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Abstract: The effect of nucleophilic anions on the rate constants for reaction of 1-(4-methoxyphenyl)-2,2,2-trifluoroethyl iodide
(1-I) and bromide (1-Br) in water at 25 °C and a constant ionic strength of 6.00 maintained with perchlorate ion has been
determined. These substrates react by a Dy + Ay (Sn1) mechanism through the 1-(4-methoxyphenyl)-2,2,2-trifluoroethyl
carbocation intermediate (2), which is captured by I, N3~, and SCN~ in diffusion-limited reactions. There are also reactions
of 1-I in the presence of the strong nucleophiles N;~and SCN- that are kinetically bimolecular at low nucleophile concentrations
(0-1.00 M), but higher nucleophile concentrations (2.00-4.00 M) cause decreases in the velocity of the reaction. Decreases
in velocity are observed for the reaction of 1-I in the presence of the weak nucleophiles Cl-, AcO~, and SO, and for the reaction
of 1-Br in the presence of N;~. These data are consistent with a stepwise preassociation mechanism for the bimolecular substitution
reactions of N3~ and SCN~ with 1-I because this pathway will be significant only when the reactions of both the leaving group
ion (I") and the nucleophile (N3~ or SCN") with the free carbocation 2 are diffusion limited. The fit of the data for the reaction
of N5~ with 1-I to a rate equation derived for the stepwise preassociation mechanism gives K,, = 0.67 M™! for the formation
of the [N,1-I] preassociation complex and the rate constant ratio Ky, /K.y, = 2 for reaction of 1-I with N,~ within this complex
(kny) and for reaction of 1-I in the presence of solvent alone (k,,,). The largest rate increase observed at [Nu™] = 1.00 M
is only 40% for the reaction of 1-I in the presence of SCN-, so the rate accelerations resulting from bimolecular nucleophilic
substitution reactions through a carbocation intermediate are small even when this reaction is favored by the choice of nucleophile

and leaving group.

Introduction

It has been over 20 years since the provocative suggestion of
Sneen that all aliphatic nucleophilic substitution reactions that
are kinetically bimolecular proceed by a stepwise mechanism in
which the nucleophile traps an ion pair or an jon—dipole pair
intermediate in the rate-determining step.' This extreme proposal
has been discredited by the demonstration that many bimolecular
nucleophilic substitution reactions proceed by a concerted
mechanism which avoids the formation of a carbocation reaction
intermediate.?™®

Bimolecular nucleophilic substitution reactions that proceed
through carbocation reaction intermediates are not expected to
be common because strict conditions must be met if the reaction
of the nucleophilic reagent with an ion pair intermediate is to give
a detectable increase in the rate of disappearance of the substrate.’
These conditions may be summarized with reference to Scheme
I:

(1) The rate of formation of the carbocation intermediate (by
k, or k;’) must be faster than the rate of formation of nucleophile
adducts by a concerted reaction mechanism (by K, and k).

(2) The formation of the ion pair intermediate [R*.X"] from
substrate must be reversible in order for its reaction with nu-
cleophilic reagents to lead to an increase in the rate of disap-
pearance of substrate. This requires that the rate constant for
the return of ion pair to substrate (k_,) be larger than the rate
constants for the irreversible reactions of the ion pair (k4 and
ki), e, k. > kgq+ k.

(3) In order for the reaction through the triple ion complex
[Nu™R*.X"] to lead to a detectable increase in the rate of dis-
appearance of the substrate, the rate of formation of products from
this complex must be faster than that for the formation of products
from the ion pair [R*.X7], i.e., k; > kg + k.

These conditions will be most easily met in nonpolar solvents
in which free ions are relatively unstable so that the rate constant

(1) Sneen, R. A. Acc. Chem. Res. 1973, 6, 46-53.

(2) McLennan, D. J. Acc. Chem. Res. 1976, 9, 281-287.

(3) Richard, J. P.; Jencks, W. P. J. Am. Chem. Soc. 1984, 106, 1383-1396.
(4) Dietze, P. E.; Jencks, W. P. J. Am. Chem. Soc. 1986, 108, 4549-4555.
(5) Amyes, T. L.; Jencks, W. P. J. Am. Chem. Soc. 1989, 111, 7900-7909.
(6) Amyes, T. L.; Richard, J. P. J. Am. Chem. Soc. 1990, 112, 95079512,
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k4 for their formation from ion pairs is relatively small. They
are much more unlikely to be met in water or largely aqueous
solvents in which the free ions are more stable and k4 is very
large.>® There are several examples of bimolecular aliphatic
nucleophilic substitution reactions in organic solvents that proceed
through ion-molecule or ion pair intermediates,”! but it is not
clear whether stepwise pathways are ever followed for kinetically
bimolecular nucleophilic substitution reactions in largely aqueous
solutions.

