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Albslraet--Cyclopropylcarbinyl (I) and cyclobutyl (II) mesylates were solvolysed in aqueous diglyme 
with or without added NaBH4 under a variety of conditions. The reaction products were isolated and 
analyzed by VPC. A mixture containin~ cyclopropylcarbinyl, cyclobutyl and minor quantities of homo- 
al]yi products, was obta/ned in all cases. The proportion of the unsaturated compound was greater in 
hydrocarbon than in carbinol products, the composition of the mixture depending upon reaction con- 
ditions and the starting mesylate. Thus, solvolysis of both I and II yielded cyclopropylcarbinol and cyclo- 
butanol in a ratio of nearly I : I, while in the hydrocarbon products methylcyclopropane predominated 
over cyclobutane by a factor of 3 in the reactions of I and by a factor of 2 in the reactions of II. It was 
shown that a direct displacement reaction of the BH4- ion on the primary mesylate I is not competitive 
with the solvolysis and cannot therefore be responsible for the above results. It was found that a better 
yield in hydrocarbons was obtained with I and II than with (l-methyicyclopropyl)carbinyl (HI) and 
l-methylcyclobutyl (IV) mesylates. The unexpected fact that the BH 4- ion competes more efficiently 
with water for intermediates formed in solvolyses of I and II than for those of rll  and IV was confirmed 
by determination of competition factors of N~- ion vs water. In all cases, intermediates formed from I 
and II showed more discrimination in their reactions with reagents differing in nncleophyficity than did 
those formed from HI and IV. 

The results indicate that the attack of the nncleophile occurs mostly on the ion pair formed in the rate 
determining step. The latter reaction is apparently subject to reactivity relationsh/ps typical for a direct 
displacement reaction and not characteristic for free carbonium ions. These facts should be borne in mind 
when conclusions concerning the structure of carbonium ions are drawn from the composition and 
structure of solvolysis products. 

It is concluded that the ion pairs trapped by NaBH4 have different structures, depending upon the 
starting isomeric mesylate. It is shown that the formation of an equilibrating mixture of classical ions or 
ion pairs as intermediates in these reactions cannot account for experimental results. 

SOLVOLYSIS in the  presence  o f  N a B H 4  has  been  used  b y  several  a u tho r s  to  inves t iga te  
the s t ruc ture  and  the  na tu re  o f  c a r b o n i u m  ion in termedia tes ,  t -3 The  under ly ing  
pr incip le  o f  such w o r k  is tha t  the  in te rmedia te  fo rmed  in the  ra te  de te rmin ing  s tep  
will be  " t r a p p e d "  by  B H  4 -  ion  before  be ing  d iver ted  to  usual  solvolysis  p roduc ts .  

In  a p rev ious  p a p e r  2 we descr ibed  a de ta i l ed  examina t i on  of  the  reac t ion  of  (1- 
me thy lcyc lop ropy l ) ca rb iny l  (III)  a n d  1-methyl -cyc lobuty l  (IV) mesyla tes  wi th  
N a B H 4  u n d e r  so lvoly t ic  condi t ions .  

I t  was observed,  inter alia, tha t  the  solvolysis  o f  I I I  and  IV with  a d d e d  N a B H 4  
gives rise to  some  oem-dimethylcyclopropane t oge the r  wi th  me thy l c yc lobu t a ne  
while  the  on ly  ca rb ino l  p r o d u c t  de tec ted  was  l -me thy l cyc lobu t ano l .  This  obse rva t ion  
was in t e rp re t ed  as  be ing  due  to  unequa l  charge  d i s t r i bu t ion  on  different  C a t o m s  in 
the  supposed ly  nonc lass ica l  i n t e ~ t e d i a t e  and  to  the  smal le r  select ivi ty o f  the  s t ronge r  
nuc leophi le  B H 4 - ,  as  c o m p a r e d  to  water ,  be tween  poss ib le  r eac t ion  sites. I t  was 
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In this respect only a perfunctory examination of Tables 5 and 6 reveals the surprising 
results that the intermediate produced in the solvolysis of secondary cyclobutyl 
mesylate displays a selectivity between water and azide ion (or BH4-) which is about 
twice as large as the selectivity shown by the intermediate produced in solvolysis of 
tertiqry 1-methylcyclobutyl mesylate! 

