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The tautomeric and conformational properties of malonamic acid methyl ester, NH2C(O)-CH2-C(O)OCH3,
have been investigated by means of gas-phase electron diffraction (GED) and quantum chemical calculations
(HF, B3LYP, and MP2 approximations with different basis sets up to 6-311++G(3df,pd)). Both quantum
chemistry and GED at 360(8) K result in the existence of a single diketo conformer in the gas phase. According
to GED refinement, this conformer possesses an (ac, sc) conformation with dihedral angles CsCsC(NH2)d
O of 140.3(3.0)° and CsCsC(OCH3)dO of 31.1(7.2)°. The experimental geometric parameters are reproduced
very closely by MP2 and B3LYP methods with large basis sets.

Introduction

Tautomeric and conformational properties ofâ-dicarbonyl
compounds (â-diketones) of the type XC(O)-CH2-C(O)Y (see
Scheme 1) continue to attract great interest for many years.1 In
such compounds, two enol forms can occur, with the O-H bond
adjacent to X or to Y (see Scheme 1). For the diketo tautomer,
different conformations are feasible, depending on the relative
orientations of the two CdO bonds (Scheme 1, “s” stands for
synperiplanar (sp) or synclinal (sc) and “a” for antiperiplanar
(ap) or anticlinal (ac)2).

It has been observed that both tautomeric and conformational
properties depend strongly on the substituents X and Y, but
very little is known about the correlation of these properties
and the nature of the substituents. In previous studies,3,4 we have
formulated the rule that substituents of group I (H, CH3,
C(CH3)3, or CF3) favor the enol tautomer, whereas substituents
of group II (F, Cl, NH2, or OCH3) favor the diketo form. Thus,
according to gas-phase structural studies, the enol tautomer is
strongly preferred for X) Y ) H,5-7 CH3,8-11 C(CH3)3,12 and
CF3.13 On the other hand, compounds with X) Y ) F,14 Cl,15

OCH3,16 or NH2
4 exist in the diketo form only.

In previous investigations, we have studied the tautomeric
and conformational properties of two dicarbonyl compounds
which contain substituents belonging to different groups (I and
II): methyl acetoacetate, CH3C(O)-CH2-C(O)OCH3 (X ) CH3

and Y) OCH3)17 and acetoacetamide, CH3C(O)-CH2-C(O)-
NH2 (X ) CH3 and Y) NH2).3 In these compounds, the CH3

group favors the enol tautomer, whereas OCH3 and NH2 groups
favor the diketo form. In both cases, GED studies resulted in
mixtures of both tautomers, 80(7)% enol and 20(7)% diketo in
methyl acetoacetate and 63(7)% enol and 37(7)% diketo in
acetoacetamide.

In the present study, we report a gas electron diffraction
(GED) investigation combined with quantum chemical calcula-
tions for malonamic acid methyl ester, NH2C(O)-CH2-C(O)-
OCH3, (MAME), which also contains different substituents, X

) NH2 and Y) OCH3. In this case, however, both substituents
belong to group II. Therefore, we expect the diketo tautomer
to be strongly predominant in this dicarbonyl compound. As
pointed out in Scheme 1, different keto conformers of MAME
can exist. Previous GED studies forâ-diketones with equal
substituents X) Y resulted in different conformational proper-
ties. In dimethyl malonate, CH3OC(O)-CH2-C(O)OCH3

(DMM), with X ) Y ) OCH3, a mixture of two diketo
conformers is present, 69(10)% (ac, ac) conformer withC2

symmetry and 31(10)% (ac, sp) conformer withC1 symmetry.16

On the other hand, a GED study of malonamide, NH2C(O)-
CH2-C(O)NH2 (MA), with X ) Y ) NH2 resulted in the
presence of a single (ac, sc) conformer with a weak intramo-
lecular N-H·‚‚O hydrogen bond.4 In this context, the number
of stable conformers of MAME is of great interest. So far, no
information about tautomeric, conformational, or structural
properties of this compound has been reported in the literature.

