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In current electron-transfer theory, an activation free energy term, AF*, depends in a simple way on the
“standard” free energy of reaction, AF°’, in the prevailing medium. Namely, AF* = /[l 4+ (aF°'/\)]3,
apart from small work terms; A/4 is AFo*, the value of AF* at AF°®’ = 0; and A obeys a simple additivity
property. As an exploratory step an equation of the same functional form is applied in the present paper to
data on Brgnsted slopes of 16 proton- and atom-transfer reaction series. Thereby, the instantaneous slope
of a AF* va. AF°’ plot is caleulated to be 1/3(1 + (AF°//4AF:*)]. Thus far the experimental results are con-
sistent with this equation, but more data are needed. Other applications of the AF* equation, including one
to the kinetic isotope effect, are also discussed. A rather approximate derivation of the above equation for
atom and other transfers was given in an earlier paper of this series.

Introduction

There have been many successful two-parameter
empirical correlations of reaction rates and equilibrium
properties for series of related reactions.!—* In the
present paper, the possibility of the calculating of the
slopes of such plots @ prioriis explored.

In the case of electron-transfer reactions a simple
functional dependence of AF* on AF° has been derived
(eq 1 and 11 below)® and has been in encouraging agree-
ment with the experimental data.® More recently
approximate theoretical arguments have been given
leading to an equation of substantially this functional
form for atom and other transfers.” Needless to say,
the derivation was less elaborate and rigorous than
that for electron transfers. (Even the H 4+ H; —
H, + H system is only now yielding to fairly accurate
quantum mechanical calculation.®) Therefore, the
present work, an application of the foregoing, is an
exploratory one.

Equations

An approximate equation relating free energy barriers
of reactions in solution to standard free energies of
reaction ig"?

A A\?
AF* = ;(1 + ;) (al £ (12)
AF* = 0 (A< =N
(1b)
AF* = A (A2 1)
where
A = AF°' 4+ RT In (s*/s%) 2)

AF* is an activation free energy related to the rate
constant of an elementary step of a reaction by the
equation

AF* = —RT In (krnw/zsr) (3)

A is a reorganization property, AF°’ is the “standard”
free energy of reaction at the prevailing temperature

and electrolyte condition, Z is a collision number
(~10" ], mol—! sec—?), and s" and s® are statistical
factors.® \ has an additivity property given by eq 11
below.

For gas-phase reactions we explore the comparison of
bond and activation energies with an equation of
similar functional form?°

E
E, = % 1+ AE°AH] (AE°] S2F) (40)

(1) (a) J. N. Brgnsted and K. Pederson, Z. Phys. Chem, (Leipsig),
108, 185 (1924); (b) R. P. Bell, “Acid-Base Catalysis,” Oxford
TUniversity Press, New York, N. Y., 1941.

(2) (a) L. P. Hammett, Chem. Rev., 17, 126 (1835);
Jaffé, ibid., 83, 101 (1953).

(3) (a) M. G. Evans and M. Polanyi, Trans. Faraday Soc., 32, 1333
(1936); 34, 11 (1938); (b) N. N. Semenov, ‘Some Problems of
Chemical Kinetics and Reaotivity,” Vol. 1, Pergamon Press Inc.,
New York, N. Y., 1958, p 8.

@) (a) K. B. Wiberg, “Physical Organle Chemistry,” John Wiley
and Sons, Inc.,, New York, N. Y., 1884, pp 279, 306; (b) P. R. Wells,
Chem. Rov., 63, 171 (1883); (o) J. O. Edwards, “Inorganio Reaction
Mechanisms,” W. A. Benjamin, New York, N. Y., 1964.

(6) Cf. R. A. Marcus, Ann. Rev. Phys. Chem., 15, 156 (1964), and
references cited therein.

(6) N. Sutin and B, M. Gordon, J. Amer. Chem. Soc., 83, 70 (1881);
M. H. Ford-Smith and N. Sutin, tid., 83, 1830 (1861); M. Gordon,
L. L. Willlams, and N. Butin, ibid., 83, 2081 (1881); N, Sutin,
Nature, 190, 438 (1661); R. J. Campion, N, Purdie, and N. Sutin,
Inorg. Chem., 3, 1001 (1964).

