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TaBLE III
RFEACTIONS OF 1-SUBSTITUTED-2,4-DINITROBENZENES WITH THIOPHENOXIDE AND METHOXIDE JONS

k at 0.0°, .
1-Substituent 1. mole~1 sec, "1 kcal.
F 103.4
Cl 3.89 10.3
Br 6.68 9.8
I 5.17 10.7
~OCHNOs p 1.56 12.

2 From C. W. L. Bevan aud G. C. Bye, J. Chem. Soc., 3091
1b1d., 3552 (1952).

F > 1~ Br > Cl. However, the thiophenoxide:
methoxide ratio varies in a regular manner as
shown in the far right-hand column of Table III.
Thiophenoxide is relatively most effective in the
displacement of iodine and relatively least effective
in displacing fluorine; chlorine and bromine fall
between in regular order. Of the two reagents
thiophenoxide has the higher polarizability, and in
the series of four halogens polarizability increases
steadily from fluorine (least) to iodine (greatest).V
The reagent of greater polarizability is relatively
mnore effective in displacing a halogen substituent of
greater polarizability. This is a general tendency
in bimolecular nucleophilic substitution reactions,
and it will be discussed more fully in another article.

The thiophenoxide:methoxide ratio also varies
with the degree of activation of the substituent be-
ing replaced. This is shown in Chart I in which

CHART I
THIOPHENOXIDE : METHOXIDE RATE RATIOS

1950 NO.

mole ™1 sec.”t X 104), These runs were followed by titration of
unconsumed thiophenol (in acid-quenched solutions) with iodine with
use of a polarized end-point detector,16

(18) C. N. Reilley, W, D. Cooke and N, H. Furman, Anal. Chem.,
23, 1223 (1951).

(17) C. K. Ingold, ''Structure and Mechanism in Organic Chemis-
try,”” Cornell University Press, Ithaca, N. V., 1953, p. 124,

Reactions with tgiophenoxide
A

Reactions with

methoxide
AS*, k at 0.0°, Ethiophenoxide

cal./deg. 1. mole ~! sec. =1 Rmethoxide

1.76° 59
—20.0 2.00 X 10~ 1950
—20.6 1.38 X 10~ 4850
-17.9 3.08 X 10-% 16800
—15.2
(1954). ? From A. L. Beckwith, J. Miller and G. D. Leahy,

this ratio is set directly beneath the structure of
each substrate.’® Notice that thiophenoxide is not
only relatively more reactive in the displacement of
chlorine rather than fluorine in both the mononitro
and dinitro series, but also that thiophenoxide is
relatively more reactive in the displacement of a
given halogen when it is activated by two nitro
groups rather than by one. The latter implies that
the Hammett p constant for displacements initi-
ated by thiophenoxide should be significantly higher
than for displacements initiated by methoxide ion,
and suggests that the provisional p value for the re-
actions of thiophenoxide with 4-substituted-2-nitro-
chlorobenzenes® may be too low. Further data
bearing on this question would be of interest.

This investigation has thus shown that the thio-
phenoxide ion is in general a much stronger nucleo-
philic reagent than methoxide ion in reactions with
aromatic substrates, but that its degree of domi-
nance varies with the substituent being replaced and
with the extent of activation by electron-withdraw-
ing groups. With one substrate it is no stronger
than methoxide, and it is likely that with yet other
substrates, such as fluorobenzene itself, thiophen-
oxide ion may be much less reactive than methoxide
ion.?

(18) The values given are derived from data in Table IT1, in footnote
15, and from ref. 14,

(19) L. P. Hammett, '"Physical Organic Chemistry,” McGraw-Hill
Book Co., Inc,, New York, N.Y., 1940, p. 186.

(20) Preliminary experiments in this Laboratory have indicated

that unactivated aryl bromides are remarkably unreactive toward
sodium thiophenoxide in alcoholic solvents at elevated temperatures.
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In several bimolecular nucleophilic substitution reaction series, reagents such as iodide and thiophenoxide ions are found
to be, in respect to reagents such as methoxide ion, especially reactive with substrates having halogen substituents of larger

size and weight at or near the site of substitution.
tion with «-iodo than with a-bromo substrates.

For example, the thiophenoxide:methoxide rate ratio is higher for reac-
The special characteristics in both reagents and substrates responsible for

this behavior are tentatively identified as polarizabilities, and their special interaction is thought to be of the nature of London

forces.