Quantum Chemical Calculations

All quantum chemical calculations were performed with the
program set Gaussian 03.18 To detect all possible diketo
conformers, a two-dimensional potential energy surface has been
scanned with the B3LYP/6-31G(d,p) method. The torsional
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SCHEME 1: Two Possible Enol Tautomers (Top) and
Three Possible Conformers of Diketo Tautomer (Bottom)
of XC(O)-CH2-C(O)Y Compounds
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anglesτ(C3C1C2O1) andτ(C2C1C3O2) were changed in steps
of 20° with full optimization of all other parameters. (See Figure
1 for atom numbering.) The potential surface (Figure 2)
possesses a single deep minimum for (ac, sc) conformer with

τ(C3C1C2O1) about 140° and τ(C2C1C3O2) about 40°. The
geometries of the enol and diketo tautomer of the malonamic
acid methyl ester (MAME) were optimized with the HF
approximation (3-21G basis set), and with MP2 and B3LYP
methods (6-31G(d,p) basis sets). Two possible enol conformers
(see Scheme 1) were taken into account. The relative energies
(∆E ) Eketo - Eenol) and relative free energies (∆G0 ) G0

keto

- G0
enol) obtained with the different computational methods are

summarized in Table 1.

According to these predictions, the two stable enol forms
possess much higher energies than the diketo form. The
predicted Gibbs free energy differences vary from 3.4 to 12.1
kcal/mol and from 11.0 to 17.8 kcal/mol for enol1 and enol2,
respectively. Thus, all methods predict a strong preference of
the diketo form. The geometry of this diketo tautomer of MAME
was furthermore fully optimized with the MP2 and B3LYP
methods and 6-311++G(3df,pd) basis sets. The geometric
parameters derived with these methods are listed in Table 2,

Figure 1. Molecular structure of malonamic acid methyl ester.

Figure 2. Potential energy surface for malonamic acid methyl ester obtained by rotation around C-C bonds.
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together with the experimental results. It should be noted that
all geometric parameters optimized at different levels of theory
are very close, except for the torsional anglesτ(C3C1C2O1)
andτ(C2C1C3O2). All calculations including electron correla-

tion (MP2 and B3LYP) predict an (ac, sc) conformation with
torsional angles between 136° and 151° for τ(C3C1C2O1) and
between 38° and 49° for τ(C2C1C3O2). The HF approximation,
however, results in an (ap, sp) conformation with dihedral angles
of 180° and 0°. Comparison of the HF results for relative
energies of the tautomers and the geometry of the diketo form
with those derived with MP2 and B3LYP methods demonstrates
that the HF method with small basis sets is inadequate for a
molecule of this type. Also, the two methods which include
electron correlation result in rather different relative energies
of the enol tautomers. Both methods, however, predict the
presence of the keto tautomer only.

Vibrational amplitudes and corrections,∆r ) rh1 - ra, were
derived from a theoretical force field (B3LYP/6-311++G(3df,-
pd)) with the method of Sipachev, using the program SHRINK.19

The values ofl and∆r are included in Table 3.

Structure Analysis

The experimental geometric structure MAME was determined
with a combined GED/mass spectrometric method. The heaviest
ion in the mass spectrum was the parent ion, [C4H7NO3]+ (Table
5). This demonstrates that monomers are present in the vapor
at the conditions of the simultaneous GED/MS experiment. No

TABLE 1: Optimized Relative Energies and Gibbs Free
Energies of the Enol Tautomers and Diketo Conformer of
Malonamic Acid Methyl Ester

keto enol 1a enol 2a

HF/3-21G
Erel, kcal/mol 0.0 1.70 9.00
Grel

0, kcal/mol 0.0 3.43 11.00

MP2/6-31G(d,p)
Erel, kcal/mol 0.0 11.17 16.81
Grel

0, kcal/mol 0.0 12.09 17.76

B3LYP/6-31G(d,p)
Erel, kcal/mol 0.0 6.41 11.56
Grel

0, kcal/mol 0.0 7.67 12.76

a Enol 1: O-H bond is adjacent to the NH2 group, NH2C(OH)dCH-
C(O)OCH3. Enol 2: O-H bond is adjacent to methoxy group,
NH2C(O)-CHdC(OH)OCH3

TABLE 2: Experimental and Calculated Geometric
Parameters of the Diketo Tautomer of Malonamic Acid
Methyl Estera

parameters GED (rh1, Rh1)b

B3LYP/
6-311++G-

(3df,pd)