(7) R. A. Marcus, J. Phys. Chem., 72, 801 (1968). In the case of
those proton transfers in which the major barrier arises from desolva-
tion of one species and solvation of another, the argument was only
sketchily given. A more detailed discussion of the latter is planned.

(8) H. Conroy and B. L. Bruner, J, Chem. Phya., 47, 921 (1867); I,
Shavitt, R. M. Stevens, F, L. Minn, and M. Karplus, tbid., 48,
2700 (1868).

(8) Equations 1-3 differ from eq 1, 2, and 6 in ref 7 only in that we
have excluded work and steric terms and included statistical factors
8’ and ¢, for purposes of exploratory discussion. The work terms
are the usual conlombic terms and are normally fairly amall. Statis-
tical factors are easily caloulated and would not noticeably affect
the results of this paper if they were omitted. For references de-
scribing calculation of s* and s® see ref 7.

(10) Equations 4a and b are similar to eq 8a and b in ref 7, except
that the latter deal with potential energlies. The notation differs in
that AE® refers to a change in bond energy in this paper.

(b) H. H.
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(AB° < —\F)
(AE° > 2F)

E, =0

4b
E, = AE® )

where AE is a reorganization property having an addi-
tivity described in eq 8c of ref 7.

If the Brgnsted slope « is defined as the slope of
AF* v3. A or of the corresponding plot based on eq 4,
we have

a=1+ /N (a8l <N (58)
(a<g-N
(azN

a=0 (5b)
5

a=1

where in the case of eq 4 A is replaced by A% and A
by AE°.

From eq 1-3 and 5 one can also derive an approxi-

mate relationship between « and the kinetic isotope

effect’

N — M

In (ka/ko) & T

1~ Qa-1)

alsn ®

Comparison with Experimental Data

Data for 18 series of reactions are considered, 11 of
them being proton transfers

HA, + Ay~ — Ay~ + HA, o

where A;~ and A,~ are not necessarily singly charged.
For the above reaction AF®’ can be obtained from the
ionization constant of

K
HA, + H,0 T” A~ + H,0* aIn

since AF°®’ equals —RT In (K,/K»).

The following reaction series are examined.

(a) Proton Transfers of Known AF* and AF®’,
Reactions ITI-X are examples of reaction I given in

Table I and Figures 1-7.31~19
HA, + Ay~ —> A~ + HA, (1

(HA, and HA,; are conventional moderately weak
acids)

Figure 1. AF*®vs. AF®’ for a series of weak acids and bases
(reaction III).
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Figure 2. AF* vs. AF°/ for (reaction of thioglycols with
amines and other bases (reaction IV).

HSCH.CH,OH 4 A;— —>

HOCHzCHZS— + HAg
CH,COCHRR' + Ay~ —>

CH,COCRR'- + HA, (V)
(q_Hz)4009HCOgEt + Aym —

((;_HehCOJCCOaEt— + HA, (VI)

v

(11) R. P. Bell, “The Proton in Chemistry,” Cornell University
Press, Ithaca, N. Y., 1649, p 172; R. P. Bell and O. M. Lidwell,
Proc. Roy. Soc., A176, 88 (1940); R. P. Bell, E. Gelles, and E. Moller,
ibid., A198, 310 (1049).

?g.);s R. P, Bell, R. D. 8mith, and L. A. Woodward, ibid., A192, 479
1948).

(13) R. P, Bell and H. L. Goldsmith, ibid., A210, 322 (1952).

(14) For bensoylacetone, acetylacetone, and bromoacotylacetone,
K; was obtained by correcting the gross acid dissociation constant,
K, for enol content, Ki = Kg(1 + K1), where Kt = Conol/Cketos
This correction was negligible for the other ketones involved, Values
of Kt were taken from Q. Schwarzenbach and E. Felder, Helv.
Chim. Acla, 27, 1701 (1944); M. L. Edinoff, J. Amer. Chem. Soc.,
67, 2073 (19845).

(16) R. P. Bell and T. Spencer, Proc. Roy. Soc., A251, 41 (1950).

(16) (a) A. J. Kresge and Y. Chiang, J. Amer. Chem. Soc., 83, 2877
(1881); (b) A.J. Kresge and Y. Chiang, Proc, Chem. Soc., 81 (1861).

(17) M. Eigen, Angew. Chem. Int. Ed., 3, 1 (1864).

