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determined, and comparisons between the structures of these 
ions and the structures of the corresponding bases RCHO 
provided insight into the geometry changes due to protonation. 
That study has now been extended to the disubstituted car-
bonyls R2CO, with R comprising the isoelectronic saturated 
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Figure 1. The ions R2COH+. 

groups CH3 , NH 2 , OH, and F. The purpose of the present 
study is sixfold: (1) to determine the relative proton affinities 
of the bases R2CO; (2) to investigate the effect of varying the 
R group and the effect of mono- vs. disubstitution on the proton 
affinities of carbonyl bases; (3) to determine the equilibrium 
structures of the ions R 2COH+ ; (4) to compare the structures 
of these ions with each other and with the structures of the 
corresponding ions RCHOH + ; (5) to investigate the electron 
redistribution which occurs upon protonation of these bases, 
and to compare these data with trends in the electron redis
tribution observed upon protonation of the bases RCHO; and 
(6) to formulate a model for the protonation of carbonyl 
compounds. 

Method of Calculation 

Wave functions for the closed-shell ground states of the ions 
R 2 COH + have been expressed as single Slater determinants 
constructed from doubly occupied molecular orbitals. The 
orbitals ^j have been expressed as linear combinations of 
atomic basis functions 0M (the LCAO approximation) 

v-
with the expansion coefficients cM,- determined by solving the 
Roothaan equations.2 Two atomic orbital basis sets have been 
employed for these calculations. The first is the minimal 
ST0-3G basis set with standard scale factors.3 The second is 
the extended split-valence 4-3IG basis set.4 

In part 3 of this series,1 it was demonstrated that although 
the ST0-3G basis set severely overestimates the proton af
finities of carbonyl bases, the STO-3G structures of ions 
R C H O H + are similar to the structures obtained from 4-31G 
calculations. More significantly, similar trends in changes in 
bond lengths and bond angles upon protonation of bases 
RCHO are evident at both the STO-3G and 4-3IG levels. 
Therefore, in the present study, the structures of the relaxed 
ions R 2 COH + have also been computed using the STO-3G 
basis set. For these ions, C5 symmetry has been assumed, and 
bond distances and bond angles have been optimized cyclicly 
and independently to ±0.01 A and ±1°, respectively. Parabolic 
interpolation has then been employed to estimate bond dis
tances to 0.001 A and bond angles to 0.1°. For protonated 

R = H 
CH3 
NH2 
OH 
F 

R2CO 
-&\E 

0.0 
27.9 
61.3 
21.1 (30.1)rf 

-6.4 

RCHO* 
-&AE(A)C -5AE(B)C 

0.0 0.0 
15.3 15.3 
41.9 38.9 
17.7 11.4 

-2.1 -0.8 
a In kcal/mol. Based on a computed proton affinity of 221.3 

kcal/mol for H2CO. * Data for RCHO taken from ref 1. c Ions in set 
A have the proton trans to R with respect to the CO bond. Those in 
set B have the proton cis to R. d Proton affinity of (OH)2CO deter
mined from the ion of C3/, symmetry. 

acetone and protonated carbonic acid, the conformations of 
the methyl and hydroxyl groups, respectively, have been con
strained to be those found in the lowest energy structures of 
the bases,5 and are shown in Figure 1. However, since this 
conformation of hydroxyl groups does not lead to the lowest 
energy structure for protonated carbonic acid, a second con
formation which leads to an ion structure having C3/, symmetry 
has also been optimized. The equilibrium structures of the 
bases R2CO have been reported previously.6 

In addition to the ST0-3G calculations, 4-3IG calculations 
have been performed to determine the relative proton affinities 
of acetone and carbonic acid. To this end, the structures of 
acetone, protonated acetone,-carbonic acid, and protonated 
carbonic acid (C3/,) have also been optimized using the 4-31G 
basis set, and the same optimization procedure as employed 
for the ST0-3G studies. All calculations have been performed 
in double precision on an IBM 370/148 computer. 

The proton affinity of a base R2CO is the negative energy 
(-AE) for the exothermic reaction 

R2CO + H + - + R 2 COH + 

computed as the difference between the energies of the ge
ometry-optimized ion R 2 COH + and the corresponding base 
R2CO. The proton affinity of a disubstituted carbonyl base 
relative to H2CO is expressed as — 5AE, which is the energy 
of the proton transfer reaction 

R2CO + H 2 COH + ?± R 2 COH + + H2CO 

A positive value of — 5AE indicates that the proton affinity of 
R2CO is greater than that of H2CO. 

