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Theoretical Calculations of the Aqueous Medium 
Effects on the Basicities of Primary Amines1 

Sir: 

The success of ab initio molecular orbital theory in treating 
substituent effects on gas-phase acidities and basicities2 (i.e., 
energy changes for isodesmic proton transfer reactions) 
suggests its applicability in treating appropriate aqueous me
dium effects. For neutral acids and bases, aqueous medium 
effects on proton-transfer equilibrium have recently been 
shown to be highly specific, ranging from ~0 to 35 pA'.3'4 Ev
idence has been presented which indicates that the principal 

cause of the aqueous medium effects on the basicities of ni
trogen and oxygen bases is the selective stabilization imparted 
by formation of complexes between water and the ammonium 
or the oxonium ions.4 These complexes involve hydrogen 
bonding of at least one water molecule at each protonic "active 
site" of the ion. For example, consider the following equi
libria: 

(CH3)2OH+
(g) + (CH3)2S(g) 

^ (CH3)2SH+
(g) + (CH3)20(g) (1) 

AG°(g) = -8.0 kcal/mol5 

(CH3)2OH+(aq) + (CH3)2S(aq) 

^ (CH3)2SH+
(aq) + (CH3)20(aq) (2) 

AG°,aq) = +62 kcal/mol3 

The free-energy changes for these two reactions correspond 
to an aqueous medium effect which increases (and reverses) 
the apparent basicity of (CH3)20 relative to (CH3)2S by 10.3 
pK units. This result is reproduced approximately by the dif
ference in gas-phase binding energies of a single water mole
cules attached to (CH3)2OH+ relative to (CH3)2SH+ 6 (i.e., 
AG0 for the hypothetical "model" reaction 

(CH3)2OH+---OH2(g ) + (CH3)2S(g) 

^ (CH3)2SH + • • • OH2(g) + (CH3)20(g) (3) 

AG° =* +4. kcal/mol 
agrees approximately with that for reaction 2 and accounts for 
most of the reversed basicity difference observed between the 
gas and aqueous phases). A few related equilibria involving 
single molecule attachment have been scrutinized both ex
perimentally and by means of ab initio molecular orbital 
theory. In general the theoretical calculations have been 
moderately successful in reproducing the experimentally ob
served free energies (e.g., eq 4). 

N C - O j N H + •OH. •»g) + CH3O-<XjN:-"H20 

C H 3 O - ( O N H 4 " ' " 0 ^ 
2<g> + ^ > N C - O J N:-H2Q81 (4) 

AG°(4) = -13.7 kcal/mol7'8 

A£°(4)(STO-3G) = _ 1 4 - 6 kcal/mol7 

We report here the successful application of ab initio mo
lecular orbital theory at the STO-3G level9 to the calculation 
of the known medium effects of water (up to 8.5 pK units) on 
the basicities of primary amines.3 The results are summarized 
in Table I. Typical are the results for two categories of sub
stituent effects. The first equilibrium 

CF3CH2NH3+(g) + CH3CH2NH2(g) 

^ CH3CH2NH3+(g) +CF3CH2NH20,) (5) 

AG°(5) = -14.6 kcal/mol10 

has been the subject of a recent analysis'' which indicates that 
the two ions, CF3CH2NH3

+ and CH3CH2NH3
+, are stabi

lized to a comparable degree by charge induced dipole inter
actions; destabilization of the CF3CH2NH3

+ ion by the in
ductive-field effect (unfavorable internal charge-dipole in
teraction) therefore accounts for most of the observed AG° 
value. It has generally been argued that charge dispersal to the 
solvent effectively increases the distance between the centroids 
of charge and substituent dipole moment. It was further sug
gested that the extent of this charge dispersal is sufficient to 
reduce the destabilization of C F3CH2N H3

