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between reaction 1 and 2, it then can be concluded
that the first step of the decomposition is repre-
sented by reaction 1, and that the radical V is
only partially scavenged by the /-stilbene.

Having established that the first step of the re-
action involves the cleavage of one bhond, the
peroxidic bond a, it remains to ascertain which
bond cleaves in the second step. Cleavage of the
other peroxidic bond, a’, would lead to the (-
butoxy radical and the species CO,;, which might
then decompose into carbon dioxide and oxygen
(reactions 4 and 5). Cleavage of bond b’, on the

0 0
i

i
R—O0—0—C—0- —> R—0- + .0—C—0- (4)
a’ b’
\% VI
VI —> CO; + 1/,0, (5)

other hand, would lead directly to carbon dioxide
and the ¢{-butyl peroxy radical (reaction 6).
V —>» R—0—0- 4+ CO,

Experiments conducted in cumene establish
the latter to be the case. In cumene, the rate is
unchanged, indicating no change in mechanism,
but it is possible to trap the ¢-butyl peroxy radical,
which abstracts a hydrogen atom from the cumene
to give #-butyl hydroperoxide. The #-butyl hy-
droperoxide was isolated and characterized as its

(6)

ClHa CHS
R—O—0- + C¢H;—CH —> R—O0—0—H + csHs—%.
CHa CH3

(7
p-nitroperbenzoate derivative. The isolation of
t-butyl hydroperoxide demonstrates that the per-
oxidic bond, a’, remains intact during the decom-
position.

One further possibility had to be ruled out to
establish the wvalidity of this conclusion. It is
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conceivable that the ¢-butyl peroxycarbonate radi-
cal V might abstract a hydrogen atom from the
cumerne to give the unstable acid VII and this acid
might then decompose to carbon dioxide and ¢-
butyl hydroperoxide. In other words, the pathway

o)

! :
V 4 CeH;CH(CH;): —> ROOCOH + CsH;C(CHj): (8)
VII

by which carbon dioxide is evolved may have been
altered by the cumene without affecting the rate
of the first step. This can be excluded, however.
It was shown that the yield of carbon dioxide from
the decomposition in cumene is quantitative.
Thus, the acid VII, if formed, must decarboxylate
completely. Furthermore, it was found that the
effectiveness of stilbene at lowering the carbon
dioxide yield was the same in cumene as in o-
dichlorobenzene. This rules out the acid VII as
a carbon dioxide source when cumene is the
solvent because, had it been involved, some of the
radicals V which in o-dichlorobenzene would have
added to stilbene and had their subsequent de-
carboxylation prevented, would have heen inter-
cepted by cumene bhefore being scavenged. In
short, the stilbene would have been less effective at
lowering the yield of carbon dioxide in cumene
than in o-dichlorobenzene.

It may be concluded that the thermal, free radical
decomposition of di-¢-butyl diperoxycarbonate is
a two-step process, in which reaction 1 is followed
by reaction 6.
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The Salt Effect in the Aromatic Nucleophilic Substitution Reaction of
2,4-Dinitrochlorobenzene and Methoxide in Methanol-Benzene

By Joun D. REINHEIMER,! JouN THOMAS GERIG AND JouN C. COCHRAN
RECEIVED AucusT 8, 1960

The effect of added salts on the rate of reaction of 2,4-dinitrochlorobenzene and alkali metal methoxides in 509 methanol-

benzene has been investigated. The rate of reaction follows the order LIOCH; < NaOCH; < KOCH,.
increase the rate of reaction with all methoxides and lithium salts decrease the reaction rate constant.

Potassium salts
Sodium salts de-

crease the rate of reaction with KOCHj, increase the rate with LiOCH; and have little effect with NaOCHj; Nal does not

have the same effect as other sodium salts.

In the previous paper,? the effect of added salts
on the rate of reaction of 2,4-dinitrochlorobenzene,
hereinafter abbreviated as 2,4-DNCB, and MOCH;
in methanol was investigated. The salt effects
observed were attributed to ion pairing of the

(1) This research was supported by a grant from the Petroleum Re-
search Fund administered by the American Chemical Society. Grate-
ful acknowledgment is hereby made to the donors of this fund.

