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Summary. Rotational isomers of ten 2,6-disubstituted phenols containing two different carbonyl

substituents (COOH, COOCH3, CHO, COCH3, CONH2) have been investigated theoretically with

the aid of DFT methods (B3LYP/6-31G(d,p)). The relative stabilities of four to ®ve conformers of

each compound were determined by full geometry optimizations for the free molecules and, in order

to simulate solvent effects, also for molecules in reaction ®elds with dielectric constants up to

"� 37.5. Comparison with available experimental IR spectroscopic data revealed excellent

agreement with the theoretically predicted stability sequences and conformational equilibria. The

two determinative energy contributions, that of the attractive intramolecular hydrogen bond

interactions and that of the (mostly repulsive) interactions between the phenolic oxygen atoms and

the other non-hydrogen-bonded carbonyl substituents, were separately calculated from isodesmic

reactions (benzoyl compound � phenol � 2-hydroxybenzoyl compound � benzene). The stability

sequences of the conformers, as obtained from the sum of each two energy contributions, almost

exactly comply with the sequences obtained from the full geometry optimizations. With all

compounds the conformation of the most stable isomer is determined by the energetically most

favourable non-bonded O� � �R±C interaction and not by the more favourable one of the two possible

O±H � �O=C H-bond interactions.
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Konkurrierende WasserstoffbruÈckenbindungen und Konformationsgleichgewichte in

2,6-disubstituierten Phenolen mit zwei unterschiedlichen Carbonylsubstituenten

Zusammenfassung. Die strukturellen, energetischen und spektroskopischen Eigenschaften der

Rotationsisomeren von zehn unsymmetrisch substituierten 2,6-Dicarbonylphenolen (COOH,

COOCH3, CHO, COCH3, CONH2) wurden mit DFT-Methoden (B3LYP/6-31G(d,p)) untersucht.

Die relativen StabilitaÈten von vier bis fuÈnf Konformeren jeder Verbindung wurden durch

Geometrieoptimierungen einerseits der freien MolekuÈle und andererseits, um auch LoÈsungsmitte-

leffekte zu beruÈcksichtigen, in Reaktionsfeldern mit DielektrizitaÈtskonstanten bis zu "� 37.5

bestimmt. Vergleiche mit experimentellen IR-spektroskopischen Daten zeigen eine vortref¯iche
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UÈ bereinstimmung mit den theoretisch vorhergesagten StabilitaÈtssequenzen und Konformations-

gleichgewichten. Die beiden entscheidenden EnergiebeitraÈge, jene der WasserstoffbruÈckenbindungen

und jene der (zumeist abstoûenden) Wechselwirkungen zwischen den phenolischen Sauerstoffato-

men und den nicht wasserstoffbruÈckengebundenen Carbonylsubstituenten, wurden mit Hilfe von

isodesmischen Reaktionen berechnet (Benzoyl-Verbindung � Phenol � 2-Hydroxy-benzoyl-

Verbindung � Benzol). Die aus den Summen der beiden BeitraÈge ermittelten StabilitaÈtssequenzen

stimmen nahezu exakt mit jenen uÈberein, die bei den vollstaÈndigen Geometrieoptimierungen erhalten

wurden. In allen FaÈllen wird die Konformation des stabilsten Isomers durch die energetisch

guÈnstigste O� � �R±C-Wechselwirkung bestimmt und nicht durch die guÈnstigere der beiden moÈglichen

O±H � �O=C-WasserstoffbruÈckenbindungen.

Introduction

In the course of theoretical and experimental studies on intramolecular hydrogen
bonding in small organic model compounds we have investigated a series of 2,6-
disubstituted phenols containing two carbonyl substituents. Compounds of this
type are found as substructural units of various natural substances like
phloroglucinoles [1±4], depsides [5±7], euglobals [8], ochratoxines [9], and of
synthetic derivatives with physiological activity [10±11]. Whereas 2,6-disubsti-
tuted phenols with two equal carbonyl substituents have been the subject of several
investigations [12±17], studies about phenols containing two different carbonyl
substituents are very scarce [18, 19]. With respect to intramolecular hydrogen
bonding it is, however, just the latter family that offers some particularly
challenging questions. Above all, these compounds are capable of forming two
(competitive) kinds of intramolecular O±H � �O=C hydrogen bonds (H-bonds)
between the phenolic OH group and the two different carbonyl oxygen atoms.
Additionally, for both H-bonded species there exist two rotational isomers with the
non-H-bonded carbonyl group being either syn or anti with respect to the phenolic
C±O group. Hence, with any such compound we have to deal with (at least) four
different conformers (Fig. 1), and an understanding of the structural and/or
spectroscopic properties of a given compound requires knowledge of the factors that
govern the stability sequences (i.e. the energies or at least the energy differences)
of the conformers. Basically, to a ®rst approximation there are two contributions to
the total energy of a given conformer that have to be taken into account: (i) the
attractive H-bond interaction between the phenolic OH group and one of the two
carbonyl oxygen atoms and (ii) the (mostly repulsive) interaction between the
phenolic oxygen atom and the second non-H-bonded carbonyl substituent.