MP2/
6-311++G-

(3df,pd)

r(C1-C2) 1.530(4) 1.535 1.528
r(C1-C3) 1.505(4)c 1.511 1.505
r(C2-O1) 1.222(3) 1.215 1.219
r(C3-O2) 1.216(3)c 1.210 1.215
r(C3-O3) 1.344(3)c 1.338 1.337
r(O3-C4) 1.446(3)c 1.439 1.436
r(C2-N) 1.360(4) 1.352 1.354
r(N-H3) 1.011(4) 1.011 1.011
r(N-H4) 1.008(4)c 1.007 1.008
r(C1-H1) 1.087(4)c 1.086 1.086
r(C1-H2) 1.096(4)c 1.096 1.095
r(C4-H5) 1.086(4)c 1.086 1.085
r(C4-H6) 1.090(4)c 1.089 1.089
r(C4-H7) 1.089(4)c 1.089 1.089
∠C2C1C3 116.4(1.4) 117.8 115.4
∠C1C2O1 119.2(1.1) 119.5 120.5
∠C1C3O2 125.3(1.1) 125.6 125.2
∠C1C2N 116.3(1.3) 116.5 115.5
∠C1C3O3 111.2(1.3) 111.2 111.5
∠C3O3C4 115.6(1.0) 116.3 114.7
∠H1C1C2 107.6d 107.6 107.9
∠H1C1C3 110.6d 110.6 111.0
∠H2C1C2 106.6d 106.6 106.9
∠H2C1C3 106.6d 106.6 106.8
∠H3NC2 120.3d 120.3 119.9
∠H4NC2 117.9d 117.9 117.6
∠H5C4O3 105.4d 105.4 105.3
∠H6C4O3 110.4d 110.4 110.2
∠H7C4O3 110.3d 110.3 110.2
∠H6C4H5 110.7d 110.7 110.9
∠H7C4H5 110.7d 110.7 110.9
τ(C1C2NH3) 10.2d 10.2 12.7
τ(O1C2NH4) -4.5d -4.5 -6.3
τ(C3O3C4H5) 180.3d 180.3 179.8
τ(NC2C1O1) 177.1(5.4) 177.1 176.8
τ(O3C3C1O2) 179.5(4.6) 178.7 179.1
τ(C4O3C3O2) -0.4(9.6) 0.8 0.5
τ(C2C1C3O2) 31.1(7.2) 38.2 49.3
τ(C3C1C2O1) 140.3(3.0) 151.0 142.9

a Distances in angstroms and angles in degrees. For atom numbering,
see Figure 1.b Uncertainties inrh1 σ ) (σsc

2 + (2.5σLS)2)1/2 (σsc )
0,002r,σLS: standard deviation in least-squares refinement), for angles
σ ) 3σLS. c Difference to previous parameter fixed to calculated
(B3LYP) value.d Not refined.

TABLE 3: Interatomic Distances, Vibrational Amplitudes,
and Vibrational Corrections for the Diketo Tautomer of
Malonamic Acid Methyl Ester (Excluding Nonbonded
Distances Involving Hydrogen)a

rh1
b l(GED)b l(B3LYP)c rh1 - ra

c

N-H4 1.008(4) 0.075(3)l1d 0.069 0.0051
N-H3 1.011(4) 0.076(3)l1 0.069 0.0068
C4-H5 1.086(4) 0.082(3)l1 0.076 0.0013
C1-H1 1.087(4) 0.082(3)l1 0.076 0.0006
C4-H7 1.089(4) 0.083(3)l1 0.077 0.0014
C4-H6 1.090(4) 0.083(3)l1 0.077 0.0015
C1-H2 1.096(4) 0.084(3)l1 0.077 0.0020
C3-O2 1.216(3) 0.044(3)l1 0.038 0.0009
C2-O1 1.222(3) 0.044(3)l1 0.038 -0.0009
C3-O3 1.344(3) 0.052(3)l1 0.046 -0.0017
C2-N 1.360(4) 0.051(3)l1 0.045 0.0174
O3-C4 1.4446(4) 0.056(3)l1 0.050 0.0008
C1-C3 1.505(4) 0.058(3)l1 0.052 0.0021
C1-C2 1.530(4) 0.060(3)l1 0.054 -0.0017
O2‚‚‚O3 2.256(6) 0.050(3)l2 0.052 0.0035
N‚‚‚O1 2.285(6) 0.052(3)l2 0.054 0.0169
C1‚‚‚O3 2.353(15) 0.064(3)l2 0.066 0.0019
C4‚‚‚C3 2.362(8) 0.064(3)l2 0.066 0.0035
C1‚‚‚O1 2.379(12) 0.063(3)l2 0.065 0.0103
C1‚‚‚O2 2.421(12) 0.061(3)l2 0.063 0.0037
C1‚‚‚N 2.456(14) 0.064(3)l2 0.066 0.0018
C2‚‚‚C3 2.580(12) 0.081(3)l2 0.083 -0.0202
C4‚‚‚O2 2.655(13) 0.099(3)l2 0.101 0.0076
O2‚‚‚N 2.786(14) 0.164(8)l3 0.161 -0.0951
C3‚‚‚N 2.955(10) 0.118(8)l3 0.115 0.0588
C2‚‚‚O2 2.980(12) 0.112(8)l3 0.109 -0.1071
C3‚‚‚O1 3.604(19) 0.076(4)l4 0.124 -0.0539
C2‚‚‚O3 3.680(25) 0.120(4)l4 0.168 0.0735
C1‚‚‚C4 3.694(14) 0.070(4)l5 0.071 0.0130
O1‚‚‚O2 4.126(16) 0.132(12)l6 0.127 -0.1317
O3‚‚‚N 4.263(21) 0.191(12)l6 0.186 0.2114
O1‚‚‚O3 4.511(37) 0.271(12)l6 0.265 0.0251
C2‚‚‚C4 4.887(33) 0.251(33)l7 0.179 0.0635
C4‚‚‚N 5.219(27) 0.294(33)l7 0.223 0.2209
C4‚‚‚O1 5.790(53) 0.238(51)l8 0.293 0.0069