(2} J. D. Reinheimer, W. F. Kieffer, S. W. Frey, J. C. Cochran and
E. W. Barr, J. Am. Chem, Soc.. 80, 164 (1958).

methoxide ion and alkali metal cation. The hy-
pothesis was not regarded as complete, for the ac-
celerating effect of K+ salts on KOCH; was not
explained. A change in dielectric constant of the
medium to a lower value should enhance the ion
pairing and thus verify or disprove the original
hypothesis. A mixture of methanol and benzene
was deemed to be a suitable solvent in which to
pursue the further investigation of salt effects
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Fig. 1.—LiOCH; and 2,4-DNCB in 509, methanol-benzene
at 24.90°.

The dielectric constant of the 509, methanol-
benzene by volume was calculated by the method
of Heppolette and Miller? to be 23.2.

Experimental

Materials.—The chemicals were purified and dried as in
the previous investigation,? with the exception that a tem-
perature of 100° was used instead of 75° for drying. Sam-
ples of the salts were dried overnight, about 16 hours. The
benzene was Fisher reagent, and was dried for several days
over Drierite and then distilled over sodium through a short
Vigreux column.

Solutions.—The solvent was prepared by placing 1 liter of
methanol in a 2-liter volumetric flask, and diluting to the
niark with benzene. This solvent was used to prepare the
2.4-DNCB solution. Solutions of MOCH; were prepared
by pipeting 20 ml. of a methanolic solution of the alkali
metal methoxide into a volumetric flask and pipeting 20 ml.
of benzene and then diluting to the mark with the benzene-
methanol solvent. This procedure was followed because
detection of an end-point was easier in the homogeneous
solvent than in the mixed solvent that resulted when the
base was added to water.

Procedures.—Precautions and procedures were similar to
the previous experiment. Titration of the samples in the
mixed solvent was more difficult than in methanol. The
samples were pipeted into a stopping solution which con-
tained 5 ml. of standard acid and 30 ml. of water. This
mixture, with its benzene layer, was titrated to an approxi-
mate end-point with NaOH and a cresol red indicator.
The flask was then stoppered and shaken vigorously and
NaOH added between shakings until the color of cresol red
in basic solution persisted for 100 vigorous shakes. This
was a tedious and physically wearing procedure, but there
was considerably more scatter in the graphs when the shak-
ing was omitted. Practically, these end-points were still
not as good as those obtained in homogeneous solution,* so

(3) R.L. Heppolette, I. R. Lantzke and J. Mitter, Ausiral. J. Chem.,
9, 299 (1956).

(4) A referee asked why this tedious method was used. First. the
entire sample could be titrated, with no problems of incomplete sepa-
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that the rate constants are reproducible to #49% rather than
the £19, of the experiments in methanol. In some of the
reactions where no salts were added, the evolved chloride
was titrated potentiometrically with a silver—calomel
electrode system and silver nitrate as the titrant. These
runs showed fewer deviations than did the runs followed by
acid~base titrations. This method was not suitable when
the added salt contained a halide anion, so that the more
generally applicable acid-base method was used. Runs
followed by both methods agreed within experimental
error.

Results

This investigation was divided into three parts:
the effect of added salts upon the reaction of (1)
LiOCH;on 2,4-DNCB, (2) NaOCH; on 2,4-DNCB,
and (3) KOCH; on 2,4-DNCB. In all reactions,
the [MOCH;] = [2,4-DNCB] = 0.025-0.031 A{.
The solubility of some of the salts, particularly
potassium salts, did not permit their use at con-
centrations higher than 0.10 M. Several of the
runs gave a precipitate of KCl toward the end of
the experiment. In those cases where this occur-
red at the start of the run this fact is noted in the
tables. The plot of such runs seemed to be normal
when compared to other runs in which no precipi-
tate was observed.