(18) In reactions III-XIII the compounds or substituents used are
the following: (III) HA:: acetic acid, phenol, formic acid, chloro-
acetio acid, phosphorio acid, glucose, HCOs -, boric acid, fumaric acid;
As-: hydrazine, imidasole, aniline, m-chloroaniline, PO« -, piperidine,
propylamine, carbonate, ammonia, o-picoline, pyridine (the rate
constants for these reactions were read from graphs, since no other
data was available; points for maleic acid were not included in the
tabulation); (IV) A:=: dimethylamine, trimethylamine, hydrasine,
imidasole; (V) CHRR’: CHBrCOCHs;, CHsCO:CsHs, CHyCOC:Hs,
(see ref 6); As~: CLCHYO-, p-NOsCHCO:-, CHICOy -, CoHy-
CHiCOy~, (CHy)sCHCOs~, (CHi);CHCH,CO:~, H;0, CH:(CHi)-
CO,-, mannose anion, glucose anion, (CHa)CsHi:O-, dimedone,
CICsHO =, p-NO:CsH(O -, pyridine, HPyOr*~ (seo ref 4; 15 points
were taken from graphs in ref 18); (VI): As~: H:PO.-, HiO (see
ref 4); (VID) As~: (CHi)CCO;~, CHyCOs~, HOCH:COs -, CICHy-
COs~; (VIII) CHRR’: CH,, CH,Cl, CH:Br, CHCl:, CH:COCH,,
(CH3)sCOCH: (B = O, 8); (IX) A;~: CHCLCO:~, C:HsCH5CO;s™,
H,0, pyridine, a-picoline (see ref 4); (X) HAi: HiO+, HiO, NH.*,
H:PO.~, HCO:H, CH,COsH, CH;FCOsH; (XI) As~: OH-, HiO,
HPOQ -, various phenolate anions, amines, alky! carboxylate anions,
aryl carboxalate anions (data available only at 15° were extrapolated
to 26°; secondary and ary amines as well as divalent metal
complexes are not included; the divalent metal complexes fall below
the plots for reactions XI and XII); (XII) HA:: HsO, various
phenols, alkyl carboxylic acids, aryl carboxylic acids (first 47 com-
pounds in ref 19 and HiO are included; pounds excluded from
graph are oximes, nitroethanes, ete., which onme might expect to
have different 3); (XIII) As—: OH-, glucosate anion, 804t -, H:0,
carboxylate anion, amino acid anions, betaines (only points from
ref 1b not included are those for divalent metal complexes).

(19) R. P. Bell and W, C. E. Higginson, Proc. Roy. Soc., A197, 141
(1949).
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Figure 3. AF*vs. AF°’ for reaction of ketones with carboxylate anions and other bases (reaction V).

(CHa)sCOCHCO,Et 4 A;~
—_
(CH3),COCCOsEt~ + HA, (VII)
—e

CH,COCHRR' + BH~ —>
CH;COCRR'~ + HsB (VIII)
NO,CH;CO:Et + Ay~ —>
NO,CHCO:Et— 4+ HA, (IX)
(CH,0),CsH; + HA; — (CH,0),CeHyt + A- (X)

(b) Reactions Involving Consecutive or Concerted
Steps. Reactions XI-XIII are the base-catalyzed de-
composition of nitramide,!a.18~24 theacid-catalyzed dehy-
dration of acetaldehyde,’ and the base-catalyzed
mutarotation of glucose.!®

fast

NH;NO; + A~ ~—> NHNO,~ + HA; —>
N0 + H:0 + As-
CH,CH(OH,); + H.,0 + HA, —>
CH,CHO + 2H;0 + HA;
p-Cell;i0¢ + HO + Ay~ —>
1~CeH1e0s + H.O + Ay~ (XIII)

Equation 1 refers to an elementary step. Since the
standard chemical potential of NHNO;~ in reaction

X1

(XII)

XTI is unknown, the AF°’ for the first step is known
only to an additive constant for the reaction series.
Again, in a concerted mechanism? for reaction XII
such as

\C /0-'—1{\ /H—Ax
'I\\O‘THA \

8 0
— \?/

+ 2H;,0 + HA,
(XIV)

bonds 2, 4, and 6 tend to be formed at the expense of
bonds 1, 3, and 5 (and bond 8 doubled at the expense
of bond 7). However, in a later stage along the reaction

(20) R. P. Bell and G. L. Wilson, Trans. Faraday Soc., 46, 407
(1850).

