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MINDO-Forces calculations with complete geometry optimization have been performed on «-
substituted acetaldehydes XCH,CH=0 and their enols (X = H, F, OH, CN, NH,, NO,, CH3, CFj3,
OCHp3). All substituents were found to decrease the stability of the acetaldehyde and mostly in the
case of electron withdrawing capacity (e. g NO, and CF3). This agrees with theoretical calculations,
except in the case of F. The substituent effects on the stabilities in this study are compared with results
obtained from our previous theoretical calculations on acetyl derivatives. Geometrical parameters,
electron densities, and Gibbs free energies are reported.
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1. Introduction

Recently [1], we have studied acetaldehyde and
vinyl alcohol

H3C(CO)H — H,CCHOH

and have shown that the calculated heat of formation
of acetaldehyde (AH; = —43.645 kcal/mol) is less than
that of vinyl alcohol (AH; = —33.194 kcal/mol), sug-
gesting that ketone is more stable than its enol coun-
terpart, i. e. ketone lies 10.451 kcal/mol below its enol
counterpart, which agrees with other experimental and
theoretical calculations [2,3-8]. The stability of the
ketone was also supported by thermodynamic calcula-
tions [1]. AG; = 10.157 kcal/mol was found, suggest-
ing stabilization of ketone over its enol counterpart.

Also, it was found [1] that the effect of a substituent
on the carbonyl carbon of the keto-enol tautomerism of
acetaldehydes CH3COX (X=H, OH, CH3, NH,, OH, F,
CN, CF3) depends on the electronic nature of the sub-
stituent. Substituents with electronic releasing capacity
(e.g. F, OH, OCHj3) tend to stabilize the keto tautomers,
while substituents with electron withdrawing capacity
(e.g. NO3, CF3) tend to destabilize the keto tautomers.
The results were confirmed by Gibbs free energy cal-
culations, isodesmic reactions and orbital energies.

In the present paper we are interested in the sub-
stituent effects on the tautomerism of a-substituted

acetaldehyde. We employ the MINDO-Forces method
[9] to examine the substituent effects on the tau-
tomerism of XCH,C(CO)H, where X =H, F, OH, CN,
NH>, NO,, CH3, CF3 and OCHs.

2. Results and Discussion
2.1. Effect of Substituents

The semiemperical MINDO-Forces method [9] was
used to calculate the optimized geometries of o-
acetaldehydes and their enols. The results of the op-
timized geometrical parameters are given in Table 1.
All substituents, in the case of acetaldehyde, cause a
decrease in the bond angle C1C2H2 at which the sub-
stituent is attached, and an increase in the adjacent
bond lengths (C1-C2 and C2-H2), except in the case of
the substituent F, where the opposite holds [1, 9e—g].
Similarly, the effect of substituents on the geometrical
parameters of vinyl alcohol holds.

2.2. Effect of F

The substituent F in compound 2 (Table 2) decreases
the electron density on carbon C2 and increases it on
the atoms C1 and H2, which suggests that F acts as
electron releasing [1].

From the charge distribution of compound 2, ob-
tained from the electron density (Table 2), it fol-
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Table 1. Optimized geometrical parameters of o-substituted acetaldehydes and their enol counterparts.