In this article, attention is called to a heretofore
unrecognized factor having an important influence
on reactivity in bimolecular nucleophilic displace-

(1) Financial assistance from the Office of Ordnance Research,
U. S. Army. is gratefully acknowledged.

ment reactions. This factor has escaped notice
because, although significant, it is not a primary de-
terminant of reactivity, and therefore its effect is
not usually evident from examination of rate coef-
ficients for a single reaction series. It becomes evi-
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dent upon comparison of data for two or more ap-
propriate reaction series, and only recently have suf-
ficient data been accumulated for the effect to be
recognized.

The new factor first came to my attention from
examination of the data in Table I, concerning rates
of some aromatic nucleophilic substitution reac-
tions. In this set of data, there are three obvious
features which have long been recognized in data of
this type: thiophenoxide ion is much more reactive
than either methoxide ion or piperidine with each of
the four substrates, fluorine is by far the most rap-
idly replaced of the halogens in reaction with each of
the three nucleophilic reagents, and iodine tends
to be somewhat less mobile than the other halogens.
These are major consequences of the primary fac-
tors determining reactivity in these reactions, but
they are not the focus of our present interest. The
new factor is more subtle in its manifestation it
is recognized by comparison of rate ratios as set
forth in the two right-hand columns of Table I.
Such comparison shows that thiophenoxide ion,
relative to methoxide ion, is much more effective
in displacing a halogen of larger size and weight.
Piperidine and methoxide, on the other hand, are
more nearly the same when such ratios are com-
puared, although piperidine does show some favori-
tisi for displacement of a larger and heavier halo-
gen; the change is sufficient to actually invert the
order of relative reactivity in the middle of the
group of four halogens. Nevertheless, the tend-
ency of thiophenoxide ion, relative to either meth-
oxide ion or to piperidine, to favor displacement of
halogens in order of their size and weight is the
most striking new relationship in Table I.

TABLE 1

REeacTIONS OF THREE NUCLEOPHILIC REAGENTS wIiTH 1-
HALO-2,4-DINITROBENZENES”
Rate coefficient at 0°,

Halo- 1. niole =1 sec, =1 kogiss T Rpiperidsne
gen NaOQCI, Piperidinet NaSC¢Hs¢ kocys = kocus —
o 1.76¢ 1.5 103 .4 59 0.85
Cl 2.00 X 1073 1,95 X 10-3 3.89 1950 0.98
Br 1.38 X 10~ 1.97 X 10-¢ 6.68 4840 1.43
I 3.08 X 1074 4,57 X 16+ 5.17 16800 1.48

@ The halogen is displaced by the nucleophilic reagent in
each reaction. All reactions in methanol solvent. °? Data
from J. F. Bunnett, E. W. Garbisch, Jr., and K. M. Pruitt,
THis JOURNAL, 79, 385 (1957). ¢ Dataof J.F. Bunnettand
W. D. Merritt, Jr., tbid., 79, 3967 (1957). ¢ From C. W.
L. Bevan and G. C. Bye, J. Chem. Soc., 3091 (1954).
e From A. L. Beckwitl, J. Miller and G. D. Leahy, 1bid.,
3552 (1952).

Similar tendencies are discernible in a set of data
shown in Table II, due to de la Mare, Hughes, In-
gold and co-workers, concerning rates of nucleo-
philic halogen exchange in alkyl halides. Rates of
reactions of several alkyl bromides and the corre-
sponding alkyl iodides with chloride, bromide and
iodide ions in acetone solution are summarized in
this table. Obvious and familiar features in these
data are that bromide ion is more reactive than
chloride 1on with all substrates and about the same
as jodide ion in reactivity. Also, every alkyl iodide
except methyl iodide is more reactive than the cor-
responding bromide with any halide ion reagent.
The more subtle relationship which is our present
cotcerit is that bromiide ion in respect to chloride
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ion and iodide ion in respect to bromide ion are es-
pecially reactive with alkyl iodides as compared to
the corresponding alkyl bromides. This is shown
by the rate ratios at the right side of the table.
(The rate ratios at the bottom of the table will be
discussed later.)

