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(1) Paper x1° serves as an introduction to this paper., Further details and
discussion may be found in reference 7., The work carried out by liise Kailser
(kinetics on picryl chloride and phenacyl bromide) was supported by the
Office of Naval Research,

(2) ¢, 6. Swain, R, B, Mosely, D, B, Bown, I, allen and D, C, Dittmer,
J. An. Chem, Soc., 76, 000 (1954).

3
By C. Garaner Swain, Donald C, Dittmer

and Lore E, Kaiser

(3) National Science Foundation Fellow, 1952-1953,

A special two-parameter equation, log (k/k°) 4~ log (k/k°) 5"

a b, 1s tested, where k is the first-order rate comstunt for solvolysis of
any organic chloride or bromide (A) or of the standard compound, methyl
bromide (A°), in any solvent, k° is the corresponding rute constant in a
standard solvent (80% ethanol) at the same temperature, a is a constant
depending only on the chloride or bromide and b is a constanit depending only
on the solvent., Values of a are reported for 15 compounde ranging from
Pleryl chloride to t-butyl chloride, and values of b for 19 solvents ranging
from triethylamine to formic acid, These were determined from the equation
and a total of 124 log (k/k°) values by the method of least squares. The
minimum mean and maximum ranges in observed rates for compounds are factors of
10, 2 x 109 and 3 x 1C® resrectively, The mean and maximum errors in the
calculated rates are factors of 1.5 and 7.6.
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A special two-parameter equation w2s presented in paper XI

log (k/k°), - log (&/k°) , =&l (1)

vhere k is the first-order rate constant for solvolysis of any orgaric
chloride or bromide (A) or of the standard compound, methyl bromide (4°), in
any medium, K° is the corresponding rate constant in a standard medium at the
same temperature, g is a constant depending only on the chloride or bromide
and b is a constant depending only on the solvent.

As the standard solvent we chose 80% ethanol-2Uj water by volume
because more data were avallable for it than for any other solvent, Table 1

lists log ko in 80% ethancl for 21l of the 15 compounds not proviously given

in Table 1 of paper XII.“

(4) ©, G, Swain, R. B, iosely and D, E, Bown, J, 4m, Chem, Sgc., 76, 000
(1954). -

Table II lists 42 of the 124 log (k/k°) values which were used,
The other 82 log (k/k°) values are for the compounds listed in Table III
in the solven¢s listed in Table IV, and muy be found in Table II of paper

4
XI1I, » One-half (62) of the 124 values were measured in this luboratory,

(5) The log (k/k°) values for g-snenylethyl chloride used in this treatmen&
were tha correctly calculated ones (cf, footnote J in Table II of paper XIIY),
The omissions were log (k/k°) values for 40% ethanol, 83,3% formic acid and

97.5% acetic anhydride and the value for p-nitrobenzoyl chloride in acetic
acid,
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Table I

ADDITIONAL RATES IN 80% ETHANOL

Couq:m‘unda logio k°, gec,~?! Temp,, °C,
PicCI “50” 50
0o CHaBr -5.80 50
i1-BuBr -7.61 50
t-BuBr =344 25

8pic = pleryl (2,%,6-trinitrophenyl);
§ = CgHg or p-substituted CgHg;

Ma = Et’ Pr, Bu = 033.0335. Caﬂq, OQHQ.
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Table 11

RELATIVE RATES OF SOLWOLYSIS

Solvenﬁb

MeOH, 96.7
MeOH, 69.5
Bt0H

EtOH, 50
e300, 90
148200, 70
eaC0, 50
MeOH, 96.7
60K, 69.5
EtOH

EtOH, 50
riegCO, 90
Legln, 70
iie5C0, 50
BtaN
n-BulNHy
CgHgN
¢,
n-BulHy
CgHglN
¢NE,

EtaN
n-Bulliy
CgHgN

gNH,

log (k/k°) Tem., °C.
-0,22 50
= 402 5€
- .50 50
- 09 50
-1.01 50
=044 50
- W36 50
~0.29 50
+ .26 50
- .93 50
+ .27 50
- .73 50
- .13 50
+ .15 50
+1.85 50
+4,66 50
+3.57 50
3.4 50
+3.07 50
+2,11 50
+2.53 50
-1l.14% 75
+2.72 75
+2.12 75
+2.35 75
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(Table 1I continued)