(21) R. P. Bell and A, F. Trotman-Dickenson, J. Chem. Soc., 1288
(1949).

(22) L. K. J. Tong and A. R. Olson, J. Amer. Chem. Soc., 63, 3408
(1941).

223).51. P, Bell and E. C. Baughan, Proc. Roy. Soc., A158, 464
1937).

(24) The mechanism assumed for the base-catalyzed decomposi-
tion of nitramide was firat proposed by Pedersen, Bee K. J. Peder-
sen, J. Chem. Phys., 38, 681 (1934). For further discussion of this
mechanism see A. Voipio, 4nn. Acad. Sci. Fennicae, Ser. A, No, 93
(1958); E. F. Caldin and J. Peacock, Trans, Faraday Soc., 51, 1217
(1958); R. P. Bell, Advan. Catal., 4, 151 (1852). The concentration of
HNN(OH)==0 in solution was estimated from the deviation of the
rate t for dec« sition of nitramide catalyzed by nitramide
anion from the other rate constants as plotted by Tong, ef al.3t
(See also ref 17.)

(26) Compare M. Eigen, Discussions Faraday Soc., 39, 7 (19685).
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Figure 4. AF* vs, AF°’ for reaction of cyclic ketones with
carboxylate anions and other bases: ©, reaction VI; &,
reaction VII.
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Figure 5. AF* vs. AF°’ for reaction of ketones with
OH- and SH- (reaction VIII).

Fi'gure 6. AF* v AF°’ for reaction of ethyl nitroacetate
with carboxylate anions and other bases (reaction IX).

coordinate the motion of bond 4 reverses itself and
eventually HA, is re-formed. The derivation of eq 1
(or really of eq 9) was based on a monotonic motion of
each bond, not on a reversal, and the relevant AF°’
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Figure 7. AF* vs. AF®’ for reaction of trimethoxybenzene
with carboxylate anions and other bases (reaction X).

Table I: Quadratic Free Energy Relation for Proton Transfers

Rangoe
of 4, N
Reao- koal/ keal/ Mean No. of
tion mol mol a points Ref
111 —-54 15.2 0.5 25 a
v -2-3 22 0.4 4 a
v —8.6-30.5 46 0.7 89 a b
V1 11-20 34 0.7 6 c
YII 7-10 58 0.8 4 d
VIII —-9-8 52 0.5 7 a, b
IX 0.2-10.3 52 0.5 8 ¢
X 8-32 56 0.6 7 7
X1 —-2-22 24 0.7 33 g h
XII ~2,6-18 56 0.55 48 1
XIII -21-3 88 0.45 33 j
a Reference 17. °® Reference 11. ° Reference 12. ¢ Refer-
ence 13. °Reference 15.  Reference 16. ° Reference 1.

AR. P. Bell and G. L. Wilson, Trans. Faraday Soc., 46, 407
(1950); R. P. Bell and A. F. Trotman-Dickenson, J. Chem. Soc.,
1288 (1949); L. K. J. Tong and A. R. Olson, J. Amer. Chem.
Soc., 68, 3406 (1941); R. P. Bell and E. C. Baughan, Proc. Roy.
Soc., Al58, 464 (1937); K. J. Pederson, J. Chem. Phys., 38,
681 (1934); A. Voipio, Ann. Acad. Sci. Fennicae, Ser. A, No, 92
(1958); E. F. Caldin and J. Peacock, Trans. Faraday Soc., 51,
1217 (1955); R. P. Bell, Advan. Catal,, 4, 131 (1052); see also
ref 17. ‘See ref 19; compare M. Eigen, Discussions Faraday
Soc., 39, 7 (1985). 7 Reference 1b.

for use in eq 1 is that for some hypothetical process, one
in which reversal is absent. Equation 1 might then
represent the behavior reasonably well except when
reversal occurs before the barrier maximum is reached
along the reaction coordinate. Accordingly, the
effective AF°’ is again unknown to an additive
constant. Related remarks apply to reaction XIII.»
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Figure 8. AF* vs. AF®/ for base-catalyzed decomposition of
nitramide (reaction XI).

Figure 9. AF* vs. AF°’ for base-catalyzed dehydration
of acetaldehyde (reaction XII).

