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A detailed conformational analysis of 2-methoxypropanal including solvent effects and electron
correlation is reported. It is found that the conformer distribution is substantially different from
that obtained in vacuo. In general, conformations in which the carbonyl and alkoxy dipoles are
synperiplanar to each other are stabilized with respect to the gas phase. Donating groups such a
methyl or hydrogen groups are preferably orthogonally disposed with respect to the carbonyl groups.
A computational study on the conformational analysis of chloroacetaldehyde is also reported. It is
found that the conformer distribution is reversed with respect to the gas phase. The differences in
energy are in excellent agreement with the experimental values.

Introduction

Carbonyl compounds possessing chiral R carbon atoms
are extremely important in organic chemistry.1 In
particular, R-alkoxy aldehydes play a key role in organic
synthesis through either addition reactions of carbon
nucleophiles2 or pericyclic reactions.3 The stereochemical
outcome of these processes has been frequently rational-
ized on the basis of the preferred conformations of the
starting R-alkoxy aldehyde.1,4 Within this context, a
detailed knowledge of the conformational analysis of this
kind of compounds is essential. Several authors have
reported valuable contributions in this field, both experi-
mentally5 and computationally.6 Most of these studies
correspond to the gas phase. The main conclusion of

these studies is that in R-monosubstituted aldehydes
donor substituents prefer to be synperiplanar with
respect to the carbonyl group, whereas when electron-
withdrawing substituents are present antiperiplanar
conformations are preferred, the value of the dihedral
angle ω ) RsCRsCO depending on the nature of the
substituent (eq 1). When several groups are present, the

conformer distribution is more complex. Unfortunately,
the number of experimental studies on these latter
compounds is very scarce7 and does not include aldehydes
with donor and acceptor groups attached to the same R
carbon atom, in spite of the importance of these com-
pounds in synthetic organic chemistry. In contrast,
Frenking et al.8 have reported very interesting compu-
tational studies including ab initio calculations on the
different conformations of 2-chloropropanal8a and 2-meth-
oxypropanal8b in the gas phase.
It is well-known that solvent effects may modify

substantially the conformational equilibria of organic
compounds.9 Once again, the number of experimental
studies on substituted aldehydes in solution is very
scarce.10-12 It is known, however, that when electron-
withdrawing groups are present, the synperiplanar con-
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formations are stabilized with respect to the anti con-
formers. This result has been corroborated in a recent
paper including solvent effects at the computationally
semiempirical level on monosubstituted aldehydes,13
computed using the semiempirical Hamiltonian PM3.
Given the importance of homochiral aldehydes and, in

particular, enantiopure R-alkoxy aldehydes in organic
synthesis, we report in this paper a detailed ab initio
study on conformational analysis of R-methoxypropanal
including solvent effects. Since experimental data in
solution are available for chloroacetaldehyde, we have
checked the reliability of the methodology used by
comparing those data with our predictions. The conclu-
sions reported here will be useful for experimentalists
interested in the chemistry of chiral carbonyl compounds
including donor and acceptor groups attached to the same
carbon atom.

Computational Methods

All the results presented in this work have been obtained
using the GAUSSIAN 9414 series of programs, with the
standard 6-31G* basis set.15 Electron correlation was partially
taken into account by means of either Møller-Plesset theory
up to second order16 (MP2) or density functional theory17 (DFT)
using the hybrid functional usually denoted as B3LYP.18 All
the structures described in this work were fully optimized by
analytical gradient techniques and characterized by frequency
calculations.19 Zero-point vibrational energies (ZPVEs) ob-
tained at the HF/6-31G* level were scaled20 by 0.89. Bond
orders21 and atomic charges22 were calculated with the natural
bond orbital (NBO) method.23 Donor-acceptor interactions

have also been computed by means of the NBO model,
according to the following equation:

where F̂ is the Fock operator and φ and φ* are two filled and
unfilled NBOs having εφ and εφ* energies, respectively.
Absolute hardnesses24 (η) have been computed at the HF/