+(aq) by a factor of 
~2, thus accounting for the observed free energy for the 
aqueous phase proton transfer equilibrium3 
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Table I. Observed and Calculated Medium Effects of Aqueous Solution on Proton Transfer Equilibria for Substituted Methylammonium 
Ions, AG°(g) - AG°(aq) and A£°(g)c a |c d - A£°(caicd, model), Respectively," for the Reaction Shown 

R N H 3
+ + R 0 NH 2 *± R 0 N H 3

+ + R N H 2 

q-SH}+b A(aq)AG°(0bsd) 5(aq)A£°(calcd model A) ^(aq)A£°(calcd model B) S(aq)AE°(caicd model C) 

R = N = C C H 2 +0.661 
R0 = CH 3 CH 2 +0.617 -11 .6 -11 .4 - 9 . 9 -9 .0 
R = CF 3CH 2 +0.644 
R0 = CH 3 CH 2 +0.617 -7 .7 - 8 . 3 - 7 . 3 - 7 . 2 
R = CH 3 CH 2 +0.617 
R0 = CH 3 +0.637 2.9 3.3 3.1 3.1 
R = (CH3)3C +0.589 
R0 = CH 3 +0.637 8X) 8_5 SM TJS 

" <5(aq)AG°(0bsd) = AG°(g) - AG°(aq) at 298 K for the reaction indicated and <5(aq)A£°(Caicd) = A£0
(g)(caicti) - A£°(g)(Caicd m0dei), where 

AG°(g) and A£° 
(g)(caicd) refer to the simple proton-transfer equilibrium in the gas phase, AG°(aq) refers to the same formal reaction in dilute 

aqueous solution at 298 K, and A£°(g)(caicd model) refers to the gas-phase proton-transfer reaction in which both RNH3
+ and R0NH3

+ are 
stabilized by three H-bond acceptor water molecules and RNH2 and R0NH2 are stabilized by either one H-bond donor water molecule (model 
A), no water molecules (model B), or one H-bond donor water molecule and two H-bond acceptor water molecules (model C). * 2C7N + ^QH 
values calculated for RNH3

+. 

CF3CH2NH3+
( a q) + CH 3 CH 2 NH 2 ( a q ) 

<* CH3CH2NH3+( a q) + CF3CH2NH2 (aq ) (6) 

AG°(6) = -6 .9 kcal/mol12 

The aqueous medium effect, 5(aq)AG° = AG0(5) — AG0(6) 
= —7.7 kcal/mol, corresponds to the free energy of the hypo
thetical equilibrium process 

CF3CH2NH3
+(g) + CH3CH2NH3

+CaC1) 
+ CF 3 CH 2 NH 2 ( a q ) + CH 3 CH 2 NH 2 ( g ) 

^ CF 3CH 2NH 3
+

(a q ) + CH 3CH 2NH 3
+(J) 

+ CF 3CH 2NH 2 ( g ) + CH 3 CH 2 NH 2 ( a q ) (7) 

We have assumed that the effects of water (aq) in reaction 
7 (as well as reaction 8 below) may be modeled by the stabi
lizing effects of forming the corresponding cationic trihydrate 
complexes13-15 (1) and by the single water complexes (2) for 

.OH2 "I + 

H'' H 

R—NH-OH 2 R—N:--H2O 

I A 
''OH2 J 2 

1 
the neutral amines. The "overall" process given by eq 7 then 
corresponds to an isodesmic process. Therefore, it is subject 
to only relatively small entropy effects12 and should be rea
sonably well described by ab initio calculations. Indeed, 
the result obtained theoretically at the STO-3G level, 
5(aq)A£°(7)(caicd) = (A£°(5) - Af̂ (O))(CaICd) ~ -8 .3 kcal/mol 
is in excellent agreement with the experimental value of 
6(aq)AG0(7) = AG°(5) - AG° ( 6 ) = -7 .7 kcal/mol. 