This paper addresses the question of whether stepwise pathways
are viable for bimolecular nucleophilic substitution reactions in
water or largely aqueous solutions. The substrate used in these
studies, 1-(4-methoxyphenyl)-2,2,2-trifluoroethyl iodide (1-I), was
chosen because it can be shown to satisfy the stringent require-
ments for detectable bimolecular nucleophilic substitution through
ion pair and/or triple ion complex intermediates in aqueous so-
lution. We report that 1-I shows weak bimolecular reactions with
azide and thiocyanate ions in water at a high constant ionic

(7) Richard, J. P.; Jencks, W. P. J. Am. Chem. Soc. 1984, 106, 1373~1383.

(8) Richard, J. P. J. Org. Chem. 1992, 57, 625~629.

(9) Katritzky, A. R. Chem. Soc. Rev. 1990, 19, 83-105.

(10) Katritzky, A. R.; Sakizadeh, K.: Ou, Y.-X.; Jovanovic, B.; Musu-
marra, G.; Ballistreri, F. P.; Crupi, R. J. Chem. Soc., Perkin Trans. 2 1983,
1427-1434. Katritzky, A. R.; Sakizadeh, K.; Gabrielson, B.; Le Noble, W.
J. J. Am. Chem. Soc. 1984, 106, 1879-1880.
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Figure 1. (A) Dependence of kpeq (s™') on the concentration of added
iodide ion for the solvolysis of 1-I in water at 25 °C and / = 6.00 (Na-

C10,). (B) The linear reciprocal replot of the data from A according to
eq 1 of the text.
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strength of 6.00 maintained with NaClO,. Evidence is presented
that these reactions proceed by a stepwise preassociation mech-
anism'! through triple ion complexes [Nu™2.I"] (Scheme I).

Experimental Section

Materials. Reagent grade inorganic salts were used without further
purification. The water used for kinetic studies was distilled and then
passed through a Milli-Q water purification system. 1-Br and 1-I were
prepared according to published procedures.!?

Kinetic Analyses. Kinetic studies were done at 25 °C, and constant
ionic strength was maintained with NaClO,. Solutions of salts in mixed
methanol /water solvents were prepared by diluting a measured volume
of methanol with an aqueous solution of NaClO, or NaN, to the ap-
propriate final volume. The progress of the reactions of 1-Br and 1-I was
followed by monitoring the decrease in absorbance at 280 nm. Solutions
of substrates were prepared in acetonitrile, and the reactions were ini-
tiated by making a 100-fold dilution into the reaction mixtures. The final
concentration of 1-I was ~5 X 10 M. There is a decrease in the
solubility of 1-Br in solutions of increasing [NaN,]. The final concen-
tration of 1-Br was 4 X 107% M for reactions at [NaN,] = 0~1.00 M, and
this was reduced to 1 X 10~ M for reactions at [NaN,] > 1.00 M. The
reactions at the lower concentrations of 1-Br were monitored in cuvettes
with a 6-cm path length instead of the standard 1-cm cells.

Observed first-order rate constants for these reactions were determined
as the slope of a semilogarithmic plot of reaction progress against time.
The plots were linear for 23 half-lives of the reaction. The rate constants
were reproducible to £5%.

The NFIT nonlinear curve fitting program from Island products was
used to fit kinetic data to the rate equation derived for a preassociation
reaction mechanism.

Results
Figure 1A shows the effect of increasing concentrations of jodide
ion on the observed first-order rate constants, Ko, for the reaction

(11) Jencks, W. P. Acc. Chem. Res. 1980, 13, 161-169. Jencks, W. P.
Chem. Soc. Rev. 1981, 345-375,

(12) (a) Richard, J. P. J. Am. Chem. Soc. 1986, 108, 6819-6820. (b)
Richard, J. P. J. Am. Chem. Soc. 1989, 111, 1455-1465.
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Table I. Effect of Sodium Azide on the Pseudo-First-Order Rate
Constants for the Reactions of
1-(4-Methoxyphenyl)-2,2,2-trifluoroethyl Derivatives in Water®

kob'd/ 10—3 s18

[NaN,]/M 4-MeOArCH(CF;)I 4-MeOArCH(CF,)Br
0.00 1.98 21.9
0.20 2.38 21.0
0.40 2.62 19.5
0.60 2.72 20.9
0.80 2.90 20.6
1.00 3.02 19.3

¢At 25 °Cand / = 1.00 (NaClO,). ® The slope of a logarithmic plot
of the change in absorbance at 280 nm against time.
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Figure 2. Dependence of konq (s7!) on the concentration of added nu-
cleophilic salts for the reaction of 1-I in water at 25 °C and / = 6.00
(NaCl0,).

