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B it R i TN VY WP VR TN LIEER WERL W AL A A A &

(1) Title changed from "Concerted Displacement Reactions," Fuper X,

C. G. Swain und C, B, Scott, This Journ:l, 75, 141 (1953). This work was ‘
surported by the Office of Naval Research (Mésely und Bown) and the ationsl
Socience Foundation (allen ~.nd Dittmer),

By C. Gexdner Swain, Robert B, iwsely, lelos &, Bown,

Inka sllen and Donald C, Dittmer

This paper discusses and comparss quantitative correlations of
rates which are in the form of linear fres-energy relutionships, Two new
correlations of rates of solvolysis are proposed, 4 common measure of
goodnegs of fit is prorosed, :nd colculated for typical applications of
the Bronsted catalysis law, the Hmmnett equation, the Grunwald-Winstein
equation, and our new correlations.

Many of the guantitative correlaticns of the effect of structure
on the re.ctivity of orgunic compsunds are effectively linear free-energy
relutionships, becaiuse they are linear equations involving logarithms of rate
const.nts (k) or equilidbrium constants (K) or both, and these logarithms in

turn are linear functions of the corrasponding free energiea.2

(2) L. P, Hammett, YPhysical Organic Chemistry," icGraw Hill Bock Co., Ine.,
New Tork, N. Y., 1940, Chap, VII,

AF* 2T\
logk=®s o= ez _ + 1o =
2,303 BL. g(\mx_/
Q
log K= - z
2.303 BRI,

The fields of application and limitations of the most important ones are

summarized dbriefly below,
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The Bronsted Cutalysis Law,— The first linear free-energy
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relationship was the Bronsted catalysis law,3 which correlates the rate
i

(3) J. N, Bronsted and . a. Guggenheim, J, Am, Chem, Soc., 49, 2554
(1927); J. N. Brlnsted, Chem, Rev., 5, 312 (1928); L, P. Hemmett, loec, cit.,
Pp.22-228,

of & base- or an acid-catalyzed reaction with the strength of the cutalyzing
base or acid, It has the form

logk=p8 logX+C (1)
where log is the decimal logarithm, k is the rate constunt with any dase
(or acid) in any medium at any temperature, K is the basic (or acidic)
ionization constant of the base (or acid), usually taken in water at 25°,
and B and C are constants characteristic of the type of reuction (reactants,
medium and temperature)., Values of B most commonly range from 0.3 to 0.9.

The Bronsted law implies tiat the free energy of uctivation of a
base- or an acid-catalyzed reaction is only a fraction of the free energy of
ionizaticn of the base or acid, It is possible that 3 measures the fraction
of completion of the proton trunsfer at the trunsition stu.e,

For a given reaction the tost values cf B und C for carboxylate
anione (determined by the method of least squares) may be slightly different
than the best valuez for phenolate ions or amines, and hydroxide ion and
voter may also show significant deviations. .1l these deviutions are emallor
if one correlates the rates in one reaction (e.g., mutarotation of glucose)
vith the rates in a similar reaction (e.g., enolization of acetone or

decomposition of nitremide) for the same bases.b

(4) H, L, Pfluger, J, Am, Chem, Soc., 60, 1513 (1938).

log kyy = Ylog_lg'B +c’

Thg.Hammqyp‘Eggeygpq,- The next linear rec-energy relationship to

be tested was the Hammett oqnation5
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(5) L., P, Hammett%, loc, cit., pp. 184-198; Chem, Rev.. 17, 125 (1935);
Trans, Faraday Soc., ¥, 156 (1938). o

where k is either a rate or an equilibrium constant for a m~ or p-
substituted benzene derivative, k° is the corresponding constant fcr the
unsubstituted bengene derivative, g“ depends on only the substituent (0,00
for H) and E depends on only the reaction (reactants, medium, temperzture),
To determine O values, ﬁ was taken as + 1,000 for the ionization Constants
(K) of benzoic acids in water at 25°, Hemmett tabulated _q‘v::.luea for 43
substituents and B values for 52 reactilons. The substituent parameter (I~ )
is negative for electron donating substituents, positive for electron attract-
ing substituents. The m- g" value for a substituent is a rough measure of
its inductive effect, whorcas ite -~ ¢ valuo rcughly measures
the sum of its resonance and inductive effect,

The factors determining tkhe sign and magnitude of /3 have been

discussed recently.6 Usually £ is found to bs quite independent of the
“

(6) ©. G. Swain and W, P, Langsdorf, Jr., J, Am, Chem, Soc., 73, 2812
(1951); C. T, Hathaway, Ph,D, Thesis, ii.I1.T., July, 1953; C. G. Swain,
W. B, Stockmuyer and J. T. Clurke, J, am, Chem, Soc., 72, 5426 (195C).

substituent within the experimental error. However there are many reactions
of benzyl and benzoyl halides where a plot of log k v8, g has real positive
'curvature, and some plots even have minima, This cun be handled either dy
as3igning special values of___v_" for such reactione or ty considering/__) as a
function of the polarizability of the compound undergoing displacement, the

substituent, and its location (m- or p=-).