6-31G* and B3LYP/6-31G* levels by means of the following
approximations:

where N is the number of electrons, I is the ionization
potential, and A is the electron affinity. Given that hardness
has been proposed as an indicative of favored processes
according to the Maximum Hardness Principle25 and that
several authors have studied the variation of HOMO and
LUMO energies for several conformers,8b,26 we have also
included the hardnesses of the computed structures in order
to provide a single value which encompasses these data.
Solute-solvent interactions have been computed by means

of several methods on the basis of the self-consistent reaction
field (SCRF) approach.27 In the simplest one, usually called
the Onsager model,28 the solute is modeled as a sphere and
the solvation energy is approximated as

where ε is the dielectric constant of the solvent, µ is the dipole
moment and a0 is the spherical cavity radius.29 In this paper,
we shall denote this method as L1A1, according to the notation
proposed in a previous paper from our group.30 A more
elaborate treatment involves a multipole expansion of the
electrostatic solute-solvent interaction up to the sixth order,
and the solute shape is approximated as an ellipsoid with three
independent axes. In this scheme, the solvation energy is
evaluated as31

where Ml
m represents the (l,m) component of the multipole

expansion evaluated at the center of the cavity and fl,l′
m,m′

terms are called reaction field coefficients and only depend
upon the geometry cavity and ε. This model shall be denoted
as L6A3 as previously proposed.30 The L6A3 data have been
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IAN code, in order to implement the SCRFPAC link.32 The
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the polarization continuum model33 (PCM), in which the
solvation energy is evaluated as

where σp is the superficial charge density and Zj is the charge
of the nucleus j. The solute cavity is defined as a static gas
phase or a self-consistent isodensity surface, with an isosurface
value of 0.001 au. These methods are denoted as IPCM and
SCIPCM, respectively.34
The searches for conformations of compounds of type 3 (see

Chart 1) were made with version 5.09 of the Cambridge
Structural Data Base (CSD), by using the appropriate options
available in the QUEST3D35 program. All searches were
restricted to organic molecules, including macro- but not
microcyclic compounds, and were confined to error-free struc-
tures, according to the criteria of the CSD system. Statistics
were performed with the VISTA package.35

Results and Discussion

We first studied the possible conformers of 2-methoxy-
propanal (1) at both HF/6-31G* and B3LYP/6-31G* levels
in the gas phase. The main dihedral angles ω1 and ω2

considered in the exploration of the potential energy
hypersurface are those defined in Chart 1. The notation
of the conformations in carbonyl compounds is not
unified, and different names can be found in the litera-
ture.4,19 In this work we shall use the terms proposed
by Klyne and Prelog.1a,36 Given that some atoms or
groups can define dihedral angles of (90° with the
carbonyl moiety, we shall use the term isoclinal for these
positions.
We have found six conformers at both theoretical

levels, a result similar to that reported by Frenking.8b
The main geometrical features of the conformers 1A-F
are reported in Figures 1 and 2. As can be seen, the
lowest energy conformer has the methyl group isoclinal
with respect to the carbonyl, the corresponding ω1 values
being 86.6° and 89.9° at HF/6-31G* and B3LYP/6-31G*
levels, respectively. The values of ω2 are also close to
90° at both levels (see Figure 1). The carbonyl group in
conformer 1A is appreciably pyramidalized, as indicated
by the ω3 values. The conformer closest in energy to 1A

is 1B, in which the R-hydrogen atom is now isoclinal to
the carbonyl group, the corresponding dihedral angle
being 80.5° at the B3LYP/6-31G* level. This conformer
is calculated to be only 0.19 kcal/mol higher in energy
than 1A at the same level (see Table 1). There is another
conformer of 1 which has an isoclinal R-hydrogen. This
conformer, denoted as 1C in Figure 1, is 1.73 kcal/mol
higher in energy than 1A at B3LYP/6-31G* level.
The three remaining conformers 1D-F have the meth-