of 1-I in water at 25 °C and I = 6.00 (NaClO,). Figure 1B shows
the fit to eq 1, derived for Scheme II, of the data from Figure

Ksore/Kopsa = 1 + (ki /k)[I7] (1)

TA: kg, ineq | is kopeq at [Nal] = 0 M. The data define a line
of slope k,/k, = 270 M~!, where k, and k, are the rate constants
for the capture of 2 by iodide ion and solvent, respectively. A
rate constant ratio of k,,/k, = 220 M~} for partitioning of 2
between reaction with azide ion and solvent in water (I = 6.00,
NaClOQ,) was determined in an earlier study.® This can be com-
bined with the value of k,/k, obtained from Figure 1B to give
k,/k,, = 1.2 for partitioning of 2 between reaction with iodide
and azide ions.

CF3 CF,
Meo—@——‘—x Meo—©——<+
H H

1-X 2

The observed first-order rate constants k. for the reaction
of 1-I and 1-Br in water at 25 °C and I = 1.00 (NaClQO,) and
at increasing concentrations of sodium azide are given in Table
I. The observed first-order rate constants k.4 for the reaction
of 1-I in water at 25 °C and I = 6.00 (NaClO,) and at increasing
concentrations of several nucleophilic salts or for the reaction of
1-I in the presence of increasing concentrations of NaClO, in water
that contains no other salt are given in Table II. Figure 2isa
plot of some of the data from Table II.

Figure 3 shows the effect of increasing concentrations of added
sodium azide on kgps/ kyoy for the reaction of 1-Br in water at
25°Cand I = 6.00 (NaClOy,), for which k., = 0.049 s7'.8 These
data were fit to eq 2 to give a value of b = —0.104 for the specific
salt effect of replacing ClO,~ with N,

kowsa/ kot = 1 + B[Ny (2)

The observed first-order rate constants k. for the reaction
of 1-I in mixed methanol/water solvents at 25 °C and constant
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Table II. Effect of Added Salts on the Pseudo-First-Order Rate Constants for the Reaction of 1-(4-Methoxyphenyl)-2,2,2-trifluoroethyl lodide in

Water®
kou/10‘3 st ¢
[Nu] (M) NaN, NaSCN NaOAc NaO,CCF, Na,SO, NacCl NaClO,¢
0.00 4.02 3.91 401 3.93 3.88 4.08 1.08
0.13 4.28 4.72 3.99
0.20 3.64 1.35
0.27 4.40 475 3.82
0.40 4.79 4.98 4.01 4.09 347 3.76 1.56
0.53 4.7 5.21 3.84
0.60 3.23 1.83
0.67 5.12 5.28 3.79
0.80 5.03 5.72 4.05 3.86 2.95 3.61 1.98
0.93 5.12 5.59 3.44
1.00 2.12
1.07 5.20 5.64 3.52
1.20 5.28 5.95 3.79 3.81 343
1.33 5.28 5.81 3.38
1.47 5.37 5.71 3.39
1.60 5.31 6.15 3.56 3.31 2.99
1.73 5.26 5.93 297
1.87 5.58 591 2.92
2.00 5.51 5.65 3.08 3.25 2.64 2.87
2.13 5.38 5.48
2.27 5.39 5.67
2.40 5.49 5.64 2.87 3.72
2,53 5.59 5.73
2.67 5.55 5.89
2.80 5.51 592 2.40 2.68
2.93 5.51 5.62
3.00 3.37
3.07 5.56 5.70
3.20 5.21 5.34 2.19 2.24
3.33 5.39 5.59
3.47 5.13 5.59
3.60 5.28 5.53 1.81 2.04
3.73 5.23 5.59
3.87 4.97 5.40
4.00 5.21 5.27 1.49 1.70 .
5.00 391
6.00 4.02

@At 25 °C and I = 6.00 (NaClOy). °The slope of a logarithmic plot of the change in absorbance at 280 nm against time. Sodium perchlorate

was the only salt added.
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Figure 3. Dependence of kqeq/ Ko ON the concentration of added sodium
azide for the reaction of 1-Br in water at 25 °C and I = 6.00 (NaClO,),
for which k., = 0.049 s71.2 The slope of the line gives b = —0.104.

ionic strength (NaClQO,) and at increasing concentrations of so-
dium azide are given in Table III. Apparent second-order rate
constants [(kny)app] for the reaction of sodium azide with 1-I in
these solvents, determined as the slopes of linear plots of Ky
against [NaN,], are also listed in Table III.