Molecule No. & Bond Calculated . Bond Calculated Molecule No. & Bond Calculated j Bond Calculated
Structure Bond Length A Angle Angle Degree Structure Bond Length A Angle Angle Degree
1 <C,CiH 115.0
By o) n L QG L% fclo, 138
/ 0:=Cy 1.192 <C,CiH; 1115 o\ Vi Cl_Cl 1134 COuCoH, 1126
Hi ., Cy-Hy 1.138 <C,C101 127.3 \ “c,—¢ 172 . <0,C,Cy 111.0
‘1, Cp—ocy C1-C, 1.478 <H3C,Cy 111.6 L \/ \*1 Co-Hz 1131 <H3CyH, 102.1
\ Cy-H; 1.109 <H,C,Cy 114.4 7 : gz-az ii?g <H,C,Cs 111.4
H 3-Hg .
Hy 1 <HgC3H4 107.6
10
2 . H,
H 1 _
2 0:=Cy 1195 <CCiH; 1123 \ 0:-C, 1321 <H,0,C; 1123
; \ Cy-Hy 1.131 <C,C,0, 1254 H, o 01-Hy 0953 “C.CiH, 1234
3 ///,,' Cl'CZ 1.473 <H1C101 122.2 / 1 Ci-H 1.117 <C,C,0 128.8
Cy —c Cy-Hy 1.106 <F1C,Cy 99.0 \ iy 1398 21t '
— 1=L2 . <H;C,0, 107.8
4 \H Coh 13%  <HCC, 1189 /Cz - Cl\ CoHs 1097 <HsC,C; 1245
Fy 1
H
3 0:=C; 1.193 <C,CiH, 1148 Hy 1
2 0 Cy-Hy 1.135 <C,C,0; 1241 1
N\ /GG 1498 <OCH; 1130 H
C, c\ Cy-H, 1.130 <0,C,Cy 109.4 i 0:-C; 1.328 <H,0:C4 111.8
o 7 ., G0 1.350 <H3C,C; 1115 u o 0;-H, 0953 <C,CiH; 1252
Hy 02 O3-Hy 0.952 <H40,C; 110.4 / 1 Ci-H; 1.110 <H;C,0; 124.7
4 C1=C, 1.235 <FiCH; 1092
Hy 01 c _Cl Cy-Hz 1.095 <F1C,Cy 120.7
\ / 01:C1 1.190 <CzC1H1 115.1 / 2 CZ'Fl 1.374 <H30201 130.1
H3 /, Cy-Hy 1.135 <C,C101 1229
1,
‘CHo —cC C,-C; 1.489 <C3C,H3 110.8 Fl Hl
7 N CoHe 1120 <CiCCp 1127 12
N H  C,-Cs 1.461 <H3CoH, 1041 1, 0:-Cy 1.332 <H,0,C; 1115
/// C3-N1 1.158 <H2CZC1 109.6 \ Ol‘HZ 0.953 <C2C1H1 126.0
N e 0, Ci-Hp 1.110 <C,C,01 124.9
1 \ / C1=C, 1.342 <0,CoHs 1176
Hy ° 0; 0,=C,; 1.194 <CyC1H; 113.1 c, _—_C\ 22-83 iéé(li <azgzgl gig
Cy-Hy 1.153 <C,C,0; 1249 / 272 : <Fgatn :
\ // 5, O,-H 0.951 H,0,C, 1095
53 41, C:-C, 1.491 <N;CH, 1152 Hy—0p 1 O2-Hy : <H0:C; :
Hy €2 — C;\ Co-Ha 1.132 <N,C,C; 1124 13
7 o CoNp 1.417 <H,C,C;  109.3 H,
Ny, 1N -Hy 1.029 <HsN;C, 1118 N\ 81:31 égé‘s‘ 2?28131 Egg
6 . 2 /01 Ci-Hy 1117 <CyCi0r 1292
Hy 1 0,=C, 1.188 <C,CiH; 1153 J— C1=C, 1.343 <H,C,0; 1073
Hy /\ // Ci-Hi 1.130 <C,C,0; 1227 e . CoHs 1.108 <C3CoH; 1146
cy—c C:-C, 1.503 <N;C,C; 1140 o n, Cp-Cs 1.436 <C3C,C; 1268
7 N Co-H, 1.126 <H3C,C; 1085 // Cs-Ny 1.160 <H3C,C; 1186
Ny Hy C,-N; 1.463 <0O3N;0, 132.0 Ny
/ \O N;-O; 1.219 <O3N;C; 1131 1
©2 3 H 0,-C 1323
1-C1 . <H,0:C; 112.2
7 . i 0;-H, 0.953 <C,CiH; 1254
Ha B Cy-H 1.116 <C,C,0 127.1
— (o} 1 1 211
37, // 0,=C; 1.191 <C,CiH; 1118 H\ / 1 Gi=C, 130 NG, 1228
. cy —c Cl-Hl 1.138 <C20101 126.9 C,-H 1.121 H.C,C 117.6
. 2 N Hg — 2-H3 . <H3L0, .
s, O N GG 1.492 <CsCoty 1093 2 Co— W CM 1.393 <HsNiH, 1043
o sy B CoHy 1119 <CiCC; 1159 3 //H4 N 1033 —HNC. 1109
/‘ Cs-Hs 1.111 <H,C,C; 1103 Ny 1 e ’ a2 '
H 15
4 H2
8 <CCiHy 1127 \ 0:-C; 1.301 <H,0,C; 1145
i 0:=C 1191 <G00 1283 0;-H, 0954  <C,CiH; 1258
0 1 1 H (0]
i ,\ 7 CiHy 1128 <HhGiOp 1239 3 /7 G 1117  <C,C,0; 1274
3 //,,,,CZ o C/ Ci-Co 1508 <C3CoH; 1092 \ C,=C, 1359 NiCoHs 1167
N . CurH: 1118 <CCeth 1078 /Cz—c\ Co-Ha 1114 <N;CC; 1266
. 4 Cp-Cy 1.464 2&3%% ﬂig w7 i, CoNi 1.409 <O3N;0, 1304
. 20201 . N;-O 1.229 <O,N;C 114.8
N 3\ Cs-Fy 1.323 ZF,CsCy 1124 y AN 1-02 2N1Cs
: f2 1134 03 02
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Table 1 (continued).