oxy group synperiplanar to the carbonyl, only differing
in the ω2 values (see Figure 2). Among these local
minima, conformer 1D is found to be the closest in energy
to 1A, with a relative energy of only 0.73 kcal/mol at the
B3LYP/6-31G* level. The two remaining conformers 1E
and 1F have the two methyl groups synclinal and
anticlinal each other, whereas in 1D these groups are
antiperiplanar. In addition, in 1F the repulsion between
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Tomasi, J. Chem. Phys. 1982, 65, 239. (d) Camini, R.; Tomasi, J. J.
Comput. Chem. 1995, 16, 1449.
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M. J. Phys. Chem. 1995, 99, 9072. (c) Wiberg, K. B.; Rablen, P. R.;
Rush, D. J.; Keith, T. A. J. Am. Chem. Soc. 1995, 117, 4261.
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Chart 1

Figure 1. Ball-and-stick representation of the three methoxy
antiperiplanar conformers 1A-C of (S)-methoxypropanal,
computed at several theoretical levels. In this and the following
figures which incorporate ball-and-stick representations, un-
less otherwise noted, atoms are represented by increasing
order of shadowing as follows: H, C, O. Distances and angles
are given in Å and deg, respectively. Dihedral angles are given
in absolute value.

∆GS ≈
1

2[- ∑
i

electrons

I
S

σp(rS) drS

|ri - rS|
+ ∑

j

nuclei

ZjI
S

σp(rS) drS

|rj - rS| ] (6)
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the lone pairs of the two oxygen atoms is the highest one.
The contribution of these factors results in a relative
stabilization of conformer 1D and a destabilization for
1F.
We have also computed the main two-electron interac-

tions between the Lewis and non-Lewis localized NBOs
of 1. The resulting second-order perturbational energies
(HF/6-31G* level) for conformers 1A-F are reported in
Table 2. From our data it is readily seen that in 1A the
main interaction consists in a donation from the C-Me
σ bond to the antibonding π-orbital of the carbonyl group.
The efficiency of this interaction is maximized by the
isoclinal methyl group. However, in conformers 1B and
1C, both with isoclinal hydrogen atoms, the second-order
energies associated to the σCsH f π*CdO interaction are
considerably higher than the σCsMe f π*CdO interaction
energy in 1A, 2.67 kcal/mol higher in the case of 1C. This
trend is kept in the methoxy-synperiplanar conformers
1D-F (see Table 2). Since in these latter local minima
both the R-methyl groups and the R-hydrogen atoms are
anticlinal and therefore have similar dihedral angles with

respect to the carbonyl group, these results indicate that
the C-H bond acts as a better donor than the C-Me
bond. However, the energy differences due to the more
efficient interaction from the C-H bonds are not large
enough to place the conformers below 1A, which has the
more advantageous steric and electrostatic interactions.
From the data collected in Table 2, one may also

conclude that the πCdO f σ*CsR interactions are much
less important in magnitude than those already men-
tioned. In particular, the πCdO f σ*CsO interaction lies
in the range 0.77-1.67 kcal/mol. The efficiency of this
interaction is hampered by the unfavorable synperipla-
nar, anticlinal or almost antiperiplanar methoxy group
in the six conformers. In summary, we can conclude that
stabilizing stereoelectronic effects in the conformations
of 1 are dominated by the σCsR f π*CdO donations. We
also conclude, on a quantitative basis, that the C-H bond
is a better donor than the C-C bond in compound 1.37

We have computed the hardnesses (η) and the dipole
moments of conformers 1A-F. Since it is well-known

(37) Cieplak, A. S.; Tait, B. D.; Johnson, C. R. J. Am. Chem. Soc.
1989, 111, 8447.

