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Abstract

The heats of formation of imines and enamines with up to four carbon atoms were determined with the CBS-Q and G2
(MP2) composite high-level ab initio procedures. The imines are lower in energy than the corresponding enamines; the energy
difference is typically some 15 kJ mol21, which is considerably less than that observed for isomeric keto–enol pairs.N-alkyl
enamines are more stable as thesyn form, by approximately 7 kJ mol21. The heats of formation of enamine radical cations
are between 80 and 170 kJ mol21 lower than the heats of formation of their imine counterparts, depending on the presence
of substituents on the double bond and the nitrogen atom. (Int J Mass Spectrom 179/180 (1998) 301–308) © 1998 Elsevier
Science B.V.
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1. Introduction

It is well established that neutral ketones and
aldehydes have lower heats of formation than the
corresponding enols, whereas the reverse relationship
is obtained for the radical cations [1–3]; this phenom-
enon was called a “stability inversion” by Haselbach
[4]. The nitrogen analogs, imines, and enamines, have
not been as widely studied. The few results available
in the literature with regard to their heats of formation
indicate that imine–enamine pairs and the corre-
sponding radical cations obey a similar relationship
[4–9], but a systematic study is not available. To
remedy this situation we have undertaken a computa-

tional investigation of the thermochemistry of neutral
and ionized imines and enamines. Direct, experimen-
tal studies of these systems are in many cases not
practical, inasmuch as simple imines and enamines
readily undergo condensation and polymerization re-
actions [10]. However, with the introduction of high-
level composite ab initio methods in computational
chemistry it has become possible on a routine basis to
calculate the thermochemical properties of small mol-
ecules and ions with an accuracy comparable to that
of most experimental determinations [11–15]. In an
attempt to strike a compromise between accuracy and
computational expense we have chosen the G2(MP2)
and CBS-Q methods from Pople’s G2 family and
Petersson’s CBS family of composite ab initio meth-
ods for the present study of the heats of formation of
all imine and enamine neutral molecules and radical
cations with up to four carbon atoms.
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2. Methods

The CBS-Q [14] and G2(MP2) [12] energies of
imine and enamine molecules and radical cations
were calculated with the GAUSSIAN-94 suite of pro-
grams [16]. The 0 and 298 K heats of formation were
derived from the calculated electronic energies and
vibrational frequencies as described by Nicolaides et
al. [17]; the required experimentally determined en-
thalpies and heats of formation of atoms were taken
from the 1982 NBS compilation by Wagman et al.
[18].

The calculated total energies of imine radical
cations and enamine molecules and radical cations are
given in Tables 1–3; the energies of neutral imines are
reported elsewhere [19]. The derived heats of forma-
tion are given in Tables 4 and 5 and typical geometric
properties in Table 6.

The heats of formation of imine and enamine
radical cations derived from the CBS-Q energies turn
out to be some 5 kJ mol21 lower than those derived
from G2(MP2) energies. This contrasts with the trend
observed for other classes of compound [15,19], in

that the CBS-Q heats of formation are often higher
than the G2(MP2) values. The CBS-Q heats of for-
mation of neutral enamines are uniformly slightly
higher (;2 kJ mol21) than those derived from
G2(MP2) calculations.

Very few well-determined experimental values are
available in the literature for the species included in
the present study. For vinylamine, our calculated heat
of formation is some 40 kJ mol21 higher than the
literature value [9], and 25 kJ mol21 higher than the
estimate by Bouchoux et al. [6]; this discrepancy was
already noted by Smith and Radom [20]. The heat of
formation of propenylamine was estimated by Bou-
choux et al. [21] to be 30 kJ mol21, in reasonable
agreement with our results. For the vinylamine radical
cation our calculated value is close to that determined
experimentally by Bouchoux et al. [22], and our value
for the propenylamine radical cation is, likewise, not
very different from that estimated by Bouchoux [21].
Our calculatedDHf of CH2 5 NH1z agrees well with
that derived by Holmes [23] from experimental mea-
surements and with the results of previous calcula-
tions [24].