Molecule No. & Bond Calculated = Bond Calculated
Structure Bond Length A Angle Angle Degree
16
“\2 01-Cy 1315  <H,0,C; 1132
H 01 O:1-H, 0.952 <C,C1H; 1235
\ / Ci-Hy 1.118 <C,C;0;  129.2
“ J— C1=C, 1.339 <C3CoHs  114.4
S, ST N CeHs 1.109 <C3C,C; 1274
c H, Cp-C3 1.468 <H3C,Cy 118.3
7 N Ca-Hy 1.113 <HgCsHs  106.1
H6 H4
17
H.
i 0:-C; 1.297 <H,0:C; 113.8
. 0. O1Hp 0.953 <C,CiH; 1239
K /7t Crh 1113 <C,C10; 1261
o —= C,=C, 1.357 <C3C,H3 115.0
SPTTN . CoHs 1103 <CiC,C; 1253
P Gy H C,-Cs 1.424 <H3;C,C; 1198
2 Cs-Fy 1.329 <F3C3Fy 111.2
Fs
Ol-C1 <H201C1
18 “ Ol-Hz <C2C1H1
i Ci-H;  1.3290.952 <C,C,0; 11251265
Hy H, o, C1=C, 11111357 <O0,CyH; 1245119.0
: \ /" CpH; 11371299 <0,C,C; 123.8117.2
B PR Cpr0; 13461118 <H3CpCy 117.8107.9
-3~
Hy 0y Hy Oz-Cg <C302C2
Cz-Hy <H4C30,

lows that the carbonyl group will be destabilized due
to electrostatic repulsion between C1 and C2 (which
both carry positive charges), compared to the parent
1[10,11]. This means that the ketone 2 will be desta-
bilized, and this facilitates enol formation.

This is confirmed by calculation of the Gibbs en-
ergy (AGy) for F substituted keto-enol (Table 3), which
shows that AG, (AG; = 9.727 kcal/mol) is less than that
of the parent (AG, = 10.157 kcal/mol).