Results and Discussion 

Proton Affinities. The computed ST0-3G relative proton 
affinities of the bases R2CO are reported in Table I. These data 
indicate that substitution of two NH 2 groups has the most 
dramatic effect on the proton affinity of a carbonyl base, as the 
computed proton affinity of urea is 61.3 kcal/mol greater than 
that of formaldehyde, and more than 30 kcal/mol greater than 
that of the other disubstituted carbonyl bases. While substi
tution of two CH3, NH 2 , or OH groups increases the proton 
affinities of carbonyl bases relative to H2CO, substitution of 
two F atoms lowers the proton affinity of F2CO relative to 
H2CO. 

As evident from Table I, the computed ST0-3G proton 
affinities of acetone and carbonic acid differ by only 2.2 
kcal/mol, with carbonic acid predicted to have the higher 
proton affinity. However, this prediction is suspect since the 
computed ST0-3G proton affinity of formic acid is also greater 
than that of acetaldehyde, a prediction which is contrary to 
experimental data7 and to the results of 4-3IG calculations.8 

As noted previously, the minimal ST0-3G basis set may be too 
inflexible to provide generally reliable estimates even of relative 
proton affinities of related bases,8,9 since it appears to over-
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Table II. Relative Proton Affinities and Ionization Potentials of H2CO, CH3CHO, and (CH3)2CO 

-5A£° -&\E" -&AH" ionization potentials* 
(STO-3G) (4-31G) (exptl)f (ST0-3G) (4-31G) (exptl)rf 

H2CO 0.0 0.0 0.0 9.64 12.00 10.88 
CH3CHO 15.3 13.1 10.4 9.17 11.54 10.23 
(CHj)2CO TL9 23J 193 8/76 1_U6 9.70 

" In kcal/mol. * In eV. c Experimental data taken from ref 7. d G. Herzberg, "Electronic Spectra of Polyatomic Molecules", Van Nostrand, 
Princeton, N.J., 1967. 

estimate electron transfer to the proton8'10 and underestimate 
the electronegativities of the substituents OH and F in pro-
tonated carbonyl bases.1,8 Therefore, the proton affinities of 
acetone and carbonic acid have been recomputed with the 
larger 4-3IG basis set. 

As anticipated, there is a reversal in the computed relative 
proton affinities of these bases at the 4-3IG level, with acetone 
predicted to have the higher proton affinity by 13.2 kcal/mol. 
The 4-3IG relative proton affinities (—<5A£) for formaldehyde, 
carbonic acid, and acetone are 0.0, 9.9, and 23.1 kcal/mol, 
respectively. These 4-31G results and those of part 1 ' ' com
bined with the STO-3G relative proton affinities lead to a 
predicted order of proton affinity for the bases R2CO with 
respect to R of 

N H 2 > C H 3 > O H > H > F 

which is the same order predicted for the bases RCHO. 
The effect of mono- vs. disubstitution on the proton affinities 

of carbonyl bases may be analyzed by comparing the relative 
proton affinities of the bases R 2CO with the relative proton 
affinities of the corresponding bases RCHO, which are also 
reported in Table I. To make this comparison for carbonic acid, 
it is appropriate to use the proton affinity computed from the 
energy of the ion of Cs symmetry, since the relative hydrogen 
atom positions are the same in this ion as in cis and trans pro-
tonated formic acid. It is apparent from the data of Table I that 
replacement of the H atom in RCHO by a second R group 
further changes the proton affinity of the base in the same di
rection as observed upon substitution of the first R group. For 
the bases RCHO, only F substitution lowers the proton affinity 
relative to H2CO. Substitution of the second F atom further 
reduces the proton affinity of F2CO, and only in this case is the 
effect of two substituents more than additive. This may be due 
to the fact that in FCHOH + , electron transfer to the proton 
through the a electron system occurs to a significant extent at 
the expense of the H atom, owing to the greater electronega
tivity of F. Since electron transfer to the proton has a stabilizing 
effect on protonated bases, and since replacement of the H 
atom by a second F atom tends to decrease the amount of 
electron transfer, the relative proton affinity of F2CO is sig
nificantly lower than that of FCHO. In contrast, for those 
substituents CH3, NH2, and OH which increase the proton 
affinity of the bases relative to H2CO, substitution of a second 
R group further increases the proton affinity, although the 
effect of the two R groups is less than additive in these 
cases. 