TaBLE 11

ReAcrions oF HALIDE Ioxs witn ALKYL HALIDES IN

ACETONE

Rate coefficient at 25°, 1. mole "1 sec. 7!

bue™ o hrT

Alkyl 105, for rencn. with Jalt 12 1

lialide 1.iCle LiBrbd Nalc kor~ hne ”
CH;Br 600 13000 22
CH,I 468 27000 H8
CoHsBr 9.88 170 196 17 1.15
CoH;1 42.0 1490 G000 36 4.03
n-C3HsBr 6.45 110 17
2n-CsHrI 24.6 1050 13
Iso-CsH7Br 0.13 1.8 1.3 14 0.72
Iso-CsHyI 1.33 37 H3 28 1.48
Iso-C4HeBr 1.53 5.7 6.0
Neo-CsHuBr 0.00026 0.0026 0.0020 0.77
Neo-CsHnl 0.00058 0.16

Rate ratios
Je3an-
DS g5 0.034 0.031
JicelisBr

Ineo-Cs
Eneol@UBY 9 5 x 10 1.5 X 107 1.0 X 107

lecoEsBr

e Data from E. D. Hughes, C. K. Ingold and J. D. H.
Mackie, J. Chem. Soc., 3173, 3177 (1935). *? Data from
P. B. D. de la Mare, 4bid., 3180 (1955), and from L. Fow-
den, E. D. Hughes and C. K. Ingold, 5., 3193 (1955).
¢ Data from L. Fowden, E. D, Hughes and C. K. Ingold,
ibid., 3187 (1955), and from P. B. D. de la Mare, ibid., 3196
(1955).

Relationships of similar type, though involving a
new feature, were noted in data from Hine’s labora-
tory, displayed in Table III, concerning reactions of

TaBLE III

REACTIONS OF THREE NUCLEOPHILIC REAGENTS WITII a-
SUBSTITUTED METHYL HALIDES

Rate coefficient at 50°,
1. mole "1 sec.~1 X 105,

a-$ub- for reacn. with ) A . .
stitu- Na§- CoHss JA2 S
Substrate ent Nale NaOCHi? CeH:¢ kocus~  hocms ™
CH,CH,Br CII; 1700 47.2 4120 87 36
FCHBr! F 1350 225 3800 17 6.0
CICH:Br' I 218 2.36 678 288 02
BrCH.Br® Br 60 0,370 277 749 186
CICH.I’ Cl 4.41 3770 855
BrCH,I’ Br 1.02 2100 2060
ICH,I* I 0.536 2800 5230

a Acetone solvent; data from J. Hine, C. H. Thomas and
8. J. Ehrenson, THIS JOURNAL, 77, 3886 (1955). ? Methanol
solvent; data from J. Hine, et al., preceding reference,
¢ Methanol solvent; ddata extrapolated from J. Hine, S. J.
Ehrenson and W. H. Brader, Jr., ibid., 78, 2282 (1956).
¢ Bromine is undoubtedly the halogen displaced.® ¢ The
observed rate coefficients have heen divided by a statistical
factor of two. / lodine is probably the halogen displaced.®

a-substituted methyl halides with three nucleophilic
reagents. In these data, the immediately apparent
features are the following: (a) sodium thiophenox-
ide is much more reactive than sodium methoxide
and somewhat more reactive than sodium iodide
with all the substrates listed; (b) iodine is dis-
placed by each reagent more rapidly than bromine
similarly situated (compare BrCH,I with BrCH,Br
and CICH,I with CICH.Br); and (c) of the four
halogens acting as a-substituents, fluorine is the
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most favorable to reaction and iodine the least, with
chlorine and bromine falling in order between. The
more subtle tendencies with which this paper is
concerned are discerned by comparisons of two
types. First, thiophenoxide ion relative to meth-
oxide ion is seen to be comparatively more effective
in the displacement of iodine as compared to simi-
larly situated bromine (compare the kcu,s™/
kocu, ratios for BrCH,I »s. BrCH,Br and for CI-
CH,I vs. CICH,Br); this is analogous to relation-
ships in the data of Table I. Second, thiophenoxide
ion and iodide ion are relatively more effective than
methoxide ion in the displacement of a given halo-
gen when the a-substituent is a halogen of larger size
and weight. This new feature is seen by compari-
son of the rate ratios in the two right-hand columns
of the Table.

