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reaction site. Thus, the Taft aliphatic parameters have
required one atom of «insulation» between the substituent
and the reaction center, and they fail entirely when
applied to the alkyl moiety of an aliphatic ester (see
however ref. 11).

Our investigations into the basicities of certain alkano-
lamines?? directed our attention to the inadequacies of
present structure-reactivity correlations when we en-

countered difficulties in interpreting our data on the

basis of structural variations. The most successful prior
attempt toward such a correlation was that of Harr1®
based on the Taft o *-parameters. It leaves considerable
to be desired because of the limitations to those para-
meters already noted. Hence, we have performed an
extensive re-examination of relations between the struc-
tures of amines and the dissociation equilibria of their
acid conjugates in aqueous solutions which has led to
a straightforward separation of P- and S-contributions
to the acidity of a wide variety of ammonium-type ions.
Aryl substituents have been omitted for the present, to
avoid complexities arising from R-effects.

Separation of P- and S-Effects

The acidic dissociation constant of an ammonium-type
cation is considered to consist of a product of the polar
parameters, P; and steric factors, S; belonging to the
various N-substituents in the neutral amine. Thus, in
general,

7 (P,S) = K,, (1)
1

and the corresponding expressions for ammonium ion
and the primary, secondary and tertiary ammonium
ions respectively are
3 o3

PySy =K, , (La)
Alkylammonium: PgSiPrSy = K, , (1b)
Dialkylammonium: PySyPpSpPyr-Sg =K, , (le)
Trialkylammonium: PgSg Pg.Sg Pg-Sp- =K, 3 (1d)

Ammonium:

With respect to the steric factors, there can be no doubt
that, from the standpoint of spatial requirements, hydro-
gen, the smallest possible substituent, possesses the least
steric influence. Therefore, as a point of reference, it
seems reasonable to set Sy = 1. Larger substituents will
clearly impart a release of strain in the process of disso-
ciation of the tetrahedral ammonium-type ion to the
less crowed trigonal free amine molecule. Therefore, it is
expected that the various S will be greater than unity.

11 R.K.Stump, H.K.ZmMmMERMAN, A.A.ScHLEPPNIK and C.D.
GUTSCHE, Ann. Chem., in press.

12 3) H.WEIDMANN and H.K.ZIMMERMAN, Texas J. Sci. 11 (1959)
212,
b) G.N.CHremos and H.K.ZiMMERMAN, ibid. 467.
¢) G.N.CHremos, H.K.ZIMMERMANN, W. CANTRELL, R. B.MEYER
and E.H.ZagrscH, Z. physik. Chem. (N.F.) 35 (1962) 9.

13 H,K.HaLL, J. Amer. Chem. Soc. 79 (1957) 5411.
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Now prior experience® has shown that the steric influ-
ences of a particular type of substituent in a homo-sub-
stitued series of amines differ according to the degree
of substitution. Thus, for example, the steric influence
of two methyl groups in dimethylamine is greater than
that of two primary methyl groups, while the effect of
three methyl groups in trimethylamine is greater than
that of three primary methyl groups. Thus, although it is
tenable to regard the polar contributions, Py, tobe alike
in each member of such a series, it is generally accepted
that S¥* > S§° > S¥™. Heretofore, the relationship
among these steric factors has not been clear. However,
if one examines several series of homo-substituted amines,
it is observed that, to a very good approximation, the
effect of each tertiary S is the cube of the primary S§™™,
sec

while the effect of each secondary Sg° is the square of the
primary S&'™. Thus, one finds the following relations:

SE™ = Sk (2a)
Sx° =Sk (2b)
SEt = S§ (2c¢)

When the foregoing ideas are introduced into Equations
(la—d), together with the simplified notations that
p=-log P,x = -log$S, and pK = -log K, the general
expressions for the acidic dissociations become

3pu = PKa o (3a)
2pu + pr + %r = pK, (3b)
Pu+Pr + Pr + 2xg + 225 = pK, , (3¢)

PR + Pr- + pr- + 3xg + 3ag + 3xg- = pK, 3 (3d)

For use in calculating the pg and xg parameters from ex-
perimental data, Equations (3a — d) can be combined in
three ways not involving redundancy, namely (3a) with
(3b), (3a) with (3b) and (3¢), and (3a) with (3¢) and
(3d). These combinations lead to the following general
expressions:

2
PK, 1 — 3 PKa o = pr + %R (4a)

1

PKo o — Koy + 5 PKy o= pr + %r + 22 (4b)
1

PKn,3 - PKa,2 + ?PKa.O = PR~ + xR + xR’ + sxR” (40)

Their solution in order to determine individual substi-
tuent pr and xy values obviously requires a certain
amount of reduction in generality. Two cases have been
used in the present work, as follows:

Case ,R=R' =R":