Table 1
Calculated total energies of C2–C4 enaminesa

G2(MP2) CBS-Q

CH2ACHNH2 2133.688 22 2133.692 77
E-CH3CHACHNH2 2172.914 08 2172.920 08
Z-CH3CHACHNH2 2172.914 50 2172.920 11
CH2AC(CH3)NH2 2172.919 71 2172.925 25
syn-CH2ACHNHCH3 2172.904 97 2172.910 27
anti-CH2ACHNHCH3 2172.902 45 2172.907 76
E-CH3CH2CHACHNH2 2212.138 53 2212.145 80
Z-CH3CH2CHACHNH2 2212.138 86 2212.145 44
(CH3)2CACHNH2 2212.143 00 2212.149 91
E-CH3CHAC(CH3)NH2 2212.143 45 2212.151 14
Z-CH3CHAC(CH3)NH2 2212.146 19 2212.154 05
CH2AC(CH2CH3)NH2 2212.143 42 2212.149 92
E, syn-CH3CHACHNHCH3 2212.130 63 2212.137 56
E, anti-CH3CHACHNHCH3 2212.128 51 2212.135 49
Z, syn-CH3CHACHNHCH3 2212.123 99 2212.130 47
Z, anti-CH3CHACHNHCH3 2212.128 79 2212.135 27
anti-CH2AC(CH3)NHCH3 2212.132 23 2212.139 41
syn-CH2AC(CH3)NHCH3 2212.136 39 2212.143 09
CH2ACHN(CH3)2 2212.122 84 2212.129 10
anti-CH2ACHNHCH2CH3 2212.129 97 2212.136 26
syn-CH2ACHNHCH2CH3 2212.132 01 2212.138 64

a Hartrees.
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Spin contamination can be a problem when unre-
stricted wave functions are used in studies of open-
shell systems. Tables 2 and 3 include the^S2& expec-
tation values of the QCISD(T) step of the G2(MP2)
procedure; the other post-Hartree–Fock steps of the
G2(MP2) and CBS-Q methods yield almost identical
values. The possible error arising from the moderate
spin contamination encountered will not significantly
influence the energy differences between imine and
enamine radical cations.

3. Results and discussion

3.1. Neutral enamines

The calculated heats of formation of enamine
molecules (Table 4) show a number of systematic
trends: The introduction of methyl groups on the
nitrogen atom does not influence the heat of formation
very much; the values for vinylamine and itsN-
methyl andN,N-dimethyl homologs are within 10

kJ of each other (Table 4). In this, the enamines
resemble saturated aliphatic amines, e.g., the heats of
formation of methyl-, dimethyl- and trimethylamine
are223, 219, and224 kJ mol21, respectively. The
introduction of methyl groups on thea-carbon atom
of the CC double bond lowers the heat of formation
by 35–40 kJ mol21; a methyl group on theb-carbon
atom lowersDHf by some 25 kJ mol21.

The heats of formation ofcis/trans isomeric ena-
mines differ very little when the amino group is
involved, e.g. theZ andE forms of 1-propenylamine
(Fig. 1) have almost the same heat of formation.
Turecek and Cramer [2] reported similar results with
regard to the relative stability ofcis/trans isomeric
enols. However, substantial differences are encoun-
tered when the geometrical isomerism involves two
methyl groups, viz. the energy difference between the
two 2-buten-2-ylamines (Fig. 1) is even higher than
the difference between thecis- and trans-2-butenes.