The effect of mono- vs. disubstitution of methyl groups on 
computed relative proton affinities of carbonyl bases may be 
compared with experimental gas-phase data. As evident from 
Table II, the theoretical ST0-3G and 4-3IG results and the 
experimental data indicate that methyl substitution in carbonyl 
bases increases proton affinities, but that the effect of two 
methyl groups is less than additive. The relative proton af
finities of these bases computed with the 4-3IG basis set are 
in better agreement with experimental data that the STO-3G 
values. 

The first ionization potentials as approximated by Koop-
mans' theorem for the same bases H2CO, CH 3CHO, and 

Table III. Mulliken Population Data for R2COH+ (STO-3G) 

R2COH+ 

R = H 
CH3 
NH2 
OH* 
F 

oxygen 
electron 

population" 

8.117(8.188) 
8.164(8.226) 
8.212(8.319) 
8.211 (8.300) 
8.160(8.236) 

electron 
transfer 
to H + 

0.617 
0.662 
0.706 
0.678 
0.623 

electron 
loss 

by CO 

0.280 
0.233 
0.208 
0.265 
0.313 

7r-electron 
gain 

by CO 

0.0 
0.072 
0.322 
0.277 
0.176 

0 Data in parentheses are oxygen electron populations in the bases. 
* Data for protonated carbonic acid are for the C.t structure. 

(CHs)2CO are n electron ionizations from the carbonyl oxy
gens. Although these ionization potentials are underestimated 
by the STO-3G basis set and overestimated by the 4-3IG basis, 
the decrease in the computed ionization potentials upon suc
cessive methyl substitution does parallel the experimental data, 
as evident from Table II. Thus, both theory and experiment 
indicate a correlation between increasing proton affinity and 
decreasing ionization potential for this series of bases. This type 
of correlation is expected in a related series of molecules in 
which n electron ionization is essentially localized at a single 
atom which is also the site of protonation. As noted previously,1 

the correlation between decreasing ionization potential and 
increasing proton affinity may arise from the common mech
anism of stabilizing the resulting ions, which involves a po
larization of electron density toward the basic site. 

The electron redistribution in the ions R 2 COH + has the 
same general characteristics found in the ions RCHOH + , and 
is a consequence of the strong interaction between the proton 
and the electrons of the carbonyl base. As evident from the 
Mulliken populations12 of Table III, protonation results in a 
loss of electron density by the base through electron transfer 
to the proton. Increasing electron transfer to the proton tends 
to correlate with increasing stability of the ion, and therefore 
with increasing proton affinity of the base, except that charge 
transfer in F 2 COH + is slightly greater than in H 2 COH + even 
though H2CO has the higher proton affinity. The larger charge 
transfer in F2COH+ is most probably due to the underesti
mation of the electronegativity of F by the minimal STO-3G 
basis set. 

Protonation leads to a further polarization of electron den
sity toward and within the carbonyl group. As a result of this 
polarization, the carbonyl oxygen remains negatively charged 
in the ions, and the carbon atom and atoms in the substituents 
lose electron density. In ions which have separable TT electron 
systems, electron polarization occurs in both a and ir systems. 
A correlation exists between the order of increasing proton 
affinity of the bases F2CO, (OH)2CO, and (NH2)2CO and the 
order of increasing 7r-donating ability of the substituents F, 
OH, and NH2 . In the protonated bases, ir electron polarization 
tends to compensate for a electron density loss by the carbonyl 
group. As a result, even though charge transfer to the proton 
increases in these ions as the proton affinity increases, the 
electron density lost by the carbonyl group decreases with in
creasing proton affinity. Thus, these data suggest that the 
ability of substituents to donate electrons is an important factor 
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in stabilizing these ions, and therefore in determining the rel
ative proton affinities of these carbonyl bases. 