Next, consider the proton-transfer equilibrium 

?-BuNH3
+

(g ) + CH 3 NH 2 ( g ) *± CH 3 NH 3
+

( g ) 

+ r-BuNH2(g) (8) 

AG° ( 8 ) = +8.0 kcal/mol10 

The much greater gas-phase basicity of rert-butylamine has 
been ascribed principally to the greater charge-induced dipole 
stabilization of 1-BuNH3

+ compared with CH 3NH 3
+ . 1 6 It has 

been estimated" that this effect accounts for ~ 6 kcal mol - 1 , 
the remaining 2 kcal mol - 1 being due to a relatively small in
ductive effect. In aqueous solution, the dispersal of ionic charge 
to H-bonded solvent molecules has been estimated to reduce 
the polarizability effect to zero and the inductive effect to ~ 1 
kcal/mol (there is also probably some small effect of steric 

hindrance to solvation of the rerr-butyl ammonium ion17). The 
observed aqueous medium effect,3 corresponding to the overall 
process of eq 9, is ~ 6 pK units—which reduces the apparent 
basicity of :-BuNH2(aq) to essentially that for CH3NH2(a q): 

r-BuNH3
+

( g ) + CH 3 NH 3
+

( a q ) + /-BuNH2(aq) 
+ CH 3 NH 2 ( g ) *± i-BuNH3+ ( aq ) + CH3NH3

+(g) 
+ r-BuNH2(g ) + CH 3 NH 2 ( a q ) (9) 

5(aq)AG0
(9) = + 8.0 - 0.0 = +8.0 kcal/mol10 

The theoretical calculations, carried out with the structural 
assumptions noted above, again give excellent agreement with 
the experimental value: 5(aq)A£'°(9)(Caicd) = +8.5 kcal/mol. 
The agreement between theory and experiment for reactions 
7 and 9, as well as for a number of other systems summarized 
in Table I, provides supporting evidence for the structural as
sumptions which we have made, i.e., for the nature of the 
dominant species present in aqueous solution. Table I also lists 
the results of calculations made with the assumption of either 
no hydrogen-bonded complex formation with the free amines 
(model B) or of amine trihydrate formation involving two 
hydrogen-bonded water molecules acting as acceptors plus a 
single hydrogen bonded water acting as a donor (model C). It 
is clear that the hydration state of the neutral amines has rel
atively little effect on the results, although agreement does 
appear to be most satisfactory for calculations made with the 
single hydrogen-bonded donor water molecule (model A). The 
only reasonable alternative explanation for the good agreement 
between the observed and calculated results is that the theory 
has systematically overestimated the differential stabilizing 
effects of water on the complex formation. The overestimates 
of the stabilities of the assumed trihydrates of R N H 3

+ might 
be comparable with the stabilizing effects in aqueous solution 
that are instead due to a water cluster (perhaps of three water 
molecules) attaching to each of the cation protonic sites. It is 
known that polar solvents decrease the formation constants for 
hydrogen-bonded complex formation.18 Thus it could be 
conceived that this effect on the formation of H-bonded water 
clusters to the R N H 3

+ ions in water coincidentally brings the 
experimental results in agreement with the overcalculations 
of the differential stabilization due to the formation of the 
trihydrates. 

In order to investigate this issue, we have carried out limited 
calculations using the split-valence 4-31G basis set.19 For 
CH 3 NH 3

+ , N = C C H 2 N H 3
+ , and CH 3 CH 2 NH 3

+ , the the
oretically calculated binding energies of the three water mol
ecules are as follows: STO-3G, 77.3, 84.2, and 74.3 kcal/mol, 
respectively; 4-31G, 53.2, 63.0, and 50.1 kcal/mol, respec
tively. The only experimental value available is ~43 kcal/mol 
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for CH3NH3+ .2 0 Thus, while the absolute 4-3IG calculation 
is much closer to the experimental value, the differential hy
dration energies (the critical quantities in our calculations of 
the aqueous medium effects on relative base strengths) between 
these three ions are nearly the same at both levels of theory. 
If anything, the differential hydration energies are slightly 
greater (not less) at the 4-3IG level. These results therefore 
appear to favor our first interpretation. However, experimental 
values for the energies of binding of three water molecules to 
all of the RNH3 + ions of Table I are needed as a critical 
test. 