Conversely, the heats of formation ofsynandanti
isomericN-substituted enamines are appreciably dif-

Table 2
Calculated total energies of C2–C4 enamine radical cationsa

G2(MP2) CBS-Q ^S2&b

CH2ACHNH2
1z 2133.387 55 2133.394 09 0.823

E-CH3CHACHNH2
1z 2172.628 59 2172.637 17 0.808

Z-CH3CHACHNH2
1z 2172.627 31 2172.635 37 0.805

CH2AC(CH3)NH2
1z 2172.630 05 2172.638 08 0.797

syn-CH2ACHNHCH31
z 2172.616 35 2172.624 12 0.861

anti-CH2ACHNHCH3
1z 2172.618 43 2172.626 42 0.866

E-CH3CH2CHACHNH2
1z 2211.854 61 2211.864 57 0.806

Z-CH3CH2CHACHNH2
1z 2211.853 46 2211.862 56 0.804

(CH3)2CACHNH2
1z 2211.867 68 2211.877 28 0.790

E-CH3CHAC(CH3)NH2
1z 2211.868 76 2211.879 06 0.793

Z-CH3CHAC(CH3)NH2
1z 2211.868 20 2211.878 22 0.785

CH2AC(CH2CH3)NH2
1z 2211.856 65 2211.866 17 0.796

E, syn-CH3CHACHNHCH3
1z 2211.855 97 2211.865 97 0.842

E, anti-CH3CHACHNHCH3
1z 2211.857 65 2211.867 92 0.847

Z, syn-CH3CHACHNHCH3
1z 2211.849 63 2211.859 19 0.840

Z, anti-CH3CHACHNHCH3
1z 2211.856 31 2211.866 08 0.843

anti-CH2AC(CH3)NHCH3
1z 2211.857 21 2211.866 96 0.840

syn-CH2AC(CH3)NHCH3
1z 2211.856 55 2211.865 74 0.827

CH2ACHN(CH3)2
1z 2211.846 75 2211.856 05 0.902

anti-CH2ACHNHCH2CH3
1z 2211.849 13 2211.858 43 0.870

syn-CH2ACHNHCH2CH3
1z 2211.846 96 2211.856 02 0.866

a Hartrees.
b QCISD(T)/6-311G(d,p).
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ferent, thesyn isomer being the more stable by on
average 7 kJ mol21; this agrees well with the situation
observed for enol ethers [25]. TheN-alkyl group in
thesynisomer does not quite eclipse the double bond,
e.g., for the two isomers ofN-methylvinylamine (Fig.
1) we find dihedral CNCC angles of;15° and;145°.
The barrier to interconversion of thesyn and anti
isomers by rotation around the central C–N bond is
calculated to be 27 kJ mol21 (CBS-Q 298 K energy
difference between thesyn form and the transition
state for interconversion). Interconversion of theE
and Z forms of 1-propenylamine by rotation around
the CA C double bond would require approximately
260 kJ mol21.

3.2. Enamine radical cations

The introduction of a methyl group on either
carbon atom of the double bond lowers the heat of
formation by approximately 65 kJ mol21 (Table 4),

whereas a methyl substituent on the nitrogen lowers
the heat of formation by some 35 kJ mol21. The effect
of additional methyl groups is slightly less pro-
nounced, 60 kJ mol21, respectively, 30 kJ mol21.

The heats of formation ofcis/trans isomers and
syn/antiisomers of enamine radical cations differ by
about 5 kJ mol21, the trans andanti forms being the
more stable. In this the properties of the enamine
radical cations differ from those of the neutral ena-
mines described above and to some extent from those
observed for enol radical cations; for the latter Ture-
cek and Cramer’s results [2] show that the heats of
formation of cis and trans isomers are almost the
same (in preliminary studies, we find that this applies
to enol ether radical cations as well).