H2 (+0.022) Y 01 (-0.464)

C2— 1 (+0616)
3™ /N (0.069) \H1
H4
1

Hg, (-0.018) 01 (-0.44
/ ( 5)

~G2— c1(0556)

FRA (0.365)
F1
2

H2\('°‘061) /01 (-0.447)
C2 — ¢ (+0.565)
TAA (0.318)

OH

3

H1

2.3. Effect of the OH Group

The OH substituent in compound 3 also behaves as
an electron releasing group, which decreases the elec-
tron density at C2 (the atom carrying the substituent)
and increases it at the adjacent atoms C1 and H2 (Ta-
ble 2) when compared with the parent 1.

From the charge distribution of compound 3 it fol-
lows that the carbonyl group will be destabilized due to
electrostatic repulsion between C1 and C2 (which both
carry positive charges) [10—13]. This means that the
ketone 3 will be destabilized, and this facilitates enol
formation.

This is supported by thermodynamic calculation of
AG; (Table 3) for an OH substituted keto-enol system,

Table 2. Calculated electron densities of o-substituted acetaldehydes and their enol counterparts (see Table 1 for numbering).

Comp# C; C, Cs Hy H Hs Ha

Hs Hs N 01 (73 O3 F1 ) F3

1 3.384 4.069 1.139 0.978 0.983 0.983
2 3444 3635 1.090 1.018 1.037
3 3435 3.682 1.107 1.061 1.078 0.743
4 3397 4.033 3910 1.123 0.977 0.986
5 3416 3914 1.128 1.045 1.018 0.931
6 3.382 4.252 1.085 0.924 0.929
7 3395 4037 3916 1.139 0994 1.002 1.023
8 3.346 4.234 2662 1.082 0.929 0.936
9 3437 3690 3580 1.107 1.056 1.073 1.039
10 3.632 4.193 1.062 0.748 0.959 0.963
11 3.796 3.778 0.962 0.756 1.005
12 3.811 3.874 0.975 0.762 1.045 0.752
13 3.602 4.218 3.853 1.015 0.747 0.971
14 3.683 4.088 1.010 0.753 1.033 0.951
15 3.473 4.469 0.988 0.732 0.905
16 3.627 4219 3.848 1.019 0.751 0.983 1.047
17 3.487 4.453 2.623 0.987 0.730 0.908
18 3.802 3.843 3578 0975 0.759 1.040 1.048

0.933

1.017

1.081

0.951

1.039

1.089

6.464
6.445
6.447
6.463
6.458
6.434
6.463
6.453
6.448
6.442
6.408
6.412
6.424
6.424
6.405
6.428
6.408
6.416

7.331
6.447
5111
5.157
3.885
1.015

6.541 6.569

7.432 7.442 7.484
1.083 6.405
7.294
6.410
5.171
5.108
3.824
1.039

6.617 6.587

7.451 7.476 7.476

1.089 6.361
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Table 3. Gibbs free energies of keto-enol tautomerism of o-

substituted acetaldehydes and their enol counterparts.

. <
\_ N

By,

C
A — > c—=c
x/ H /N
x H
X AG (kcal/mol) X AG (kcal/mol)
H 10.157 [1] F 9.727
OH 1.762 CN —1.460
NO; —12.880 NH, 0.947
CHjs 0.602 CF3 —5.392
OCHj3 2.225

which shows that AG, (AG; = 1.762 kcal/mol) is less
than that of the parent (AG; = 10.157 kcal/mol).

The stabilization effect of the OH group on both the
ketone 3 and its enol counterpart 12 (Table 4), is of-
ten confirmed by using isodesmic reactions [12—16].
A negative value indicates less stability, and a pos-
itive value more stability. It can be seen that the
AH; values of the isodesmic reactions are negative
for both 3 (AH, = —3.501 kcal/mol) and 12 (AH, =
—4.167 kcal/mol). From these values, the compounds
3 and 12 are destabilized by OH, but 3 is more stabi-
lized than 12. This agrees with the present thermody-
namic calculation, which predict a small shift in equi-
librium to the ketone side. This also, agrees with ab
initio calculations [2], in which the OH substituent was
found to lower the energy barrier of ketonization.