Figure 2. Ball-and-stick representation of the three methoxy
synperiplanar conformers 1D-F of (S)-methoxypropanal. See
Figure 1 caption for additional details.

Table 1. Relative Energiesa (kcal/mol) of the Six
Conformers (A-F) of r-Methoxypropanal (1), Computed
in Vacuo (E ) 1.00) and in Dichloromethane Solution (E )

9.08)

level A B C D E F

ε ) 1.00
HF/6-31G* b 0.00 0.15 2.14 1.46 3.97 3.92
MP2/6-31G* b 0.00 0.26 1.72 0.90 3.30 3.52
B3LYP/6-31G* c 0.00 0.19 1.73 0.73 2.93 3.01

ε ) 9.08
HF(L1A1)/6-31G* d 0.00 -0.55 2.22 1.06 3.41 2.58
MP2(L1A1)/6-31G* d 0.00 -0.41 1.79 0.58 2.77 2.28
B3LYP(L1A1)/6-31G* e 0.00 -0.46 1.72 1.08 2.50 1.79
HF(L6A3)/6-31G* d 0.00 1.62 2.57 0.98 3.74 2.38
MP2(L6A3)/6-31G* d 0.00 1.14 1.90 0.52 2.84 2.18
HF(IPCM)/6-31G* d 0.00 -0.22 1.35 0.93 2.54 1.53
MP2(IPCM)/6-31G* d 0.00 0.03 1.12 0.51 2.18 1.59
HF(SCIPCM)/6-31G* d 0.00 0.24 2.08 0.74 3.08 1.99
MP2(SCIPCM)/6-31G* d 0.00 0.23 1.64 0.35 2.47 1.86

a Zero-point vibrational energy corrections computed at the level
of geometry optimization are included. b Energies computed on
fully optimized HF/6-31G* geometries. c Energies computed on
fully optimized B3LYP/6-31G* geometries. d Energies computed
on fully optimized HF(L1A1)/6-31G* geometries. e Energies com-
puted on fully optimized B3LYP(L1A1)/6-31G* geometries.

Table 2. Second-Order Perturbational Energiesa (kcal/
mol) Calculated on the NBO Basis for Conformers 1A-F

interaction A B C D E F

ε ) 1.00
σCsH f π*CdO 1.55 6.10 7.03 5.85 6.84 6.20
σCsMe f π*CdO 4.36 1.69 0.69 3.91 3.44 3.48
σCsO f π*CdO 0.55 0.00 0.80 0.00 0.00 0.00
σCdO f π*CsH 0.00 1.33 1.49 1.63 1.56 1.71
σCdO f π*CsMe 1.68 0.70 0.00 1.61 1.69 1.66
σCdO f π*CsO 1.15 0.77 1.67 0.00 0.00 0.00

ε ) 9.08
σCsH f π*CdO 2.23 6.47 7.26 5.79 7.28 6.24
σCsMe f π*CdO 4.54 1.43 0.92 4.08 3.35 3.86
σCsO f π*CdO 0.00 0.68 0.67 0.00 0.00 0.00
σCdO f π*CsH 0.51 1.39 1.39 1.58 1.57 1.60
σCdO f π*CsMe 1.59 0.54 0.00 1.60 1.60 1.62
σCdO f π*CsO 0.69 1.00 1.34 0.00 0.00 0.00
a Energies computed at HF/6-31G* and HF(L1A1)/6-31G* levels

