio of anti/syn elimination from the tight ion pair in ethanol solvents (E) ,  trifluoroethanol solvents (T), or 90% hex- 
afluoroisopropyl alcohol (H). f Ratio of antilsyn elimination from the solvent-separated ion pair. # Slope of the correlation line in 
the plot of log h 1's vs. log of solvolysis rate constants for pinacolyl p-t)romobenzenesulfonate. Correlation coefficient for the plot 
described in g above. Value for LFER for E-W solvents only; m l  and the correlation coefficient for all solvents are 0.884 and 0.994; 
nzz and the correlation coefficients are 1.261 and 0.998 for the E solvents and 0.656 and 0.794 for all solvents. 1 Sums of the squares 
of the differences between calculated and observed experimental results. fi The number of experimental results differing from the 
calculated value by  the amount indicated. 
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to relax some of the  assumptions about the  equalities among 
single s tep  isotope effects and  second whether the  scheme 
should be further generalized by the  inclusion of additional 
mechanistic pathways such as the Sy2 reaction or return from 
the  solvent-separated ion pair. These latter variations would, 
of course, require tha t  the  steady-state rate and product 
equations be re~-'ormulated. 

Results 
Table I1 lists the  parameters and SR' responses obtained 

tor a series of simplex calculations based on slightly differing 
sets of constraints. Also included a t  the bottom of each column 
are the  number of reaction results which are calculated with 
differences of 20.02. 20.03. and 20.04 from the  experimen- 
tally determined values. Column 1 gives the  parameters ob- 
tained from a calculation in which all parameters (except m l )  
were allowed to  vary. Column 2 gives the  results obtained 
when a linear free-energy relationship of variable slope. m 1. 

for the  ionization rate. iil [which is equal to the observed 
first-order rate constant multiplied by i f - ]  + l ) ] ,  relative to  
the  solvolysis rat,es for pinacolyl p-bromobenzenesulfonate 
is included as  an  additional restraint. T h e  responses for the  
two calculations are not very different. The  h ~ , ~ ~ ~ ~ l ( f - l  + 1) 
\ d u e s  calculated from the column 1 results fit the  linear 
I'ree-energy relationship with an  m 1 value of0.739 and a rel- 
atively poor correlation coefficient of 0.8 on the other hand, 
the column 2 results give an m I value of0.852 and a correlation 
coefficient of 0,999. The  linear free-energy relationship im- 
poses constraints on the  various return factors. f - 1 ,  T h e  iso- 
tope effects are not particularly sensitive to the magnitude of' 
return so long as moderate but varying amounts are allowed 
in the  ethanol-water sol\.ents and larger amounts are allowed 
in the  fluorinated alcohol solvents. Thus.  the  return factors 
are not very Iirecisely determined by the isotope effects 
a I (  i n  e. 

For the  column 1 calculations. six of the eleven calculated 
values which differ from the observed results by 0.02 or more 
are isotope effects for the  cis-$-d and trans-ij-d compounds. 
\Ye therefore carried out the calculations of column 3 wherein 

and r l t  were allowed to have d i f f e ren t  values as were r - ] (  
and r -  If. The  best f i t  parameters are very nearly the same for 
the  two calculations; the  I R 2  was reduced from 0.0157 (col- 
umn 1) to 0.01:15 icolumn ;1)  and the numher of results in error 
hy 0.02 or greater was reduced by five including three ofthose 
bix which involved isotope rate eft'ects t'or c is-d-d-I  or t rans-  
d - d - I ,  T h e  r l '  and rl l  values which were both 1.11 in the  first 
calculation assJmed values of 1.10 and 1.128 in calculation 3 
ivhile r - l (  and ~ 1 '  changed from 0.92 to 0.91 and 0.92. Thus ,  
t he  extra degrees of freedom for the  calculation gave para- 
metric values only a little different but with a significantly 
improved fit. l'he LFER correlation was about the same as 
t'or column 1. I n  another calculation. not shown, the same re- 
strictions as in column :i \yere used, except that  the  primary 
isotope effect c', was allowed to  have one value for ethanol- 
water solvents and a different value for TFE-R' and HFIP-LV 
solvents, hecaiise different hases are presumably involved in 
proton abstract ion in these two different sets of solvents, and 
one might well expect this to  cause different primary effects. 
However. the a ,  value of 1.%7 for column :3 was only changed 
to 1.81 and 1.89 for the two sets ofsolvents. SR' was reduced 
from 0.0135 to O.i)lx, and the  number of results with errors 
L0.O:i was reduced from three to  one. The  improvement 
seemed marginal. For calculation 4. we used the  same re- 
strictions as f o r  c:alculation 3 but required a linear free-energy 
relationship f i t  for h t i 2  iil ( the  ionization rate) and  k l f 2 / f - ,  
( the overall rati: of reacticin via the solvent-separated ion pair) 
for the reactiois in 7(lK t o  1OOE only. since the  well-known 
phenomenon of "dispersion" generally prevents correlations 
(if this type from k i n g  as precise if'solvents o f  widely differing 