Discussion
The following observations show that the reactions of 1-X
proceed by stepwise Dy + An (Sn1)! mechanisms through the

(13) Richard, J. P. J. Am. Chem. Soc. 1989, 111, 67356744,

Table III. Effect of Sodium Azide on the Pseudo-First-Order Rate
Constants and Apparent Second-Order Rate Constants for the
Reactions of 1-(4-Methoxyphenyl)-2,2,2-trifluoroethyl Iodide in
Methanol/ Water Solvents®?

kobld/ 107 s71¢e
10%¢  20% 30%¢ 40%* 50%'

[NaN;]/M 328 302 275 239 197
0.00 19.3 587 248 1.05 0.50
0.20 219 661 269 119 0.56
0.40 235 694 293 130 0.60
0.60 239 726 3.08 1.38 0.63
0.80 253 752 327 145 0.65
1.00 266 786 336 1.52 0.69

(knapp/ 1074 M1 s 67 186 090 046 0.178

@ Columns of K,y values are labeled with % MeOH¢/ Y. b At 25 °C
and constant ionic strength maintained with NaClO,. ¢ The slope of a
logarithmic plot of the change in absorbance at 280 nm against time.
4Percent methanol in water, ¢/ = 5.00, /] = 4.00. 8] = 3.00. *] =
2.00, 'I = 1,00, /The Grunwald-Winstein Y value for the mixed
methanol/water solvent (ref 19). *The slope of a plot of k.uq against
[NaN;].

common reaction intermediate 2.

(1) The reactions of these substrates with azide ion and other
nucleophilic anions'? or amines'* give good yields of the nucleophile
adducts by a pathway that is kinetically zero order in the con-
centration of the nucleophilic reagent.

(14) Commission on Physical Organic Chemistry, IUPAC. Pure Appl.
Chem. 1989, 61, 23-56. Guthrie, R. D.; Jencks, W. P. Acc. Chem. Res. 1989,
22, 343~349,
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(2) The yields of the nucleophile adducts from the reactions
of 1-X are independent of the leaving group X~ for X~ =I", Br,
mesylate ion, and tosylate ion.'?

(3) The reactions of 1-Br®!2 and 1-I (Figure 1) are subject to
strong inhibition by added bromide and iodide common ions,
respectively.

Most of our previous studies on the stepwise nucleophilic
substitution reactions of 1-X were at the relatively low concen-
trations of nucleophilic anions that were required to trap the
carbocation reaction intermediate 2 [kt > k, (Scheme I) for Nu~
=TI, Br", and N;7].%1213 The present experiments at much higher
nucleophile concentrations have been carried out in order to de-
termine whether 1-I or 1-Br also undergoes weak bimolecular
substitution reactions.

The values of kg4 for the reaction of 1-I in water and at a
constant ionic strength of 1.00 (NaClQ,) increase by ca. 50% as
the concentration of sodium azide is increased from 0 to 1.00 M,
but there is little change in k., for the reaction of 1-Br over the
same range of azide ion concentrations (Table I). The study of
the reaction of 1-I at the higher ionic strength of 6.00 (NaClO,)
and over a broader range of azide ion concentrations shows that
kopsg for 1-1 increases by ca. 40% as [NaN,] is increased from
0 to 2.00 M and then decreases as [NaN,] is further increased
to 4.00 M (Table II and Figure 2). There is a similar change
in ks for the reaction of 1-I in water at a constant ionic strength
of 6.00 (NaClO,) as the concentration of sodium thiocyanate is
increased from 0 to 4.00 M, but there are marked decreases in
kopsa at increasing concentrations of sodium acetate, sodium
chloride, or sodium sulfate (Table II and Figure 2).

There are two possible explanations for the increases in the
reactivity of 1-I in water as perchlorate ion is replaced by thio-
cyanate or azide ion: (1) they may represent specific salt effects
or (2) there may be bimolecular displacement reactions of thio-
cyanate and azide ions with 1-I by either a stepwise or a concerted
reaction mechanism (Scheme I).

Specific Salt Effects. The following observations show that the
data in Figure 2 and Table II for the reaction of 1-I cannot be
explained solely by simple specific salt effects of azide or thio-
cyanate ions.

(1) A specific salt effect should not cause an increase in kg
at low salt concentrations and then a decrease at higher con-
centrations, as is observed for the reaction of 1-I in the presence
of N;~ and SCN-~.