The observed rate constants compare favorably
with the only other values in the literature. Hep-
polette, Lantzke and Miller® gave 3.01 X 1072
1./mole sec. at 25.2° and our average result was
2.91 X 102 1./mole sec. at 24.90° for methanol-
benzene. Reproducibility was fair, with the maxi-
mum deviation between duplicate runs of +£49%
from the average. Since these data were collected
at several periods by different investigators and the
analytical method was less precise than could be
desired, this deviation seems reasonably small.
The average deviation for the reaction with no
salts added is 0.07 or =2.49, for NaOCH; and
0.07 or +29, for KOCH,.

The data are summarized in Tables I and IT and
it Figs. 1, 2 and 3. In general, the addition of

TABLE I

ReactioN RATE CoNSTANT rFOR THE ReactioN MOCH,
AND 2.4-DNCB 1x MEeTHANOL-BENZENE, 30% (v./v.)

AT 24.90°
Rate constant
K X 1072,
Methoxide Concn., mole/1,2 1./mole X sec.
NaOCH, 0.01419 2.89; 290
.025-0.030 2.91 (av.)
L1064 3.07:3.11
KOCH; .01008 3.26
01176 3.35
02940 3.43 (av.)
.04410 3.69
L0882 4.14:4.14
LiOCH; .00743 2.32;2.35
01574 2.07;2.11
.03147 2.00 (av.)
L1180 1.85;1.88

@ In all cases, (MOCH;) = (2,4-DNCB).

ration of the methanol, water and benzene layers. If the shaking
were omitted, an apparent end-point that occurred 0.1-0.2 ml, before
the permanent end-point given by shaking was the result. This ap-
parent end-point faded rapidly. Heppolette and Miller used a mixed
indicator of brom cresol green and methy! red, and reported that
** Acid-base titration end-points were difficult to ohserve precisely in
benzene-containing solvents without utmost care."
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Fig. 2.—NaOCH; and 24-DNCB
benzene at 24.90°.

in 509, methanol-

lithium salts caused a substantial decrease in rate
constant, but sodium salts increased or decreased
the rate constant depending on MOCHj; Sodium
1odide always caused a rate increase, but the other
two sodium salts, sodium acetate and sodium
bromide, caused rate decreases with KOCH3, little
change with NaOCH,; and rate increases with LiO-
CH;. Potassium salts caused an increase in rate
constant, no matter what MOCH; was used.

Comparison with previous results in methanol
shows that the salts are more effective in methanol—
benzene than in pure methanol. Thus, AK, for
0.10M KOAc is 259, for methanol and 609, in
methanol-benzene with LiOCH;; AK, for 0.10 M
LiClO4+3HOH was 149} in methanol and 35%, in
methanol-benzene with LiOCH; When KOCH;
is used, AK, becomes greater; for 0.10 M Lil:
3HOH, AK;is 0.5 X 1072 1./mole sec. or 18%, in
methanol and 1.7 X 10-2 1./mole sec. or 509, in
methanol-benzene. These figures are illustrative
for those salts which have relatively large AK..
Salts which had little or no effect on the rate con-
stant in methanol also have little effect in meth-
anol-benzene,

Several salts have altered their relative effec-
tiveness when the solvent was changed. Thus, Nal
had little effect in methanol, but has a rate-increas-
ing effect in methanol-benzene; NaOAc, which ac-
celerated the reaction in methanol with all MOCHj,
was found to accelerate the reaction with LiOCH;
but to have little effect on potassium or sodium
methoxide.
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Fig. 3.—KOCH; and 2,4-DNCB in 509, methanol-benzene
at 24.90°.

