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Abstract:

Relative gas-phase basicities of some aliphatic amines have been determined by ion cyclotron resonance

spectroscopy. The orders are rert-butylamine > neopentylamine > isopropylamine > n-propylamine > ethyl-
amine > methylamine > ammonia; diethylamine > dimethylamine; triethylamine > trimethylamine; trimethyl-
amine > dimethylamine > methylamine; triethylamine > diethylamine > ethylamine; trimethylamine > rert-

butylamine; dimethylamine =

isopropylamine; and trimethylamine =~ diethylamine.

It is concluded that in-

creasing alkyl substitution increases basicity if similar substituents are compared, that increasing alkyl group
size increases basicity, and that increasing degree of substitution lowers the N-H bond dissociation energy in

ammonium ions.

In connection with our recent work on gas-phase
acidities,®? particularly amine acidities, we have
undertaken a complementary study of relative gas-phase
basicities of aliphatic amines, eq 1. The purpose of this

RiR:R;N + H* —> RR,R;NH* (¢))

work was to continue our studies of simple ionic reac-
tions in the gas phase in order to explore intrinsic
effects of structure and effects of solvation on reactivity.
The substantial body of evidence which has been ac-
cumulated on gas-phase negative ion reactions has given
rise to hypotheses which can effectively be tested by ex-
amination of positive ion reactions, In particular,
models for alkyl group effects’®?® can be evaluated by
examining similarities and differences in positive and
negative systems. Furthermore, amine basicities mea-
sured in solution have resulted in a great deal of con-
fusion about intrinsic molecular properties, and only
recently has any clarification been made.”®* Thus, in-
trinsic basicities of amines constitute an area of consid-
erable interest and importance.

In this paper we report on the relative gas-phase
basicities of a variety of primary, secondary, and ter-
tiary aliphatic amines. The results deal with the depen-
dence of basicity on degree of substitution, the effect of
alkyl group size on basicity, and the effect of degree of
substitution on N-H bond dissociation energy in am-
monium ions. The method used, as previously, is to
probe the preferred direction of proton transfer in reac-
tions (eq 2) by ion cyclotron resonance (icr) and double
resonance spectroscopy. The preferred direction of
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transfer is then related to relative basicity, in direct
analogy to previous work.

RiR:R;NH* + R:R;RsN === R;R.R;N + R:R;R(NH* (2)

Experimental Section

The instrumentation and materials were those described pre-
viously.? Reactions were studied at a total pressure of ca. 107¢
Torr and an electron energy of 15 eV. In these experiments, pro-
tonated amines were formed from proton transfer reactions of the
parent molecular ions or fragment ions with the neutral amines.

Results

Ammonium ions were generated in mixtures of
amines by proton transfer from molecular ions and
fragment ions. Occurrence and nonoccurrence of
proton transfer reactions were determined by observa-
tion of double resonance signals.’d®* The results of a
series of experiments are summarized in Table I. These
data provide evidence for the following orders of rela-
tive proton affinities; we take these to be more or less
equivalent to the intrinsic relative basicities:® primary
amines, tert-butylamine > neopentylamine > isopro-
pylamine > n-propylamine > ethylamine > methyl-
amine > ammonia; secondary amines, diethylamine >
dimethylamine; tertiary amines, triethylamine > tri-
methylamine; degree of substitution, trimethylamine >
dimethylamine > methylamine > ammonia; and tri-
ethylamine > diethylamine > ethylamine; miscella-
neous, trimethylamine > rert-butylamine; dimethyl-
amine =~ isopropylamine; trimethylamine =~ diethyl-
amine. Some of the above pairs were determined in-
directly from reactions with a third amine; for example,
n-propylamine and isopropylamine with dimethylamine.