2.4. Effect of CN Group

The CN substituent in compound 4 decreases
slightly the electron density on carbon C2, increases it
on the adjacent carbon C1 and almost does no change
it on H2 (Table 2). When compared with the parent 1,

983

(0.023)
H?\ 01 (-0.463)
Vi
62— 1 (+0603
na" / \(-0.033)
CN

4

it behaves as weakly electron releasing when attached
to a system with low electron density. But, when sub-
stituted on carbonyl carbon (system with high electron
density) [1], it behaves as weakly electron with draw-
ing. In other words, the CN group behaves according
to the electron demand [12,17-22], i. e. it shows am-
phielectronic behavior.

From the charge distribution of compound 4 follows
that H2 carries positive charge (acidic), and hence fa-
cilitates enol formation (enol 13). This is an expected
result due to the stabilization of the enol 13 by delo-
calization of the C=C electrons [2]. I.e the zx orbital
of the CN substituent accepting the & electron density
from the C=C double bond, the “pull and push” effect
becomes operative, leading to a further stabilization of
the enol 13, as mentioned in previous work [2].

This result is confirmed by thermodynamic cal-
culations of AG, (Table 3), which gave AG, =
—1.460 kcal/mol, suggesting a shift to the enol side.

This is supported by the stabilization effect of the
CN group on both the ketone and its enol counter-
part (Table 4), using the isodesmic reaction. It can be
seen that AH, = —0.249 kcal/mol for ketone 4, while
AH; = 4.323 kcal/mol for enol 13. This indicates that
CN stabilizes enol 13, and the equilibrium shift to the
enol side.

2.5. Effect of the NH, Group

The substituent NH, behaves as an electron releas-
ing group in compound 5 (Table 2); this is reflected by

Table 4. Evaluation of substituent effects on keto-enol tautomerism of a-substituted acetaldehydes and their enol counterparts

via isodesmic reactions (AHs in kcal/mol).

Isodesmic Reaction

OH CN NO; NH; CHz CFz OCH3

TN 4 TR N

\o \0
. . " '~/
Y < DAY
; .+ O +

H

Hm,,,\c_c// —3.501 —0.249 —1.401 1.260 0.222 1.890 —0.880
4 N

H

Czc\ —4.167 4.323 7.306 0.781 0.122 7.470 —4.374
H

{
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HZ\(-0.045)

c%— c1 (+0.584)
H3
Né (0.086)

/01 (-0.458)

H1
5

a decrease in the electron density at C2 and an increase
at the adjacent atoms C1 and H2, when compared with
the parent 1.

From the charge distribution of 5 it follows that the
carbonyl group will be destabilized due to electrostatic
repulsion between C1 and C2, which both carry posi-
tive charges [10, 11]. This means that the ketone 5 will
be destabilized and this facilitates enol formation.

This is confirmed by the thermodynamic calcula-
tion (Table 3), which shows that AG, = 0.947 kcal/mol,
while that of the parent 1 is AG, = 10.157 kcal/mol).

This result is supported by isodesmic reactions (Ta-
ble 4). It can be seen that the AH, of 5 and 14
are positive (AH; = 1.260 kcal/mol for 5 and AH, =
0.781 kcal/mol for 14). From these values follows that
the NH, group stabilizes both compounds, but 5 then
14. This explains a slight shift to the ketone side.

2.6. Effect of the NO, Group

The substituent NO, behaves as a strong electron
withdrawing group in compound 6 (Table 2); this is
reflected by an increase in the electron density at C2
and a decrease at the adjacent atoms C1 and H2, when
compared with the parent 1.

The charge distribution of compound 6 shows that
H2 carries more positive charge (+0.076) than the par-
ent 1 (+0.022), and facilitates the enol formation.

This result is confirmed by thermodynamic calcu-
lations (Table 3) of AG, = —12.880 kcal/mol), which
indicates that the reaction is spontaneous and the equi-
librium shifts to the enol side.