acidities are used. In the E-W solvents good correlations were 
achieved for both h l  and h"hl/h--l  processes with slopes m l  
= 0.936 and mr = 1.26 indicating a greater sensitivity to  sol- 
vent polarity in the second step than  in the first step. T h e  
correlations for all solvents (even though the simplex was not 
required to fit the values for the fluorinated alcohol solvents) 
were reasonably good for k l  ( m ? ,  0.884. correlation coefficient 
0.994) but not for hph , /h-] (m2, 0.655. correlation coefficient 
0.794). A plot of the  log hlf.lf-1 values vs. log k o ~ l s c ~  for pina- 
colyl p-bromobenzenesulfonate shows that 70T and the E-W 
solvents fit very well but that  the values t'or 97T and  90H fall 
significantly below the line. 

Columns ,5,6, and 7 give results calculated on a hasis similar 
to  those t'or column 2 except that  for 80E was not varied 
as a parameter hut arbitrarily set a t  values of'0.1. 1 .00, and 10. 
respectively, to determine how variations i n  the return factors 
would af'fect the fit. It is obvious that  t h e  results cannot be 
adequately accounted for by the present mechanism with a 
return t'actor for 80E as low as 0.1, Results obtained using a 
return factor of 0.001 fit much less well and are not given in 
Table 11. Basically, the variations i n  overall rate due to the  
incursion of' a primary isotope effect on c.1irnination cannot 
he accounted for if return of the ion pair is not allowed. On the 
other hand. the calculations with fixed re1 urn factors in  8OE 
of 1, 10. and 100 (not  shown in Table 11) give almost as good 
a response as the results of column ? where thc  return factor 
i n  80E of '2.22 is selected to give the best fit. It n.ould appear 
that  a return factor for 80E of between 1 and 10 is best. hut 
larger values probably cannot be ruled out. In comparing 
columns 1 .  2, r i .  1. 6. and 7. one can see that the  variations in 
the single step isotope effects. the nnti / .s> 17 elimination ratios, 
and even the reaction fractions are not large; we judge that this 
is indicative of the accuracy with which these parameters are 
determined. Although they generally seem to he small. the  
values for Fljc, are probably not determined very well because, 
except for solvent 7OT. only fairly small proportions ( f ? )  of the 
solvolyses go t o  product through the  solvent -+ellarated ion 
pairs. 

Table III compares the obsrv-i>rid reaction results Lvith those 
caic.uiatcd using the Table 11. column 1 parameters. The  re- 
sults using the  parameters from columns ?. 3. i. t i .  and 7 are 
generally +imilar. None of the calculated re.wlts differ f'rom 
the ohserved ones by  as much as 0.04. o i i l>-  t w i  differ by as 
much as 0.03. while eleven differ by as niiicli as 0.W. Four o f  
these eleven values with the worst fit are isotope effects for 
the cis o r  the trans deuterated reactant: a h  we indicate above. 
these appear t o  be in error hecause of ouI 
culation 1 that  the single-step isotope ef'tects f'or the  cis and 
trans deuterated reactants are identical: the fit  i.; significantly 
hetter in calculation ;i where this restriction is relaxed. In  view 
of this and in view of  the  fact that  the  effects t'or the ethanol 
solvents were ohserved at 10 "C. those t 'or the W E  sol\'ents 
a t  30 "C. and those for the H F I P  zolvent a t  25 " C .  the overall 
f i t  seems remarkahly good. 

l 'he tact that a satisfactory quantitative f i t  has been 
achieved indicates that within the limits  of^ experimental error 
the  assumptions made in reducing the number o f  different 
parameters were justified. Thus,  it appears that the mecha- 
nism provides an  adequate quantitative accounting of all of 
our results for c,yclopentyl brosylate. In addition, it provides 
a framework f'or the correlation of new results for other sol- 
vents and other compounds. 