If the ammonium ions studied in these experiments
were excited, then the ordering found might be in-
correct. However, the formation of these ions by
secondary reactions and their internally consistent be-
havior give some confidence in the order. In par-
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Table I. Double Resonance Results for Forward (F) and Reverse (R) Proton Transfer Reactions®
No. Reaction 13 R)
1 NH;* + CH;NH. = NH; + CH;NH;*t (=) (+)
2 CH;NH;* + C:HsNH; = CH;NH; + C.,H:;NH;* (=) )
3 CzH{,NH3+ —+ I1-C3H7NH2 = CszNHz + n-C3H7NH3+ (—) (+)
4 CszNH3+ + i-C3H7NH2 = CzH:,NHz + i-C3H7NH3+ (—) (0)
5 n-C;H,NH;+ + rert-CisHoNH, = n-C;H;NH, + tert-C;H,NH;* (=) (+)
6 i~-C;H;NH;;+ + tert-CsHoNH, = i-C3H;NH; + tert-C;HoNH;* (=) (+)
7 (CH;);CCH:NH;* + tert-CiH,NH, = (CH,;);CCH,NH; + rer-C;H,NH,;* (=) (+)
8 i-CsH:NH;* + (CH3),CCH:NH; = /~C;H;NH; + (CH;);CCH:NH,* (=) (+)
9 CH;NH;* + (CH;):.NH = CH;NH, + (CH;),NH,* (=) +)
10 CszNH3+ -+ (CzHc)zNH = CzH:,NHz + (CzH:,)zNH2+ (—) (+)
11 (CHy):NH,* + (CH;);N = (CHy):NH + (CH3);NH* (=) (-+)
12 (CgH:,)zNH2+ + (CzH(,)aN = (CzHa)zNH + (Csz)aNH+ (=) (+)
13 n-CaH7NHa+ -+ (CHa)zNH = n-CaH7NH2 + (CHa)zNH2+ (—) (+)
14 (CH):NH;* + i-C;H;NH; = (CHy):NH + i-C;H;NH;* (=) (=)
15 lerl-C4HgNHa+ + (CHa)aN = tert-C4HgNH2 —+ (CHa)aNH+ (—) (-+—)
16 (CH;);NH* + (C:H;):NH = (CH;3):N + (C;H:);NH,* (=) (=)

o The sign of the double resonance signal is given.

generally associated with endothermic reactions.

A negative sign (—) means that the product ion concentration diminished when the
reactant was irradiated. A negative sign (—)is generally associated with an exothermic or thermoneutral reaction.

A positive sign () is

A zero (0) indicates that the reaction was investigated but no signal change was observed.

In conjunction with a forward (—) this suggests that the reverse reaction was not proceeding measurably.

ticular, pairwise comparisons do not give rise to in-
consistencies (e.g., A > B > C < A), and almost all of
the reactions studied gave definitive results.

Discussion

Amine basicity orders have long been a source of con-
siderable confusion.”® No simple explanation was
able to accommodate the solution basicity order of tri-
methylamine < dimethylamine > methylamine. Both
molecular properties and solvent effects have been in-
voked to explain the observation that the sequence of
base strengths often does not fall in the usual inductive
order. Calculations suggested that ‘“B-strain’ * was
likely to be too small to account for the effect.’® Steric
hindrance to solvation has been invoked as an explana-
tion,®! as has the influence of the number of N-H
bonds available for hydrogen bonding.®# The problem
of primary vs. secondary vs. tertiary amines was settled
by Munson,* who showed that the relative order of gas-
phase basicities was Me;N > Me;:NH > MeNH, >
NH..

We had previously®® confirmed this result, and in this
paper report also the order Et;N > Et;NH > EtNHo,.
The result is important in that it confirms the generality
of the intrinsic order tertiary > secondary > primary
where amines with the same substituent groups are
compared. Interestingly, the aqueous solution or-
dering of the ethylamines is also anomalous,?® suggesting
that the reversal between gas and solution is itself con-
sistent. As the anomaly appears to be associated with
a solution effect, steric hindrance to solvation or number
of available hydrogen bonds appear to be the most
economical explanations. We believe that these or-
derings should put to rest any doubts regarding relative
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intrinsic basicities. The basicities toward acids other
than H* may, of course, appear in different order due to
other effects such as ‘‘F-strain.””®* Also, when a
Lewis acid is used, the resulting salt is formally neutral,
and the effects of substitution in charge stabilization
may be less pronounced.

The data clearly indicate that as the size of the alkyl
group increases, amines become more basic. This is
true for the primary series fert-butylamine > isopropyl-
amine > ethylamine >methylamine; the secondary
series diethylamine > dimethylamine; and the tertiary
series triethylamine > trimethylamine. This trend has
also been observed in the basicities of the methyl and
ethyl alcohols and ethers.*

There are a number of possible sources for the sta-
bilizing effects of the alkyl groups. Probably the most
obvious of these is the inductive (or dipole type) effect.
For many years this explanation has found considerable
favor. However, our observation that alkyl groups en-
hance acidity®® 4 as well as basicity preclude this effect
as the major source of stabilization. (This is not to say
that there may not be dipole type stabilization, but it
cannot be too large.)

Another source of alkyl group stabilization involves
rehybridization energy. For example, alkyl groups
stabilize olefins relative to alkanes, and can stabilize
both positively and negatively charged systems if bonded
to a center which is sp? in the neutral and becomes sp*
in the ion.® As amines are pyramidal and ammonium
ions are more or less tetrahedral, it is doubtful if effects
such as this are important in amine basicities.