Tafy 7@ found a way to modily the Hammett equation to make it

(7} (a) R. W. Tatt, Jr., J._Am, Chem, Soe,, %, 2729, 3120 (1952); 4231
(1953); () G. K. Ingold, J. Chem. Seg., 1032 (1930),
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applicadble t ester formation and ester hydrolyeis of aliphutic and p-substituted
benzoi: esters by use of the equations

log (k/k°) = /;* g-* + E; for any ester formaticn or hydrolyeis

2.48 o* = log (gjgﬁ)B..log (g/gF)A for a standard ester hydrolysis

where (J-* is a measure of the polarity of a substituent R, E; is a measure of the
ateric effect of R in ROCOH or its estere, k and k° are rate ccnstants with any
substituent and with a standard substituent, and B and A refer to buse- and acid-
catalyzed reactions respectively, The fundamental assumption on which this
method for separating polar from steric effects rests is that the steric effects
are the same in buse- and ucid-catalyzed ester reactioms,

Polar substituent constants ( (g~ *) were tabulated for 34 aliphatic
substituents (R) dafining E?“ = 0 for R = CHy, and for 7 o-substituted phenyls
using o different scale where QT‘ = 0 for unsubstituted phenyl., Steric constants
(Eg) were tabulatsd for 39 aliphatic substituents and 8 o-substituted phenyls,

The rolar substituent constants ( g'*) 8o obtained proved to be linear
functions of (1) the free energy of iomization of the corresponding acids RCOOH,
(2) the frge energy of .ctivation of corresponding 3-alkylpyridines RCgH N with
methyl iodide or ¢f allktyl chloridas RC1l with sodium, and (3) certain physical
parameters such as dipole moments of RC1l and heats <f disscclation of amine
(BNH;) - trimethylboron addition ccmplexes, Thus any one of theses quantities
may be considered a direct measure of »clar effects under conditions where steric
and resonance factors are essentially constant,

.18
Jatfé pcinted out that tha change in log k caused by introducing a

/
(8) H. H, Jaffe, Science, 118, 246 (1953).

b or 5-substituent in a phenyl compound is generally equal within axperimental
error to the cnange in log k when a constant ortho (2-) substituent is also

present (resulting in 2, x-dieutstitution, with x = & or 5),
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Consequently,
/ k -Y / k ’Kx\
log . log /=3 = log
‘\ K° \ k° (k")
P T

Thus the kinetic energy or entropy terms which prevent correlation of the

effect of ortho substituents are effectively cancelled out by taking the

differencs cf logs since the troublesome terma are common to both of the logs.
The Grunwald-Winstein Correlation of Solvolyaia Rates .~ Grunwald

Gt e N ML A w fet A At s = ORI

and Winatein9 tested another linear free-energy relationshlp

(9) E, Grunwald and S, Vinstein, J Chem, Soc., 70, 846 (194%);
8. Winstein, E, Grunwald and H. W, Jones, ieid., 73, 3300 (1951),

log (k/k°) =m X (3)
where k is the first-order rate constant for solvolysis in any medium, k°
is the corresponding constant in 80% ethonol, m depends on only the compound
undergoing solvolysis, and Y depends on orly the solvent, To determine X
values, m was taken as + 1,00 for t-butyl chloride at 25°, This equaticn
then correlatos rates of hydrolysis, alcoholysis, acetolysis and formolysis
of tertiary aliphatioc halides, pinacolyl brosylate (@-methylneopentyl p-
tromobenzeneaulfonate), trans-2-bromocyclohexyl brosylate and several other
compounds very well, Compounds which correlate are classified as "limiting"
in mechaniem, The fit is poorer (unlesr different Y values are used or
unless acetone-water mixtures and carboxylic acids are excluded) for i-propyl
p-bromobenzenesulfonate and tenzhyd:yl chloride; and esrecially poor for
p-nitrobenzoyl chloride, n-butyl bromide and trityl fluoride (see last
section of measure of fit), The lack of correlation with trityl fluoride
which is relatively more senzitive to acidic solvents thar t-butyl chloride

gives a stabler ion, casts doubt on the clase’fication of i-butyl chloride

as "limiting,"
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An attempt was madelo to base one Y scale on trityl fluoride

(10) ©. G, Swain and R, B, iosely, J, Am, Chem, Soc., y 000 (1954); cf.
S. Winstein, E, Grunwald and H. W, Jcnes, itid., ZQL 2704 (1951).