Compound

gcHa01

n

£-BuCl

8See footnote a of Tuble I,

Solvent

EtgN
n-BuliE,
CxHgN
¢NHg
BtaN
n-BulEg
CgHgl
¢NE,
}eOH
EtOH
Et0H, 90
EtOH, 60
118300, 90
MeC0, 80
MegCO, 70
MegCO, 90

tegCO, 70

log {k/ke)

1,47
+2.70
+1.75
+2.75
< ~10
=3.23
-3.95
~0,16
«0.31
-1.81
=0,71
+1,02
-1.46
-0.52
+ .15
-1,85

+0.13

é\

Temp,, °C, Ref,
50 7
0 7
%0 4
% 4
25 4
25 7
25 4
25 4
25 9
25 10
25 8
25 8
25 11
25 8
25 11
25 9
25 9

dNumber after solvent is % by volume bosed on volumes before mixing with
water; when no number is given solvent was anhydrous and pure; ie, Et,

Bu, ¢, Ac = CHy, OgHg, C4Hg, Cgls and CH3C0., The amine solvents were
always 95,2% amine - 4,8% benzene based on volumes befors mixing,

A
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(6) Data supplied by liss Lore E. Kalser, |

(?) D: C. Dittmer, Ph,D, Thesis, iiI.T,
D, C. Ditimes, o, s, Chem, 'Soc., 78,

(8) L. C, Bateman, K., Cooper, E. D, Hughes and C, K. Ingold, J, Cham, Sogc,, l
25 (1940).

September, 19533 C. G. Swain and
Boo (15577

(9) S. Yinetein, private communication.

(10) E, D, Bughes, C. K, Ingold, S. iasterman and B. J., MoNulty, J, Chem, Sog.,

899 (1940).
(11) L. Bateman, i, Church, E, D, Hughes, C, K. Ingold and N, Teher, ibid.,
979 (1940).

The compounds correlated are all chlorides or bromides, but
include p-nitrodenzoyl, methyl, hemzhydryl and t-dbutyl, The solvents are
especially varied, including p-butylamine, triethylamine, alcohols, water
and anhydrous formic acid,

Yo used the method of least squares in a simple iterative
procedure to obtain the best values of g and b (see method of calculation
below). To make the solution unique three conditions were imposed
arbitrarily as follows,

b = 0.00 for 80% EtOH
a = 0,00 for MeBr
a = 1,00 for t-BuCl
A renormalization to any other arbitrary assicnment (any Y ) may be made

easlly using the equations

a¥=ra
¥
L =3b/)

for new values (denoted by superscript stars), Vhen data fcr a secondary

standard A°' are used instead of data for A°, the equation becomes

log (k/k°), = log (k/k°), ., = (a~-0) D

Aol

vhere & = log (l_dl_cf)Ao. - log (E/‘_‘.°)A°
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The miairum mean und maximum ranzes in log (yg°:lob8 values for one
compound are 1.0, 3.3 and 6,4 corresponding to variations of 1 x 101,
2 x 10° and 3 x 108 in the observed rate itself. The mean and maxirmum

errora out of 12" log (k/k°) - leg (kfk°) values are 0,18 and 0,88

cale, ) obs,
corresponding to factors of 1.52 (for the mean) and 7.6 (for benzhydryl
chloride in 90% acetone) in k itself, ileasures of fit (!b) for typical
compounds were listed in paper Js‘.I;2 for solvents, (I)- = 974 for triethyl
amine, 9% for water, 954 for formic acid, 63; for acetic acid and
85% for ethanol,

if\ezlioc_i‘o\f .Cg.l\cf_/litiqp.:- Crude ) values were first obtained for

solvents in which the rates with both methyl bromide and t-butyl chloride

were measured, by use of the equation

log (i/k®)y oy~ log Ue/k®), - =2

which is true because g = 1,00 for t-3uCl, Crude g values were then
determined using equation 1 and any solvent for which b hud been obtained,
Crude b values were then determined for the other solvents in which methyl

bromide was not studied bywsing the equation

log (k/k°) - log (k/k°), 5 o = (2-1.00) b

and any compound A for which a had been obtained.