From 'T'ahle 11, column 2, we see thar the (1-d effect on 
ionization is 1.132, very similar to the value ot' 1.15-1.16 
which we have observed for pinacolyl i,-l)rornoheiizetiesul- 
fonate i n  a variety of solvents and have pi,eviorisly associated 
with rate-determining formation of the tight ion pair,:4zl~tl~11' 
T h e  two figures are even more comparable i f  one remembers 
that the cyclopentyl results refer to reactions at slightly higher 
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Table 111. Reaction Results" 

solvent 
70E 80E 90E 96E l00E 70T 97T 90H - 

k d k , , - d  
obsd 
calcd 
R 

ohsd 
calcd 
R 

k H/k  t -d  
ohsd 
calcd 
R 

ohsd 
calcd 
R 

I -d '  
ohsd 
calcd 
I 4  

; i d [  
ohsd 
calcd 
R 

1-d' 
ohsd 
calcd 
R 

:3-d[ 
ohsd 
calcd 
R 

ohsd 
calcd 
K 

F?-" 
obsd 
calcd 
R 

obsd 
calcd 
R 

ohsd 
calcd 
R 

obsd 
calcd 
R 

i i H i k , . d  

i: H i k , j . < l ,  

F e  

F,' 

F,' 

F,('J 

1.180 
1.178 
0.002 

1.140 
1.161 

- 0.0 2 1 

1.170 
1.168 
0.002 

1.840 
1.84,5 

- 0,OO.i 

( 1, ;328 

0.527 

0.261 

0.569 

0.219 
0,221 

-0.00' 

