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Abstract: In the absence of any chelation effect the relative base strength of substituted unconjugated amines is determined 
by the substituents and the solvent. The relative base strength of various dimethylamines in water shows that substituent 
polarizability effects play a significant role. However, a comparison with gas-phase basicities shows that the relative importance 
of polarizability to field/inductive stabilization is greater in the gas phase than in solution. 

Brauman and Blair1 demonstrated that in the gas phase alkyl 
substituents increase remarkably the basicities of amines. Similar 
observations have been made for the relative gas-phase acidities 
and basicities of alkyl-substituted mercaptans,2 alcohols,1 and 
phenols.3,4 The increased basicity was interpreted as being the 
result of induced dipole stabilization by the alkyl substituent of 
the ion formed on protonation. Substituents can stabilize a charged 
center by resonance (R), field/inductive (F), and polarizability 
(P) effects. The combination of these effects on a reaction can 
be described by utilizing the linear structure energy relationship5 

5AG = pR(7R + pF(TF + paaa + c (I) 

where p is the reaction constant for resonance, field/inductive, 
or polarizability effects, respectively. In solution these substituent 
effects play an important role for various reactions; however, the 
emphasis has been for a long time on resonance and field/inductive 
effects. Polarizability substituent effects have often been con­
sidered to be less important or even nonexistent; for most reactions 
pa is usually small when compared to pF and pR. In solution, 
stabilization also comes from the solvent thus making the po­
larizability effect an even smaller contributor to stabilization. This 
effect, however, is still present and can be identified in some 
reactions. 

The solvent's ability to stabilize a charge is often characterized 
by (a) dipolarity/polarizability effects, (b) hydrogen bond donor 
ability, and (c) hydrogen bond acceptor ability.6 In an aqueous 
medium stabilization of ammonium ions can be gained mainly 
by solvent dipolarity/polarization and solvent hydrogen bond 
acceptor ability. Comparison of our recent gas-phase data for 
proton-transfer reactions with solution data provides an under­
standing of these substituent effects in solution. 

Experimental Section 
Gas-phase basicities in this study were determined by the pulsed ion 

cyclotron resonance method for determination of the equilibrium con­
stants for proton-transfer reactions as described elsewhere.7-9 

The solution pATa values were determined potentiometrically by titra­
tion of the amines, limited by their solubility, with 0.1 M HCl at 298 K.10 

A Graphic control GC 51174 glass-calomel combination electrode was 
used in conjunction with a Beckman 3500 pH meter. Stable readings 
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Table I. Free Energies for Proton Transfer Equilibria Reaction of 
Substituted Dimethylamines in the Gas and Aqueous Phases (Values 
Are Relative to Trimethylamine) 

substituent, X 

NCCH2 

CF3CH2 

H 
CH3 

(CH3)2NCH2 

H 2C=CHCH 2 

HC=CCH 2 

C2H5 

H-Pr 
C6H5CH2 

0-C4H9 

'-C3H7 

HeO-C5H11 

SeC-C4H9 

J-C4H9 

C-C6H11 

'-CjH11 

5AG (gas)'3 

(kcal mol"1) 

14.3 
10.3 
4.9 
0.0 

-0.3 
-1.9° 

2.1° 
-2.3 
-3.0 
-4.4 
-4.3° 
-4.7 
-5.0° 
-5.3° 
-6.5 
-7.3 
-7.9° 

5AG (aq)19'20 

(kcal mol"1) 

7.5 
6.6 

-1.6 
0.0 

-1.2° 
-1.3 

3.4 
-0.6 
-0.6 

0.9 
0.8 

-1.0 
-0.9° 
-1.2 
-1.5 
-1.6 
-1.8° 

"This study. 

were obtained within 1 min. The electrode was first calibrated with a 
series of buffers. 

Results 
Table I shows the relative basicities of various substituted 

dimethylamines in the gas phase and aqueous medium relative 
to trimethylamine. 

X-N(CHj)2 + (CHj)3NH+ — X-N(CHj)2H+ + (CHj)3N+ 

(D 
For alkyl substituents a single pa parameter correlation equation 
shows that in the gas phase 

5AG = (16.5 ± 0.4)(Ta + 5.8 ± 0.3 (2) 

n = 9 r = 0.998 sd = 0.2 

while in the aqueous phase 

5AG = (3.7 ± 0.3)<ra + 0.1 ± 0.2 (3) 

n = 9 r = 0.975 sd = 0.1 

For heteroatom and unsaturated substituents separated by a 
methylene unit, 

X-CH2N(CHj)2 + (CHj)3NH+ ^ 
X-CH2N(CH3)2H+ + (CH3)3N (4) 

a dual parameter pa correlation equation in the gas phase is 

5AG = (28.7 ± 0.4)(7F + (6.7 ± 0.3)<ra - 0.1 ± 0.2 (5) 

n = 14 r = 0.999 sd = 0.3 

while in the aqueous phase 

5AG = (14.4 ± 0.6)ffp + (1.0 ± 0 . 6 K - 0.1 ± 0.4 (6) 

n = 10 r = 0.994 sd = 0.4 
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Table II. 
Effects 

Substituent Constants for Polarizability and Inductive 

-1.0 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 

-«4G° (aq) , Kcal/mole 

Figure 1. Gas phase vs. aqueous basicities of substituted dimethylamines: 
ordinate, ^AG(gas) (kcal mol"1); abscissa, SAG(aq) (kcal mol"1); (1) 
ferr-amyl; (2) C-C6H11; (3) rcrf-butyl; (4) sec-butyl; (5) neoamyl; (6) 
isopropyl; (7) isobutyl; (8) ^-propyl; (9) ethyl; (10) methyl; (11) benzyl; 
(12) ally!; (13) propargyl; (14) CF3CH2; (15) NCCH2; (16) H; (17) 
(CH3)2NCH2. 