Structures. The structures of the relaxed ions R2COH+ and 
of the corresponding bases R2CO are reported in Table IV, and 
the ion structures are shown in Figure 1. As evident from these 
data, dramatic structural changes occur upon protonation of 
carbonyl bases. In the ions, there is a significant lengthening 
of the carbonyl C-O bond, the increase varying with the sub-
stituent, and ranging from 0.072 A in protonated acetone to 
0.126 A in protonated urea. Protonation thus produces a much 
greater variation in the C-O bond length in the ions R 2 COH + 

than occurs in the bases R2CO. Moreover, protonation 
lengthens the C-O bond in R 2 COH + to a greater extent than 
in the corresponding ions R C H O H + . The longer C-O bonds 
and the reduced Mulliken total and T C-O overlap populations 
in R 2 COH + relative to R2CO suggest that protonation 
weakens the C-O bond in these ions. This is consistent with 
experimental data which show that complexation of carbonyl 
compounds with Lewis acids lowers the C-O stretching fre
quency.13 

Protonation of the bases R2CO also leads to a decrease in 
the bond distance between the carbonyl carbon and the sub-
stituent (the C-X bond, where X is the first-row atom of the 
R group bonded to the carbon), the magnitude of which de
pends on the nature of the substituent. Significant decreases 
in C-X bond lengths are found upon protonation of the bases 
(NH 2) 2CO, (OH)2CO, and F2CO, which have separable TT 
systems and ir-donating substituents. The largest decreases are 
found in protonated urea, the base with the strongest x-don-
ating groups, where the C-N bonds trans and cis to the proton 
(C-N 3 and C-Nb , see Figure 1) shorten by 0.069 and 0.062 
A, respectively, thereby facilitating TT donation. The shorter 
C-X bonds and the increased total and ir C-X overlap popu
lations suggest that protonation strengthens the C-X bonds 
in these ions. 

In contrast to the large changes in the C-X bond lengths 
which occur upon protonation of (NH 2) 2CO, (OH)2CO, and 
F2CO, protonation of (CHs)2CO leads to only small decreases 
of 0.017 and O.Ol9 A in the C-C 3 and C-C b bond distances, 
respectively. In addition, only slight increases in the C-C 
Mulliken overlap populations are found, and the C-O x 
overlap population does not increase significantly. These data 
suggest a different mechanism for electron donation from the 
substituents. In protonated acetone, electron donation from 
the methyl groups results in electron density loss almost ex
clusively by the methyl hydrogens which, combined, bear an 
increased positive charge of 0.424 e. Therefore, it appears that 
methyl groups stabilize the positive charge in protonated ac
etone by through-bond electron transfer to the carbonyl group 
rather than by a hyperconjugative effect. 

As evident from Table IV, the two C-X bond lengths in 
R 2 COH + are nearly equal, and therefore essentially inde
pendent of the position of the proton. A similar observation was 
made concerning the C-X bond length in RCHOH + , which 
was found to be essentially independent of whether protonation 
occurs cis or trans to the C-X bond. However, protonation does 
lead to a larger decrease in the C-X bond length in R C H O H + 

than in the corresponding ion R 2 COH + , presumably because 
stabilization of the ion through electron donation by the sub
stituents is limited to one R group in the former and divided 
between two in the latter. 

Unlike changes in bond lengths, changes in the O-C-X bond 
angles about the carbonyl carbon exhibit a strong dependence 
on the proton position, and only a slight dependence on the 
nature of the substituent. In the ions of C5 symmetry, pro
tonation results in a significant decrease in the O-C-X angle 
trans to the proton (0 -C-X 3 ) , ranging from 6.4° in protonated 
acetone to 8.9° in protonated urea. On the other hand, pro
tonation leads to only small changes in the O-C-X angle cis 

Table IV. Structures of Ions R2COH+ (ST0-3G)" 

CO 
CHa 
CHb 
R 
OCHa 

OCHb 
6 
CO 
CCa 
C2H

 d 

ccb C b H <• 
R 
O C C 2 

C C 3 H ' 
H ' C 3 H " r f 

OCCb 
C C b H ' 
H ' C b H ' " " 

e 
CO 
CN3 
N a H ' 
N a H " 
CNb 
N b H ' 
N b H " 
R 
O C N 3 

C N 3 H ' 
C N 3 H " 
OCNb 
CNbH' 
CNbH" 

e 
CO 
CO3 
O3H' 
COb 
ObH' 
R 
OCO3 
CO3H' 
OCOb 
CObH' 