Thus in the case of reactions XI-XIII we shall
write
AF° = FRTIn K, + B (7

where the minus sign applies when ¢ = 1, the plus sign
when ¢ = 2, and B is a constant chosen to give the best
fit in each case (Figures 8-10). For reactions XI-
XIII, B = 20 & 5, —4 = 4, and 1 = 4 keal mol—},
respectively,® and A = 6 % 3, 14 % 2, and 22 = 2 keal
mol !, respectively,

(¢c) Gas-Phase Alom Transfers. TFive gas-phase
atom transfer reactions are also considered?3®.37-3

CH, + RH— CH, + R (xXv)
Na + RCl —> NaCl + R (XVI)
CF; + RH — CFH + R (XVII)

RH + Cl— R + HCI (XVIII)

4253

RH + Br— R + HBr X1X)

Equation 4 was used for reactions XV-XIX. The
results are given in Table IT and Figures 11-13.b.27-32

(d) Kinetic Isolope Effect. In Figure 14 kinetic
isotope effect data (for proton transfer from ketones to
bases) are compared with eq 6.3

e

20

L [l 1 1
-20 -15 -10 -8 4] L]

A

Figure 10. AF* vs. AF°/ for acid-catalyzed mutarotation of
glucose (reaction XIII).

1 1 1 1 1 1
=30 -28 <20 <15 -0 -5 ° 5
AE

Figure 11. E, vs. AE® for gas-phase hydrogen atom
extraction from saturated hydrocarbons by methyl
(0, reaction XV) and chlorine abstraction from alkyl
chlorides by sodium atoms (&, reaction XVI).

(26) In Figure 8, the actual B used was 19.6 kcal mol~3,

(27) R. E. Dodd, J. Chem, Phys., 26, 1363 (19567).

(28) H. Carmichael and H. B, Johnston, tbid., 41, 1075 (1964).
g’g&ag-l B. Johnston and C, Parr, J. Amer. Chem. Soc., 88, 2544
(30) G. C. Fettis, J. H. Knox, and A. F. Trotman-Dickenson, Can. J.
Chem., 38, 1648 (1880).

833521){ 8. Johnston and P. Goldfinger, J. Chem. Phys., 37, 700

(32) In reactions XV-XIX the eubstituents are the following:
(XV) RH: CH,, C3Hi, CsHs, CiHio, +-CiHio, (CH)(C; (XVI) RH:
CHiCl, CHiCl;, CHCL, CCl, CsH:Cl, CHCl, ¢-CiHCl; (XVII)
RH: CH, CHD,, C:H,, CH,, CHiw, CCLH; (XVIII) RH: CH,,
CiHy, various H's in C3Hy and CHi, CH,Cl, CH,Cly, CHCL; (XIX)
RH: CH,, CsH,, various H's in CiHs and CHio.

Volume 78, Number 1€ November 1968
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Table I
Range
of AE®, AR,
keal/ koal/ Mean No. of
Reastion mol mol « points  Ref
XV 0to —14 52 0.45 [} a
XVI —29to14.4 68 0.4 7 b
XVII -14 to =2 44 0.45 7 [
XVvinl -13t0 10 24 ~Q.5 12 d
@ Reference 27. ° Reference 3b. ¢ Reference 28. ¢ Refer-
ences 28-31.
)
$10 E
Ls
/| 1 L
-8 -l s )
AE
Figure 12. E, va. AE® for gas-phase hydrogen atom
abstraction from eaturated hydrocarbons by CF;
(reaction XVII).
E,
. o
° ' ] L Lo
=) =10 =5 5 10 15 20
AE’®

Figure 13. E, vs. AE° for gas-phase hydrogen atom abstraction
from saturated hydrocarbons by Cl (lower curve, reaction
XVIII) or by Br (upper curve, reaction XIX). The filled
circles refer to abstraction from chlorinated hydrocarbons

by Cl.

Discussion

According to eq 1 (or to its counterpart for E,), the
sign of & — /4 depends only on that of AF°/ (or, in the
other case, AE®). In all cases in Figures 1-13 and
Tebles I and II the sign is seen to be that expected
from that equation. (In the case of reactions XI-
XIII the agreement was forced by choice of the unknown
constant Bineq7.) Except for reaction XIX perhaps,
the data are consistent with eq 1 or its counterpart.
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0 03 0.8 oz 08 05
1-4 (a-05*

Figure 14. Kinetic isotope effect for proton transfer from
ketones, compared with eq 6 (——).