for ε ) 1.00 and ε ) 9.08, respectively.
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that HF methods tend to overestimate the dipole mo-
ments of organic compounds,38 we have computed these
magnitudes at the B3LYP/6-31G* level. These data are
reported in Table 3. Our results indicate that, in the case
of 1, in general the more stable the conformer is, the
lower its dipole and its hardness in the gas phase. Thus,
the methoxy synperiplanar conformers 1D-F have dipole
moments equal or higher than those in 1D. Although
these polar conformers are destabilized in the gas phase,
it is expected that they will be relatively stabilized in
solution (vide infra). On the other hand, there is no
correlation between the hardness and the stability of
conformers 1A-F, within the limits of the approxima-
tions expressed in eq 3. The HOMO of 1 is dominated
by an anti-phase interaction between the C2-C3-H
moiety and a p-lone pair of the carbonyl oxygen O1, as
is exemplified in Figure 3 for the HOMO of 1A. The
LUMO of 1 is basically a π*CdO orbital (see Figure 3). In
the different conformers, the orientation of the substit-
uents promotes relative stabilization or destabilization
of the respective frontier orbitals, thus resulting in
different values of η. For example, the hardest conformer
is 1F, which in turn is the most polar and the less stable
one. In 1F, the synperiplanar oxygen atom O4 has an
in-phase stabilizing interaction with the O1-C2(H)-C3
moiety, thus resulting in a low-energy HOMO. On the
other hand, the anticlinal methyl group of 1F has an anti-
phase hyperconjugative interaction with the π*CdO sub-
unit, thus resulting in a destabilized LUMO. The high
HOMO-LUMO gap resulting from these interactions
yields the high value of η for this conformer.
Given that in 1 there are two basic oxygen atoms,

different open or chelated cation-molecule complexes can
be formed. We have studied several structures 2, derived
from the interaction between the lithium cation and
R-methoxypropanal (see Chart 1). The chief geometric
features of two representative examples are shown in
Figure 4. According to our results, complexation with
lithium promotes a higher CdO bond distance, thus
yielding a more electrophilic species. For instance, in 2A
and 2F the O1-C2 bond distances are found to be 0.023
Å larger than in 1A and 1F at the B3LYP/6-31G* level,
respectively. The critical point density associated to the
Li‚‚‚O1 critical point in 2A is found to be H(rc) ) +0.0190
au at the HF/6-31G* level. Similarly, the H(rc) magni-
tudes associated to the Li‚‚‚O1 and Li‚‚‚O4 critical points

of 2F are +0.0131 au and +0.0115 au at the same level.
These results clearly indicate that the lithium-oxygen
interactions in these ion-molecule complexes are elec-
trostatic in nature.39
The respective relative energies of these compounds,

computed at several theoretical levels, are shown in Table
4. From our results, it is clear that the complex 2F, with
a dicoordinated lithium cation, is significantly more
stable than open ion-molecule complexes such as 2A, in
which the lithium cation is almost linearly complexed
with the carbonyl group40 (see Figure 4). Therefore, the
conformational analysis of lithium-complexed R-methoxy-
propanal is dominated by the cyclic complex 2F. This

(38) See, for example: (a) Roa, G.: Ugalde, J. M.; Cossı́o, F. P. J.
Phys. Chem. 1996, 100, 9619. (b) Sponer, J. Leszczynski, J.; Hobza, P.
J. Phys. Chem. 1996, 100, 1965.

(39) For recent examples on the characterization of lithium-oxygen
interactions by means of the H(rc) criterion, see: (a) Lecea, B.; Morao,
I.; Arrieta, A.; Cossı́o, F. P. Eur. J. Chem. 1997, 3, 20. (b) López, X.;
Ugalde, J. M.; Cossı́o, F. P. J. Am. Chem. Soc. 1996, 118, 2718.

(40) (a) Wiberg, K. B.; Marquez, M.; Castejon, H. J. Org. Chem.
1994, 59, 6817. (b) Shambayatti, S.; Schreiber, S. L. In Comprehensive
Organic Synthesis; Trost, B. M., Fleming, I., Eds.; Pergamon: Oxford,
1991; Vol. 5, pp 283-324.