(L,) and ansother on p~butyl dromide (Yp), end then to express any first-
order rate constant for a compound of intermediate structure as tke sum of
two first-order rate constents, as if there were two discrete mechanisms,

A and B,

k=k, + kj

log &, /&, ) =&, X, (32)

log (kp/kye) =mply (3b)

Sven though B, ard By are independently adjustable parumeters, this
completely falled to correlate the rates of t-tutyl chloride,

Although ¢this proves that t-butyl chloride is not reacting dy a
mixture c¢f mechanisme capable of being represented serarutely bty equations
3a and 3b, it does not exclude reacticn bty an interwediate or hybtrid
mechanism, and in fact the behavior sf t-butyl cihnloride is in every way
intermediate between that of n-butyl dbromide and trityl fluoride, One way
to see this is with plots of log k for n-butyl bromide and trityl fluoride
vs., Y values based on t-dutyl chloride, Aalthough at first glance they
appear to be scatter plote, closer inspection reveals that whereas for
n-butyl dromide the acidic solvents are slower than expected from the tehavior
of the alcohol-water mixtures they are faster than expacted dy about the
same fa~tor for trityl fluoride, The reverse is true for acetone-water
mixturee, In fact t-dutyl chloride is aporoximately halfwar Dbetween p-dutyl
bromide and trityl fluoride in behavior, which mekse it hard to bolieve that
its mechorism is "limiting’ in type,

4 further reason for concern with eguation 3 is the fact that its

application to mixed solvents is theoretically unmsound: 1f it held rigorouely
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for pure eolvents it would have to fail for ideal btinary sclvent mixtures
for all compounds for which mwas not equal to one, This followa because

cne slectrophilic componeant of a mixture should be relutively more important
than another by & varying factor (resulting in a different average Y for

the mixture), depending on the selectivity (m) of the substrate, The Y for
an ideal binary mixture of C and D in terms of the Y's and mole frastions

(x) for the pure components should. be

Y= 1_:010910 + x 1025 (1)
and thus should depend on m as well as on XC and XD' Therefore it mi:zht
seem preferable to measure Y values only for pure solvents, and use
equation 4 to calculate Y for mixtures, Unfortunately the binary mixtures

used in practice are 8o non-ideal that 4 does not adequately describe the

variation in rate with composition even for a single compcund.ll Consequently

(11) k. (Inka) allen, S.i, Thesis, ii,I,T.,, august, 1953,

the assumption of Grunwald and Winstein that Y of a btinary mixture is
independent of m in fact gives a much better fit (because it has more
experimentally determined parameters and hence more flexitility) than the
assunption of ideal bshavior embodied in equation &,

In this laboratory, we have focussd attention on the effect on
the rate of simple polar displacement reactions caused by chenging the
"nucleophilic? reagent or the "electrophilic" reagent., The following
section defines these terms and presents the physical picture on which our
correlations are based,

The Nature of Polur Displacement Reacticns,~ The commonest chemical

AN AA A A AL A AT AT AN R A A i b i A A
reaction for an uncharged substrate (S) appeurs to be a displacement
involving boih a nucleophilic reagent (N) and un electrophilic reagent (E)

attacking in, or prior to, the slowest step on the way to the products,

Just a@s there is no pure covalent bond and 4ll real bonds have a
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certain degree of ionic character, lilkewise nucleorhilic and ¢lscirophilic
attack will vary from largely covalent interactions to almost purely
electrostatic solvation, To avold the need for drawing an arbitrary dividing
line, we include all these tehuviors in our definition: a nucelophilic (or
electrophilic) reagent is an electron pair donor (or acceptor) with an

12

inherent tendency to form a partly covalent bond rapidly, We use the term

(12) Hote that this definition is nevertheless n.rrower than the one given
by C. K. Ingold (J, Chem, Soc., 1120 (1933); "Structure and Mechanism in
Orgenic Chemistry," Cornell Univ, Press, Ithaca, N, Y., 1953, p. 200) which
does not mention electron puirs, bonding, or rate, He grve ferro- und
ferri-cyanide ions as examples c¢f nucleophilic and electrophilic reagents
respectively,

basic (or acidic) to refer to equilibrium instead of rate.