Having examined these three sets of data, let us
now pause and consider the new relationships which
have been revealed. We have seen that certain nu-
cleophilic reagents typified by thiophenoxide and
iodide ions, when compared to other reagents typi-
fied by chloride and methoxide ions, are especially
reactive in the displacement of halogens of greater
size and weight and in reactions with substrates
having «-halogen substituents of greater size and
weight. There is evidently some characteristic in
reagents such as thiophenoxide and iodide ions
which causes them to act comparatively most ef-
fectively on substrates having larger halogens at the
site of reaction, and conversely some characteristic
in substrates having larger halogens at the site of
reaction which causes them to react comparatively
most rapidly with reagents such as the thiophenox-
ide and iodide ions. Our problem is to recognize, if
possible, what these characteristics are.

The Special Substrate Characteristic.—This
characteristic is plainly #ot fundamentally con-
cerned with the breaking of the bond between the
carbon atom which is the site of substitution and the
a-halogen substituents which affect relative reac-
tivity. To be sure, the halogen being displaced in a
rate-determining step can affect relative reactivity,
as is seen in all the comparisons in Table IT and
some of those in Table ITI, but a-halogen substitu-
ents which are not displaced in the rate-determin-
ing step (Table I)? or not displaced at all {(many of
the comparisons in Table ITI) have similar effects.
Thus the substrate characteristic has to do with the
presence ‘of certain halogens at or near the site of
substitution and not with their being displaced in a
rate-determining step. In this connection, the
data in Table IV are of interest. They concern the
effects of 0-, m- and p-bromine substituents on the
relative reactivity of benzyl chlorides with potas-
sium iodide in acetone and potassium hydroxide in
50% acetone, in reactions which are assuredly bi-
molecular in mechanism. The rate ratios show
that the comparative reactivity of iodide ion is
greatly increased by the introduction of an o-bro-
mine substituent but that the effect dwindles as the
bromine is moved to the meta and then to the para
position. These data show that itissufficient to have
a large and heavy halogen near, and not necessarily

(2) J. F. Bunnett, E. W. Garhisch, Jr., and K. M. Pruitt, ThIS
JourNav, T9, 385 (1957).

~
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TaABLE IV

REACTIONS OF SUBSTITUTED BEeNzYL CHLORIDES WITH
Potasstum IoDIDE AND WITH PoTASSIUM HYDROXIDE

Rate coefficient at 30°, 1. mole ™! Br-

sec.~! X 108, for reacn. with 1
Substituent KI1e KOHb kou~
H 103 4.86 21
0-Br 401 3.43 117
- Br 190 2.83 67
p-Br 250 5.27 47

@ Acetone solvent; data extrapolated from G. M. Bennett
and B. Jones, J. Chem. Soc., 1817 (1935). ? 509, acetone
solvent; data from S. C. J. Olivier and A. P. Weber, Rec.
trav. chim., 53, 873 (1934).

at, the site of substitution and that the special reac-
tivity with a reagent such as jodide ion diminishes as
the large halogen is moved away from the site of
substitution.?

It might be suspected that the substrate charac-
teristic 1s a simple steric effect, concerning hindrance
of reagent approach t¢ the reaction site, since the «-
halogen substituents which especially enhance reac-
tivity with reagents such as thiophenoxide ion are
those of larger bulk. This seems unlikely for sev-
eral reasons. One is that in the transition state for
SN2 substitution in a methyl halide,* the halogen
atom cannot interact sterically with the substitution
reagent and has the very minimum of interaction
with the rest of the substrate structure, yet ks,-/kci -
is typically higher for methyl iodide then for methyl
bromide. Another is that in the data of Table IV,
m- and p-bromine atoms rather far from the site of
reaction have the typical influence, albeit in muted
form. Still further evidence is the rate ratios at the
bottom of Table IT; these show that the reactivity
of bromides with bulky «-alkyl substituents, rela-
tive to ethyl bromide as a standard, actually de-
creases somewhat as the halide ion reagent increases
in size and weight.® Thus the special substrate
characteristic conferred by «-halogen substituents
of larger size and weight is not due simply to their
larger bulk.