Trends in the charge distributions obtained in the STO-3G 
calculations are also instructive. These results show that ca. 
+0.34 of the ionic charge in all five of the RNH3+ ions of Table 
I is transferred to the three bonded water molecules of the 
trihydrated primary ammonium ions. Further, nearly half of 
this charge is transferred from the R group.21 That is, the 
centroid of positive charge is very substantially moved away 
from the R group in the trihydrated ion7molecule complexes 
compared with the corresponding anhydrous ions. As expected 
for the internal inductive effects, the total charge of the 
- N H 3 + moiety increases in the sequence /"-Bu < C2H5 < CH3 
< CH2CF3 < CH2CN. The overall increase for the anhydrous 
ions is greater (from +0.589 to +0.661) than that for the 
corresponding trihydrated ions (from +0.427 to +0.477). Also 
as expected, the effect of R on charges in the neutral amines 
is entirely second order in comparison with that in the ions. All 
of the present results provide theoretical support for the sim
plified interpretations3-" which have been made of the aqueous 
medium effects and encourage further experimental and the
oretical studies of "model" gas-phase reactions as a means to 
further understanding of aqueous solution acid-base be
havior. 
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Coupling of Nonvicinal Glycols by 
Low-Valent Titanium 

Sir: 

Basing their strategy on the knowledge that Ti(II) can be 
readily oxidized to Ti(IV), Van Tamelen and Schwartz1 

treated the sodium salts of benzyl and ally] alcohol with TiCl4 

to produce the corresponding dichlorotitanium(IV) dialkoxide, 
which was then reduced with potassium to the titanium(II) 
dialkoxides. Thermolysis of the titanium(II) dialkoxide in
termediate yielded TiG"2 and the coupling product bibenzyl or 
biallyl. Since then, low-valent titanium(II) has been used in 
the pinacolic coupling of carbonyls and in the reductive cou
pling of carbonyls to olefins.2-3 

Ti(O) has also been used to convert vicinal diols into their 
corresponding olefins.4 Although several attempts to couple 
1,3-diols reductively were abortive,4-5 Baumstark6 reported 
that the reaction of a 3:2 mixture of l,3-diphenyl-l,3-pro-
panediol7 with the McMurry reagent TiCl3-LiAlH4 resulted 
in the formation of a 4:1 mixture of trans- and c/'s-1,2-di-
phenylcyclopropane. The object of this communication is not 
only to clarify why certain 1,3-glycols reductively couple6 and 
others do not,5 but also to determine the stereochemistry of the 
reaction to gain some insight into the mechanism of the reac
tion. 

Since the absolute configuration of l-methyl-2,2-diphen-
ylcyclopropane had been established in our laboratory many 
years ago,7 this hydrocarbon was selected as the target com
pound. 

The optically active (S)-( + )-l,l-diphenyl-l,3-butanediol 
was prepared in excellent yield by reacting the dilithium de
rivative of benzophenone8 with (S)-(—)-propylene oxide.9 The 

Ph Li+ 

-CH3 

O 

(S)-(-) 

p h ^ ^ C H ' 
Ph OH OH 

[CX)25Hg 65° (c 1.0) 

Ti 

THF 

(RH-) 
[ a ] 2 S

H g 153° (c 0.78) 

reaction of the glycol with the McMurry reagent TiCl3-
LiAlH4

10 gave, inter alia, a 65% isolated yield of optically pure 
(•/?)-(-)-l-methyl-2,2-diphenylcyclopropane (eq 1). Moreover, 
the configuration at C-3 of the 1,1 -diphenyl-1,3-butanediol 
had been inverted. 
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