(2) The 4-fold increase in k4 for the reaction of 1-I as the
concentration of sodium perchlorate is increased from 0 to 6.00
M shows that these reactions are subject to a large positive
perchlorate ion salt effect which may be attributed to stabilization
of the carbocation-like transition state for the solvolysis reaction
by ClIO,."* The decreases in kyq for this reaction upon re-
placement of CIO,” by CI, AcO™, and SO,* (Figure 2) show that
these anions provide a weaker stabilization of this transition state.
Similarly, substitution of perchlorate ion by azide ion normally
causes little change or small decreases in k4 for solvolysis re-
actions that proceed by a stepwise mechanism rather than the
increases in k4 that are seen for the reaction of 1-I (Figure 2).
For example, k.4 for the reaction of 1-(4-methylphenyl)ethyl
chloride in 50% methanol in water remains constant as 0.50 M
sodium perchlorate is substituted by 0.50 M sodium azide,® while
substitution of N3~ for ClO4~ causes a small decrease in k4 for
the solvolysis of 1-Br in 50:50 (v:v) trifluoroethanol/water.'?

(3) The specific azide ion salt effects on the reactions of the
structurally homologous substrates 1-I and 1-Br would be expected
to be similar, but in fact the effects of sodium azide on k4 for
these two reactions are very different. The effect of azide ion on
kpea for the reaction of 1-I is complex (Figure 2), but increasing
concentrations of this anion cause a steady linear decrease in kg
for the reaction of 1-Br (Figure 3).

The data in Figures 2 and 3 are consistent with a negative
specific azide ion salt effect, which causes k.4 to decrease for
the reactions of both 1-I and 1-Br, and a second positive specific

(15) Bunton, C. A; Huang, S. K. J. Am. Chem. Soc. 1972, 94, 3536~3544.
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Figure 4. Dependence of log k., (s, ®) for the solvolysis reactions of
1-I and log (kny)app (M~ 5!, ©) for the apparent bimolecular substitution
reactions of azide ion with 1-I on the Grunwald-Winstein ¥ value of the
solvent for reactions in mixed methanol/water solvents.

azide ion salt effect, which causes kg to increase for only the
reaction of 1-I. This second salt effect dominates the overall
change in kg at [NaN;] = 0-2.00 M but not at higher [NaN,]
where the negative specific azide ion salt effect appears to be
dominant (Figure 2).

Bimolecular Displacement Reactions. The simplest explanation
for the increases in K4 for the reaction of 1-1 in the presence
of azide and thiocyanate ions (Figure 2) is that there are bimo-
lecular nucleophilic substitution reactions of these ions with I-I
which may proceed by either a stepwise or a concerted reaction
mechanism.

A bimolecular substitution reaction of nucleophiles with 1-I
requires that there be a correlation between the effect of increasing
concentrations of the nucleophile on k. and the yields of the
nucleophile adduct. We were unable to determine whether this
correlation exists because the yields of the nucleophile adduct from
the putative bimolecular substitution reaction, calculated from
the increases in k., (Figure 2), are too small to be detected
against the background of near quantitative yields of the nu-
cleophile adduct obtained from trapping of the liberated carbo-
cation intermediate 2 (kr[Nu~], Scheme I). For example, the
reaction of 1-I at [NaN;] = 0.40 M would give a 98.89% yield
of the azide adduct if trapping of 2 by azide ion (k,,/k, = 220
M")® were the only pathway for its formation but only a slightly
larger yield of 99.06% if the 19% rate increase at [NaN;] = 0.40
M were due to a concurrent bimolecular substitution reaction of
azide ion (Figure 2). The precision of our experiments is in-
sufficient for the detection of such small differences in product
yields, so such direct confirmation of bimolecular nucleophilic
substitution reactions at 1-I is not possible. We rely instead on
indirect evidence to support this reaction pathway.

Bimolecular displacement reactions at 1-I by a concerted ANDy
(Sn2)** mechanism (K, and k., Scheme I) are unlikely because
a-CF;-substituted centers are known to be extremely resistant to
concerted displacement reactions.'®"'®*  The nearly parallel
Grunwald-Winstein correlations!® of k, for the solvolysis re-

(16) Hine, J.; Ghirardelli, R. G. J. Org. Chem. 1958, 23, 1550-1552.

(17) McBee, E. T.; Battershell, R. D.; Braendlin, H. P. J. Am. Chem. Soc.
1962, 84, 3157-3160.

(18) Bordwell, F. G.; Brannen, W. T. J. Am. Chem. Soc. 1964, 86,
4645-4650.