The barrier to rotation around the central C–N
bond in theN-methylvinylamine radical cation is 108
kJ mol21 (CBS-Q 298 K energy difference between
the anti form and the transition state for interconver-
sion), considerably higher than that found for the

Table 3
Calculated total energies of C1–C4 imine radical cationsa

G2(MP2) CBS-Q ^S2&b

CH2ANH1z 294.093 84 294.098 94 0.845
E-CH3CHANH1z 2133.342 20 2133.348 44 0.815
Z-CH3CHANH1z 2133.341 97 2133.348 17 0.816
CH2ANCH3

1z 2133.343 21 2133.349 83 0.872
E-CH3CH2CHANH1z 2172.570 92 2172.578 16 0.811
Z-CH3CH2CHANH1z 2172.571 22 2172.578 45 0.812
(CH3)2CANH1z 2172.588 07 2172.596 01 0.799
E-CH3CHANCH3

1z 2172.587 74 2172.595 99 0.840
Z-CH3CHANCH3

1z 2172.587 61 2172.595 58 0.841
CH2ANCH2CH3

1z 2172.576 26 2172.584 10 0.873
E-CH3CH2CH2CHANH1z 2211.797 56 2211.806 52 0.811
Z-CH3CH2CH2CHANH1z 2211.798 38 2211.807 43 0.812
E-(CH3)2CHCHANH1z 2211.802 05 2211.810 56 0.809
Z-(CH3)2CHCHANH1z 2211.803 71 2211.812 21 0.810
E-CH3CH2C(CH3)ANH1z 2211.816 07 2211.825 14 0.797
Z-CH3CH2C(CH3)ANH1z 2211.816 44 2211.825 46 0.798
E-CH3CH2CHANCH3

1z 2211.815 58 2211.825 19 0.835
Z-CH3CH2CHANCH3

1z 2211.815 65 2211.824 34 0.838
(CH3)2CANCH3

1z 2211.830 73 2211.840 30 0.820
E-CH3CHANCH2CH3

1z 2211.820 15 2211.829 66 0.843
Z-CH3CHANCH2CH3

1z 2211.818 86 2211.828 27 0.842
CH2ANCH2CH2CH3

1z 2211.804 45 2211.813 91 0.874
CH2ANCH(CH3)2

1z 2211.809 90 2211.819 33 0.874

a Hartrees.
b QCISD(T)/6-311G(d,p).
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neutral enamine. Conversely, the barrier to intercon-
version of theE and Z isomers of the 1-prope-
nylamine radical cation by rotation around the CAC
double bond is 77 kJ mol21, almost 200 kJ mol21

lower than the barrier in the neutral compound.

3.3. Imine radical cations

Introduction of methyl groups at either end of the
CAN group lowers the heat of formation by 65–85 kJ
mol21 (Table 5), the change decreasing with increas-
ing degree of substitution.

The difference in energy betweencis/trans iso-
meric imine radical cations is in most cases only
small, which contrasts with the considerablecis/trans
energy differences observed for neutral imines (Table
5). This may be related to the difference in geometry:
the CNH angle in unsubstituted, neutral imines is
close to 120°, whereas the radical cations are much
closer to linear, with a CNH angle around 155°. We

find similar differences between the CNC angles in
N-substituted imines and imine radical cations.

The preferred conformations of imine radical cat-
ions such as propanimine1z are eclipsed; the lower-
energy conformer (CCCN dihedral angle of 0°) has
the CH3 group eclipsing the CAN. This resembles the
properties of neutral imines [19]. Possible reasons for
effects of this nature were discussed by Dorigo et al.
[26].

3.4. Imine–enamine energy differences

The calculated heat of formation of each neutral
imine is lower than that calculated for the correspond-
ing enamine, but the energy differences (Table 7) are
lower than those found for keto–enol pairs. The
literature estimates of the vinylamine-acetaldimine
energy difference [5–8,20,27] range from 9 to 33 kJ
mol21; our results, 15–17 kJ mol21 (Table 7), are
very close to two recent G2 results [7,20].