a Values in angstroms. Error limits for the amplitudes are 3σ values.
For atom numbering, see Figure 1.b rh1,l(GED): interatomic distances
and vibrational amplitudes derived from GED data.c Derived from
theoretical force field (B3LYP/6-311++G(3df,pd)) with the method
of Sipachev, using the program SHRINK.19 d Group number of
amplitude.
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ions were detected, which could arise from impurities. The
experimental radial distribution function (Figure 3) was derived
by Fourier transformation of the experimental intensities.
Comparison with calculated radial distribution functions dem-
onstrates that the experimental curve can be reproduced very
well with a single diketo tautomer (see Figure 3).

In the least-squares analyses with a modified version of the
program KCED20 the differences between all C-H and N-H
bond lengths, between all C-O, and between both C-C bond
lengths were constrained to calculated values (B3LYP/6-
311++G(3df,pd)). Furthermore, all angles which determine the
positions of H atoms were fixed to calculated values. Preliminary
geometric parameters from B3LYP/6-311++G(3df,pd) calcula-
tion were then refined by a least-squares procedure of the
molecular intensities. Independentrh1 parameters were used to
describe the molecular structure. In addition to four bond
lengths, six bond angles and five dihedral angles (see Table 2)
were refined. Vibrational amplitudes were refined in groupsl1
to l8 with fixed differences within each group. Seven correlation
coefficients had values larger than|0.7|: ∠(C1C2O1)/
τ(C2C1C3O2)) -0.73, ∠(C1C2O1)/∠(C1C2N) ) -0.95,
τ(NC2C1O1)/τ(C3C1C2O1)) -0.78,∠C1C3O3/∠C1C2O1)
-0.96,∠C1C3O3/∠(C1C2N)) 0.88,τ(O3C3C1O2)/∠C2C1C3
) 0.71,τ(O3C3C1O2)/τ(C2C1C3O2)) -0.88.

The agreement factor for a single diketo conformer in the
vapor at 87(8)°C wasRf ) 3.7%. (Rf ) 1.8% and 5.3% for
long and short nozzle-to-plate distances, respectively). Final
results of the least-squares analysis are given in Table 2
(geometric parameters) and Table 3 (vibrational amplitudes).
The refined geometrical parameters are rather similar to those
predicted by the quantum chemical calculations. Only the torsion
anglesτ(C3C1C2O1) andτ(C2C1C3O2) differ by up to almost
20° from calculated values which depend strongly on the
computational method, as pointed out above.

Discussion

The GED experiment for MAME, NH2C(O)-CH2-C(O)-
OCH3, which is a dicarbonyl compound with non-symmetric
substituents, NH2 and OCH3, results in the presence of a single

diketo conformer in the gas phase at 87(8)°C. This result is in
agreement with the predictions by quantum chemical calcula-
tions. The presence of only the keto form extends the rule about
tautomeric properties of dicarbonyl compounds which was
formulated in the Introduction:â-diketones with equal substit-
uents from group II (F, Cl, OCH3, NH2) exist in the keto form.
The result for MAME demonstrates that mixed substituents from
group II also strongly favor the diketo tautomer.