0.2110 
0.2110 
O.(IOO 

0.212 
0.20:3 
0.009 

0.191 
0.198 

-0.007 

0.1:38 
0.127 
0.01 1 

1.150 
1.163 

- 0 .0 1 3  

1.130 
1.148 

- 0.0 18 

1.180 
1,156 
(1.024 

1.770 
1,774 

-0.004 

0.:3:34 
0 .  ;3:3 7 

-0.00,'i 

0.554 
u.541 
0.0 l:i 

0.269 
0.268 
0.006 

0.<582 
0.573 
0.009 

[!.267 
0.274 

-0.007 

0.249 
0 .  258 

-0.009 

0.249 
0.249 
0.000 

0.2::18 
0.244 

- 0.006 

0.188 
0.15:1 
0.0:35 

1.140 
l . lh3  

-0.013 

1.1:30 
1. 1 *'14 

-0.004 

1.150 
1.1:19 
0.011 

1.670 
1.675 

-0.003 

0.:3:14 
0.3 :i 7 

-O.i)03 

0.5,54 
0.541 
0.013 

0.269 
0.263 
0.006 

0.582 
0.57:3 
0.009 

0.233 
0.229 
0.004 

0.196 
0.215 

-0.019 

0.221 
0.208 
0.01:3 

0.198 
0.203 

-0.004 

0.1:32 
0.12;i 
0.007 

1.150 
1.147 
0.003 

1.180 
1.123 

-0. 0ot5 

0.5:19 

0.26:3 

0.170 
0.178 

- 0.008 

0.169 
0.167 
0.002 

0. I65 
0.161 
0.004 

0.141 
0.1 n 7 
-0.016 

0.100 
0.095 
0.005 

1.150 
1.145 
0.005 

1.100 
1.121 

-0.021 

1.140 
1.123 
0.017 

1.580 
l.L587 

-0.007 

0.:334 
0,<3:35 

- 0.00 1 

0. ,554 
0 .  t5 3 8 
0.016 

0.269 
0.263 
0.006 

( ). $582 
0 .  <57,3 
0.009 

0.1 18 
0.130 

-0.012 

0.129 
0.121 
0.008 

u.117 
0.117 
0.000 

0.118 
0.114 
0.004 

0.078 
0.067 
0.01 1 

1.222 
1.208 
0.014 

1.216 
1.223 

-0.007 

1,205 
1.206 

-0.001 

-.-- 3 $?30 
2.220 
0.000 

0.239 

0.,524 

0.465 

0.286 

0.418 
0.406 
0.012 

0.417 
0.3 9 1 
0,026 

o.:m? 
0.373 

-0.0 15  

0.:151 
0.379 

-0.028 

0.278 
0.259 
0.019 

1.222 
1.208 
0. i 11 4 

1.285 
1.272 
0.01:1 

1.201 
1.183 
0,017 

2.470 
2.47.5 

-0.005 

0.160 
0.lt51 
0.009 

(1,621 
0.611 
0.0 10 

0.442 
0.4:33 
0.01 )9 

0.51:i 
0.502 
0.01 1 

(1.764 
0.760 
0.000 

0.772 
0.7 .i:3 
0.(119 

0.7:18 
0.7:i 1 
0.007 

0,721 
0.752 

-0.0:<1 

0.6% 
0.627 

-0.001 

1.230 
1.232 

-0.002 

1.353 
1.330 
0.023 

1.222 
1.200 
0.022 

2.864 
2.864 
0.000 

0.131 
0.120 
0.011 

0.619 
0.613 
0.006 

0.478 
0.4,5 5 
0.02::i 

0.469 
0.490 

-0.021 

0.800 
0.812 
0.012 

11.809 

0.789 

0.809 

0.728 

( I  Values from calculation 1. Table 11. See Table I for notations. The fractions of substitution F ,  are (1 - F,) in each case. The fractions 
of nondeuterated cyclopentene in the total cyclopentene yields are [ 1 - ( I -d  1 - ( B - d ) ]  i n  each case. Blanks indicate where experimental 
values were not observed. The label yields were determined on a coinhined olefin sample from the reactions in 80E. 90E. and 100E. 
and the same observed values are used for all three solvents. 

temperatures. Similarly, the calculated p 'd  effect on k l  ( r l ( ,  
1.112) is very similar to the value predicted 11.117) from the  
correlation of Suriko. Szele, and Hehre." It  should he em-  
phasized tha t  these cyclopentyl values are determined by a n  
unbiascd minimization procedure to give the best fit of the  
mechanism to the  reaction results and are determined inde- 
pendently of the  values for the  other compounds with which 
we compare them. Furthermore, the  value of r l c t / r - l f t ,  
1.132h.898 or 1.26, is the value which should apply i f  the 
second s tep  ( k ? )  i s  completely rate determining. We have 
previously suggested that  the slightly lower value of 1.22-1.23 
observed for t he  si~lvolysis o f  2-adamantvl-2-d tosylate rep- 

resents a typical ~ - d  rate effect for a sulfonate ester solvolysis 
having h? as rate determining; it is possible that the  value for 
the  adamantyl derivative is a bit low because return may not 
completely dominate further reaction and h2 may not he 
completely rate determining.:" The  isotope effects in the 
elimination step are also of considerable interest. The  primary 
effect, 1.78, is low, in the  range generally observed in carbo- 
nium ion eliminations,12 and suggests an early, carbonium ion 
like transition state. The  secondary effects, however, contain 
a significant surprise which, we believe, informs us about the 
conformation of the  cyclopentane ring during the  process of 
proton elimination from the carbonium ion. First, the  deu- 
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terium effect geminal to the eliminating hydrogen, h j C ,  is in- 
verse, 0.85; this is understandable if it is realized tha t  t he  
calculated equilibrium p-d effect for ion-pair formation is 
1.112/0.899 or 1.236 and tha t  elimination of the  geminal 
$-proton will necessarily push this hydrogen (or deuterium) 
into an orientation about 60" or more out of parallel with the  
vacant p orbital on the CY carbon.ll , l : '  In this orientation nearly 
all of t he  isotope effect of the first step would be reversed." 
If all of the  isotope effect were lost, the  inverse effect would 
he 1/1.236 or 0.809. The  next thing to  be noted is tha t  one of 
t he  secondary effects on the  opposite $-carbon atom is also 
inverse while the other is near unity or slightly normal. These 
values are miit.ually consistent because if one of these C-H 
bonds is forced away from parallel with the vacant p orbital, 
the  other w o d d  he forced more toward parallel. The  most 
interesting observation is that  it is the  opposite hydrogen 
oriented trai;s to  the  eliminating proton which the  isotope 
eff'ect indicates is near parallel. while the  cis hydrogen is in- 
tlic.ated to  he near perpendicular to the p or1)ital. Thus ,  the 
c~)nforniation must he a kind of  twisted envelope as shown in 
the  following formula with the c,alculated $-d effects f o r  t he  
r>iiniination >,icp indicated: 