e 
CO 
CF3 
CFb 

R 
OCF3 
OCFb 
6 

base* 

1.217 
1.101 
1.101 

122.8 
122.8 

1.219 
1.543 
1.086 
1.543 
1.086 

122.3 
109.9 
108.8 
122.3 
109.9 
108.8 

1.222 
1.412 
1.013 
1.012 
1.412 
1.013 
1.012 

123.7 
119.0 
122.6 
123.7 
119.0 
122.6 

1.216 
1.385 
0.990 
1.385 
0.990 

125.8 
104.2 
125.8 
104.2 

1.209 
1.347 
1.347 

125.0 
125.0 

ion 

1.271 
1.114 
1.114 
1.003 
116.4 
123.0 
114.7 
1.291 
1.526 
1.090 
1.524 
1.090 
0.997 
115.9 
110.1 
110.1 
122.3 
112.1 
109.4 
113.0 
1.348 
1.343 
1.024 
1.022 
1.350 
1.023 
1.022 
0.991 
114.8 
119.0 
122.1 
123.0 
121.6 
120.7 
109.3 
1.331 (1.322) 
1.320 
0.996(0.995) 
1.327 
0.994 
0.993 
117.8 
109.2(110.0) 
128.2 
111.8 
112.8 
1.299 
1.300 
1.306 
1.001 
118.2 
123.6 
112.8 

" Bond lengths in A, bond angles in degrees. See Figure 1 for la
beling of atoms. * Structures of bases R2CO taken from ref 6. c Data 
for H2CO and H2COH+ taken from ref 1. d Methyl CaH bonds and 
HC3H angles assumed equal. e Methyl CbH bonds and HCbH angles 
assumed equal, f Data in parentheses are for the ion of C3/, symme
try. 

to the proton (O-C-Xb). The largest change in the O-C-Xb 
angle, which is only 2.4°, occurs in the Cs structure of pro
tonated carbonic acid, and is the only case in which this angle 
increases upon protonation. This increase most probably occurs 
to reduce the repulsion between nearby hydrogen atoms (see 
Figure 1). The net result of changes in the O-C-X angles upon 
protonation of carbonyl bases is an increase in the X-C-X 
angle in the ions from 6 to 10° relative to the corresponding 
bases. It appears that the X-C-X angle increases to reduce the 
increased repulsion between the substituents, which is a con-
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sequence of the electron redistribution in the ion. Since the 
X-C-X angle increases if one or both of the O-C-X angles 
decrease, and since a reduction in the O-C-Xb angle would 
result in a closer approach of the cis R group to the proton, the 
O-C-Xb angle remains relatively constant while the 0-C-Xa 
angle decreases significantly. The angular changes which occur 
in the ions R2COH+ are similar to those found in the ions 
RCHOH+, where protonation also leads to a significant de
crease in the O-C-X and O-C-H angles when they are trans 
to the proton, and only a slight change in these angles when 
they are cis to the proton, with the net result being an increase 
in the X-C-H angle. 

The position of the proton relative to the carbonyl group, 
described by the protonation coordinates R, the O-H distance, 
and 8, the H-O-C angle, is only slightly dependent on the 
nature of the substituent. In the combined series of ions 
R2COH+ and RCHOH+, the O-H distance varies only from 
0.991 A in protonated urea to 1.003 A in protonated formal
dehyde, while the H-O-C angle varies from 109.3° in pro
tonated urea to 114.7° in protonated formaldehyde. The 
variations in the values of these protonation coordinates are 
within the limits suggested by categorizing the bond between 
the proton and the carbonyl oxygen as a polar covalent 
bond. 

As noted above, the major structural changes caused by 
protonation of the bases R2CO have been analyzed in the ions 
of Cs symmetry, in which the conformations of the R groups 
are the same as in the corresponding bases. However, for 
protonated carbonic acid, the ion of Cs symmetry is not the 
most stable structure. Rather, the equilibrium structure is an 
ion of CM symmetry which has three equivalent C-O and O-H 
bonds, as shown in Figure 1. The C-O and O-H bond lengths 
and the C-O-H bond angles in this ion are similar to the C-O 
and O-H bond lengths and the C-O-H bond angles in the ion 
of Cs symmetry, as evident from the data of Table IV. Of 
course, the O-C-0 angles in the C%h structure are fixed by 
symmetry at 120°. 