Other properties of the halogens which vary regu-
larly with increasing size and weight must then be
considered as possible causes of the special sub-
strate characteristic. These include their induc-
tive effects which decrease steadily from fluorine to
iodine,® mesomeric effects which decrease in the
same order® and polarizabilities which increase from
fluorine steadily to iodine.” That mesomeric ef-
fects are responsible is unlikely because the amount
of mesomeric interaction of the halogen with the
rest of the substrate or transition state varies from
none at all, as in the reactions of Table II, to less in

(38) It would be desirable to further test such relationships with
similar data concerning the effects of other halogens in various nuclear
positions and concerning reactions with other reagents. Appropriate
data could not be found in the literature, but experimental work on
such reactions is planned.

(4) C. K. Ingold, Quart. Revs., 11, 1 (1957).

(5) From data of I. Dostrovsky and E. D. Hughes, J. Chem. Soc.,
157 (1948), kigo-CqBoBr/kCeH;Br = 0.30 and kEpeo-CsHuBr/RCoH;Br =
4.2 X 107¢ for reactions with sodium ethoxide in absolute ethanol,
further indicating that rate ratios of this type do not change much as
the reagent is changed.

(8) R. W. Taft, Jr,, in M. S. Newman, ""Steric Effects in Organic
Chemistry,”” John Wiley and Somns, Inc., New York, N. Y., 1936, p.
595.

(7) C. K, Ingold, *Structure and Mechanism in Organic Chernis-
try,” Cornell University Press, Tthaca, N, Y., 1953, pp. 119-137.
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TABLE V

REAcCTIONS OF ETHYL AND #-PROPYL HALIDES WiTH SEVERAL NUCLEOPHILIC REAGENTS??

Reagent and conditions Rgte;1 RCaH By
Nal, acetoue
25° 6000 195
CgH,COCI{CQHQ -, ether
30° 1.3 0.1
LiBr, acetone
25° 1490 170
16.5° 615 66.2
Pyridine, benzene
99.7°
CeH;S—, CH;0H
19.95°
(CH;);3N, benzene
99.7°
LiCl, acetone
25° 42.0 9.88
35.36° 113 26.0
45.72° 275 64.6
54.04° 526 136
NaSR,™ 509, C.H;O0I1
25° 600 195
NaOC2H5, CJHQOH
25° 13.5 6.60
NayS;0;, water
25° 83.3 51.6
H.0 in 60.729, dioxane
30° 0.047
2a Rate coefficients in 1. mole "t sec. 71 X 1078,
Hughes and C. K. Ingold, 7bid., 3187 (1955).

0.045

Fowden, E. D. Hughes and C. K. Ingold, J. Chem. Soc., 3193 (1935).
7 J. Hine, S. J. Ehrenson and W. H, Brader, Jr., THIS JOURNAL,
B, D. Hughes, C. K. Ingold and J. D. H. Mackie, J. Chem. Soc., 3173, 3177 (1955).
7 E. K. Marshalt and S. F. Acree, J. Phys. Chem., 19, 589 (1915).
!H. R. McCleary and L. P. Hammett, THIS JOURNAL, 63, 223
7 NaSR stands for sodium 3-phenyl-1-thiourazolate,

A. Winkler and C. N. Hinshelwood, 1bid.. 1147 (1935).
78, 2282 (1956).
G. H. Shadinger, Am. Chem. J., 39, 226 (1908).
(Slator) and D. F. Twiss, J. Chem. Soc., 95, 93 (1909).

1941).

the transition state than in the substrate, as in the
reactions of Table I, to more in the transition state
than in the substrate, as in the reactions of Table
III. If mesomeric effects were responsible, such a
constancy of the effects of a-halogen substituents as
we have noted in the various types of reactions
would not have been the result. Inductive effects
also seem unlikely to be the essence of the special
substrate characteristic since their variation from
one halogen to another® is small while the variation
in rate ratios in Tables I, IT and ITIis large. Also,
the rate ratios pertaining to ethyl bromide in Table
IT indicate that the contribution of an «-methyl
substituent to the special substrate characteristic is
between that of fluorine and of chlorine: the induc-
tive effect of a methyl group certainly does not lie
there.

The polarizabilities of the halogens do, on the
other hand, vary substantially from one halogen to
another.® Also the polarizability of a methyl
group is between that of fluorine and that of chlo-
rine, thus leading to a rational interpretation of the
rate ratios for ethyl bromide in Table IT. It is prof-
itable to identify, at least tentatively, the special
substrate characteristic with the polarizabilities of
a-substituents.