The same pattern is observed with the corresponding cyclopropylcarbinyl deriva- 
tives. A more systematic investigation, the results of which will be published elsewhere, 
revealed that the behaviour of the cyclopropylcarbinylyclobutyl system was not, 
in this respect exceptional. 

There is now ample evidence in the literature that solvolysis products arise rather 
from the attack of the nucleophile on the ion pair than on the Free carbonium ion.“* I1 
The latter seems to be the case even in solvents of good solvating properties and with 
compounds which can give relatively stable carbonium ions. Thus HillI found that 
the kNF/kHtO competition factor of the intermediate in solvolysis of trityl halide 
depends upon the nature of the halide used. Clearly, if products were formed only 
from the free carbonium ion, no influence of the nature of the leaving group on the 
composition of the mixture produced could be observed. Brown and Bell’ found that 
the hydrocarbon yield in solvolysis of benzhydryl halides in aqueous diglyme with 
added NaBH, depends upon the nature of the leaving group. This dependence is 
even more pronounced with phenylethyl halides. 

If it is assumed that nucleophiles attack ion pairs rather than free carbonium ions 
then the results of our work are put into proper perspective. 

There are two factors which should have a major importance in determining the 
selectivity of ion pairs between nucleophiles. The fust one, already discussed, is the 
stability of the cation part of the ion pair. However, the reaction of an ion pair with a 
nucleophile resembles a direct displacement reaction and should be subject in some 
measure to reactivity relationships observed in SN2 reactions. From this standpoint, 
“secondary” ion pairs should display a larger degree of discrimination between 
reagents of differing in nucleophilicity than intermediates derived from tertiary 
systems. Apparently, this latter factor is in cases examined, more important than the 
former which results in higher competition factors in reactions of unsubstituted 
mesylates I bd II as compared to their methyl-substituted analogues III and IV. 
Sneen et al. have investigated solvolyses of 2-octyl sulfonates and have found that 
they proceed by way of undissociated ion pairs from which products are formed 
through complete inversion of configuration. ” Depending upon reaction conditions, 
they found that either the formation or the destruction of such an ion pair could be 
rate determining. The rate of the solvolysis of 2-octyl mesylate in 25% aqueous 
dioxan is determined by the formation of the ion pair. Nevertheless, the kN5/k,,, 
competition factor was found to be exceptionally high. It was proposed that a high 
competition factor could be used as a diagnostic for reaction at an ion pair stage.13 
Our conclusions are based upon this criterion. 

The question which remains to be answered is whether the formation or the destruc- 
tion of the ion pairs is in our case rate determining. An examination of the data points 
to the former interpretation. Thus, both mesylates I and II yield similar mixtures of 
products upon solvolysis. Therefore, the ion pairs from which the products arise 
must have similar structures. If the formation of these ion pairs were not rate deter- 
mining there would be no explanation for the 1Wfold difference in solvolytic re- 
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activity between the mesylates I and II. Moreover, the addition of NaN3 accelerates 
the solvolysis of I by a small factor as expected from salt effects (Table 1, Exp. Nos 5,6). 

Mixtures ofproducts-mesylates I rmd II. In our previous work2 we have concluded, 
on grounds of selectivity principles,g and products distribution, that the intermediate(s) 
in solvolysis of III and IV camot be formulated as an equilibrating mixture ofcla@zal 
carbonium ions and that they must possess nonclassical structures. An analogous 
analysis can be performed on results of the present investigation. 

In solvolysis in aqueous diglyme of both I and II, allylcarbinol is formed in about 
3% yield together with the major products cyclopropylcarbinol and cyclobutanol 
(Table 2). In terms of a nonclassical ion intermediate (e.g. a bicyclobutonium ion*) 
these results mean that the nucleophile can attack the carbonium ion at three different 
sites and that the attack on the C atom giving rise to homoallylic products represents 
the reaction path of relatively highest activation energy (Scheme 1). Addition of a 
strong nucleophile, such as BH4- should reduce the highest energy barrier more than 
the other two. 

This mechanism predicts that a larger amount of 1-butene will be found in the 
hydrocarbon products than of allylcarbinol in the carbinol products. If the inter- 
mediate is to be formulated as a mixture of rapidly equilibrating classical ions, then 
a reverse prediction concerning the change in the mixture produced with an increase 
in the nucleophilicity of the reagent should be made. Namely, if it is assumed that 
cyclopropylcarbinyl and cyclobutyl ions are more stable than allylcarbinyl ion, then 
the former should be also more selective and display a more distinct preference for 
BH4- than the latter. 