Finally, a major source of charge stabilization is the
charge-induced dipole, or polarizability, effect. This
explanation accounts for essentially all of the observa-
tions. Because the stabilization is independent of the
sign of the charge, one expects stabilization in both
positively and negatively charged ions, eq 3, where
U(r)is the stabilization energy of a charge-induced dipole,
« is the polarizability, g is the charge, ¢ is the dielectric
constant, and r is the distance.!! Further, one expects
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that stabilization should increase as the polarizability of

|l ag?
U = = 3~ 3)
the substituent increases, and as the polarizability de-
pends on the number of atoms, bonds, etc., it increases
as alkyl size increases. The order isopropylamine > n-
propylamine is consistent with this picture, since iso-
propyl would lower the energy more owing to the
greater proximity of atoms to the charge. The relative
order of fert-butylamine and neopentylamine indicate,
as expected, that at about this size all alkyl groups have
approximately the same effect. Overall orders such as
this have been observed in our acidity studies also.?9
Thus, it is clear that polarizability stabilization by alkyl
groups is of substantial importance in simple, aliphatic,
saturated, ionic systems. These effects are likely to be
fairly small, and given the extremely high heats of solu-
tion of ions, may well be swamped out in solution ionic
equilibria. Thus, attempts to interpret solution acidi-
ties or basicities of saturated aliphatic systems in terms
of intrinsic isolated molecule properties are likely to be
unsuccessful.

Examination of the data suggests that another factor
may be important in determining amine basicities.
The relations Me,NH =~ i-PrNH; and Me;N = Et.NH
show that it is possible for a large alkyl group to com-
pensate for increasing degree of substitution. Thus, the
order tertiary > secondary > primary holds only if the
alkyl size is constant. The order can be reversed if the
groups are changed (e.g., tert-butylamine > dimethyl-
amine). Because of the equalities found, it is possible
to evaluate a quantity which has not previously been ac-
cessible—the differences in bond dissociation energies
in substituted ammonium ions. Consider the thermo-
chemical cycle (4). If a pair of amines are of equal

A—> A+ e IP(A) (4a)
H* + e~ —> H- —IPH") (4b)
A-* +H- —> AH*  — DH%AH") (4c)
A + H* —> AH* AH® (4d)

basicity (equal AH®), the difference in bond dissociation
energies in the ammonium ions should be equal to the
difference in ionization potentials of the parent amines.
Making use of the ionization potentials!?!? (in electron

(11) For example, see M. Davies, “Some Electrical and Optical
Aspects of Molecular Behavior,” Pergamon Press, New York, N. Y,,
1965, p 160.
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Radiat. Transfer, 2, 369 (1962).

volts) Me;NH = 8.24, i-PrNH, = 8.72; and Me;N =
7.82, EtuaNH = 8.01; we can deduce for the differences
in N-H bond dissociation energies DH°(i-PrNH;+) —
DH°(Me,NH;*) ~ 11 kcal/mol, and DH°(Et,NH,*) —
DH°(Me;NHY) = 4 kcal/mol.

The difference between secondary and tertiary amines
of ca. 4 kcal/mol seems quite reasonable in view of
differences found in amines!* (~8 kcal/mol per alkyl
group) and hydrocarbons!® (~3.5 kcal/mol per alkyl
group). However, the difference of ca. 11 kcal/mol be-
tween primary and secondary systems seems somewhat
large. Although the ionization potentials quoted are
the “best available,” '* they may still be somewhat in
error because of low cross sections at the threshold.!?
In any case, the ordering is such that it is clear that the
bond dissociation energies in ammonium ions do de-
crease with increasing alkyl substitution, behavior sim-
ilar to that found in neutral systems. Thus, this effect
tends to make less highly substituted amines more basic
in contrast to the polarizability effect, although it is not
sufficiently large to overcome it. If we assume that the
bond dissociation energy in the alkylammonium ions is
independent of substituent size and depends only upon
the degree of alkyl substitution, then the stabilizing
effect of alkyl groups on ammonium ions can be eval-
uvated from the ionization potentials of the neutral
amines.'>1? Examination indicates that the size of the
effect in stabilizing positive charge is roughly the same
as that inferred® for stabilizing negative charge. Fi-
nally, if it is true that the bond dissociation energies are
constant within the primary series, then the relative
basicity differences between methyl-, ethyl-, isopropyl-,
and tert-butylamines are 2.5, 1.4, and 1.8 kcal/mol.
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