Table 4
Calculated heats of formation of C2–C4 enamines and the corresponding radical cationsa

Neutral enamines Radical cations

G2(MP2) CBS-Qb G2(MP2) CBS-Qb

0 K 298 K 298 K 0 K 298 K 298 K

CH2ACHNH2 74 60 62 864 849 846
E-CH3CHACHNH2 57 37 38 807 786 780
Z-CH3CHACHNH2 56 36 38 810 790 785
CH2AC(CH3)NH2 42 21 24 803 782 778
syn-CH2ACHNHCH3 81 60 63 839 818 815
anti-CH2ACHNHCH3 88 67 70 833 813 809
E-CH3CH2CHACHNH2 44 17 17 789 763 755
Z-CH3CH2CHACHNH2 43 16 18 792 765 760
(CH3)2CACHNH2 32 6 7 755 729 723
E-CH3CHAC(CH3)NH2 31 5 4 752 726 718
Z-CH3CHAC(CH3)NH2 24 22 24 754 728 721
CH2AC(CH2CH3)NH2 31 4 6 784 757 751
E, syn-CH3CHACHNHCH3 65 38 39 786 760 752
E, anti-CH3CHACHNHCH3 70 44 44 781 756 747
Z, syn-CH3CHACHNHCH3 82 56 58 802 776 770
Z, anti-CH3CHACHNHCH3 69 43 45 785 759 752
anti-CH2AC(CH3)NHCH3 60 33 33 782 757 750
syn-CH2AC(CH3)NHCH3 49 22 24 784 758 753
CH2ACHN(CH3)2 85 58 60 810 783 778
anti-CH2ACHNHCH2CH3 66 39 42 804 777 771
syn-CH2ACHNHCH2CH3 61 34 35 809 782 778

a Values in kJ mol21.
b The sameDHf,298 2 DHf,0 difference for the CBS-Q calculations as for the G2(MP2).
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The steric preferences are quite different for imines
and enamines, and the comparisons in Table 7 are
between the more stable geometrical isomers of the
appropriate imine and enamine. Quite different results
would be obtained if the isomerization involved only
migration of the hydrogen atom, as illustrated by the
N-methylpropenylamine/N-methylpropanimine iso-
mers (Fig. 2); the difference between the heats of

formation of thecis–synpair is considerably smaller
than the difference of thetrans–antipair, inasmuch as
the lower-energy enamine issyn, whereas the lower-
energy imine is thetrans form.

The difference between the heats of formation of
imines and enamines increases with substitution on
the nitrogen and decreases with increasing degree of
substitution on theb-carbon atom of the enamine;

Table 5
Calculated heats of formation of C1–C4 imines and the corresponding radical cationsa

Neutral iminesb Radical cations

G2(MP2) CBS-Qc G2(MP2) CBS-Qc

0 K 298 K 298 K 0 K 298 K 298 K

CH2ANH 95 87 92 1059 1052 1051
E-CH3CHANH 58 43 47 983 969 967
Z-CH3CHANH 60 46 50 983 970 968
CH2ANCH3 94 79 84 980 967 964
E-CH3CH2CHANH 45 24 28 958 938 936
Z-CH3CH2CHANH 49 28 32 957 937 935
(CH3)2CANH 23 2 5 913 894 890
E-CH3CHANCH3 57 36 40 914 895 890
Z-CH3CHANCH3 73 53 57 914 896 891
CH2ANCH2CH3 74 53 58 944 925 921
E-CH3CH2CH2CHANH 32 5 7 939 913 908
Z-CH3CH2CH2CHANH 35 8 10 937 911 906
E-(CH3)2CHCHANH 25 22 0 927 901 898
Z-(CH3)2CHCHANH 29 1 3 923 897 893
E-CH3CH2C(CH3)ANH 9 217 216 890 865 860
Z-CH3CH2C(CH3)ANH 10 217 217 889 864 859
E-CH3CH2CHANCH3 44 17 20 892 867 860
Z-CH3CH2CHANCH3 61 35 38 891 867 863
(CH3)2CANCH3 34 9 11 852 828 822
E-CH3CHANCH2CH3 37 10 13 880 855 849
Z-CH3CHANCH2CH3 52 26 29 883 858 852
CH2ANCH2CH2CH3 60 32 37 921 895 890
CH2ANCH(CH3)2 46 19 23 907 881 875

a Values in kJ mol21.
b Taken from [19].
c The sameDHf,298 2 DHf,0 difference for the CBS-Q calculations as for the G2(MP2).