(8) Atomic refraction constaints (p-line) of the lialogens are 7,
1.049; (1, 5.97; Br, 886, I, 13.90 (ref. 7).

2 P. B. D. dela Mare, J. Chem. Soc., 3196 (1955).
¢ H. D. Zook and W. L. Rellahan, THis JOURNAL, 79, 881 (1957).
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5 1. Fowden, E. D.
4 1.

¢ P. B. D. de la Mare, ibid., 3180 (1955). 7 C.

¢S, F. Acree ;:md
A.

The Special Reagent Characteristic.—We have
seen that the reagents which are particularly re-
active with substrates having a-substituents of high
polarizability are typified by iodide ion and tlio-
phenoxide ion. What is it about these reagents
that is responsible for this special characteristic?
What do these reagents have that chioride iou and
niethoxide ion lack? Two answers come to mind:
high general nucleophilic reactivity and high polar-
izability.

Some guidance as to which is fundamentally re-
sponsible can be gained from Table V, in which data
on reactions of several nucleophilic reagents with
ethyl and #-propyl bromides and iodides are pre-
sented. The reagents are arranged in approxilnate
order of decreasing kri/krs: ratio. Inspection of
this table shows that there is little support for the
idea that a high RI:RBr ratio is necessarily asso-
ciated with high nucleophilic reactivity. For ex-
ample, the enolate ion (second listing in Table V) is
relatively unreactive but gives a high ratio while
thiosulfate ion (second from the bottom) is quite
reactive but gives a low ratio. Admittedly, some
of the differences in reactivity are due to differences
in the solvents used for the various reactions, but it
does not appear that the application of suitable cor-
rections for solvernt effects would bring RI: RDBr ra-
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tios into direct parallelism with general nucleophilic
reactivity.

Edwards® has shown that the rates and equilibria
of reactions of many nucleophilic reagents can be
correlated satisfactorily by the equation

log (E/ky) = AP + BH 1)

in which % is the rate or equilibrium constant for
reaction of a substrate with a nucleophilic reagent
and ko is that for reaction of the same substrate
with water, P and H are constants characteristic of
the nucleophilic reagent, and 4 and B are constants
characteristic of the substrate. X is a measure of
the basicity of the reagent, being derived from its
pKa value, and P is a measure of its polarizability,
being defined as equal to log (R/Rwu,0) in which R
and Ru,0 are molar refractions. A and B express
the susceptibility of the substrate to the polarizabil-
ity and basicity characteristics of the reagent, re-
spectively.

In general the reagents high in Table V are those
of high polarizability and those low in the table are
low in this quality. This encourages one to iden-
tify the special reagent characteristic as polariza-
bility. Accepting this identification for the mo-
ment, let us further assume that ethyl bromide and
ethyliodide are equally susceptible to the basicity of
nucleophilic reagents (that is, that Beus: =
Bc,u,1) and therefore that the difference in their
reactivity toward nucleophilic reagents is due en-
tirely to a difference in their A values. From equa-
tion 1 one can then easily derive the relationship

log(kearsr /kcnnr) = (Aot — Acana:) P+ IOg(Ek(’—'CLmI) (2)

0, CoHsBr

Since the A values and the &y values are constants,
this equation implies that a plot of log(kc,n,1/
kca.n:) for various reagents against their P values
should be linear with slope (4 c,u,1 — Ac,u,s:) and
intercept log (ko.c,m1/ko.cousnr).  The data neces-
sary for such a plot could be found for only four
reagents; the resulting plot is shown in Fig. 1.
The four points do indeed approximate a straight
line, and this tends to support identification of the
special reagent characteristic with polarizability as
well as the assumption that the B values of ethyl
bromide and ethyl iodide do not differ appreciably.