The experimental results, as seen from Tables 2 and 3, bear out the former pre- 
diction. The proportion of unsaturated products is about twice as great in the hydro- 
carbon mixture than in the carbinol mixture. 

However, this approach based upon reactivity relationships prevailing with car- 
bonium ions is oversimplified. In hydrolysis of either cyclopropylcarbinyl or cyclo- 
butyl mesylate, cyclopropylcarbinol and cyclobutanol are formed in a ratio of nearly 
1: 1 (Table 2). According to‘previous arguments, this ratio should not be much affected 

l A d&us&on of the exact structure of the nonclassical intermediate is beyond the scope of this work. 
A bicyclobutonium ion structure is assumed but the above arguments would lx. identical for any structure 
that can yield cyclopropylaubinyl, cyclobutyl and allylcarbinyl products in a one step reaction. 
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by a change in the nucleophilicity of the reagent In fact a ratio of 2: 1 of methyl- 
cyclopropane to cyclobutane is found in the reaction of II and of 3 : 1 in the reaction 
of I (Table 3). 

It appears that ion pair phenomena must be responsible for such results. In the 
displacement reaction of BH4- on the ion pair, the reaction path yielding the 
“primary” product, methylcyclopropane, seems to be favoured over the one yielding 
the “secondary” product cyclobutane for the same reasons that make primary 
derivatives more prone to direct displacement reactions than secondary derivatives. 

Thus, the larger competition factors observed with I and II relative to III and IV 
and the preponderance of “primary” methylcyclopropane in the hydrocarbon 
mixture produced seem to be due to the same cause: to reactivity relationships 
typical of direct displacement reactions shown by ion pair intermediates. 

Finally, it should be pointed out that the intermediates (ion pairs) formed from I 
and II have different though similar structures. Even in hydrolysis, the composition 
of the mixture seems to depend upon the starting mesylate. This dependence is much 
more pronounced in the reaction with BH,-. Also, competition factors (Table 6) 
differ significantly. As far as we are aware, this is the first observation of this kind in 
the cyclopropylcarbinyl-cyclobutyl system. 

Classical ions. Taking into account ion pair phenomena, can the results of this 
work be interpreted in terms of equilibrating classical ions? 

The composition of the products, especially if BH4- is present, depends upon the 
starting mesylate. Hence, the composition of the mixture of equilibrating ion pairs 
must also depend upon the starting mesylate. This is possible only if the reaction 
with the nucleophile occurs before the complete thermodynamic equilibrium is 
obtained. In this respect, the higher proportion of rearranged homoallylic products 
in the reaction with BH.+- than with water cannot be explained. 

Mixtures of products-me sylates III rmd IV. In our previous work’ it was observed 
that solvolyses of III and IV in the presence_of NaBH, gave mixtures in which some 
gemdimethylcyclopropane was present. The relative amount of the latter product 
was always more important in reactions of III than of IV (see Table 4). The results 
obtained when the relative amount of water in the solvent and the concentration of 
added NaBH, were varied seemed to indicate that the reaction of the primary 
mesylate III with NaBH, proceeded by two competitive mechanisms (S,l and S,2). 
In the present work, the possibility of a direct displacement of BH.+- on the primary 
mesylate I has been excluded. Therefore, it seems highly unlikely that the latter 
mechanism would be operative with III under identical reaction condi,tions as with I. 
In view pf present findings, the only reasonable interpretation of our former results 
seems to be that the solvolysis of III and IV proceed by way of ion pairs which can 
yield the reaction products directly. These ion pairs are subject to reactivity relation- 
ships typical of direct displacement reactions. Also, taking into account differences 
in mixtures produced (Table 4) and competition factors (Tables 5 and 6) it can be 
concluded that the intermediates reacting with nucleophiles have similar but different 
structures, depending upon the starting mesylate III and IV. 

CONCLUSION 

We can now summarize the results of this work : 
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(1) The solvolysis of cyclopropylcarbinyl and cyclobutyl mesylates proceeds by 
way of charge delocalized, nonclassical intermediates. 

(2) These intermediates are ion pairs and not free carbonium ions. The ion pair 
produced from I has a similar but different structure from the ion pair produced 
from II. 

(3) The reaction of these ion pairs with nucleophiles is subject to reactivity relation- 
ships .typical of direct displacement reactions. Therefore, the composition of the 
mixtures produced cannot be taken as indicative of the relative amount of charge on 
different C atoms in the intermediate. 