B 

H 

It  is of interest to  compare the  solvolytic reaction scheme 
which we fa\or with the alternative one favored by Bentley 
and  Sch1eyer.l' These differing points of view basically con- 
t inue one o: the  historic arguments of organic reaction 
mechanisms, namely, the  argument concerning the nature of 
t he  mechanismis) for solvolyses in the  "borderline" region 
between classical S K ~  and classical Spi2 reactions. T h e  two 
points of vierv have identified this borderline region as being 
characterized by either a mixture of mechanisms in varying 
proportions' j.lfi or by a single hybrid mechanism defined by 
a spectrum of transition states of varying extent of solvent 
nricleophilic attachment. ' ;  The  current dispute is, of course, 
on a somewhat more sophisticated level. We have proposed, 
following iVinstein."' that  there are basically four SN substi- 
tution routes identified as involving nucleophilic attack on 
the  reactant, the tight ion pair, the solvent-separated ion pair, 
and the  free carbonium ion. LYithin each route, except the 
tirst, a t  least two different steps can be rate determining or 
partly rate determining. Thus ,  the  potential for mixtures of 
mechanisms is greatly multiplied over tha t  for the  simple 
Sxl-SN2 scheme. However. for the classical borderline reac- 
tions of simple secondary alkyl sulfonates in the usual aqueous 
alcohol solvents and in fluorinated alcohol solvents, the actual 
pathways seem to h e  largely limited to the following four: (1 
Su2,  ( 2 )  rate-determining formation of the  tight ion pair, ( 3 )  
rate-determining nucleophilic attack on the reversibly formed 
tight ion pa ' r .  and (1) nucleophilic attack on the  solvent- 
separated ion pair with the formation of the solvent-separated 
ion pair being rate determining. We also accept t ha t  for each 
rate-determining step there ma?: he "reaction coordinate" 
effects which attend changes in reactivityIx and which can be 
correlated bv rules such as the  ones formulated by Ham- 
mondl" and by rrhornton.2° However, in solvolysis we do  not 
believe that 1 hese transition state structural variations suffice 
generally to explain broad-scale changes in reactivity such as 
those which a t tend  Sy type solvolyses on changing solvent 
from ethanol-water to TFE-water or HFIP-water mixtures. 
Bentley and Schleyer prefer to explain horderline solvolyses 
of secondary sulfonates in terms of a strongly nucleophilically 

solvent-assisted process which they designate as Sx2 (inter-  
mediate). This  proposed mechanism involves the  rate-de- 
termining formation of a nucleophilically solvated ion-pair 
intermediate which can be partitioned to various products but 
which does not undergo significant internal return. This  hy- 
brid mechanism postulate suggests that  t,he variations of re- 
action properties with reactant structure and with solvent 
occur mainly through a virtually continuous possible range 
of variation in the  extent of nucleophilic solvation of t he  
ion-pair intermediate. They further propose tha t  the  cu-d ki- 
netic isotope effect varies inversely with the  extent of 
nucleophilic solvation. They propose that  nucleophilic sol- 
vation is negligible for Zadamantyl sulfonate solvolyses in all 
solvents and that the observed cr-d isotope effects in the range 
1.22-1.24 correspond to  rate-determining formation of t he  
nonnucleophilically solvated 2-adamantyl toluenesulfonate 
ion They further propose that the  tr-d ef'fects for 2-  
propyl p-toluenesulfonate vary roughly linearly with the  de- 
gree of nucleophilic solvation, as measured hy log k,lk,.. from 
a maximum of 1.22 in trifluoroacetic acid to -1.06 in ethan- 
ol.l-''l They fail to comment on the  tu-d isotope effects for pi- 
nacolyl p-bromobenzenesulfonate. which are 1.15-1.16 in the 
whole range of solvents of ethanol-water to  trifluoroacetic 
acid.,ia.tr.lo Is this reaction assisted by solvent nucleophilicity? 
If so, why does the effect not vary with solvent? If not, why is 
the  effect not more nearly the same as that for the  2-adam- 
antyl sulfonates? The  Bentley-Schleyer analysis indicates 
that  cyclopentyl sulfonate solvolyses varv from nearly no 
solvent nucleophilic assistance in TFA and H F I P  to  st~rong 
assistance in ethanol ( k , / k ,  = 1680). Our results show overall 
observed cy-d isotope effects for this compound of -1.15 in 
80-100E, 1.18 in 50E. and 1.22-1.23 in 707'. 97T, and HFIP.  
This is not a smooth variation with log / ; > / I ? < .  Fur ther ,  we do  
not believe tha t  the Bentley-Schleyer mechanism without 
return can explain the large. noncumulative d-d  effects or the 
correlation between 6-d isotope effects on product yields and 
on reaction rates. both of which suggest rate-determining 
elimination. 