A Model for the Protonation of Carbonyl Bases. The fol
lowing theoretical model, which includes major energetic, 
electronic, and structural features, has emerged from the 
ST0-3G and 4-31G studies of the protonation of mono- and 
disubstituted carbonyl bases reported in this paper and in part 
3.1 

Protonation of a carbonyl base at the carbonyl oxygen occurs 
in a region of high electron density associated with one of the 
oxygen lone pairs of electrons, and leads to the formation of 
a polar covalent bond between the oxygen atom and the proton. 
The formation of this bond is accompanied by electron transfer 
from the base to the proton, which tends to increase with in
creasing proton affinity, and by a further polarization of the 
electrons in the base both toward and within the carbonyl 
group. As a result, the electron population of the oxygen atom 
in the ion changes to only a small extent, the overlap population 
in the C-O bond decreases, and the carbonyl carbon and the 
atoms or groups of atoms bonded to it (the substituents) lose 
electron density. This electronic reorganization leaves the 
oxygen atom negatively charged in the ion, weakens and 
lengthens the C-O bond, and disperses the positive charge onto 
the carbonyl carbon and the substituents. Thus, the electron 
density transferred to the proton comes primarily from the 
carbonyl carbon and the substituents rather than the oxygen 
atom. 

In ions with separable <r and -K systems, the proton polarizes 
both the a and the w electrons. There is a correlation between 
increasing ^--donating ability of the substituent and increasing 
proton affinity of the base. Donation of ir electrons is accom
panied by a shortening of the bond between the carbon and the 
substituent, the magnitude depending on the substituent but 
not on its position cis or trans to the proton with respect to the 

carbonyl C-O bond. When a methyl group is the substituent, 
in which case there is no o-ir separability, electron donation 
occurs almost exclusively from the hydrogen atoms in a 
through-bond rather than hyperconjugative interaction, and 
the length of the C-C bond to the substituent decreases only 
slightly. In all ions, the ability of substituents to donate elec
trons to the carbonyl group is an important factor in deter
mining the relative proton affinities of carbonyl bases. 

The loss of electron density by the carbonyl substituents 
affects the interaction between them in two ways. First, it in
creases the repulsion between the atomic cores (nuclei and 
inner-shell electrons) of the two substituents, and second, it 
reduces the unfavorable electronic interaction indicated by 
negative Mulliken overlap populations. The first effect appears 
to be the more important one, as the angle defined by the 
carbonyl carbon and the atoms bonded to it (the Y-C-Z angle) 

n ^ 0 - C 
H N y 

always increases upon protonation of carbonyl bases. An in
crease in the Y-C-Z angle requires a reduction in either or 
both the O-C-Y and O-C-Z angles. Since a reduction in the 
O-C-Y angle is restricted by the presence of the proton, this 
angle remains relatively constant, while the O-C-Z angle 
which is trans to the proton decreases significantly relative to 
the base.14 

Conclusions 
Ab initio SCF calculations have been performed in this study 

to determine the relative proton affinities of the carbonyl bases 
R2CO, and the structures of the relaxed ions R2COH+, with 
R one of the isoelectronic saturated groups CH3, NH2, OH, 
and F. These calculations predict that the order of proton af
finity of the bases R2CO with respect to R is 

N H 2 > C H 3 > O H > H > F 

which is the same order predicted for the bases RCHO. A 
comparison of the relative proton affinities of the bases RCHO 
with the corresponding bases R2CO indicates that substitution 
of a second R group causes a further change in the proton af
finity of the base in the same direction as observed upon sub
stitution of the first R group. Only when R is F does substitu
tion lead to a decrease in the proton affinity of the carbonyl 
base, and only in F2CO is the effect of two substituents more 
than additive. 

Protonation results in a significant electron redistribution 
in the protonated bases due to the strong interaction between 
the proton and the electrons of the base. Upon protonation, 
electron density is lost by the base through electron transfer 
to the proton. This is accompanied by a further polarization 
of electron density toward and within the carbonyl group. It 
appears that the ability of substituents to donate electrons to 
stabilize the positive charge is an important factor in deter
mining the relative proton affinities of carbonyl bases. 

Protonation also leads to dramatic structural changes in the 
ions. These include an increase in the carbonyl C-O bond 
length and a decrease in the bond length between the carbonyl 
carbon and the substituent (the C-X bond), the magnitude of 
which is strongly dependent on the substituent but only slightly 
dependent on the position of the proton relative to the two C-X 
bonds. In contrast, changes in the O-C-X bond angles about 
the carbonyl carbon are essentially independent of the sub
stituent, but strongly dependent on the proton position. While 
the O-C-X bond angle trans to the proton decreases signifi
cantly in these ions, the O-C-X bond angle cis to the proton 
changes very little. The net result of these angular changes is 
an increase in the X-C-X bond angle. The values of the pro-
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tonation coordinates which include the O-H distance and the 
H-O-C angle are relatively constant, which suggests that the 
bond between the carbonyl oxygen and the proton may be 
classified as a polar covalent bond. Structural changes which 
occur upon protonation of the bases R2CO are similar to the 
changes which occur upon protonation of the bases RCHO. 
From the computed results, a model for the protonation of 
carbonyl bases has been proposed. 