Table 3. Hardnesses (η, au), Relative Hardnesses (∆η kcal/mol, in parentheses), Dipole Moments (µ, D), and Carbonyl
Bond Orders (BCdO) of Conformers 1A-F

η (∆η) µ BCdO

conformer ε ) 1.00 ε ) 9.08 ε ) 1.00 ε ) 9.08 ε ) 1.00 ε ) 9.08

A 0.10644 (0.00) 0.10581 (0.00) 0.71 0.84 1.884 1.878
B 0.11300 (+4.12) 0.11250 (+4.20) 1.14 1.34 1.882 1.872
C 0.10620 (-0.15) 0.10543 (-0.24) 0.64 0.81 1.878 1.872
D 0.10700 (+0.35) 0.10712 (+0.82) 1.00 1.14 1.880 1.873
E 0.10646 (+0.01) 0.10668 (+0.16) 1.05 1.23 1.878 1.870
F 0.11385 (+4.65) 0.11358 (+4.88) 1.46 1.67 1.897 1.882

a All magnitudes have been computed on B3LYP/6-31G* and B3LYP(L1A1)/6-31G* geometries.

Figure 3. Canonical frontier orbitals of conformer 1A,
computed at the HF/6-31G* level.
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conformational restriction is in line with the higher
stereocontrol observed in the nucleophilic addition to
chelated R-alkoxycarbonyl compounds, according to the
Cram’s cyclic model.41 It is expected that appropriate
solvents such as ethers should solvate the cation, and
therefore the computed energy differences reported in
Table 4 are probably lower in solution. However, it is
not expected that solvation will overcome the large ∆Erel

values. On the other hand, in 2F there is one position
less available for coordination, thus enhancing the en-
tropy of the system via liberation of a solvent molecule.
To summarize up the discussion on our results ob-

tained in the gas phase, we can conclude that, in the
absence of Lewis acids, 2-methoxypropanal is preferably
in the conformation 1A. In this conformation, the methyl
and the methoxy groups are isoclinal and antiperiplanar,
respectively.
As we have noted above, there are no experimental

data on the structure of this compound. In order to check

the generality of the results obtained from our calcula-
tions, we performed a search in the Cambridge Structural
Database (CSD) including the structures 3 indicated in
Chart 1. Under the conditions indicated in the previous
section, 164 structures were found. The summary of this
search is represented in Figure 5. The first graphic is
the histogram corresponding to the ω1 dihedral angle. As
can be seen, the majority of the structures have isoclinal
or nearly isoclinal R2 substituents (ω1 = (90°, since both
(R) and (S) enantiomers were included in the search).
Besides, the ω1 vs ω2 bidimensional representation shows
that the majority of the structures are grouped around
the ω1 and the ω2 values of 1A. Therefore, we can
conclude that this conformation is the predominant one
in the crystalline state and in the gas phase.
We have also optimized the structures of conformers

1A-F in dichloromethane solution (ε ) 9.08), a repre-
sentative solvent widely used in the chemistry performed
with this kind of compounds. The chief geometrical
features of conformers 1A-F obtained at both HF(L1A1)/
6-31G* and B3LYP(L1A1)/6-31G* levels are collected in
Figures 1 and 2. The main geometrical difference

(41) (a) Cram, D. J.; Kopecky, K. R. J. Am. Chem. Soc. 1959, 81,
2748. (b) For a mechanistic study on the effective participation of
chelated complexes in nucleophilic additions to the carbonyl group,
see: Chen, X.; Hortelano, E. R.; Eliel, E. L.; Frye, S. V. J. Am. Chem.
Soc. 1992, 114, 1778.

Figure 4. Ball-and-stick representation of conformers 2A,F
of lithium cation-(S)-methoxypropanal complex. See Figure
1 caption for additional details.

