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THE 

the 

may 

most direct evidence of the molecularity of a reaction is given by 

reaction orders. However, the relation between order and molecularity 

not be a straightforward one. This is the case of borderline nucleo- 

philio substitution reactions of the type: 

R-X + Y@ _j R-Y + P 

where R-X is a typical borderline substrate such as benzhydryl, and @ is 

a charged nucleophile supplied in the form of the electrolyte XT, in a 

solvent of low to medium polarity. Here, in fact, ambiguities may arise 

from at least three sources* a) the salt effect of MY (and, as the reac- 

tion proceeds, that of KX which may be different from that of NY')r b) 

1 The financial support of C.N.R., Rome, and Shell Intsrnationale Maat- 
schappyi N.V., The Hague, Holland, is gratefully aknowledged. 

2 The late. 

3 a) S. Winstein, S. Smith, D. Darwish, J. Amer. Chem. Sot. 82, 5511 
(1959)~ b)g. Tetrahedron Lett. 3 24 (1959). 
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686 Borderline nucleophilic substitution reactions No.11 

the 'mass-law' effect 4 caused by fi produced during reaction or already 

present at the beginning4 c) the incomplete ion-pair dissociation of MY 

and the nuc:.eophilic reactivity of 6 relative to that of F/w ion paire 5 . 

A11 these factors have long been recognized and the difficulties of ma_ 

stering all of them simultaneously are well appreciated. As a result, al 

though quite some time has elapsed since Bird, Hughes, and Ingold's prop2 

Sal of the 'intermediate' or 'borderline' 6 mechanism , and in spite of 

its important implications 7 , no report has appeared, as yet, where the re 

action orders have been determined while accounting for all factors above. - 

We report here the study of a bcrderline reaction of the type above 

( R = p-substituted benzhydryl, Y? = F = SC@, solvent acetonitrile) 

where this goal has been achieved by working under conditions which ef- 

fectively eliminate all ambiguities arising from a), b) and c) above. 

This was obtained by, 1) studying an isotopic exchange reaction rather 

than a net reaction, to eliminate all difficulties stemming from mass-law 

effect, 2) running the reaction in the presence of a high concentration 

(0.099 to C.090 E) of an electrolyte, NaC104, having the same cation as 

the ionic reactant, NaSCN, and varying the concentration of the latter in 

a rather wide range, but still very dilute (0.001 to 0.01 M) with respect 

to total electrolyte present (0.1 M). This procedure has the twofold pur_ 

pose of swamping out salt effects while keeping constant the ion pair die 

4 a) S. Winstein, E. Clippinger, A.H. Fainberg R. Heck and C.C. Robinson 
A. g, 328 (1956)f J. Amer. 

b) C.K. Ingold, Structure and Elechanism in Organic Chemist-, Cornell 
U. Press, New York 1953, p. 360 ff. 

5 See N.N. Lichtin and K.N. Rao, J. Amer. Chant. Sac. 82, 2417, (1961) 
and references therein. 

6 I.I.J. Bird, E-D. Hughes and C.K. Ingold, J. Chem. Sot. 634, (1954) 

7 V. Cold., J. Chem. Sot. 4633 (1956) 
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8 sociation fraction of the ionic reactant, NaSCN. Thua, all ambiguities 

stemming from salt effect specificity are eliminated as well as those a- 

rising from incomplete, and variable, dissociation of Na'SCF. 

Under these conditions, the variation of rate of exchange brought about 

by varying [NaSCNis gives the 'clean 1 order of reaction with respect to 

the nuclecphile. 

The initial9 rates of exchange for a number of p-substituted benzhydryl 

substrates are reported below in Table I and plotted in Rig. 1. 

The data of Table I and Fig. 1 show a smooth transition from a second 

order reaction for the least electron releasing substrate (p-nitrc) to a 

first order reaction for the more electron releasing one (p,p*-dimethyl). 