One difficulty in application of Edwards’ treat-
ment is that the evaluation of P values for many re-
agents is difficult. Though one may know the mo-
lar refraction of a polyatomic reagent, one does not
know just how much of the niolar refraction is due
to that part of the molecule which contributes to its
nucleophilic reactivity. The refractions of meth-
oxide and ethoxide ions differ appreciably, but it is
unlikely that their P values do. If equation 2 is
valid, one should be able to read off the P value for
a reagent from the point on the (least squares) line
in Fig. 1 corresponding to log (kc,u./kcm,s:) for
that reagent. In this way one obtains, using data
in Table V, a P value of 0.179 for ethoxide ion;
this compares with Edwards’ P value of 0.143 for
hydroxide ion. The agreement is encouraging, for

(9) (2) J. O. Edwards, Tuts JoURNAL, 76, 1540 (1954); (b) 78,

1819 (1956).
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Fig. 1.—Relationship of ethyl iodide: ethyl bromide rate
ratios to reagent polarizabilities, The plot is based on data
in Table V and on these P values from ref. 9: H.0, 0.00;
Cl-, 0.389; Br—, 0.539; I-, 0.718.

one would expect the effective polarizability of eth-
oxide ion to be somewhat greater than that of hy-
droxide. This treatment also gives P = 0.580 for
the enolate ion of butyrophenone; this is a not un-
reasonable value for a carbanion and would cer-
tainly be hard to determine by other methods.

However, the ratios in Table V for the sulfur re-
agents are low. From Fig. 1 one would, for exam-
ple, obtain a P value of 0.372 for thiophenoxide ion
(using a ratio from #-propyl halides), less than
0.397 for pyridine. The sulfur atom in thiophenox-
ide ion certainly has a higher polarizability than the
nitrogen atom in a tertiary amine, and therefore the
P value of 0.372 for thiophenoxide must be false.
Thus the evaluation of P values from Fig. 1 does
not appear to be justified at this time. It is inter-
esting to note, on the other hand, that the data in
Tables I and III indicate thiophenoxide to far ex-
ceed piperidine and methoxide ion in polarizability,
if indeed this is the special reagent characteristic,
and to approximate iodide ion in this respect. This
is more reasonable. Why the effective polarizabil-
ity of sulfur reagents in reactions with alkyl hal-
ides, as revealed in RI:RBr rate ratios, is so low is
an interesting question. One consideration that
may be very important is that polarizability is not
generally uniform in all directions.” The effective
polarizability of a reagent (or of an a-substituent)
may therefore vary with the geometry of the transi-
tion state. The S-C-X bond angle 1s close to 180°
in the transition states of the SN2 displacements of
Table V but in the region of 90-110° in the transi-
tion states relevant to Tables I and III.

The Nature of the Special Interaction between
Reagents and Substrates.—We have seen that
nucleophilic reagents such as thiophenoxide and
iodide and substrates having large halogen substit-
uents at or near the site of substitution are espe-
cially reactive with one another. We have tenta-
tively identified both the special substrate charac-
teristic responsible for this behavior and the special
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reagent characteristic as polarizability.’® But we
have not considered the physical nature of the spe-
cial interaction of reagent with substrate.

Some of the most important forces of attraction
between molecules not undergoing chemical reac-
tion are those variously known as van der Waals
or London or dispersion forces.!' These forces are
proportional to the product of the polarizabilities of
the atoms concerned and inversely proportional ta
the seventh power of the distance between the
atoms. London forces have an iimportant influence
on many physical properties. They are, for exaiu-
ple, largely responsible for thie greater solubility of
iodine (I,) and of stannic iodide in brounoalkaile
solvents than in corresponding chloroalkanes.121?

One would expect London forces to contribute to
the lowering of transition state energy aud thus to

(10) For many years, polarizability in a nucleophilic reagent lias
been considered to contribute substantially to nucleophilic reactivity
and polarizability in a group being displaced lis heen eonsidered to
contribute substantially to displaceability. Cf. ££. D), Hughes, Trans.
Faraday Soc., 34, 195 (1938); G. E. K. Branch and M. Calvin. " The
Theory of Organic Chemistry,” Prentice-Hall, Inc., New York, N. Y.,
1941, p. 422; C. G. Swain and C. B, Scott, Tuis Jour~ar, 75, 141
(1953). These views appear to be sound, but they should be clearly
differentiated from the proposition that has been arrived at in this
paper, namely, that the special increase in reactivity whicli attends the
reaction of a reagent such as the jodide ion witli a substrate having a
large and heavy halogen atom at ot near the site of substitution is dne
to the bigh polarizabilities of botli reagent and halogen substituent.
The general contribution of polarizability to nucleophilic reactivity is
allowed for, and the specina] reagent characteristic is revealed, by com-
patison of substrate ratios such as the kr1/#Rp: ratios in Table V.