Table 4. Relative Energies (∆Erel, kcal/mol) between the
Lithium-r-Methoxypropanal Complexes 2A and 2F (See

Figure 4)

∆Erel
a (kcal/mol)

level 2A 2F

HF/6-31G* + ∆ZPVE 0.00 -16.82
MP2/6-31G*//HF/6-31G* + ∆ZPVE 0.00 -20.36
B3LYP/6-31G* + ∆ZPVE 0.00 -18.34
a HF/6-31G* zero-point vibrational energies are scaled by 0.89. Figure 5. Histograms and scattered histograms of carbonyl

compounds 3. The dihedral angles ω1 and ω2 are defined in
Chart 1. N stands for the number of structures with a given
value of ω1.
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between the in vacuo and solvated structures is the
difference in the O1-C2 bond distance, which is slightly
elongated in solution, although this effect is less pro-
nounced than in the case of Lewis acid complexation. This
result is corroborated by the monotonically higher dipole
moments and lower CdO bond orders of the solvated
structures (see Table 3). In addition, the computed
relative hardnesses are approximately in the same order
as the values obtained in the gas phase, although the
numerical values of ∆η are slightly higher. The stereo-
electronic effects are similar in character to those com-
puted in vacuo, although the magnitude of the second-
order energies associated to the two-electron interactions
are higher in magnitude. For example, in 1A the ∆E(2)

values for the σCsMe f π*CdO interaction in the gas phase
and in solution are 4.36 and 4.54 kcal/mol, respectively
(see Table 2). In summary, the geometric and electronic
effects present in the gas phase for the different conform-
ers are enhanced in solution. The combination of these
effects has, however, different consequences for each
structure.
We have found that the relative energies of conformers

1A-F are sensitive to the SCRF method. The L1A1
method predicts that 1B is the most stable conformer,
and the polar isomers 1E and 1F are significantly
stabilized with respect to the gas phase (see Table 1).
Inclusion of higher multipoles according to eq 5 results
in a relative destabilization of conformer 1B; this local
minimum is found to be 1.14 kcal/mol less stable than
1A at the MP2(L6A3)/6-31G* level. The polar conformer
1D is significantly stabilized with this method, being only
0.52 kcal/mol higher in energy than 1A.
It is noteworthy that, at the L6A3 level, the relative

contributions to the solvation energy of the different
multipoles vary substantially for the different conform-
ers. Thus, in the case of conformers 1A-C, which have
antiperiplanar methoxy groups, the most important term
in eq 5 is found at l ) 2 (quadrupole component). On
the other hand, for conformers 1D-F, which have syn-
periplanar methoxy groups, the most important compo-
nents of ∆Gs correspond to the dipole terms (l ) 1). These
results reflect the importance of the relative orientation
of the carbonyl and alkoxy dipoles in each conformer.13
In view of these results, the PCM methods, which can
be considered as equivalent to an infinite expansion in
the multipole series, seem to be the most appropriate
ones for this problem.
As can be seen from the data collected in Table 1, the

IPCM and SCIPCM methods yield results which are
between the L1A1 and the L6A3 approaches. Thus, 1B
is 0.23 kcal/mol less stable than 1A at the MP2(SCIPCM)/
6-31G* level. In addition, the polar conformer 1D is only
0.35 kcal/mol less stable than 1A at the same theoretical
level. The remaining polar conformers 1E and 1F are
also significantly stabilized with respect to the in vacuo
values (see Table 1). As a consequence, the combination
of the geometrical, electronic, and polar effects in the
different conformers yields a quite complex distribution
of conformers, since steric and polar effects are opposite
each other and the latter are relatively more important
in solution.
In order to test the reliability of our SCRF results, we

computed the conformational profile of chloroacetalde-
hyde (4), since for this compound experimental data are
available in dichloromethane solution.10 In Figure 6A we
have collected the data obtained in vacuo and in solution
using the SCIPCM method. The different conformers of