(19) Fainberg, A. H.; Winstein, S. J. Am. Chem. Soc. 1956, 78,
2770-27717,
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actions of 1-I (m = 1.3) and (kny)app for the bimolecular sub-
stitution reactions of azide ion with 1-I (m = 1.2) in mixed
methanol /water solvents (Figure 4) are consistent with transition
states of nearly identical polarity for the two reactions. Therefore,
bonding between the nucleophile or the leaving group and the
benzylic carbon, which would decrease the polarity of the transition
state for a concerted bimolecular substitution reaction, must be
minimal. By comparison, smaller values of m = 0.75 and 0.80
are observed for the bimolecular substitution reactions of N5~ with
1-(4-fluorophenyl)ethyl chloride and 1-(3-methoxyphenyl)ethyl
chloride, respectively,’ both of which proceed by a concerted
mechanism through a transition state that is stabilized by partial
bonding of the nucleophile and the leaving group to the benzylic
carbon,

We now consider whether the increases in K, for the reaction
of 1-I at increasing concentrations of azide or thiocyanate ion are
due to stepwise bimolecular substitution reactions of these anions
(Scheme I). For this to be a viable mechanism, it must first be
shown that the following conditions are satisfied:

(1) A stepwise reaction through the triple ion complex [Nu™2:I"]
will increase the rate of disappearance of substrate only when the
ion pair intermediate (2.17] is formed reversibly [k_, > k4 (k-
» k., so k; can be neglected),”® Scheme I]. This condition is
equivalent to that for a diffusion-limited reaction of the leaving
group I~ with the free carbocation 2, because this requires that
when the ion pair [2.17] is formed by diffusional encounter of 2
and I, its collapse to 1-I (k_;) occurs essentially every time it is
formed so that it rarely dissociates to re-form free ions (k.4). The
reaction of I with 2 must be diffusion limited because the rate
constant k, for trapping of 2 by iodide ion is slightly larger than
the diffusional rate constant k,,'? for the trapping of 2 by azide
ion (k,/ka, = 1.2). We conclude that k_; > k.4 for partitioning
of [2:I7], so this ion pair must be formed reversibly from 1-I and
undergo internal return to reactant.?!

(2) The partitioning of the triple ion complex [Nu=2.I"] to
products [k,/(k; + k)’ + k_,)] must be more favorable than the
partitioning of the ion pair [2-I7] to products for the reaction in
the absence of Nu~ [(k_q/(k— + k-;)]. Since k_; =~ k_;’ for internal
return and k4 =~ k_, for diffusional separation of ions, this requires
k, > k_g. This condition is equivalent to that for a diffusion-limited
reaction of Nu~ with the free carbocation 2, which requires that
the encounter complex [2-Nu~] collapse to products (with a rate
constant =~ k,) much faster than it separates to reform free ions
(with a rate constant ~k_y). This requirement is met by both N;'?
and SCN- 2% because the reactions of these anions with free 2
are diffusion limited.

The stepwise bimolecular substitution reaction may proceed
by a trapping (Sneen) mechanism (k; and k,[Nu-], Scheme I)’
or a stepwise preassociation mechanism (K, [Nu’] and k', Scheme
I),5:11.25.26 depending upon which of these pathways for the for-

(20) The value for k_g is expected to be similar to k4 ~ 1.6 X 101%s™! for
separation of ion-pair intermediates of solvolysis of 1-(4-methylphenyl)ethyl
derivatives.” By contrast, k, = 2.3 X 107 s™! for the reaction of 2 in water (/
= 6.0, NaClOy) and the ion-pair intermediate of solvolysis of 1-Br is (2-6)-fold
less geactive than the liberated carbocation 2 so that k4 > k,’ for this reac-
tion.

(21) Internal return has been detected for the solvolysis reactions of 1-
phenyl-2,2,2-trifluoroethyl triflate in the weakly nucleophilic solvents hexa-
fluoro-2-propanol and trifluoroacetic acid as the difference in the rate con-
stants for the loss of optical activity and the formation of products for the
reaction of a chiral substrate.??

(22) Allen, A. D.; Ambidge, C.; Che, C.; Michael, H.; Muir, R,; Tidwell,
T. T. J. Am. Chem. Soc. 1983, 105, 2343-2350.

(23) (a) The rate constant ratio kscn/k,, = 1.0 has been determined from
product ratios for the reaction of 2 in 20% methanol in water: J. P. Richard,
manuscript in preparation. (b) The rate constant ratios for the partitioning
of 2 in 50:50 (v:v) trifluoroethanol/water of k,,/kc) = 6.7 and k,,/kaco =
3112 show that the capture of 2 by chloride and acetate ions is slower than
the diffusion-limited trapping by azide ion. The further decreases in these
ratios with increasing carbocation reactivity to k,,/kq = 2.8 for capture of
the 4-methoxybenzyl carbocation® and k,,/ksc0 = 10 for capture of the
1-(4-methylphenyl)ethyl carbocation’ show that neither k,.o nor k¢ for the
capture of 2 has reached the constant value expected for an encounter-limited
reaction.