Discussion
The observed data do not seem to fit existing
theories, so that another explanation for the salt
and solvent effects is required. If the dielectric
constant of the solvent is decreased for the reaction

N

the reaction rate is predicted to show a slight in-
crease.”® The observed rate constant changes
from 2.60 X 10~2 to 2.91 X 102 for the reaction
of 2,4-DNCB and NaOCHj;, from 2.80 X 10~2 to
3.43 X 102 for KOCH;, and from 2,40 X 102
to 2.00 X 10~21./mole sec. for LiOCH; when the
solvent is changed from methanol,? D = 32.6, to
509, methanol-benzene, D = 23.2 (the concentra-
tions of the three methoxides are nearly equal,
and are 0.0280 }). The change in solvent cannot
be rate increasing on the one hand and rate de-
creasing on the other hand if the transition state
for the reaction is the same for all three methoxides.
A similar argument may be applied to the salt ef-
fects, which are expected to be qualitatively simi-
lar to the solvent effects®® In a reaction such as 1
the addition of salts should stabilize the reagent,
Y-, more than the dispersed charge in the transi-
tion state, and result in a small rate decrease when
neutral salts are added to the reaction mixture.
This cannot be the entire explanation, for the so-
dium and potassium salts have rate-increasing ef-
fects, while the lithium salts cause a rate decrease.

(5) C.X.Ingold," Structure and Mechanism in Organic Chemistry,"
Cornell University Press, Ithaca, N. Y., 1953: (a) p. 347; (b) p. 362.



2876

R
>

w
>

ite constant X 102,

i

Reaction r;

0.02

0.06
Molarity of reagent.

Fig. 4—MOCH; and 2,4-DNCB in 509, berizene-methanol
at 24.90°.

0.10

The data in Table I and Fig. 4 indicate the effect
of ionic strength on the reaction rate constant when
the ionic strength is varied by changing the initial
concentration of the reactants. The data in Table
IT and Figs. 1, 2 and 3 are similar, but have the
complication that two anions and two cations are
present. It seems clear that the same explanation
can be applied to the entire body of data, so the
following discussion is limited to the simple case of
the changed ionic strength by means of changed
initial concentration of the methoxide ion.

Two hypotheses, both of which are based on the
ideas of ion pairing, may be considered. Both util-
ize the concept that ion pairing is more extensive
in a solvent of lower dielectric constant; hence salt
effects are enhanced in the mixed solvent as com-
pared to pure methanol. One involves the idea that
the free methoxide ion and the ion pair formed by
the alkali metal ion and the methoxide ion are both
reactive species.? Acree® first advanced this hy-
pothesis, and recently Bridndstrom’ has reinvesti-
gated this concept, using modern electrochemical
techniques and recalculating data which were avail-
able in the literature.

Brandstrom'’s formulation is

22 o [24-DNCBI(IOCHA + [Mi*OCHiky)  (2)
= [2.4-DNCB][MOCH:l\(ak: + (1 = a)ki). or (3)

22 . [2,4-DNCB) [MOCH;]; ko, and

hove = ki + (1 = aks (4)

(6) S. F. Acree, Am. Chem. J., 48, 4533 (1912).
(7) Arne Brandstrom, Arkiv Kemi, 11, 562 (1957).
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TarpLe I1
RaTe CoNstANTS FOR THE REACTION OF 24-DNCB wirH
MOCIH; axD AppED SALTS 1IN BENzENE--METIANOL, 5007
v./v. AT 24.90°