When the data are sufficiently close to AF°’ = 0 to
permit A (or AE) to be evaluated, the Brgnsted slope o
can be predicted from eq 5. In other cases, eq 1 can
be regarded simply as a one-parameter equation, which
compares in accuracy with the usual two-parameter
equations in the literature. There is no assurance that
A should be constant for a reaction series in Figures
1-13, but the fit suggests that this one-parameter
equation (1) suffices thus far. However, additional
data could force a different view.

From the results in Tables I and II a series of intrinsic
barriers is obtained, as in Tables ITI and IV. For some
of the A; entries in Table III only representative com-
pounds are given. The values in parentheses in Table
III are not as certain as the others, since they depend
on the use of the quantity B. The present analysis
must be regarded es conjectural though supported by
the approximate arguments in ref 7. If the analysis is
valid, these intrinsic barriers become fundamental
quantities in kinetics. They are also expected to obey
an additivity property (eq 8) which can be tested,
directly or indirectly, when sufficient data become
available.

Me = Vi(Aa + M) (8)

where Ay refers to the cross-reaction XX and A\ to the
exchange reaction XXI.

AB 4+ Ay —> Al + BA;
A(B + A(—" A4 + BA(

Xx)
(XXI)

Additivity might be expected to hold best if neither
Ai/4 mor A\/4 is near zero. An example where one
My i8 near zero is the Aci/4 in Table I, ref 7. If the
N's were additive, the minimum value for Ag/4 in the
first row of Table IV of the present paper would be
6.5 kcal/mol, as seen from the fourth row; the actual
value is 4 keal/mol.

(33) R. P, Bell and D. M. Goodall, Discussions Faraday Soc., 39,
16 (1665). This paper also contains more extensive listings of
kinetic isotope effect vs. pKa such as that for nitro compounds and
ketones. Figures 3 and 6, however, indicate that A for NO: com-
pounds is larger than for ketones, so that these data are not included.



O~ THE SLoPE oF FREE ENERGY PLOTS IN CBEMICAL KINETICS

Table III: Intrinsic Barriers for Proton
Transfer in Solution, 2/4

r/4,
koal/  Reao-
A~ As~ mol tion
RNH, RCO,-, CH0~ 4 111
RR'R”N HO(CH,).S~ 5.5 1V
NO,NH- RCO,-, OH_, RNH, 6) XI
(CH,)COC-CO:Et RCO,~ 8.6 VI
—_
CH,COC-RR’ ROO,', CQH}O- 11.5 v
CH,COC-RR’ OH-, SH~ 13 VIII
NO,CH -CO;Et RCO,~ 13 X
(CHO)%CeH, RCO,-, OH-, H,0 14 X
(EH:)ACOJC‘CO:E& RCO,~ 14.5 VII
CH,CH(OH); + H,0 RCO;-, OH-, (14) XII
CH,0-

Glucose + H,0 RCO;~, OH-, HyO (22) XIII

Table IV: Intrinsic Barriers for Gaseous Atom Tranafers, Ag/4

AB/4,
keal/
Al B As mol Reaotion
CHuutr H o) 4 XIX
H, H Br 6 XVIII
C.Huti H CF, 11 XVvII
Cquu-H H CH: 13 XV
C.Hnt1=mClm Cl Na 17 XVI

The point for HyO has always been a well-known
anomalous point in Brgnsted plots. At first sight the
anomaly, in the present terms, can either be ascribed
to a difference Aoxr~ — Arco,- Or to & possibility that the
effective AF°’ for use in eq 1 is not that calculated from
the usual acidity of water. The former possibility
can be eliminated,? but further mechanistic analysis is
needed to see if the latter one is appropriate.

According to a bond energy-bond order equation, the
A for a reaction depends not only on the bond strengths
but also on how rapidly the bond energies vary with
bond order. Since the bond in HCI is stronger than
that in HBr, the second of these two factors might be
involved to account for the inversion of N's in the first
two rows of Table IV.