The values of g and b determined in this way depend on the
particular solvents and compounds vsed in culculating them, since the
experimental error is finite and different for each log (k/k°) value, To
minimize the effest of experimental errors, better vulues of b for all
solvents were obtained by the method of least squares from tha cruds values

of a, with equal weighting of all the usable log (k/k°) values,
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Then better values of a were obtained in the same way by the least-squares

method from the better b values,

A T A L S
a _/3..-- EJ = s 1)_3 [ logi /[° e log( /e / vepe.) = °

< i Sk k N
a - 1,00 Y. - 2.1 Llo "g_°) -10( Jieo _3 =0
(& ) 5" =J J g v g( / A 6 2 )_t_-Bu.Cl -
These least-squares procedures can be repeated to give still slightly bdetter
values of the parameters, but the result proved not worth the effort in the

foew cases tried,

Tables III and IV give the g and b values obtained,
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Table 111

CONSTANTS FOR COMPOUNDS, RyRgRa0X

IR WP SR, VDT IR e e

8See footnote a of Table I,

& No, of
Sompovnd Reactionp a Ry~, Ry-, R3-, X
PicCl 8 -0.42 «C(N05)=0H~C(NOg )=CH-(NO4)=, Cl
Nogcoc1 7 - .37 4=NOgCgHg~, O=, C1
#COCHgBr 8 - Ok CegHsCO~, H-, H-, Br
MeBr 10 (0.00) B-, H-, H-, Br
gcoc1 12 + .06 CegHs, 0=, Ol
EtBr .15 CHa-, ii-, B-, Br
3-BuBr L .16 (CHy)aCH-, H-, i, Br
n-BuBr 12 .18 CHaCHaCHgCHg-, He, H-, Br
¢CH4C1 8 .19 CeHg-, H-, H-, C1
MeCOC1 5 RO 4-CH3CgHy~, 0=, C1
i-PrBr 5 L2 ¢dy-, CHs-, H-, Br
fCHCLide 5 64 C¢Hs-, CHy, H-, C1
$CcHC1 13 .78 Celig~, CgHs-, H-, C1
t~BuBr vi .93 CHy-, CHz-, CHg-, Br
t-3ull 15 (1.00) CH3~-, CH3-, CH3-, Cl
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Table IV

CONSTANTS FOR SOLVENTS

a No, of Djelectric
Solvent Reactions b Constant
EtoN 3 -17.27 3.2
n-BulHy 5 -10.15 5.4
CgHgN 5 - 9.66 12.4
¢¥H, 5 - 4,78 7.3
MeOH 6 - 0, 9% 33.7
EtOH 14 - JN 23.2
MegCO, 7 - 72 24,6
Et0H, %0 b - .52 28.0
¥sOH, 96.7 6 - .51 .2
Et0H, 80 15 (0.00) 32.9
MesCO, 80 ? + Ob 30.9
Me3Co, 70 7 L2 36.5
AcOH 5 57 9.7
M-OH, 69.5 5 .61 47.3
BtoH, 60 4 .88 44,7
MeaCO, 50 8 1.2 49.5
EtoH, 50 8 1,14 51.3
H0 L 2,95 79.2
HCOOH é L, co 58.5

a'See footnote b of Table II,

brhese constants, measured at or near 20°C,, were taken from Landolthgrnatein,

"Physikalisch-chemische Tabellen," Julius Springer, Berlin, 1923, Ed. 5, Vol. 2,
P. 1035 £f, or "Tables Annuelles de Constantes et Données Numerique," Hermann
et Cie,, Paris, 1937, Vol, XI, Section 22, pp. 6, 29.
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The difference in free energies of two solvolytic reactions for a

P1 /.
a

A}
'
i &

. »
* (g, - % ) -2.303RLlos (Q“‘“ (2)
I g

I

In this equation I and II refer to two different solvents, o5 is a free
energy of activation, R is a gas constant, T is the absolute temperature,
5&1 is the first-order rate constant for the reaction of a4 with solvent II,
k; is the first-order rate oconstant for the reaction of A with solvent I,
AE; is the difference in potential energies per mole between reactants and
transition state, AE; is the difference in zero-point vibrational energies
per mole betwec reactants and transition state, Qr is a partision function
for a transition state, and Q is a partition function for the ground state,
An expression exactly like equation 2 cun be written for a

standard compound, A°, If the zero-point vibrational energy terms and the
parSition function terms in both equutions are, to a first aporoxiwst? -=.
assumed equal, and the equations subtractsd one from the other, equation 3

is obtained,

*

'/'k k AAAW?