Conen. - —-—-Rate constant X [0?,~— -
of salt, 1. X mole~! X sec.”?
Salt added mole/s1. LiOCH;3 NaOCH; KOCH:3
None 1.99;2.04 3.04;2.86  3.42;3.39
2.81;2.90  3.36:3.35
2.95,2.81  3.50;3.48
Av. 2.02  Av. 201 Ay, 3.43
NaBr 0.10  2.44;2.55 2.88
05 2.29,2.27 2.84 3,12, 3,03
025 218, 2.19 2 .83;2.84 3.00; 3. 12
Nal 10 3.04;3.43 3.74
03 2.64;2.60 B.109;3.24 3.46; 3. 52
025 2.33;2.35 3.01;3.04 3.37;3.44
NaOAc .10 2.77,2.88  3.01° 3.08:3.04
03 2.36;2.43  2.04 3.05; 3.06
.025  2.31;2.31 318,317
K1 .05 3.06:8.11
KOAc 10 3.36; 3.48° 3.70;3.38 3.96:3.83
05 2.85;2.88% 3.52;3.30 3.70:3.79
025 2.39;2.61° 3.08;3.18  3.406:3 .48
TiCl .20 1.62
.10 1.65:1.627 1,80 1.83; 166"
.05 1.75:1.79% 2.04 1.93: 1.86°
025 1.78;1.86  2.32 223 2.20°
.01 2.66
LiBr 10 1.61;1.63 2.01 1.79:1.777
05 1.70;1.73  2.31 2.11;2.187
025 1.82;1.82 2.47 2.50; 2.547
Lil-3HOH .10 1.43;1.49 1.30;1.63 1.73:1.71
05 1.63,1.59 1.75 2.02;2.13
L025 1.78,1.79 2.38 2 .38, 2,48
0127 2.63
LiC1048H,0 10 1.33;1.37  1.33 1.37:1.38%%
.05 1.56;1.57 1.71 1.69; 1.68°
,025  1.62;1.69 2.30 1.84;1.82F
0125 2.64
LiDAc:2HOH .10 1.88;1.87 2.03 1.97:1.98
.05 1.99:1.95 2.20 2.16; 2.16
025 1.89;1.90 2.38 2.89:2.49
0125 2.52
LiNO; 10 1.55;1.62 1.78 1.57:1.57™
.05 1.74;1.73  2.00 1.87:1.78"
03 2.11:2.17

¢ KBrprecipitated in flasks. ?(NaOAc) = 0.136. °(KOAc)
= (0.118. ¢ (KOA¢) = 0.059. ¢ (KOAc) = 0.029. /(KO-
Ac) = 0.026. ¢ (LiCl) = 0.109. * (LiCl) = 0.055. * Pre-
cipitation of KCl observed. 7 Precipitation of KBr ob-

served. * Precipitation of KClO, observed. ! (LiClO,-
3HOH) = 0.033, ™ (LiNO;) = 0.118. » (LiNO;) =
0.059.
where

ki = rate constant for methoxide ion
kip = rate constant for ion pair
a = degree of ionization of MOCH;

The degree of dissociation of (M*, OCH;~)
in methanol-benzene is not available, but the data
of Briandstrom for (M+, OC,H;) in ethanol are.
Since the dielectric constant of ethanol is 24.2 and
that calculated for the methanol-benzene solvent
is 23.2, the use of his data should not lead to gross
errors. Bréndstrom gives & = 0.506 for LiOC,H;,
a = 0.626 for NaOC,H; and « = 0.644 for KOC,Hj
at 25° aud 0.0313 3/. The calculated dissociation
constants for the three ethoxides are 1.5 X 10772,
3.2 X 102 and 3.5 X 10=? m./1, respectively.
These data suggest that LiOCH; is the least dis-
sociated of the methoxides. The (Lit, OCH;) ion
pair is also expected to be the most stable on the
bhasis of 1onic size. This follows from the euase with
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which the -OCH; can replace a methanol of solva-
tion. Because of its smaller size, the LiT makes the
H+ atom on the methanol of solvation somewhat
more acidic than the other two cations. Loss of
this H* to the solution and its subsequent neu-
tralization provides a mechanisni by which an
intimate 1on pair is formed readily. However, the
ion pair association of Li* with other anions may
well be less, for the more extensive solvation of Li+
has increased its apparent size.®

If one makes the assumption that ki, > % for
KOCH;, kip = ki for NaOCH; and kip < k& for
LiOCH;, the data of Fig. 4 may be explained by
eq. 2. On the basis of eq. 2, since a decreases as
concentration rises, the contribution of kjp (1 —
@) to kobs becomes larger. From this, it follows
that kops for KOCH; will increase, kops for NaOCHj;
will not change, and kops for LiOCH; will decrease
with increasing MOCH; concentration.