An example of how conjugation changes could affect
a A isseen as follows, Consider some exchange reaction
of a para-substituted triphenylmethyl cation.3

x—@—é( + Y—>—©— —
x~O—&r + ¥O)x

(XX0a)

If, for some substituent X, the cationic charge is
centered instead on X, we have

4255

‘§-=<:>—c< + Y—}—@—X —_
x—-@—é—y + ):i (XXTIb)

The bond reorganization is greater in the second
reaction than in the first, and so the latter should have
a larger barrier, A\/4. Such M\ differences would not
disturb correlations involving equilibrium properties.*
An Alternative Equation

In the present paper the analysis of the various
results is based on eq 1. In ref 7 an alternative
relation was also derived from simple bond energy-bond
order arguments. Instead of eq 1 one obtains¥
AF*/AF* = 1 4+ V/ux +

(In cosh (Y/2z In 2)]/(In 2) (9)

where z is AF°//AF,* and AFg* is the value of AF* at
AF°’ = 0. At moderate to low 2, this equation
reduces to eq 1.7 From eq 9 one obtains eq 10 instead
ofeq 5.8

a = /31 4+ tanh (/2 In 2)) (10)
which again reduces to eq 5 at moderate to low =z.
Instead of eq 6 one finds

In (ba/ko) & B2 {1~ (o = Y +

[In cosh (/5 In 2)/In 2]} (11)

where « is given by eq 10. In ref 7, modifications of

-eq 1 and 5 were considered for the case where steric

and work terms are included; we omit further dis-
cussion of that aspect.

A comparison of eq 1 and 9 is given in Figure 15. A
comparison of the quantity which multiplies (\gy —
Ap)/4RT in eq 6 and 11 is given in Figure 16. (The
quantity is DAF*/dAF,*.) The two sets of equations
are seen to be fairly similar. Related remarks apply
to a comparison of eq 5 and 10 for a.” Evidently the
apparent tendency for points at the higher (« — 1/,)?

(34) Except for the mutarotation of glucose, the rates when OH-
is a base are low, (See reaction XI and also the differences of \'s
of reactions V and VII1.) The rates are high when HO is an acid
(reactions X and XII). Only if the rates were low (or high) in both
cases could the anomaly be assigned to a A difference. Thus the A
given in Tables I and III for reaction VIII is only an apparent A.
(35) We are indebted to R. W. Taft for his very helpful remarks
and for calling our attention to this reaction,

(36) These remarks wore originally prompted by some results on
hydrolysis of substituted triphenylmethyl cations by R. A. Diffen-
bach, K. Bano, and R. W. Taft, J. Amer. Chem. Soc., 88, 4747 (1966),
but the current experimental picture is somewhat uncertain (R. W.
Taft, private communication).

(87) Bee R, A, Marcus, J. Phys. Chem. 72, 801 (1868), eq 20. The
analog of eq 20 there is written here in terms of fres energies, for cone
venlence of comparison.

(38) R. A. Marcus, ref 37, eq 35.
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Figure 15. AF*/AF* va. AF°'/AF,* for
eq 1 (—)and 9 (---).

to fall below the theoretical line in Figure 14 would not
be reduced if eq 11 were used instead of eq 8.

Another application of eq 1 or 9 is to the calculation
of the rate constants of cross-reactions (XX) from those
of exchange reactions (XXI).?* Extensive application
has been made to inorganic electron transfers® and
to several atom transfers in inorganic redox reactions. !

Concluding Remarks

The free energy plots considered above are consistent
with eq 1 and 5 and lead to a table of intrinsic barriers,
barriers freed from AF° contributions,

There are several precautionary notes to be con-
sidered, two of which have been mentioned already.

(1) Variation in a substituent causes variations in
AF®’ but could also cause variationsin A. An example
is the change in conjugation mentioned in an earlier
gection. The ultimate test for variation in A would be
measurement of the effect of substituents (e.g., in
A;) on the AF* for the exchange reaction XXI, \y/4.
A variation in )\, unless corrected, leads to a misleading
Brgnsted slope, a.

(2) The additivity relation given by eq 8 is not yet
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Figure 16. dAF*/dAF® vs. & for eq 6 (——) and 11 (--+).
(OAF*/DAF,* is the coeflicient of (\r = Ap)/4RT in
those equations.)

established for atom or proton transfers, and indeed is
dubious when one of the Ay’s vanishes.

(3) Equation 1 was derived for a reaction step whose
potential energy function along the reaction coordinate
possessed a single maximum. When there are several
successive maxima and when the AF* and AF°
associated with any one maximum can be isolated (in
theory or practice), eq 1 and 5 refer only to this isolated
or isolable step.
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