Discussion 

Polarizability Effect. Figure 1 shows a plot of basicities in the 
gas phase vs. basicities in aqueous medium. An important ob­
servation arises from this plot, namely, the basicities increase 
linearly with the bulkiness of the alkyl substituent in both gas and 
aqueous phases. This observation is consistent with that of 
Brauman and Blair.1 The slope indicates that stabilization in the 
gas phase is 4.3 times greater when compared to that in solution. 
Stabilization by alkyl substituents in an unconjugated position 
is accomplished almost entirely by polarizability.1112 Polarization 
potentials developed recently offer a quantitative measure of a 
substituent's polarizability effect.13 Analysis of this effect in both 
gas and aqueous phases can be examined by a single parameter 
pa analysis. Equations 2 and 3 show an aqueous polarizability 
attenuation factor, p„(gas)/pa(aq), of 4.5 ± 0.3, which is consistent 
with the slope obtained. A value of unity would indicate that the 
effect being examined is the same in both phases. Values of unity 
have been obtained for large highly dispersed carbocations that 
are not specifically solvated.14 Solvation plays an important role 
in the magnitude of the ratio. 

A close examination of reaction 1 shows substantial solvation 
by hydrogen bond acceptance of the solvent from the ammonium 
ion. This type of solvent stabilization represents a major form 
of stabilization. It now becomes apparent why the hydrogen 
substituent does not correlate with the other substituents in Figure 
1. The hydrogen substituent, in addition to having different 
hyperconjugation forms, also offers an additional site for hydrogen 
bond formation. For primary amines a similar pa treatment shows 
that solvation is so important that substituent polarizability sta­
bilization is essentially nonexistent.15 
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substituents 

'-C5H1, 
C6H5 

/-C4H9 
SCc-C4H9 

«eo-C5Hn 

'-C3H7 

1-C4H9 

H C = C 
W-C4H9 

n-C3H7 

C2H5 

CN 
N(CH3), 
CH3 

CF3 

H 

"a" 
-0.82 
-0.81 
-0.75 
-0.68 
-0.67" 
-0.62 
-0.61° 
-0.60 
-0.57 
-0.54 
-0.49 
-0.46 
-0.44 
-0.35 
-0.25 

0.00 

„ F " ' 
0.00 
0.10 
0.00 
0.00 
0.00 
0.00 
0.00 
0.25 
0.00 
0.00 
0.00 
0.60 
0.10 
0.00 
0.44 
0.00 

"Value obtained on an additive basis with a 2.3 fall off factor. 

Polarizability and Inductive/Field effects. Resonance substituent 
effects can be kept to a minimum by the insertion of a methylene 
unit between the substituent and the functional group. A 
three-parameter pa correlation equation, which includes resonance, 
field/inductive, and polarizability effects, shows no substantial 
resonance contribution of statistical significance. A comparison 
of the pa values in eq 5 and 6 shows an aqueous polarizability 
attenuation factor of 6.7. The increase from 4.5 is not surprising 
since charge-induced stabilization depends on the magnitude of 
the charge and the distance separating it from a polarizable 
group.16 Here, even though the distance is the same for both 
phases, in solution (due to solvation) the charge on the ammonium 
ion is more dispersed. The aqueous field/inductive attenuation 
factor here is 2.0, which shows that there is a large dependence 
on field/inductive effect in both phases. A plot of SAG(gas) vs. 
<5AG(aq) for heteroatom and unsaturated substituents shows a 
slope closer to unity (2.7). Thus for alkyl substituents, there is 
a linear relationship because these substituents are not specifically 
solvated.17 The dimethylamino substituent if used does not affect 
the correlation for the gas-phase basicities; however, in the aqueous 
medium the excellent correlation coefficient is totally destroyed. 
The dimethylamino substituent is highly solvated by water.18 Thus 
an enhanced value for <rF is needed to compensate for the solvent 
effect. 

Polarizability substituent effects play a very important role in 
the analysis of some proton-transfer reactions both in the gas phase 
and in solution. The basicity of substituted dimethylamines is 
influenced by polarizability substituent effects. The polarizability 
effect, however, does not parallel the field/inductive effect in the 
gas and aqueous phases since the attenuation factors for these 
effects are not the same. The field/inductive attenuation factor 
is 2.0 while the polarizability attenuation factor is 6.7 for the 
basicity of dimethylamines with a heteroatom or unsaturated 
substituent. Thus, the importance of polarizability effects relative 
to field/inductive effects is greater in the gas phase than in solution. 
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