Rate dats may be used to study the structure of the transition
state, If faster rates are obtained with tlie most polar solvating reagents,
the transitiorn state has more charge separition than the initial react:nts,
The effect of m- and p-substituents reveals whether bond muking or bond
breaking is the more complete at the transition state.6 The sige of the
isotope effect of g-hydrogens may indicate the magnitude of the positive

13

charge on a central carbon at the transition state,

(13) E. S, lewis and C, E, Boozevr, J, Am, Chem, Soc,, 74, 6306 (1952);
V. J. Shiner, Jr., ibid., 7%, 5285 (1952), 75, 2925 (1933).

Intermediates are harder to study than transition states, and are
rigorously estabtlicshed experimentally only under especially favcrable
circumstances, e.g., by successful competition exreriments in which (1)
the product but not the rate is drasticnlly changed by additicn of a
sufficiently nucleophilic reagent or (2) the rate but not the final percent
reaction is cut down significantly by adding a common product ion (the
"mass effect”) or (3) the substrate rearranges or racemizes ut a rate

comparable to its rate of solvolysis or rate ¢f over-all displucement by
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4
external nucleophilic reagents ("internal return").1

(14) V¥, 6. Young, S. Winstein and H, L. Geering, J, am, Chem, Soc., 73
1958 (1951); S. Winstein et al,’ ivid., 74, 1154, 2185. 2171, 5585 (1955).
[y

In rare cases an intermediute willi accumulute enough to be

-]
chle analytically., For exsmple 2becrpiion at Lo8s A dus Yo the

(27
o
(2 d
(4
2]
I3 d

carbonium ion intermediate rises for 55 seconds and then falls more slovily
in the reaction of 0,0022 M, %rig-p-methoxytrityl chloride with 0,28 M,

pyrrole in dry bdenzene at 25°.15 The maximmum concentration of carbonium ion

(15) L, B, Kaiser, Ph,D. Thesis, M.I.T.

is 3.4 x 107 }i assuming the same extinction coefficient for the carbonium
ion in bYenzene as in 1COw» sulfuric acid., Other examples of accumulating
intermediates are the cyclic immoniux ions in the reactions of tertilary

16
B-chloroothylamines (nitrogen mustards) in aqueous solution, which accumlate

(16) P. D, Bartlett, J. W, Davis, S. D. Ross and C, G, Swain, J, Am, Chem,
Soc., 69, 2971, 2977 (1947); 71, 1415 (1949).

enough 45 be titrated volumetrically (by dif{ference in A, 10z and NaOH titers,
or by rapid titration with NagS303) or tc be isoluted by precipitation as
ricrylsulfonates,

A unified view would hold that intermediztes of minor stability
are quite common, occurring even in the uncatalyzed hydrolysis of methyl
halides, so tkat there are only quantit.tive differences between methyl and
triphenylmethyl compounds, However, it is difficult to obtuin any evidence
for intermediatses which are close in structure to a tight transition stats,
i.e,, one with all bonds relatively highly covalent, Vhen the transition
stete 1s locse, 1.e,, when the bonds to the atom undergoing displacement are
more  ienlc in character a«nd longer, neighboring intermedlates are more

often detscted because such a sizeable activation energy may accompany furthsr
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bonding that other reactions m:y compete successfully for an intermediute,
It is o general rule that the greater the change in covialent bonding involved
in given step, the slower is its rate,

The Kinetlcs of Polar Dieplacement Reactions,-~ The total rate of
s WOV U, N W g

P O O OO

rsaction of an uncharged substrute S in solution mey often be approximated by

—aslars > 0] (8] 08 ()
(RO
13
where [Ni] and [EJ] represent the concentratiocns of free nucleophilic
reagents and electrophilic reagents (often less than the stoilchiometric
corcentrations becauae of assoclation or complexing). Then any particular
term in the rate expression (on the rigiat side of equaiion 1) is third order,
second order or first order depending on viaetier neither, either or each of
the reagents N and & involved in that term is in large excess (o.z., is the
golvent or part of the solvent), Usuully any particulur term cun be made to
predominate strongly over all others dy proprer cholce of concenirations and
other reaction conditions, and one generally tries to deslign experiments to