The present study includes ten different 2,6-disubstituted phenols that result
from the combinations of each two of ®ve different carbonyl substituents: COOH,

Fig. 1. The four basic conformers of 2,6-disubstituted phenols containing two different carbonyl

substituent
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COOCH3, CHO, COCH3, and CONH2. From theoretical and experimental
structural and spectroscopic data (H-bond energies, bond distances, vibrational
frequencies, NMR shifts, . . .) of 2-hydroxybenzoyl compounds [20, 21] it has
been safely established that the H-bond strengths increase within the series
COOH�COOCH3 < CHO < COCH3 < CONH2. This is the starting point of our
concerns, since naively one might expect that the H-bond strength should be the
main factor in governing the stabilities of the conformers of a given compound. In
the following sections, after some experimental and computational details, we
®rstly focus on theoretical stability sequences as obtained from full geometry
optimizations. Data are reported not only for free molecules, but we also account
for solvent effects using the Onsager reaction ®eld method [22]. Secondly, we
confront the theoretical results with experimental IR spectroscopic data in order to
assess the reliability of the calculations. Thirdly, we deal with isodesmic reactions,
which can be used to evaluate independently the energy contributions of the
various kinds of H-bonded and non-bonded interactions. For any given conformer a
total interaction energy can be calculated from the sum of two such contributions,
and it turns out that the stability sequences obtained in that way almost perfectly
agree with the sequences obtained from the full geometry optimizations. Finally,
we discuss some pertinent points that emerge from exploring these isodesmic
reactions, and we show that this approach can clearly contribute toward the
understanding of the conformational stability sequences and, hence, toward the
understanding of the intrinsic properties of the title compounds.

Materials and Methods

The compounds included in this study are listed in Table 1 along with the subsequently used

compound numbering. IR spectra of CCl4 and CDCl3 solutions were measured with a Perkin-Elmer

Spectrum 2000 FTIR spectrometer. 3-Formyl-2-hydroxy-benzoic acid (2) was commercially

Table 1. Compounds and compound num-

berings
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available from Lancaster. 3-Formyl-2-hydroxy-methylbenzoate (5) has been prepared from 2 by

standard methods.

The quantum chemical calculations were performed with the Gaussian92 [23] and Gaussian94

[24] programs. Geometric, energetic, and vibrational spectroscopic data of the title compounds and

of the components of the isodesmic reactions were computed at the density functional B3LYP level

of theory [25, 26] using the 6-31G(d,p) basis set [27]. If not otherwise stated, the optimized

geometries were calculated without any constraints. For the simulation of solvent effects, we used

the self-consistent Onsager reaction ®eld method [22] as implemented in the Gaussian program

packages. Within the Onsager approach the electrostatic effect of a solvent is represented in terms of

the interaction between the molecular dipole moment and a reaction ®eld which is de®ned by

�2�"ÿ 1�=2"� 1� � aÿ3
0 � �. Calculations were performed for dielectric constants "� 2.2, 4.8, and

37.5, corresponding to CCl4, CDCl3, and CD3CN solutions, respectively [28]. The radii of the

spherical cavities occupied by the molecules, a0, were calculated from the volumes of the optimized

structures of the free molecules and increased by 50 pm in order to account for the van der Waals

radii of the surrounding solvent molecules.