4 were fully optimized at the HF(SCIPCM)/6-31G* level,
and the energies were evaluated at the MP2(SCIPCM)/
6-31G*//HF(SCIPCM)/6-31G* level of theory. The results
are reported in Figure 6B and in Table 5. The corre-
sponding gas phase results computed at the MP2/6-31G*/
/HF/6-31G* level are coincident with those reported by
Frenking et al.8a and are given for comparison. It is found
that in the gas phase conformation 4A, which has a
synperiplanar chlorine atom, is 0.85 kcal/mol less stable
than conformation 4B, in which the chlorine atom is
antiperiplanar. Interestingly, one of the hydrogen atoms
attached to the R carbon is isoclinal in this conformer.
Therefore, in the gas phase the dipole-dipole repulsion
is minimized and the donating effect of the C-H bond is

Figure 6. (A) Conformational profiles for chloroacetaldehyde
4 in the gas phase and in dichloromethane solution (ε ) 9.08).
ω is the dihedral angle OdCsCsCl. (B) Newman projection
of synperiplanar (4A) and antiperiplanar (4B) conformers of
chloroacetaldehyde. Plain and bold numbers correspond to HF/
6-31G* and HF(SCIPCM)/6-31G* data, respectively. See Fig-
ure 1 caption for additional details.

Table 5. Relative Energies (kcal/mol) of the
Synperiplanar (4A) and Antiperiplanar (4B) Conformers
of Chloroacetaldehyde in the Gas Phase (E ) 1.00) and in

Dichloromethane Solution (E ) 9.08)

∆E

method 4A 4B

ε ) 1.00
HF/6-31G* 0.00 -1.46a
MP2/6-31G* 0.00 -0.85b

ε ) 9.08
HF(SCIPCM)/6-31G* 0.00 +0.31
MP2(SCIPCM)/6-31G* 0.00 +0.57
exptc 0.00 +0.71

a Data taken from ref 6d. b Data taken from ref 8a. c ∆G° taken
from ref 10.
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very efficient, thus resulting in a net stabilization of 4B
with respect to 4A. This situation is reversed in solution
and now the parallel orientation of the carbonyl and
C-Cl dipoles results in a relative stabilization via the
high value of ∆Gs. Thus, at MP2(SCIPCM)/6-31G*//
HF(SCIPCM)/6-31G* level it is found that 4A is now 0.57
kcal/mol more stable than 4B. This result is in excellent
agreement with the experimental result of ∆G° ) 0.71
kcal/mol found in dichloromethane solution.10 Therefore,
the SCRF approach is adequate for the evaluation of
solvent effects on the conformational equilibria of this
kind of compounds.

Conclusions

From the studies reported in this work, the following
conclusions can be drawn:
(a) In the gas phase, the more populated conformer of

R-methoxypropanal is that which incorporates a methyl
group in an isoclinal disposition with respect to the
carbonyl group. However, there is another hydrogen
isoclinal conformer which is very close in energy.
(b) In solution, there are three predominant conforma-

tions; that found in the gas phase, one in which the
R-hydrogen atom and the methoxy group are isoclinal and
antiperiplanar, respectively, and one in which the meth-
oxy group is synperiplanar.
(c) Polar conformations are significantly stabilized in

solution. Contributions of multipole effects including
those higher than dipole to the solvation energy must be
taken into account, given the sensitivity of the energy of
solvation to the relative orientation of the polar groups.
(d) The SCIPCM method describes correctly the con-

formational profile of R-chloroacetaldehyde both quali-
tatively and quantitatively, and thus we place confidence
in predictions of the method concerning other compounds.
(e) The conformational analysis of lithium-complexed

R-methoxypropanal is dominated by a chelated complex
in which the methoxy and carbonyl groups are syn-
periplanar.

Finally, our results suggest that any mechanistic
rationalization on the stereochemical outcome of reac-
tions involving this kind of compounds should include at
least nonspecific solvent effects.42 Very likely methods
more sophisticated than those based on the Onsager
model (L1A1) will be required for a realistic description
of these phenomena.43 These implications are currently
under study in our laboratory.
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(43) For a computational study on cyanide additions to monosub-
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