accomplish this when measuring a particular 3 whore this is nct possible,

ki
the more general summation must be used,
Equation 5 1s most obviously correct for concerted mechanisms,

l,e,, ones vhich may be represented by

IW

¥+ S+ 3 —uY Products
S.0

or by St

K+S +E __n_i_:>

slow

51 _eny speedy N 4+ § + B

st fasty products

Examples of these may include reaction of pyridine wish methyl bromide

catalyzed by phenol or mercuric ion in benzene eolution,l7 mtarotation of

(1?7) ©C. G, Swain and R. W, Bddy, J, am, Chem, Soc., 70, 2989 (1948),
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18
tetramethylglucose by pyridine and phenol in tenzens solution, enclization

(18) C. G, Swain and J, ¥, Brova, Jr., ibid., 7%, 2534, 2538, 2691 (19:2).

of acetone by acetate ion and acetic acid in water solution (taird-order

term),lg reaction of iodids icn with epichlorohydrin catalyzed by acetic

(19)H jipawson and ESpivey, J, Chem, Soe¢., 2180 (1930).

20
acid in water solution, and cleavage of organosilicon compounds in water

(20) C. G. Swain, J, sa, Chem, Soc., 74, 4108 (1952).

solut;:lon.zl

(21) F. P, Price, ibid., 69, 260C (1947).

Zquation 5 should also hold for mechonisms involving succegsive
attacke,
K
§+ 3 —> st
a5t

k
N+ 8! —~Too—> Products

N+S "‘—"—): )
or I S

S'+ B k > Precducts
slow

provided that the equilibrium constants (K) are small enough so that [S'] (¢
[S] under =1l the conditions used, Reactions such as methanolysis of trityl

chloride in benzene z;o.‘l.ut;:ion.‘?‘2 most reactions in water solution (e.g.

(22) C. 6. Swain, gbid,, 70,1119 (1948); 72, 279 (1950).

hydrelysis of halides or mutarotation of glucose), and decompcsition of

mesitoic acid in sulfuric acid (water required)“B probably involve either a

(23) V. li. Schubert, ibid., 71, 2639 (1949).
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concerted mechenism or successive wtionclis, but it is not yet certain which
in any nf these cases,

Equation 5, which contains the factor [N], may be in error for
decomposition of trioxeme or formic acid in sulfuric acid-water mixtures
or for any other renctions where log (rate)/[S] shews a lircar dependenco ca
Hammett 's acidity function, H,,

A Wwith a slope of 1,0, In such cases either (1) no nucleophilic reagent is
involved in the transition state or (2) the nucleorhilic reagent involved
ic one previously associated with the substrate in the ground state or (3)
the substrate discriminates very little among different nucleophilic
reagents, and the solvent (because of its higher concentration) is the only
species significantly involved in nucleophilic attack,

Equation 5 is expected to fail whenever such strong nucleophilic
or electrophilic rsagents are used that most of the substrate is complexed
in the ground state (i.e., [S] > [S], & > 1), or whenever § itself is
en anion or a cation, It will also fuil for four-center reactions (e.g.

Hy + 1),

§22}3§Ph1113 and §1923£222i512~20nstan§5f- When equation 5 applieg,
it 1s often useful to compare the observed rate constants, gad, hereafter
abbreviated simply as k, with the corresponding observed rate constant, k°,
for reaction with a standard nucleophilic reagent, N°, and a standard
electrophilic reagent, B°, using the same solvent, inert salts, pressure

and temperature. The quantity log (k/k°) is then proportional to the

difference in free energy of activation LOF* of two reactions

k
N+ 858 +3d —=—> Products

No+ § + &° -§;1€> Different products,
43 indicated above, 1t is not important for the comparison of raies whether
elther of these reactions symbolizes a conccrted mechanism or two successive
steps with an intermediate (S!) in low concentration, or some mixture of

these mechanisms, Clearly the difforence in free energy of activation is
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partly due to the change in N und partly due to the chunge in E, Therefore
for a stundard subetrate S° was may write
log (kfk ) =n+e

where n depends cn N only (equals 0,00 for N°) and e depende on E only
(equals 0,00 for E°),. Another substrate S may be more selective or less
selective among nucleophilic and electrophilic reagents than 5°, Hence for
eny other sutstrate

log (/k°) = s n+s'e (6)
where g measures its discrimination among nucleophilic reagents and 8!
measures its discrimination among eleotrophilic reagents., The constants
8 and g! both depend on S only, but are inderendent of one another except
that both equal 1.00 for S°, The term 8 p measures the difference in
nucleophilic driving force tetween the two reactions und g'e measures the
difference in electrorhilic driving force., The quantities 2.303 RT s8n
and 2,303 BT s'e huvewits of kecal,

