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The characterization of the dynamics of the reactions of ion
pair intermediates by classical studies of the rates and products
of aliphatic nucleophilic substitution reactions has played a critical
role in the development of our understanding of the mechanism
of these reactions.2 More recently ion pair dynamics have been
probed by fast kinetic methods,3,4 but a significant unknown
remains the rate constant (kr) for reorganizationof ion pairs within
an aqueous solvation shell.5 We report here that reorganization
of the ion pair intermediatesX-1+•-O(S)CPh of the stepwise
reactions of ring-substituted 1-phenylethyl thionobenzoatesX-1-
O(S)CPh, which exchanges the position of the O and S atoms of
the leaving group (kr, Scheme 1), is 6-fold faster than diffusional
separation to free ions (k-d). Our best estimate,k-d ) 1.6× 1010

s-1,6 giveskr ) 1 × 1011 s-1 for ion pair reorganization in water.
Rate constant ratios for partitioning of ion pair intermediates

between reorganization (kr) and competing reactions that lead to
formation of nucleophile adducts (ks′ andk-d, Scheme 1) may be
determined from the ratios of the yields of the corresponding
reaction products, provided thereorganizedion pair collapses to
form a quantitative yield of the isomerization product (k-1′ >
k-d + k-r, wherek-r ≈ kr, Scheme 1). If the values ofks′ andk-d

are known, the product rate constant ratiokr/(ks′ + k-d) will then
provide a value forkr. Ring-substituted 1-phenylethyl derivatives
are ideal substrates for these studies because values ofk-d ) 1.6
× 1010 s-1 andks′ ≈ ks (s-1) for the partitioning of 1-phenylethyl
carbocation-anion pairs in water have been reported in earlier
work.6-8 The reactions of the ion pair intermediate of solvolysis
of enantiomerically pureMeO-1-(4-nitrobenzoate)labeled with
18O in the bridging position have been examined;9 however, the
rate constant for addition of the 4-nitrobenzoate anion to
MeO-1+ should be well below the diffusion limit (k-1′ < k-d).10

By contrast, we have determined that addition of PhCOS- to
MeS-1+ to give MeS-1-S(O)CPhis diffusion-limited with kTB

) 7 × 109 M-1 s-1,11 so that nearly every encounter of this
nucleophile withMeS-1+ givesMeS-1-S(O)CPhandk-1′ > k-d

(Scheme 1).This establishes that eVery reorganization of the ion
pair intermediate of the reaction ofMeS-1-O(S)CPh(kr, Scheme
1) that moVes sulfur into position to form a coValent bond will
giVe a near quantitatiVe yield ofMeS-1-S(O)CPh.

Table 1 gives values ofkobsd(s-1) for the disappearance ofX-1-
O(S)CPh in 50:50 (v/v) TFE/H2O (TFE ) trifluoroethanol) at
25 °C andI ) 0.50 (NaClO4) and the yields of the products of
these reactions.12a,bWhile OfS isomerization of thionobenzoates
to give thiolbenzoates has been observed in earlier work,13 the
very high yields of 64-86% isomerization products from the
reactions ofX-1-O(S)CPh is remarkable for a reaction in water,
where fast diffusional separation results in very short lifetimes
of ion pair interemdiates.6 The following experimental results
provide strong evidence thatX-1-O(S)CPh react by the mecha-
nism shown in Scheme 1, in which reorganization of the ion pair
intermediate (kr) is essentially irreversible (k-1′ > k-r) and results
in formation of the isomerization productX-1-S(O)CPh.

(1) The reaction ofMeS-1-O(S)CPhgives an 86% yield of
MeS-1-S(O)CPh and a 14% yield of total solvent adducts
MeS-1-OSolv(Table 1). The reaction is zero-order in [N3

-] and
Figure 1A shows that formation ofMeS-1-N3 occurs at the
expense ofMeS-1-OSolvbut notMeS-1-S(O)CPh. Reaction of
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MeS-1-(3,5-dinitrobenzoate)under the same conditions gives
only MeS-1-OSolv.7 Figure 1B shows that the yields of
MeS-1-N3, calculated as a fraction of the sum of the yields of
MeS-1-N3 andMeS-1-OSolv, from the reactions ofMeS-1-O(S)-
CPh andMeS-1-(3,5-dinitrobenzoate)are identical. These data
show that essentially 100% and 14% respectively of the ion pair
intermediates of the reactions ofMeS-1-(3,5-dinitrobenzoate)
andMeS-1-O(S)CPhdissociate to givefreeMeS-1+ which then
partitions between addition of N3- and solvent. We propose that
the primary reaction (86%) of the ion pair formed from
MeS-1-O(S)CPhis reorganization (kr) followed by collapse (k-1′)
of the new ion pair to give the rearrangement product
MeS-1-S(O)CPh(Scheme 1).

(2) Rearrangement ofMeS-1-O(S)CPhby a pathway that is
unaffected by N3- may represent concerted isomerization of the
neutral substrate, which avoids formation ofMeS-1+ (kc, Scheme
1). Values ofF+

solv ) -4.9 andF+
isom ) -5.5 for reactions of

X-1-O(S)CPhcan be calculated from the data in Table 1.15 The
more negative value forF+

isom than forF+
solv is inconsistent with

a concerted isomerization reaction, which would be expected to
proceed through a transition state in which cleavage of the C-O
bond is accompanied by formation of a C-S bond. This would
increase the extent of bonding to the benzylic carbon in the

transition state for isomerization compared with solvolysis, and
would requireF+

isom > F+
solv which is not observed.