This is supported by the isodesmic reactions (Ta-
ble 4). It can be seen that the AH, = —1.401 kcal/mol
for ketone 6, while AH; = 7.306 kcal/mol for enol
15.This indicates that NO, stabilizes enol 15, and the

equilibrium shifts to the enol side.
H2, (0.076) /01 (-0.434)

G2 — c1(+0.618)
H3™ / \(-0.252) AN
NO2 H1

6

Khalil - MINDO-Forces Study on the Keto-Enol Tautomerism

(0.006)

"\ 7

. C2— c1 (+0.605)
PAA 0037) N\
CH3 H1

7

01 (-0.463)

2.7. Effect of the CH3 Group

The substituent CH3 behaves as a weak electron re-
leasing group in 7 (Table 2), when compared with the
parent 1.

From the charge distributions 7 it follows that the
electronic attraction between C1 and C2 is less than
that of the parent 1, suggesting a destabilization of 7
compared to the parent 1.

This is supported by calculation of Gibbs en-
ergy AG; (Table 3), which shows that AG, =
0.602 kcal/mol). This is less than that of the parent
(AG; = 10.157 kcal/mol), suggesting a destabilization
of ketone 7. The reaction is slightly nonspontaneous.

This result is confirmed by the isodesmic reac-
tions (Table 4). AH; of 7 and 16 is positive (AH,
0.222 kcal/mol for 7, while AH, = 0.122 kcal/mol for
16). From these values follows that the CH3 group sta-
bilizes 7 and 16, but 7 more, which explains the slight
shift in the equilibrium to ketone side.

2.8. Effect of the CF3 Group

The substituent CF3 behaves as a strong electron
withdrawing group in 8 (Table 2); this is reflected by
an increase in the electron density at C2 and a decrease
at the adjacent atoms C1 and H2, when compared with
the parent 1.

The charge distribution of 8 shows that H2 car-
ries more positive charge (+0.071) than the parent 1
(+0.022), and hence facilitates enol formation.

This is supported by thermodynamic calculations
(Table 3), which shows that AG; is negative (AG;
—5.392 kcal/mol). This indicates that the reaction is
spontaneous and shifts to the enol side.

This is also confirmed by the isodesmic reactions
(Table 4). It can be seen that AH, of 8 and 17 is positive

H2(0.071) /01 (-0.453)

. C2 — 1 (+0.654)

H3" / \(-0.234) N
CF3 H1
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(AH; = 1.890 kcal/mol for 8, AH, = 7.470 kcal/mol
for 17). From these values follows that the CF3 group
stabilizes 8and 17, but 17 more, which explain the shift
in equilibrium to the enol side. This suggest that CF3
destabilizes the ketone.

2.9. Effect of the OCH3 Group

The substituent OCH3 behaves as strong electron re-
leasing group in 9 (Table 2); this is reflected by a de-
crease in the electron density at C2 and an increase at
the adjacent atoms C1 and H2, when compared with
the parent 1.

From the charge distributions of compound 9 it fol-
lows that the carbonyl group will be destabilized due
to electrostatic repulsion between C1 and C2 (which
both carry positive charges) [10, 11]. This means that
the ketone 9 will be destabilized, and this facilitates
enol formation.

H2\(-0.056) /01 (-0.448)

G2 — c1(+0.563)
H3 Y /\(0.310) N
OCH3 H1

9

This is supported by thermodynamic calculations
(Table 3) which show that AG, = 2.225 kcal/mol,
which is less than that of the parent 1 (AG, =
10.157 kcal/mol), suggesting a destabilization of 9 by
the OCHg3 group compared to the parent 1. The reac-
tion is still non-spontaneous.

This result is also confirmed by the isodesmic reac-
tions (Table 4). AH; of 9 and 18 are negative (AH; =
—0.880 kcal/mol for 9, AH, = —4.374 kcal/mol 18).
From these values follows that OCH3 destabilizes both
9 and 18 but 18 more, which explains the shift to the
ketone side.

AG; of all substituents is less than that of the parent
1 (Table 3), suggesting a destabilization of the ketone,
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