(11) O. K. Rice, "Electronic Structure and Chemical Binding,"
McGraw-Hill Book Co., Inc., New York, N. Y., 1840, p. 354; J. R.
Partington, "An Advanced Treatise on Physical Chemistry,” Vol. I,
Longmans, Green and Co., London, 1948, p. 741.

(12) J. H. Hildebrand and R. L. Scott, ""Tlie Solubility of Nonelee-
trolytes,”’ 3rd ed., Reinhold Publishing Corp., New York, N. Y., 1930,
pp. 373 and 376.

(13) S. A. Shchukarev, L. S. Lilich and A. B. Sheinin, Doklady Akad.
Nauk S.S.S.R., 85, 1333 (1952); C. A., 47, 383 (1053).
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an increase in reaction rate, when the transition
state structure is such as to bring atoms of high po-
larizability close to one another. This would ap-
pear to be the nature of the effect with which this
paper is concerned.!¢

It should be emphasized that the accelerative
effect arising from the mutual interaction of sub-
strate and reagent atoms of high polarizability does
not mean that change from a substituent or reagent
of low to one of high polarizability necessarily brings
about an increase in reaction rate. The new sub-
stituent, for example, may have steric, inductive
and/or mesomeric effects which depress the reaction
rate. Examples can be found in Tables I, IT and
III. What it does mean is that after allowances
have been made for these other factors, as we have
done by considering suitable rate ratios, the change
to a substituent of higher polarizability will have
caused more acceleration, or less deceleration, the
greater the effective polar1zab1l1ty of the nucleo-
philic reagent.

Assuming that the special characteristics in re-
agent and substrate are correctly identified as po-
larizabilities and that their specml interaction is in
the nature of London forces, we can expect that
this factor exerts a significant influence in yet other
classes of chemical reactions. It will be of interest
to discover other manifestations of this effect.

It is a pleasure to acknowledge discussions with
Drs. Herbert C. Brown and Will D. Merritt, Jr,,
which have been of great help in formulating the
ideas set forth in this paper.

(14) There is one troublesome point concerning this interpretation.
If the special interaction is indeed of the nature of T.ondon forces, it
seems strange that bromine atoms in m- and p-bromobenzyl chlorldes
should still exert a significant influence on the iodide: hydroxide ratio
(Table 1V). London forces fall off extremely rapidly with distance.
This point requires further covsideration.

Cnarer HuoL, N, C,
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Spectral Evidence for Tautomerism in Diazo Ketones

By ForL A. MILLER AND WILLIAM B. WHITE
RECEIVED JUNE 10, 1957

Ultraviolet dbsorptiou of the group N.CH-CO- CH,- varies considerakly with change in solvent.

In cyclohexane and

dioxane there is a single inteise band near 247 my; in water and acetic acid this band is weaker, aud another intense otte

appears near 275 mu.

ments of the 111tensxtles of the diazo and the carbonyl bands support the latter.

CO— = H\T—\ C—CO—

Introduction

Ultraviolet absorption is useful in studying diazo
ketones because the group N-CH-CO- has a
characteristic band at 245-250 mu.! Although
changing the solvent usually has only a minor effect
on the absorption spectrum, Morgan, Renfrew and

(1) (a) 8. A. Fusari, ef ol., Tis JoUurNaL, T6, 2878 (1954); (b)

S. A. Fusari, T. H. Haskell, R. P. Frohardt and Q. R. Bartz, ikl 76,
2881 (1051)

Seven other solvents gave intermediate results,

composition there is a smooth transition from the one case to the other.
approximate isosbestic point, which suggests an equilibrium between two forms.
a keto-enol tautomerism and a dinzo-isodiazo tautomerism.

111 mixtures of water and acetonitrile of varying

The resulting family of curves goes through an
Two such equilibria were considered:
Although the results are not conclusive, infrared measure-

It may De represented as .\'——N—-CH—

Moore? discovered that the electronic spectrum of
1,8-bisdiazo-2,7-octanedione (I) depends markedly

?
If
N:CH—C

0

|
~(CH,)-—C~
1

CHN

(2) M. 8. Morgan, A, G. Renfrew and A. M. Moore, paper presented
at 120th Meoting of Anter. Cliem. Soc, Dallos, Tex., April, 1956