Inherent in equation 6 is the assumption that the ratio of rates
with M and N° is independent of what electrophilic reagent is acting, and
that similarly the rolative reactivities of electrophilic reagents are
independent of N, Inherent also is the assumption that s and g! are true
constants, inderendent of the choice of nucleophilic or electrophilic
reagents,. These assumptions hove the maximum chince of being correct when
(1) equation 5 applies, (2) solvent, inert salts, temperature and pressure
are approximately consatnt in the experiments compared, (3) the displacements
compared are ail simple displacements on « single kind of atom (e.g,, &
saturated carbon atem), and (4) charged nuclecpailic and electrcphilic
reagonts {which are more likely to influence each cther's reactivity) are
excluded fror the comparisons.

Cnly cerctain coroliarles of equation 6 have teen tested thus for,

One of these arises whon the electropnilic resgent is held constant, as for
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example, when vater ia the solvent and acts &8 the only important electrophilic
reagent. Since one may then set & = 0,00 for B, = Hy0, equation 6 reduces to
log k/k° = 8n . (7)
Here k and k° are both second-order rate constants, This corollary was

24
tested using water, acatate ion, chloride ion, aniline, hydroxide ion,

(24) 0, G, Swain and C, B, Scott, ibid., 75, 141 (1953).

S ?
-

thiosulfate ion and other nucleophilic reagents as N, and esters, ethylene
oxides, and n\lkyl and acyl h.lides as S, In all these displucements on
carbon, one constant set of n values appeared to suffice, and each substrate
could be characteriged by a single g valve, 7

Although it was not possible to correlate displacemeats on hydrogen
with the same set of n vclues, a different set of n values correlated
displacements on hydrogen with one another, . satisfactory set for
displacements on hydrogen is n = log (53/530) where K, and K © are the basic
ionization constants of N and N° in water at 25°, This substitution reduces
equation 7 to the Bronsted catalysis law

log (k/k°) = B log (K;/K;°).
S5till another set of n values is needed to correlate displacements

2
in phosphorus 5 or displacements on tin, Our data {or displacements on an

(25) I, Dostrovsky and i, Halmann, J, Chem, Soc., 508 (1953).

unsaturated carbon atom (benzoyl chlorice) were extremely limited and it

is very likely that sulfur anions will also prove abnormally weak
nucleophilic resgents in displicements on unsaturated carbon, 4lso the

b scales will probably be different in uobsolute ethanol or other solvente than
in water, llowever, it is our hope that aftsr enough sets of p values are
collected, each working over a limited range of structure, i% may prova

possible to expreer any set as a linear combination of two more fundamental
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sets, with only one parameter (a relotive weighting factor for the two sets)
to allow for variations in the p scale (due to differences in charge,
eleatronegativity, rolarizability, «nd bond strength) from displucements
on d¢ne atem to dieplacesments on another, or from one solvent to another,

A Four-Parameter Correlation of Solovlyeis Rates,~ Equation 6 has

A A A e A s - i, o4 TR ¢ . et e e A+ P e A e . e e+ & 6

been applied more recently to correlating rates of solvolysis, Unliks the

(26) R, B, ligsely, Ph,D, Thesis, M,I,T., July, 1952; D, E, Bown, Fh,D,
Thesis, M,I,T,, April, 1953; abstracts of 13th 4.C.S, Organic Symposium,
Ann Arbor, michiggm, June 17, 1953, pp. 63-69.

previous applications, the solvent is not !zept constant in these cemparisons

of rates, TFor this reason we prefer to chanze the symbols to

log (k/x°) = ci da + €a da (8)
whers k, k° = first-order rate constcunts in any mediur und in the
standard medium
€1, &a = parameters characteristic of compound solvolyzing
(1,00 for )
di, 85 = parameters characteristic of medium

(0,00 for D°)

in order to avoid any implication that the solvent parameters are accurate
measures of nucleophilic and electrophilic reactivity of the solvent when
equation 6 is applied in this manner, A rossible approach to obtaining
true values of 8, n, 8! and ¢ would invelve diluting each of the solvents
with an inert low-dielectric medium so that the experimental log (k/k°)
values could be interpolated to a constant dielectric constant for use in
equation 6. Ve have not done this, but would axpect the parameters to
have much more obvious aad simple physical sigaificance 1{ such a correction
were made,