Acknowledgments. The support of a Camille and Henry 
Dreyfus Foundation Teacher-Scholar Grant (1974-1979) to 
J.E.D.B. is gratefully acknowledged. Thanks are also due to 
Dr. Ronald Jonas and the Youngstown State University 
Computer Center for continued support and assistance, and 
to Dr. Irwin Cohen for his comments on this manuscript. 

References and Notes 

(1) J. E. Del Bene, J. Am. Chem. Soc, 100, 1673 (1978). 
(2) C. C. J. Roothaan, Rev. Mod. Phys., 23, 69 (1951). 

I. Introduction 
The special importance of ethylene-halogen molecules 

complexes is largely due to their possible role in the trans ad
dition of halogen molecules to ethylene. It is most generally 
admitted that the first step of this reaction may begin by the 
formation of such complexes.1-5 

The origin of the stability of these complexes is not clear and 
experimental data may support different interpretations.6 

Some authors4 describe them as three-center covalently linked 
Dewar's T complexes.7'8 This idea initiated the first theoretical 
work,3 based on the use of an extended Huckel molecular or
bital approach. Other authors5 rather consider them as 
charge-transfer complexes, by analogy with the class of com
plexes described by Mulliken.9 The difference between these 
two categories of complexes has been underlined by Ban-
thorpe.10 In particular, the possible role of van der Waals forces 
is discussed in the case of the second class of complexes.9'10 

Clearly, theoretical information is necessary to understand 
the origin of the binding of these complexes since experimental 
data are not able to give a definitive answer. Unfortunately, 
difficulties are also encountered in theoretical treatments and 
we must be aware that artificial results are easily obtained. For 

(3) W. J. Hehre, R. F. Stewart, and J. A. Pople, J. Chem. Phys., 51, 2657 
(1969). 

(4) R. Ditchfield, W. J. Hehre, and J. A. Pople, J. Chem. Phys., 54, 724 
(1971). 

(5) L. Radom, W. A. Lathan, W. J. Hehre, and J. A. Pople, Aust. J. Chem., 25, 
1601 (1972). 

(6) J. E. Del Bene, G. T. Worth, F. T. Marchese, and M. E. Conrad, Theor. Chim. 
Acta, 36, 195(1975). 

(7) J. F. Wolf, R. H. Staley, I. Koppel, M. Taagepera, R. T. Mclver, Jr., J. L. 
Beauchamp, and R. W. Taft, J. Am. Chem. Soc, 99, 5417 (1977). 

(8) J. E. Del Bene, Chem. Phys. Lett., 55, 235 (1978). 
(9) J. E. Del Bene, J. Am. Chem. Soc., 99, 3617 (1977). 

(10) H. Umeyama and K. Morokuma, J. Am. Chem. Soc, 98, 4400 (1976). 
(11) J. E. Del Bene and A. Vaccaro, J. Am. Chem. Soc, 98, 7526 (1976). 
(12) R. S. Mulliken, J. Chem. Phys., 23, 1833 (1955). 
(13) L. J. Bellamy, "The Infrared Spectra of Complex Molecules", Chapman 

and Hall, London, 1975; "Advances in Infrared Group Frequencies". 
Chapman and Hall, London, 1975. 

(14) Implicit in this model is the assumption that the H-Y interaction is generally 
not a stabilizing one. This had been proposed by other investigators [A. 
C. Hopkinson and I. G. Csizmadia, Can. J. Chem., 52, 546 (1974)], who 
suggested that the H-F Interaction in cis protonated FCHOH+ is stabilizing 
due to the formation of an O-H • • • F hydrogen bond. Neither the small but 
negative H-F Mulliken overlap populations nor the changes in the cis 
O-C-F angles in FCHOH+ and F2COH+ support this suggestion. 

instance, some approximations lead to a systematic overesti-
mation of the binding energy with a too short intermolecular 
equilibrium distance. This happened with the two SCF cal
culations11'12 based on the CNDO approximation which 
treated some geometrical configurations of the CaH^-C^ or 
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(-6.2,11 -2.3812 kcal/mol) and a very short intermolecular 
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