(4) Solvolysis products of (1-methylcyclopropyl)carbinyl and 1-methylcyclobutyl 
mesylate also arise at least in part, from ion pairs with similar (and non-classical) 
but different structures. 

Sneen’j has advised caution about the representation of reactions of simple 
secondary systems as proceeding through free carbonium ion intermediates. We can 
now extend this warning to some systems which undergo solvolysis through stabi- 
lized non-classical intermediates. Even in cases where formally tertiary carbonium 
ions can be formed (III and IV), ion pair phenomena reflect on the products formation 
step. Ion pairs do not behave like free carbonium ions in their reactions with nucleo- 
philes. Therefore, any conclusions about the structure and the nature of carbonium 
ions which are based upon the composition of solvolysis products can be made only 
with utmost caution. 

EXPERIMENTAL 

IR spectra: Perkin-Elmer 221 Spectrophotomcta with grating optics for the region 4OW-1409 cm-’ 
and NaCl prism for the rang 1409-65ocm-‘; NMR Spectra: Varian AdOA Spectrometer. VPC: Aero- 
graph Autoprep A-700 with Disc Integrator 201-3. Gurier gas H,*NaBH, was commercial material 
obtained from FIuka AG, Buchs, Switzerland, diglyme was purified according to tbe published procedure. 
All other rtagCnt8 wert analytkd grade. 

Methanesulfonat*r I and II were prepared according to the published procedure.’ According to 
“infinity” titers and NMR Spectra they were 90-970/, pure. The impurities were pyridine and mcthylene 
chloride. The maximum possible amount of unesterified parent carbinol present in the eater was deter- 
mined to be @2-W%. Methanesulfonates III and IV wm analogous to those prepared earlier.’ 

Rate measurements were performed as described previou~ly.~ Approximately 15 mg (0.1 mmole) of the 
mesylate wm solvolysed in 12mI aqueous diglyme at constant temp and the rate of acid formation 
followed with an automatic recording titrator (Radiometer, Copenhagen, TIT 11). 

Product studies 
A. Hydrolysis. Eitha 1 or II (1.5 & 10 mmoles) was added to a vigorously stirred su8pensiOn of CaCO, 

(@55 g loO/, excess) in 60% aqueous diglyme at 4&Y. The stirring was continued for 3 min and 5 hr 
nspcctively (about 7 dVO1y&9 halflives). After cooling to room temp K&O, was added, the diglyme 
layer separated and dried overnight with MgSO, and K,SO,. The products wese separated from most of 
the solvent by distillation througb a 6Oan glass column up to the temp Df 160”. VPC analysis of the 
produced mixture was performed using a combination of a nonpolar column (20 x 04 cm, 1% silicone 
oil SE-30 on Chromosorb P 45/60) followed by a polar column (60 x 04 cm, 1 ?A glycerol on Chromosorb 
P 45/60) at 75” and gas flow of 150 ml/min. 

B. Reaction with NaBI&. To a stirred soln of NaBH, (1.22g, 32mmoles) in WA aqueous diglyme 
(32 ml) at 40@‘, 1.2 g (8 mmoles) of the corraponding mesylate was added, Stirring was continued and 
the reaction products flushed continuously into a trap cooled with liquid air by means of N,. The hydro- 
carbon products were diatikd on a vacuum-line. After weighing_ the distillate was analyzed by VPC 
using a silicone column (20 fi x ) in; 20”/, SE-30 on Chromosorb P 60/80) at 35” and a gas flow of 150 
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mqnin. The reactions of mesylat*l III and IV WCIE performed analogously except that the reaction 
mixture was heated to 60” after solvolysis and tlushcd with N2 at that tcmp for 1 hr. 

Competition factors 
Azide ion About 45 mg (0.3 mmok) of the mcsylatc I or II was- weighed to a prcciaion of iO.1 mg and 

introduced together with the weighing container into 15 ml of a @5 molar eoln of NaN, in 66.6% aqueous 
diglyme at 400”. After closing the r&ction flask, stirring was started and continued for about 7 solvolysis 
halEves. After cooling, the liberated hydra&c acid was titrated potentiometrically in lO-Oml of the 
reaction soln Another sample of the mesylate from the same batch was solvolyzed for 7 halfhves in the 
same solvent without added NaN, and the amount of liberated mcthanesulfonic acid determined by 
titration. 
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