The simplest case one can consider is that of a homo-
substituted group of amines, wherein Equations (4b)
and (4c) reduce to
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1
pKa,2 _PKa,l+?PKa,0:pR+3xR (Sa)

1
PKu,s _PKa,z + EPKa.o = pr + S%g (5b)

The combinations, (4a) and (5a), (5a) and (5b), and (4a)
and (5b) lead respectively to

1

R = Y (PKa, 2+ PKa, 0) —PKa,l (6a)
1

g = 5 (PKo 5 + PKo ) — Ko (6b)
1

wr = o (PKo 3 + PKo o — PK, —pK,,) (6¢)

by which xz may be obtained in three different ways.
If the mean value of x so determined is then introduced
into Equations (3b — d), taking account of the identies
of the substituents, the following three independent
expressions for calculating pg result.

2
Pr=pK, 1 — 5 pK, o — 2r (7a)
1 1
Pr = D (PKa,z Y PKa, 0) — 2xg (7b)

1
Pr = EPKa,a — 3xg (Te)

Case II, an'm — Rsec — Rmt — R;sec _ R;ler; — R”lm:

When one has available experimental data for a series
of amines, RNH,, RNHR’, RNR’,, as in the case of ethyl-
amine, ethyl-methylamine and ethyldimethylamine for
example, the resulting simplifications of (3¢) and (3d),
together with their combinations with each other and
with (3b), yield the following expressions for xg:

1
xg = pK, 3 — pK, s + 3 PK, o — pr — 42g (8a)
1 1
R = (PKa3s—pPK, ) + ?PI<a,0_pR’_ 3xg- (8D)
1
xp = pK, » —pK,; + 3 PK. o — pr — 22x (8c)
Again, the values of xy (which are now secondary values,
since they depend on a previous determination of pg. and
xg- by the methods of Case I) can be introduced into
Equations (3b —d), again taking account of existing
identities among substituents, to yield the following ex-

pressions which, together with Equations (7a) give the
value of pg.

1
pPr =PK, » — ?PKG,O —Pr —2xx — 225 (9a)

Pr =pPK, 3 —2pg — 6xp — 323 (9b)
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Case III,R=R # R":

A closely related case of some interest is that involving
R,NH and R,NR”, in which R is a symmetrical difunc-
tional substituent. An example of such a pair would be
ethyleneimine and N-methyl ethyleneimine. In this case,
application of Equations (3a), (3¢) and (3d), with due
regard for identities of substituent, R, leads to the ex-
pression,

1 1
i (pK,,s — PK, 2 + ?PKa,o — pr- — 3xg-) (10)

Introduction of the resulting xg-value into Equation
(3d) produces the following expression which, together
with Equation (7b) can be used to determine pg:

1 1
Pr = —Z‘PKa.s ) (pg- + 3xg-) — 32z (11)

Derived Parameters

Table1 lists the polar and steric parameters which have
been deduced from experimental data according to the
procedures outlined above. In the cases of the ammonium
ion and the cations of the primary and secondary amines,
the experimental data have been subjected to statistical
corrections to account for the fact that, in these instances,
the acidic dissociation measured by the dissociation con-
stant can occur in more than one way. In the cases where
three amines were available for analysis, it has been
possible to check the precision (i. e., internal consistency)
of the p- and x-values determined. When only two
amines were available, only one equation for the x-para-
meter and two for the p-parameter could be used, with a
resulting loss in the confidence which can be attached
to the values listed.

When one examines the polar parameters, they appear
in a general way to follow the familiar polarity sequence
well known to organic chemists, i.e. alkyl groups tend
to diminish the acidity as compared to the effect of a
proton, while electron-withdrawing groups appear to
enhance acidity. However, closer examination reveals
that an exact parallelism between these parameters and
other so-called polar substituent constants does not
occur.

The absence of such a 1-1 correspondence is probably
a result of the reflection, in the conventional substituent
«constants» of an element traceable to the concurrent
steric influence of the various substituents. As the results
in Table 1 show, this steric effect reveals numerous un-
anticipated anomalied when judged in terms of earlier
work. Thus, although the shift of x on going from methyl
to ethyl to isopropyl to tertiary butyl substituents is in
the expected direction, increasing chain length in a
straight-chain substituent produces a minimum in x
before becoming approximately constant forlong chains.
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in most cases, and often much more closely. The devia-
tions observed can, in many cases (e.g. the diethano-
lamine derivatives for which we have personal know-
ledge of the accuracy of the experimental data) be
attributed to moderate errors in the experimental quan-
tities used both in the comparison and in determining
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the parameters employed. On this basis one can conclude
that the agreement observed is very good. It offers reason
to believe that one can, in the cases for which substituent
parameters are available, calculate with relatively good
accuracy the protolytic equilibrium constant for any
secondary or tertiary hetero-substituted amine.