log "11/15.1\ - log { “Ilfig, =
: ‘A ‘ A° 2,03 BRI
&
£ the term involving AAAEP in esquation 3 can be rerresonted as a

product of two parameters, one g, corresponding to the potential energy
change contributed by the compound c¢nd the other d, corresponding to the
potential energy change contributed by the solvent (relative to standard

compound &nd stundard solvent ), the desired equation is cbtained
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log EII/RI - log EH/RI =ab
A A°
vhere k; = k°,

As is commonly done in two-parameter linear fres-energy reieation=
ships, we consider one parumeter (b) as an independent variable, independsnt
of temperature, The other parameter (a) is nct an accurate inverse function
of absolute temperature (as is /_J_ in the Hammett equation)? dut nevertheless
probably will not deviate very far from this in practice,

\Sig‘nif;?;u\\xx‘ce\ clfwg uui t_a:ja’]f_‘e’a:- Table III compares the valhe of
& with the substituents on the carbon atom at which reactioan occurs,
Generally, the value of g increuses as the electron-supplying ability of the
substituents increase., The substituents with nitro groups bave the smallest
&4 values; this is expected since nitro gzroups are electron-attracting. The
compounds with the most positive a values bear alkyl or aryl substituents
which are electron-~donating.

The step-wise replacement of the hydrogens in methyl bromide with
methy! groups results in an increass in a. 4 phenyl group is more effective
ir increasing the value of a than a methyl group; this may indicate a shift
in electron distribution from the phenyl ring toward the reaction site, a
resoncace effect rather than an inductive effect,

It should be remembered that a may ve a function of temperature and
the nature of the leaving group in addition to being a function of the polar
effects exerted by the sibstituents on the reaction.

Table IV compares the value of b with dielectric constant of the
solvent., Dielectric constant is impertunt in the determination cf electrical
effects trunsmitted through a medium, There is a more-or-less general
increase in b with increasing dielectric constant, the most notable exception
being acetic ucid. There seems to De also a trend from basic to acidic
solvents as b becomes more positive, The relative greater acidities of

aniline, :cetic .cid and formic ucid in comparison with their neighbors in

the table may explain why these compounds have greater b values than their

il
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dieleoctric constants wouid indicate, It is noted also th.t as the solvents
become more aqueous the b values become greater,

\Then the product & b is positive the rate of reaction of a given
compound in a given solvent relative to the rute in 80% ethancl-20% water is
greater than the relative rate for methyl bromide. This condition occurs in
the reactions of the strongly nucleophilic solvents (solvents with a negative
b) with compounds with strongly electron-vithdrawing substituents (compounds
with a negative a) and in the reactions of solvents with pronounced electro-
philic character (solvents with a positive b) with compounds witb electrone
supplying substituents (compounds with a positive a).

Limitations of the Correlation.= To ensure that the zero-point

et N e A L A ——— et s
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vibrational energies and partition functions will ulways change in the same
way from one solvent to another, the correlation must be restricted to
compounds with leaving groups of simllar electrcnegutivity, polurizabiltity
and bond energy. The carbon-chlorine and carbon-bromine bond energies are
close to each other (66.5 and 54,0 kcal) vhereas the carbon-fluorine bond

energy is considerably larger (107.0 kcal.).12 For these reasons the

(12) L. Pauling, "The Nature of the Chemical Bond," Cornell University Press,
Ithaca, N, Y., 1940, 24, 2, p. 53.

inclusion of chlorides and bromides in the correlatior was justified, but
the inclusion of fluorides wis not. Sulfon:te esters and trityl thiocyanate
were likevise excluded because they differ too much from chloride and
bromide,

By changing the standard compound to a sulfonate ester, a fluoride
or a thiocyanate, it muy prove possible to correlate the rates of solvolysis
of organic sulfonuates, fluorides or thiocyanates, At present there is not
enough data to determine the extent of the applicability of equation 1 when
it is restricted to other types of leuving groups,

Picryl chloride is less well correlated than the other compounds,
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pessibly because of excessive solvent interaction with the polur nitro groups
or because of exceasive resonance in the transition state for reaction with

the more nucleophilic solvents.

Cambridge, Massachusettis
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