Table 6
Calculated geometries of vinylamine andtrans-acetaldimine and the corresponding radical cationsa

CC CN HC(1) HN HCN HNC HCCN

CH2ACHNH2 1.340 1.400 1.088 1.015, 1.014 113.4 113.2, 113.7 174.1,24.4
CH3CHANH 1.494 1.283 1.099 1.026 123.2 109.7 120.6,2120.6, 0.0
CH2ACHNH2

1z 1.410 1.305 1.087 1.019, 1.018 116.7 122.1, 121.4 180.0, 0.0
CH3CHANH1z 1.490 1.242 1.103 1.022 115.5 149.3 122.0,2122.1, 0.0

a Geometry optimization at the MP2(full)/6-31G(d) level.
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substituents on thea-carbon atom do not change the
energy difference significantly.

The relationships are quite different for the radical
cations. The heats of formation of the ionized enam-
ines are considerably lower than the heats of forma-
tion of the corresponding ionized imines, by between
80 and 170 kJ mol21. The larger differences are
observed when the enamine possessesb substituents,
the smaller differences arise when the nitrogen atom
carries substituents. The literature estimates of the
energy difference between the radical cations of
vinylamine and acetaldimine are very close to our
result [5,6], as is Bouchoux’ estimate for a higher
homolog [21]. The enamine-imine radical cation en-

ergy differences are considerably larger than the
keto-enol radical cation energy differences.

4. Conclusions

The heats of formation of imines and enamines and
the corresponding radical cations determined with the
G2(MP2) and CBS-Q composite quantum chemical
methods show that imines are systematically more
stable than enamines, whereas the relationship is
reversed for the radical cations. This resembles the
relationship observed for keto–enol tautomeric pairs,
but the relative energies are considerably different in
the two systems (illustrated in Fig. 3), imines being
only marginally more stable than enamines, while

Fig. 1. Geometrical isomerism of propenylamine, butenylamine and
N-methylvinylamine; energies determined with the CBS-Q method.

Table 7
Energy difference for imine–enamine pairs and the corresponding radical cation pairsa

Neutral molecules Radical cations

G2(MP2) CBS-Q G2(MP2) CBS-Q

CH3CHANH CH2ACHNH2 17 15 2120 2121
CH3CH2CHANH CH3CHACHNH2 12 10 2151 2155
(CH3)2CANH CH2AC(CH3)NH2 19 19 2112 2112
CH3CHANCH3 CH2ACHNHCH3 24 23 282 281
CH3CH2CH2CHANH CH3CH2CHACHNH2 11 10 2148 2151
(CH3)2CHCHANH (CH3)2CACHNH2 8 7 2168 2170
CH3CH2C(CH3)ANH CH3CHAC(CH3)NH2 15 13 2138 2141
CH3CH2C(CH3)ANH CH2AC(CH2CH3)NH2 13 11 2107 2108
CH3CH2CHANCH3 CH3CHACHNHCH3 21 19 2108 2112
(CH3)2CANCH3 CH2AC(CH3)NHCH3 13 13 271 272
CH3CHANCH2CH3 CH2ACHNCH2CH3 24 22 278 278

a DHf,298 (enamine)2 DHf,298 (imine), kJ mol21. The more stable geometrical isomer of each imine and enamine chosen for comparison.

Fig. 2. The influence of stereochemistry on the relative energies of
imine–enamine tautomers.
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enamine radical cations are considerably lower in
energy than imine radical cations.

Like enol ethers,N-substituted enamines show a
pronounced preference for asynconformation in which
theN-alkyl group eclipses the CAC double bond; this is
not the case for the corresponding radical cations.
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