Results and Discussion

The theoretical energy differences relative to the most stable conformer of a given
compound for a total of 44 different conformers are summarized in Table 2. Each
®rst line contains data of free molecules, each second line data of molecules in a

Table 2. Theoreticala energy differences (kJ �molÿ1) between the rotational isomersb, as obtained

from full geometry optimizations (�Etot) and from isodesmic reactions (�Eint, in parentheses) for free

molecules (each ®rst line) and for "� 37.5 (each second line)

a b c d�E�
c d�Z�

c

1 10(4) 15(7) 14(6) 0(0) 10(3)

32(22) 34(27) 30(24) 0(0) 27(19)

2 0(0) 15(11) 15(12) 3(6) 10(9)

1(6) 15(21) 18(24) 0(0) 19(19)

3 3(0) 24(16) 15(7) 0(2) 10(5)

16(12) 35(32) 26(23) 0(0) 25(19)

4 0(0) 32(26) 28(22) 11(16) 24(19)

14(0) 45(31) 36(23) 0(0) 35(19)

5 0(0) 15(11) 16(13) 11(10)

0(0) 15(15) 22(21) 3(16)

6 0(0) 22(16) 14(9) 8(6)

0(0) 21(20) 15(14) 15(9)

7 0(0) 32(26) 30(23) 25(20)

0(0) 33(31) 29(26) 27(22)

8 3(4) 25(20) 16(12) 0(0)

12(6) 23(26) 10(14) 0(0)

9 0(0) 33(26) 29(21) 13(9)

3(0) 27(31) 13(20) 0(6)

10 0(0) 34(27) 40(30) 17(14)

0(0) 28(31) 28(32) 10(13)

a B3LYP/6-31G(d,p) level of theory; b relative to the most stable conformer; c (E)- and (Z)-

conformations of non-bonded carboxyl groups (see also Table 5)

1006 A. Simperler and W. Mikenda



reaction ®eld with a dielectric constant of "� 37.5 corresponding to a solution in
CD3CN. Each ®rst number refers to the relative energy difference between the total
energies, �Etot, as obtained from full geometry optimizations, each second number
(in parentheses) to the relative differences between the interaction energies, �Eint,
as obtained from isodesmic reactions. For the anti-conformers of non-bonded
carboxyl groups (1d±4d) we additionally distinguish between the (E)- and the (Z)-
conformation of the COOH group (d�E� and d�Z�, see also Table 5), the latter being
commonly the more stable conformation of carboxylic acids. As should be noted at
this point, in order to distinguish between the intrinsic O±H � �O=C H-bond and the
non-bonded O� � �O=C or O� � �R±C interactions, we use the term `̀ non-bonded''
also in those few cases where the O� � �R±C interaction is actually also a weak
H-bond.

Full geometry optimizations

If we ®rstly con®ne to the data obtained from full geometry optimizations, even a
quick inspection of Table 2 reveals some general points, three of which should be
noted. (1) Referring to the sequence of proton acceptor capabilities noted in the
introduction, in only three out of the ten compounds the most stable conformer
of the free molecule displays the stronger one of the two possible O±H � �O=C
H-bonds (conformers d of 1, 3, 8), whereas in seven cases just the opposite is true
(conformers a of 2, 4±7, 9, 10). Obviously, the naive expectation that the strength
of the characteristic intramolecular O±H � �O=C H-bond should be mainly
determinative for the stability sequence of the rotameric isomers of a given
compound does not apply and, consequently, the interaction between the phenolic
oxygen and the non-H-bonded carbonyl substituent must play an important or even
decisive role in determining that stability sequence. (2) As to the non-bonded
interactions, in all instances the most stable conformer is an anti-conformer (a or
d) and, moreover, the second stable conformer is also an anti-conformer, i.e. that
with the other O±H � �O=C H-bond. Hence, it can be concluded that any of the
O� � �R±C interactions of the anti-conformations a and d is always more favourable
than the O� � �O=C interactions of the corresponding syn-conformations b or c. (3)
Concerning the environmental effects, as calculated with the Onsager reaction ®eld
approach, going from the gas phase to polar solvents results in a more or less
distinct stabilization of all conformers. In Table 3, the stabilization energies for
"� 37.5, as de®ned by the differences between the total energies E("� 37.5) ±
E("� 1), are given along with the dipole moments of the free species. As should
only be noted, for "� 2.2 (CCl4 solutions) and "� 4.8 (CDCl3 solutions) the
stabilization energies amount to 39(�2) and 69(�2)% respectively, of the values at
"� 37.5 which almost exactly matches the theoretical relations of the Onsager
model. Moreover, from the data given in Table 3 we obtain an excellent correlation
between the stabilization energies and the squares of the dipole moments (linear
correlation coef®cient: r� 0.989) which, because the molecular volumes of the
considered compounds are very similar, also complies with the presumptions of the
Onsager approach. Besides these relations, Table 3 clearly shows that the
stabilization energies of the conformers of the single compounds are partly
signi®cantly different. Consequently, on going from the gas phase to polar solvents
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we ®nd more or less distinct changes of the energy differences �Etot between the
rotational isomers (Table 2) and, hence, corresponding changes of the conforma-
tional equilibrium distributions. The most prominent example is compound 4:
whereas 4a is by far the most stable conformer at "� 1 (11 kJ �molÿ1 below 4d�E�),
4d�E� becomes the most stable conformer at "� 37.5 (14 kJ �molÿ1 below 4a).