(3) It is unlikely thatk-1′ is evenpartly rate-determining for
formation of X-1-S(O)CPh from the ion pairX-1+•-O(S)CPh
(k-1′ ≈ k-r, Scheme 1). This requires that the yield of the
isomerization productincreaserather than decrease (Table 1) upon
destabilization of X-1+ by a change to a more electron-
withdrawing substituent X. This is because destabilization ofX-1+

is expected to lead to an increase ink-1′, while k-r for
reorganization should be insensitive toX-1+ stability. The
observed results provide evidence that ion pair reorganization is
effectively irreversible and rate-determining for formation of
X-1-S(O)CPh (k-1′ > k-r, Scheme 1).

(4) The decrease in the yield ofX-1-S(O)CPh observed on
changing to more electron-withdrawing substituents X (Table 1)
is consistent with an increase inks′ (≈ks)8 for direct addition of
solvent to the carbocation-anion pair, such thatks′ becomes
comparable withkr andk-d (Table 1). Reaction of the ion pair
by ks′ provides a significant additional pathway for the formation
of X-1-OSolv at the expense ofX-1-S(O)CPh.

Table 1 shows that the yields of products of solvolysis and
isomerization ofX-1-O(S)CPh can be accounted for by the
literature values ofk-d and ks′ for partitioning of ion pair
intermediates in water, and thederiVed value ofkr ) 1 × 1011

s-1. The theoretical product yields in Table 1 were calculated
from eqs 1 and 2

derived for Scheme 1 and using the following: (a) values ofks′
) ks (s-1) andk-d ) 1.6 × 1010 s-1 taken from earlier work;6,7

(b) a value ofkr ) 1 × 1011 s-1 for reorganization of the ion pair
intermediatesX-1+•-O(S)CPh [this was calculated from the
product rate constant ratiofisom/fsolv ) kr/(k-d + ks′) ) 6 for the
reaction ofMeS-1-O(S)CPh(eqs 1 and 2,falk ≈ 0), usingks′ ≈
ks ) 6 × 107 s-1 , k-d ) 1.6 × 1010 s-1, refs 6-8]; and (c)
values of the fractional yields,falk, of the elimination products
X-2 (Table 1).16
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Table 1. Rate Constants and Product Yields for the Reactions of Ring-Substituted 1-Phenylethyl ThionobenzoatesX-1-O(S)CPh in 50:50
(v/v) TFE/H2O at 25 ˚C andI ) 0.50 (NaClO4) (Scheme 1)

product yield (%)

X kobsd(s-1)a ks ≈ ks′ (s-1)b,c k-d
b,d kr

b,e X-1-OSolvf,g X-1-S(O)CPh f,g X-2f,g

4-MeS 5.5× 10-4 6 × 107 h 1.6× 1010 1 × 1011 14 (14) 86 (86) n. d.
4-Me 2.0× 10-5 6 × 109 i 1.6× 1010 1 × 1011 21 (16) 73 (78) 6
4-F 4.1× 10-7 2 × 1010 i 1.6× 1010 1 × 1011 25 (24) 64 (65) 12

a Observed first-order rate constant for the disappearance ofX-1-O(S)CPh, determined by HPLC analysis.12b b Rate constant for reaction of the
ion pair intermediateX-1+•-O(S)CPh (Scheme 1).c Rate constant for reaction ofX-1+ with solvent.d Rate constant estimated for diffusional
separation of the ion pair intermediate taken from ref 6.e Rate constant for reorganization of the ion pair intermediate, calculated from the product
data for reaction ofMeS-1-O(S)CPhas described in the text.f Product yields determined by HPLC analysis (ref 12).g Values in parentheses were
calculated from the values ofks′, k-d, andkr in this table and the fractional yields,falk, of the alkenesX-2 using eqs 1 and 2 (see text).h Calculated
from kaz/ks ) 80 M-1 determined in this work (ref 11) andkaz ) 5 × 109 M-1 s-1 for the diffusion-limited reaction of azide ion with benzylic
carbocations (ref 14).i Data from ref 6.

Figure 1. (A) Dependence of the yields of the products from the reaction
of MeS-1-O(S)CPhon the concentration of added N3

- in 50:50 (v/v)
TFE/H2O at 25°C andI ) 0.50 (NaClO4): (9) MeS-1-S(O)CPh; (1)
MeS-1-OSolv; and (b) MeS-1-N3. (B) Dependence of the yield of
MeS-1-N3, calculated as a fraction of the sum of the yields ofMeS-1-N3

andMeS-1-OSolv, on the concentration of added azide ion in 50:50 (v/
v) TFE/H2O at 25°C andI ) 0.50 (NaClO4): (O) data for reaction of
MeS-1-O(S)CPhand (0) data for reaction ofMeS-1-(3,5-dinitroben-
zoate). The solid line was calculated usingkaz/ks ) 80 M-1.

fisom ) (1 - falk)( kr

kr + k-d + ks′) (1)

fsolv ) (1 - falk)( k-d + ks′
kr + k-d + ks′) (2)
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