The implication of eq. 2 is that the transition
state for the ion pair (K+, ~OCHj) and 2,4-DNCB
is more favorable than that of -OCHj; and 2,4-
DNCB. Possibilities of a cyclic intermediate of the
type A or B are suggested.

+ =
c O 07 CL OCH
N< or N{
o SR
NO, B

A
The objection to the analysis of eq. 2 is given by
Brindstrom? as follows: “From the fact that elec-

(8) J. R. Graham, G. 8. Kell and A. R, Gordon, J. Am. Chem. Soc.,
79, 2352 (1957).
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trons are withdrawn to some extent from the anion
in forming the ion pair, it might be expected that
the ion pair has a much lower reactivity than the
free anion, if there is no steric factor that makes the
reaction with the ion pair especially favored.” It is
to be noted, however, that a cyclic mechanisni to
accoutt for the reactivity of the ion pair is postu-
lated in several reactions by Brindstrom.

The second hypothesis is that the rate depends
upon the concentration of free methoxide ion and
the reactivity of 2,4-DNCB. This assumes that
kip = 0. The rate observed should be less than %
for all concentrations if the reactivity of 2,4-DNCB
does not change as the ionic strength increases, for
a decreases with all three alkali methoxides. To
account for the rate increase witn KOCHj;, some
increase in the reactivity of 2,4-DNCB niust occur,
due to association of the salt with 2,4-DNCB.
A possible form is

Cl OCH;,

OCHj, NO,
N. NT
-0 oo -0 or
-K‘F \\K_T_—
C D

The association of the K+ inn form C facilitates
the attack of the OCH;-, or in form D stabilizes
the transition state. To account for Fig. 4, the
association of M+ in form C or D would have to be
in the order K*> Na* > Li*. This is the order of
ion pairing, as noted by Gordon® for (M +, C1-).
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Slow Proton Transfer Reactions. III. The Mechanism of Acid-catalyzed
Aromatic Hydrogen Exchange in 1,3,5-Trimethoxybenzene®?

By A. J. KresGE? aND YV, CHIANG
REeceEIvED FEBRUARY 7, 1961

General acid catalysis has been detected in the exchange of aromatic hydrogen of trimethoxybenzene: rates of loss of
tritium from 1,3,5-trimethoxybenzene-2-f to seven acids ranging in strength from H3O* to H;O conform to the Brénsted
relation by = 4.72 X 1072 (K ,)%-518, This fact is inconsistent with a previously assigned mechanism for aromatic hydrogen
exchange; that is, the scheme consisting of reversible formation of a loose complex between proton and aromatic substrate
followed by slow intramolecular isomerization of this complex. Instead, general acid catalysis indicates a simple slow proton
transfer mechanism for exchange. The loss of tritium from 1,3,5-trimethoxybenzene-2-f is not catalyzed by bases. This
shows that this proton transfer is not a concerted process, but that reaction takes place in two discrete steps: proton addi-
tion to give a phenonium ion followed by proton abstraction to give exchanged trimethoxybenzene. This mechanism, un-
like the one first proposed for aromatic hydrogen exchange, is wholly consistent with generally accepted mechanistic schemes

for other electrophilic aromatic substitutions.

Introduction

The simplest mechanism which is consistent with
all existing data for electrophilic aromatic substi-

(1) Research performed under the auspices of the U. S. Atomic
Energy Commission.

(2) Presented in part at the 137th National Meeting of the American
Chemical Society, Cleveland, Ohio, April 12, 1960. For papers I and
TI in this series see A. J. Kresge and D. P. N. Satchell, Chemistry &
Indusiry, 1328 (1958); A.J. Kresge and Y. Chiang, J. Am. Chem. Soc.,
81, 53509 (1959).

tution, with the sole exception of substitution by
hydrogen, is the two-step reaction sequence.
In this scheme, either of the steps can be rate-
controlling, and perhaps the strongest evidence for
this mechanism comes from recent attempts to
show which step is slow. For the special case of
substitution for hydrogen (X = H), hydrogen iso-

(3) Department of Chemistry, Illinois Institute of Technology,
Chicago 16, I11.