The results from applying equation 8 te kinetic data on solvolysis

2
are given in the next parer (¥II) of this series, 4 The fit is good even

C. G, Swain, R, B, Mosely and D, E, Bowm, J, A, Chem. Soc., 76, 00CO
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over the large range of etructural variation including benzoyl, methyl and
triphenylmethyl ccmpounds in water, alcohols, acetic acid and formic acid,
A Speclal Twe-Parameter Correlation of Solvo%ziia Rates,~ A

different approach to the correlation of rates of solvolysis is emtodied in

equation 9
log (k/k°), —log (k/k°),, =2l (9)

where k the rate constant for solvolysis in any solvent, k°is the same in a
standard solvent (80% ethanoi-20% water), A refers to any organic chloride
or bromide, A° to a stondard compound (methyl bromide), a is a constant
depending only on the compound, and b is a constant derending only oxn the

solvent.28'29 By ueing a quantity (log g[g°)A'-—log (g/gP)Ao) proportional

(28) ©C, G, Swainand D, C, Dittmer, idid., 75, 5627 (1953).

(2¢) D, C. Dittmer, Ph.D, Thesis, ¥,I,T,, September, 1953.

to a OLAF¥, all effects commor either te k and k© or to 4 and A° are
cancelled out, What is left is enly a factor a, which appears to be
derendent primarily on electron supply to the central carbon, and a factor
b, vhich appears to be derendent primarily on acidity of the solvent and
dielectric constant, This equation is limited to simple displecements of
similar leaving groups (e.g., chlorides, or chlorides and bromides) from
similar sites (e.g., carton atoms), lievertheless it is successful in
correlating solvolysis of compounds as diverse as i-butyl chloride, n-
butyl bromide and p-nitrobenzoyl chloride in solvents as diverse as
n-butylamine, metharol and anhydrous formic acid Thus its field of
application is much wider than that of equation 3 and comparable to that of
the four-parameter equaticn 8,

It 1s possible thai equaticn 9 approximutes
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whare AE; is the difference in potential energy betwaen ground state and
transition state in any solvent, 2nd superscript zeros indicate the same

E
for the standard solvent, This would be true if both AE: - AEz°,

»
where B is the zero-pcint vibrational energy, and 2,303 BRI log (QfQ°/QQ °),

vhere Q!s are partition functions, were the same fer any A under consideration
29,3

as for A°,

(30) L, P. Hammett, "Physical Crganic Chemistry," icGruw-Hill Book Co., Inc,,
New York, N, Y., 1940, p. 118,

31
This equation is discussed in more detail in puper XIII" of this

(31) C. &. Swain, D, C, Dittmer and L. 3, waiser, J, am, Chem, Soc., 76,
0000 (1954). e

series,

Au§g§§253~9f7Q29§32§3~g£ FE}.g In order to compare the goodness
of fit to the exrerimental data obtuined with different quantitative
correlations of rate or equilibrium constunts, it is convenient to have an
objective mezsure of fit which will be opplicable to them all, This measure
should consider not only the absolute errors in the calcul..tions but also
the runge of the data, since an avercze error of a fuctor of 1.1 is poor
if the observed data vary by only a factor of 1.2 yet an averuge error of
a foctor of 2 may te an excellent fit if the experimsntal data being
cerrelated vary more of less uniformly over a range cf lCi

A measure of fit which (1) is applicable to any correlation of

rate or equilidbrium cons.ants, (2) weights nll the errors and all the data

equally, and (3) is simple to applyis @(,Phi)

= (1 = g,) 100%

§ rxe
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vhers é_ (epsilon) is tne average deviation of observed from calculated
logarithms (a measure ¢f absclute error), and 6’ (theta) is the average
devietion of ovserved logurithme from their owun mean (g scale facter

indicating the range of the data).

b,
[[]

S
w2 (lweg —wea )
-‘E \' Oba. 0&10.

1 <Oy —n
g = — i log @ ~— —n- 1 )
- 2 /-i‘ ‘ “obs, a C_> P b gobl.

Here n is ths numter of points for which f can differ from zero and for
which q was observed, and q may be a rate constant (k), an equilibrium
constant (XK) or a ratio »f constants (e.g., lg/_lg_°, where k° is the value of
k undst specified stundard conditions), Values of @ extend from +100%
for perfect correlation ( € =o0) to small cr even n-c;gative values when
there is sericus scattcr., Values of (I) from 8C to 100% are designated
erbitrarily as "excellent," 50-80%, "g:)od.," 2C~-50%, "fair," and less than
20%, "poor,M .