(24) Richard, J. P.; Amyes, T. L.; Bei, L.; Stubblefield, V. J. Am. Chem.
Soc. 1990, 112, 9513~9519.
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Figure 5. Replot of data from Figure 2 for the reaction of 1-I in the
presence of sodium azide after correction of ku for the negative specific
azide ion salt effect using ke = 4.0 X 107 571 and b = —0.104 deter-
mined for the reaction of 1-Br (see text). The solid line shows the fit of
thle data to eq 3 of the text with K,, = 0.67 M and ky, = 8.0 X 107
s,

Scheme III
ksolv
R-1 > R-OH
Kas[N3-]
kNu
Nu'®R-1 —» RN,

mation of [Nu™2:I"] proceeds through the rate-determining
transition state of lowest energy. This pathway can be determined
by comparison of the rate constants k_,” and k_, for the breakdown
of [Nu~2.1"].511252¢ The observation of a diffusion-limited re-
action between I~ and the free carbocation 2 requires k_; > k.4
(see above). Since k_; =~ k_,’ for internal return and k.4 =~ k_,
for breakdown by diffusional separation, respectively, at the ion
pair and ion triplet, then k_,” > k_,. We conclude that the fastest
pathway for the breakdown of [Nu~2:I7] is by k_;” and K, and
s0, by the principle of microscopic reversibility, K, and k,’ is the
preferred pathway for formation of the triple ion complex. In
fact, the stepwise preassociation mechanism must be followed
whenever the reaction of the leaving group with the free carbo-
cation intermediate is diffusion limited.’

The stepwise preassociation mechanism is not only a viable
mechanism for the bimolecular nucleophilic substitution reactions
of azide ion and thiocyanate ion with 1-I, but this mechanism also
provides a sensible and self-consistent explanation for several of
our experimental results which are otherwise difficult to rationalize:

(1) The stepwise preassociation mechanism will be observed
only when the reaction of the leaving group ion with free 2 is
diffusion limited. The observation of a bimolecular reaction of
azide ion with 1-I but not with 1-Br can be explained by this
requirement for the stepwise preassociation mechanism, because
k, for trapping of 2 by I” is diffusion limited but kg, for trapping
of 2 by Br™ is 3-fold smaller than a diffusional rate constant
[k.,/ ks, = 2.9 for partitioning of 2 in water at I = 6.00 (Na-
Clo,)).2

(2) The stepwise preassociation mechanism will be observed
only for nucleophilic ions whose reactions with free 2 are diffusion
limited. The observation of kinetically bimolecular substitution
reactions of azide ion and thiocyanate ion with 1-I but of only
negative specific salt effects of chloride, acetate, and sulfate ions
can be explained by this requirement for a stepwise preassociation
mechanism because the reactions of N;~'? and SCN~ % with 2

(25) Jencks, W. P, Acc. Chem. Res. 1976, 9, 425-432.
(26) Thibblin, A.; Jencks, W. P. J. Am. Chem. Soc. 1979, 101, 4963-4973.
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are diffusion limited but the reactions of CI, AcO~,?*® and
probably SO, with 2 are slower than diffusion.

(3) The stepwise predssociation mechanism predicts a limiting
reaction velocity at high nucleophile concentrations when essen-
tially all of the substrate exists in the encounter complex
[Nu~R-X] with the nucleophile (Scheme I). This provides an
explanation for the downward curvature that is observed in the
plots of k.4 against the concentration of nucleophile for the
reaction of azide ion and thiocyanate ion with 1-I (Figure 2).

Figure 5 shows a replot of the data for N;~ from Figure 2
according to eq 3 which was derived for Scheme III. Scheme

k bk N _] 'ksolv + kNuKas[NJ—] (3)
obsd solv[ 31 = 1+Kas[N3_]

II1 is a simplified version of Scheme I in which &, is the observed
first-order rate constant for solvolysis of 1-I, K, is the association
constant for formation of the substrate~nucleophile encounter
complex, and ky, is the macroscopic first-order rate constant for
conversion of this encounter complex to the nucleophile adduct.
The left-hand side of eq 3 is the observed rate constant for the
reaction of 1-I corrected for the negative specific azide ion salt
effect that is observed at high [NaN;] (Figure 2). The specific
azide ion salt effect on the reaction of 1-I (by k;, Scheme I) and
the reaction of the preassociation complex [N;™1-I] (by k/,
Scheme I) were assumed to be the same as that on the reaction
of 1-Br for which b = —0.104 (Figure 3). The value of k,, =
4.0 X 1073 s7! (Table II) was used to obtain a nonlinear least-
squares fit of the data to eq 3 (solid line, Figure 5), which gave
K, =067 M and ky, = 8.0 X 1073571,

The values for K, and ky, obtained from this analysis are
reasonable. A value of K,, = 0.3 M~! has been estimated for
formation of an encounter complex between 1-propanethiol and
1-(4-methylphenyl)ethyl chloride in 50:50 trifluoroethanol/water.”
The somewhat larger value of K, = 0.67 M™! estimated here could
refect stabilizing electrostatic interactions between the azide anion

and the positive end of the dipole of the CF; group at [N;™1-I].