For the two substrates of intermediate eleotron-releasing capacity, p-chlg 

ro and unsubstituted benzhydryl, the data fit nicely an equation of the 

form: 

Rate/CR-SCNI = kl + k2[NaSCN] 
8 

8 The dissociation fraction is given by: 

1 
a= 

I + f+* ha@%, 

9 

10 

where Kd is the ion-pair dissociation constant of Na+SCN- and f+ ia 
the mean molar ionic activity coefficient. Under the ocndition OF a 

both fiand [Na@! can be considered praotically 
~~:~a~~:hc~a~~~INaSCN:., and so also a. 

itions of the exchange, isomerization of R-SCN to R-NCS 
so that the exchanging system ia not a stable one. Row- 

ever, the rite of isomerization is slow enough to make the &Kay plots 
linear at least up to 30 to 4% of exchange. Thus, the estimation of 
initial rates is quite aoourate. 

A. Iliceto, A. F'ava, U. Mazzuoato and 0. Rossetto, J. Amer. Chem. Sot. 
83, 2729 (1961). 
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TABLE I 

Initial rates of isotopic exchange between p-substituted ben- 

zhydxy:: thiocyanates, (X-C6H4-CH-C6H4-XI)-SCN, and NaSCN in 

ace.:onitrile, at constant electrolyte concentration. 

([N~SCN] + [NaClO4] = 0.1~ CR-SCN] = G.1) 

X,x’ = CH3,CH3 Temp. 0.2 + 0.1 'C 

1C3[NaSCIJj 1.12 1.83 2.71 5.34 9.41 9 

lG6 = 2.84 Rate/CR-SCN] 2.70 2.76 2.83 2.76 

105 = 2.78 0.052 kl _C set -1 lo5 = -0.3 + 10 1.m -1 k2 -1 set 
________________________________~~~~~~~-~~~-~~~~~~~~~~--------~~~~~~- 

X,X' = H,H Temp. 70.0 + 0.1 'C 

103[BaSCNl 1.09 -8 2.98 5.24 6.97 9.52 

lG5 = 0.776 Rate/CR-SCN] 1.02 1.16 1.25 1.55 

lo6 = 7.11 0.44 kl ;t 104 = 8.56 0.75 k2 + 
________________________________~~~~-~-~~-~~~-~~~~~~~-~-------------- 

X,X' = C1,H Temp. 70.0 + 0.1 'C 

1G3[NaSCN] 1.09 3.69 6.90 10.22 s 

lG6 = 4.98 Rate/CR-SCN] 7.15 8.87 10.4 

lo6 = 4.66 0.38 kl + lG4 = 5.80 0.59 k2 + 
____________________---~--~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~- 

X,X' = NC2,H 

103[NaSCNi -9 G.?9 

lo6 = 0.235 Rate/r%SCN' 

lo8 kl = -2 + 4 

Temp. 70.0 f O.l.'C 

3.05 7.18 10.25 

0.702 1.79 2.5c 

1G4 k2 = 2.47 + @.G58 
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which ia to be mpeoted for simltaneou~ firrt-order and *eoond-order pro 

oeamw: the firat+rdor mpeoifio rata oowtant, kl, is gimn by the inter- 

oept and the ~eoond-order ono, k2, br the alope of plots of Eate/[B-SW] 

0 

5 

: 

r 

CH., CHs 

H,N’& 

e. 
2 4 6 e 10 

lO’[NaSC N], 

Fig. 1 

Dependenoe of the rate of orohan&e on ClrasCn] . 
The substituentrr in 4,4' are indioated on th.' 
reapeotive our~ea. !Phm oouditions are thom of 
Table I. 

aiim appoarm to be a olear-oat dmonatration of the simultaneous ope- 

ration of the uniwleoular and the bimolooular meohani~~ for nuoleopkilio 

abatitution und of the (padual tran&.tion from one maohani8tio extreme to 
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the other, which can be brought about by relatively mild structural varia 

tions.11~12 

It is interesting to examine the structural effect on the ratee of i) 

unimoleculsr exchange, kl, ii) isomerization, ki, 10 and iii) bimoleoular 

exchange, k2. The relevant data are reported as relative values in Table 

II. Although the paucity of compounds for which the data are available 

TABLE II 

Rel.ative rates of unimolecular exchange (kl), isomerization 

(ki) and bimolecular exchange (k2). 