Not only tautomeric but also conformational properties of
keto tautomers depend on the substituents X and Y (see Scheme
1). The symmetrically substituted compounds with X) Y )
F,14 Cl,15 and OCH3

16 exist as mixtures of two conformers with
(ac, sp) and (ac, ac) orientations of the CdO bonds. In the case
of X ) Y ) NH2, only a single (ac, sc) conformer is present.4

Similarly, MAME with X ) NH2 and Y ) OCH3 and
acetoacetamide, NH2C(O)-CH2-C(O)CH3 (AAA), with X )
NH2 and Y) CH3 possess only a single keto conformer in the
gas phase. We suppose that in the presence of at least one NH2

group an intramolecular N-H‚‚‚O hydrogen bond stabilizes the
(ac, sc) structure of the keto tautomer. The intramolecular
hydrogen bond is confirmed by the shortr(O2‚‚‚H3) distances
of 2.10(3) Å in MAME, 2.02(3) Å in MA and 2.21(7) Å in
AAA. The refined geometrical parameters of MAME can be
compared with those of the symmetrically substitutedâ-dike-
tones malonamide, NH2C(O)-CH2-C(O)NH2 (MA),4 and dim-
ethyl malonate, H3COC(O)-CH2-C(O)OCH3 (DMM),16 which
have been investigated previously. In MAME, bond lengths and
angles in the NH2C(O)-CH2- entity are very similar to those
in MA, and the geometry of the-CH2-C(O)OCH3 entity is
again very close to that of DMM. Torsional anglesτ-
(C3C1C2O1) andτ(C2C1C3O2) in MAME (140(3)° and 31-
(7)°, respectively) are close to those in MA (140(4)° and 49(3)°,
respectively) but different from those in DMM. Also, these
torsional angles in the keto tautomer of AAA3 are close to the
values in MAME.

An interesting point in the MAME structure is the problem
of planarity of the-NH2 group. GED cannot answer this
question because the torsional angles which characterize the
orientation of the N-H bonds cannot be determined reliably.
All quantum chemical calculations at different levels of theory
predict an almost planar configuration of the-NH2 group. The
experimental N-C2 bond length (1.360(4)Å) is between the
values for N-C single bonds (e.g.,r(N-C) ) 1.458(4) Å in
trimethylamine21) and NdC double bonds (e.g.,r(NdC) )
1.273(4) Å in methanimine22). This demonstrates the presence
of strong conjugation between the nitrogen lone pair andπ*

TABLE 4: Conditions of GED/MS Experiment

nozzle-to-plate distance, mm 338 598
fast electrons beam,µA 1.06 0.42
accelerating voltage, kV 74.5 68.1
electron wavelength, Å 0.04341(4) 0.04554(4)
temperature of effusion cell, K 365(5) 354(5)
ionization voltage, V 50 50
exposure time, s 110-120 50-55
residual gas pressure, Torr 3.3× 10-6 4.8× 10-6

TABLE 5: Mass Spectral Data of the Vapor of C4H7NO3
a

ionb m/e, amu abundance, %

[OCH]+ 29 12
[OCH2]+ 30 11
[OCH3]+ 31 14
[C(O)CH]+ 41 7
[C(O)CH2]+ 42 47
[HNC(O)]+, [C(O)CH3]+ 43 100
[H2NC(O)]+ 44 64
[H2NC(O)CH]+ 57 5
[C(O)OCH3]+ 59 23
[C(O)CHC(O)]+ 69 8
[H2CC(O)OCH3]+ 73 88
[M-NH2-CH3]+ 86 17
[M] + 117 15

a Only peaks with abundanceg5%. b M ) C4H7NO3.

Figure 3. Experimental (dots) and calculated (solid line) radial
distribution curves and the residuals (experimental-theoretical).
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orbital of the CdO bond. Delocalization of the lone pair leads
to almost planar arrangement of the bonds around nitrogen.

Experimental Section

A commercial sample was used. The electron diffraction
patterns and the mass spectra were recorded simultaneously
using the techniques described previously.23,24 The conditions
of the GED/MS experiment and the relative abundance of the
characteristic ions of C4H7NO3 are shown in the Tables 4 and
5, respectively.

The temperature of the molybdenum effusion cell was
measured with a W/Re-5/20 thermocouple that was calibrated
by the melting points of Sn and Al. The wavelength of electrons
was determined from diffraction patterns of polycrystalline ZnO.
The optical densities were measured by a computer controlled
MD-100 microdensitometer.25 The molecular intensities sM(s)
were obtained in thes ranges 2.8-27.4 Å-1 and 1.3-14.3 Å-1

for the short and long nozzle-to-plate distance, respectively
[s) (4π/λ) sinθ/2, λ is electron wavelength, andθ is scattering
angle]. The experimental and theoretical intensitiessM(s) are
compared in Figure 4.
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Figure 4. Experimental (dots) and calculated (solid lines) modified
molecular intensity curves and residuals (experimental-theoretical) at
two nozzle-to-plate distances (L1 ) 598 mm,L2 ) 338 mm).
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