The ratio kn,/k,, = 2 requires that the reaction of 1-I in the
encounter complex with azide ion be 2-fold faster than in the
presence of solvent alone. Most or all of this difference must be
due to the more favorable partitioning of [N;2:I"] than of [2-17]
to products (k; > k4, Scheme I). There is no evidence for a
significant difference between k, and k,’, so nucleophilic assistance
to the reaction of 1-I is minimal.

The large Grunwald-Winstein values of m = 1.3 and 1.2 for
the solvolysis reaction of 1-I and the apparent bimolecular sub-
stitution reaction of azide ion with 1-I, respectively, are consistent
with similar changes in polarity on moving from the ground state
to the transition state for these reactions. A detailed evaluation
of data for reactions in mixed methanol/water solvents with respect
to a stepwise preassociation mechanism would require additional
experiments at higher concentrations of azide ion (see Figure 5),
which are not feasible because of the limited solubility of sodium
azide in aqueous/organic solvents.

Summary. These experiments provide a relatively simple
protocol for determining if kinetically bimolecular nucleophilic
substitution reactions proceed through a carbocation reaction
intermediate. The reactions of nucleophilic anions with 1-X are
kinetically second order in nucleophile only when the reactions
of both the nucleophile and the leaving group anion with the free
carbocation 2 are diffusion limited. This is consistent with a
stepwise preassociation mechanism for the bimolecular substitution
reaction. The relative rate acceleration observed at [Nucleophile]
= 1.00 M is small (<40%, Figure 2 and Table II), even for those
reactions which particularly favor the observation of a stepwise
bimolecular substitution reaction. These results suggest that large
rate accelerations should not be expected for nucleophilic sub-
stitution reactions in water which follow the stepwise preassociation
reaction mechanism.
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Abstract: Four new hydrocarbon tetraradicals, 1-4, each composed of two triplet trimethylenemethane (TMM) subunits linked
by a potential ferromagnetic coupling unit (FC), were synthesized and characterized by variable-temperature electron paramagnetic
resonance (EPR) spectroscopy. Simulation of the EPR powder spectra and a priori calculation of the zero-field splitting parameters
aided spectral assignment. The Heisenberg Hamiltonian appears to quantitatively model relative spin-state energies in 1-4.
In three cases ferromagnetic coupling was achieved, as evidenced by quintet ground states in the resulting tetraradicals. In
one case, strong evidence for antiferromagnetic coupling was obtained.

Introduction

A key to the rational design of magnetic organic materials is
the ability to control spin—spin coupling of unpaired electrons.'?
One approach we have been pursuing is shown schematically in

(1) Magnetic Molecular Materials, Gatteschi, D., et al., Eds.; Kluwer
Academic Publishers: The Netherlands, 1991; pp 105-120. Buchachenko,
A. L. Russ. Chem. Rev. Engl. Transl. 1990, 59, 307. Proceedings of the
Symposium on Ferromagnetic and High Spin Based Materials, 197th National
Meeting of the American Chemical Society, Dallas, TX, April 9-14, 1989;
Miller, J. S., Dougherty, D. A., Eds. Mol. Cryst. Lig. Cryst. 1989, 176, 1.

(2) (a) Iwamura, H. Adv. Phys. Org. Chem. 1990, 26, 179. (b) Dougherty,
D. A. Acc. Chem. Res. 1991, 24, 88.

Figure 1a. We conceptually divide a high-spin material into two
components: the spin-containing fragment (SC), which provides
the unpaired electrons, and the ferromagnetic coupling unit (FC).3#

(3) (a) Dougherty, D. A. Mol. Crysi. Lig. Cryst. 1989, 176, 25. (b)
Novak, J. A.; Jain, R.; Dougherty, D. A. J. Am. Chem. Soc. 1989, 111, 7618.
(c) Dougherty, D. A. Pure Appl. Chem. 1990, 62, 519. (d) Dougherty, D.
A.; Kaisaki, D. A. Mol. Cryst. Lig. Cryst. 1990, 183,71. (e) Kaisaki, D. A.;
Chang, W.; Dougherty, D. A. J. Am. Chem. Soc. 1991, 113, 2764. (f)
Dougherty, D. A.; Grubbs, R. H.; Kaisaki, D. A.; Chang, W.; Jacobs, S. J.;
Shultz, D. A.; Anderson, K. K.; Jain, R.; Ho, P. T.; Stewart, E. G. In Magnetic
Molecular Materials; Gatteschi, D., et al., Eds.; Kluwer Academic Publishers:
The Netherlands, 1991; pp 105~120.
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