Substratea 

kl 

kc 
I 

k2 

CH3,CH 
3 H,H C1,H RO2,H 

14COb 1 C.6 --- 

300 1 0.7 0.004 

- 1 0.7 0.3 

a Only th,s substitusnte in 4,4' are indicated. 

b Extrapolated from data at 0' and 10' whioh indicate an energy of aoti 
vation of 22 koal. 

0 From ref. (10). 

11 

12 

13 

Casapieri and Swart13' have recently reported similar reeulte for the 
exchange of benzhydryl. chloride with chloride ion in dimethylformamide. 
In thie highly polar solvent, the reaultn are likely to be little im- 
paired by the authors neglecting salt effects and reactivity by ion 
pairs. Previous reports by Le ROUX and Swart13b of a q imultaneouo uni- 
and bimolecular substitution by bromide ion on t-butyl bromide have 
been severely questioned by Winstein and o011.3~ 

For other direct evidence indicating that borderline nuoleophilio aub- 
stitutions are made up of concurrent unimoleoular (via oarbonium ion) 
and bimoleoular processes see: C. Kohnstam, A. Queen and B. Shillaker, 
Proc. Chem. Soo. 157, (1959)) and H. Weiner and R.A. Sneen, J. Amer. 
Chem. Soo. S4, 3599 (1962). 

a) P. Casapieri and R.R. Snart, J. Chem. Soa. 4342 (1961)) b) L. J. 
Le Roux and E.R. Swart, J. Chem. Sot. 1475 (1955). 
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does not allow a thorough diecuesion, still the general trend of inoreasing 

rates with increasing electron releaeing power ie obvious and is taken to 

indicate an electron defioient transition state for all three proceeaee. 

However, the differences in degree are quite significant and indicate a 

greater oarbonium ion character of the transition atate for unimoleoular 

exchange than for isomerieation, which is, in turn, much greater than for 

bimolecular exchange. This trend agrees well with the notion that, while 

isomerieation is likely to occur via 8n intermediate 'intimate' ion-pair, 10 

unimolecular exohange ocours via the dissociated carbonium ions 

R-SCN#R%tR+&R@ + SC6 
1 

R-NCS 

and bimoleoular exchange oooure by way of a direct displacement where bond- 

breaking is the predomin8nt feature. 14 

We would like to oonolude by pointing out that our results allow 8 

better understanding of nucleophilic substitutiona in the 'borderline' 

region. In 8 nuoleophilic eubatitution there is 8 gradual trend toward 8 

purely unimoleculsr process as the substrate, or the solvent, or both, 8re 

so modified (IS to favor the ionisation of the bond to the departing group. 

14 It i8 important to point out that in examining etruotural effects, k2 
'oennot be taken at face v8lue. In feat, k 18 8 oompositer 

k2 - kI + k&1-8; b) 

where a ia the degree of diasooiation of the ionio reactant and 
8re specifio rat 
the ion pair, 8 

constants for displaoement by the free ion, 
Wa SC@. For the relative values of k to be eignifi' 

oant, it is neoeessry that ratio be independent gf substrate or 
th8t either one of the two terms ght hand 8ide of equation (2) 
always predominsti. At the moment it ie not known whether either one 
of these conditions is fulfilled. 
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Along this transition, conditions may obtain where uni- and bimolecular 

processes will make comparable contributions to the rate. In considering 

these part'cular bimolecular processes, ooourring under conditions of 

facile hsterolysis of the substrate, it must be realieed that they, 

although bimolecular and second-order, will not display those kinetic 

features w:2ich are usually aasaciated with direct displacements. Rather, 

as the contribution of the nucleophila to the bonding of the transition 

state beoones less and less important, solvent and structure effects 

will become closer and closer to those which are typically associated 

to unimolecular substitutions. 

This picture is not new as it has been offered previously in more 

or less different words by several authors and notably by Sold 7 15 and Hudson. 

However, our results appear to provide the least ambigous evidence so far 

presented of its correctness. 

The work is being extended to other sub&rates with the aim of eeta- 

blishing on a wider basis the structural effects on the conourrent 

reaotions. 

15 B.W. Crunden and R.F. Hudson, J. Chem. Soo. 501 (1956). 