On the  other hand, the  present analysis quantitatively ex- 
plains all of the  variations in a-d and d-d rate effects and  
product yields with the  assumption that  the  isotope effects 
on the single st.eps of the mechanism are solvent independent; 
the observed effects change principally hecause the  reaction 
course is shifted by solvent. The  treatment also illustrates how 
internal return is necessary to  explain the primary isot,ope 
effects on product ratios as well as rates and quantitatively 
accounts for the noncumulative nature of the  $-d effects. 
Furthermore, the single-step tu-d isotope effects are consistent 
with those shown in the  solvolyses of 2-adamantyl and pina- 
colyl derivatives. 

The hybrid mechanism adopts some of the attributes of the 
ion-pair mechanism through the  postulate tha t  even though 
covalent nucleophilic attack is strong enough to be signifi- 
cantly accelerating, it may nevertheless be weak enough to give 
rise to  an  ion-pair intermediate which can he diverted from 
completing tha t  initial covalent attack. Moreover. the  Ben- 
tley-Schleyer analysis, while apparently allowing in principle 
for ion-pair return,  concludes tha t  it has a kinetically insig- 
nificant role. If one were to relax that  conclusion sufficiently 
to  allow for return factors of as much as ten. a reasonable fit 
of the isotope effects could probably be achieved. However, 
one is then left with the  conflicting evidence on the nature of 
t he  solvation, covalent or electrostatic. of the carbonium ion 
fragment of' the  ion-pair intermediate. FVe have shown that 
if  one allows for a mixed mechanism with return from the  in- 
termediate, the isotope effect results do  not require any 
nucleophilic solvation, a t  least for the  present case, for the  
pinacolyl and adamantyl esters and probably for isopropyl 
sulfonates which show a significant S\2 component in etha- 
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nol-water solvents. On the other hand. the linear free-energy 
correlations of Bent ley and Schleyer suggest that  solvent 
nuclmphilicali> accelerates alrnost all secondary sulfonate 
solvolyses. We have shown here in detail how we believe the  
solvent acts nucleophilically to  accelerate the  cyclopentyl 
p -bromohenzenc?sulfo~iate solvolyses simply through attack 
0 1 1  the  ion-pair intermediate. There  remains the  problem of' 
ivhether or not our branched mechanistic scheme will suffice 
t o  explain relathe reactivity, as well as isotope effects, for the 
u ide  range of different reactants considered by Bentley and 
Schleyer. %'e expect that  it can. but if  so the  demonstration 
must await further results. Thus,  we do not believe a t  present 
t ha t  either scheme has been shown to adequately account for 
a / /  of the  relevant information. LVe helieve that while we have 
shown significant shortcomings in the ability of the  hybrid 
mechanism t o  explain isotope effects, some modification of' 
it might nevertheless suffice. On the other hand. more work 
is needed to  determine if  the  branched scheme can explain 
relative reactivities over a u ide  range of' reactants. \Ye hope 
that  work preseni.ly underway in our laboratory will contribute 
t o  the future resolution of this protdem. 
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