A typleal £it> using the Brinsted catalysis law (1) is that for
the mutarotation of glucose by tinirteen carboxylate anicns in water solution
at 18°, where § = 0,36, € = C.C6 and @ = +77% (.= 13). This is a
"good" fit, and is plotted in iz, 1, i

A typleal fit using the Hammett equation 2 is that for the
alkaline hydrolysis of twelve m~ and p-substituted ethyl benzoates in 92y
athancl-8y, water by volume .t 30°, wiere /..J = 42,5, § = 0,06 and @ =
90% (n = 12), This it is excellont, and is shown in Fig. 2,

A typical fit, with our equation 7 based on methyl bromide (for
which 5 = 1,00) is that for various reactions of athyl p-tc luenesulfonate
ir 39 water-6ls dioxane at 50°, where g = 0,66, € = 0.15 and @ = 83,
(n = 4). -
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t-BuBr

80% EtOH

80% MeZCO

60% E+tOH

70% MeECO

m = 0.87

90% EtOH
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The Grunwald-i'instein equation 3 with solvent parameters based on

t-tutyl cialoride (for wnich m = 1.00) ives m = 0,87, €& = 0,06, é =
(Fig. 3); - =

925 (n = 7) for t-butyl bremidey m = 1,13, € =0.57, & = 4% (a=11)

e —

for benzhydryl chloride; m = C.47, € =0,90, D =1%{@ = 8) for trityl

fluoride; m = 0,03, f = 0,38, (}_, = 0% (n = 8) for p-butyl bremide; and
B=0,02, ¢ = L35, Cb = 0% (_1_1‘-= 8) for p-nitrobenzoyl chloride,

The four-para.z;eter equation 8 gives ¢, = 1,00, ¢y = 1.00, € =
0.25, & =855 (n 3 15) for t-butyl chloride; ¢, = 1,24, c3 = 1.25, € =

0.19, @ = 84% (n = 9) for benzhydryl chlorid.e;32 ¢y = 0.,37; cg = 1,12,

(32) The number of points (n) which equals the number of scivent
to test the equatinn is generully onn more for tue equation
vnd ¥instein than for equation 8 or equation 9 because with aguuti

least squares line was not compelled to run through G80p etuanol, tidls gives
equation 3 an additional point and slishtly hiher calculatsd \j; velues
than if it hud been treated similurly to equations 8 and 9, Befizhydryl
chaloride has only n = 9 for equation 8 becuuse the datum Ior ill% methanol
was not known to us when the Murk IV computatinn vas carried nut,

€ = 0,25, t,i) = 79 (a = 7) for trityl fincride; o = 0,80, c3 = 0,27,

< = 0,06, ¢ = 93 (n = 5) for mothyl bromide; ¢y = 0.77, cg = 0,34,

¢ = 0,05, ’f, = 8% (n = 7) for n~butyl bromide; c; = 0.81, cg = 0.52,

€ =0.23, .&,‘ = 72% (n = 12) for benzoyl chlcride; c3 = 1.36, c3 = C.66,

& = 0.1, ¢ = 91w (n = 9) for benzoyl fluoride; and c; = 1,09, ca5 =0,21,
€ =007, ¢ = 956 (n=7) for p-nitrobenzoyl chloride,

The

1]

pecial two-parameter equioti-n 9 bused nn metiyl dromide

{for which a = 0,0C} ¢ives a = 1,00, € = 0,05, ¢> = 96, (n = 14) for

t-butyl cnloride; & = C,78, & =0.35, 4 = 650 (n = 12) fsr benghydryl

WL

T
chloride; & = C.18, € = C.,16, (L = 35. (n = 11) for p-butyl bromide; a =

0.06, € = 0,25, gf. = 68,0 (n-=11) for bonz.yl chloride; & = 0,37, € =
~ = 850 (n = 6) for p-nitrsbenznyl chloride; g = -0.CH4, §'_ = 0,16,
. 5

{i = 5% (n = 7) for phenacyl btrimiue: and a = -C .42, g = 0,13, \j‘» =

465 (n = 7) for picryl chloride. Tucse fits are espucially remarkable
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considering that nme more parameters are being used than in equation 3, and

only half ae many as ir the four-parameter =quation 8,

Cambridge, Mussachusetts
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