Comparison between theoretical and experimental data

In order to check the reliability of the above calculations we brie¯y confront the
theoretical data as obtained from the full geometry optimizations with some
available experimental results. In particular, the IR carbonyl stretching frequency
region seems to be well suited to distinguish between different conformers. Some
relevant theoretical and experimental data are compiled in Table 4. For an
assignment of experimentally observed carbonyl stretching frequencies one may
either refer to the corresponding DFT calculated frequencies or to experimental
frequencies of eligible reference compounds, i.e. 2-hydroxy-benzoyl compounds
for H-bonded carbonyl groups and benzoyl compounds for non-H-bonded carbonyl
groups. From experiment as well as from theory it turns out that the non-bonded
carbonyl frequencies of the syn-conformers are always distinctly higher than those
of the reference benzoyl compounds, whereas the non-bonded carbonyl frequencies

Table 3. Theoreticala stabilization energies (kJ �molÿ1) for "� 37.5b (each ®rst line), as obtained from

full geometry optimizations and dipole moments (D) of free isomers (each second line)

a b c d�E�
c d�Z�

c

1 2.7 5.0 7.4 24.0 6.5

2.6 3.6 4.3 7.5 3.9

2 10.6 12.5 8.8 15.0 3.0

4.6 5.2 4.4 5.6 2.6

3 7.2 9.2 9.3 20.4 5.1

4.0 4.8 4.8 6.9 3.5

4 7.4 9.3 13.9 33.0 10.3

4.0 4.7 5.7 8.3 4.7

5 13.3 13.7 7.8 1.5

5.5 5.8 4.5 1.9

6 9.5 10.1 7.8 3.2

4.9 5.2 4.7 2.9

7 10.1 9.5 11.6 7.5

4.9 5.1 5.7 4.2

8 4.1 12.4 15.7 11.2

3.1 5.4 6.1 5.0

9 3.5 12.8 23.6 19.6

2.7 5.4 7.1 6.3

10 6.7 12.3 18.2 13.6

3.9 5.6 6.5 5.5

a B3LYP/6-31G(d,p) level of theory; bE("� 37.5)±E("� 1); c(E)- and (Z)-conformations of non-

bonded carboxyl groups (see also Table 5)
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of the anti-conformers are distinctly lower, with the exception of the anti-(E)
conformers of COOH groups (Table 4).

In Fig. 2, the carbonyl stretching frequency region of CCl4 and CDCl3 solution
IR spectra of 3-formyl-2-hydroxy-benzoic acid (2) are shown. According to the
theoretical stability sequence (Table 2) one must expect an equilibrium between
two energetically largely similar conformers 2a and 2d�E�, which excellently
complies with the experimental ®ndings: the high frequency band at 1756 cmÿ1

(in CCl4) can reasonably well be assigned to the non-bonded carboxyl group of
conformer 2d�E�, the medium frequency band at 1699 cmÿ1 arises from a
superposition of the H-bonded carboxyl and the non-bonded formyl groups of

Table 4. Theoretical (®rst ®gure)a and experimental (second ®gure)b carbonyl stretching frequencies

(cmÿ1) of selected compounds and conformers

(CO)-CH3 (CO)-H (CO)-OCH3 (CO)-OH

Benzoyl compound 1776/1692 1796/1709 1799/1729 1818/1743

Salicoyl compound 1713/1646 1733/1668 1736/1683 1755/1696

2a 1782/1699 1755/1699

2d�E� 1725/1667 1840/1756

2d�Z� 1732/(1667) 1801/(1730)

5a 1781/1698 1738/1681

5d 1732/ 1781/

6a 1765/1683 1734/1683

6d 1710/1647 1777/1710

6c 1710/1647 1816/1735

a B3LYP/6-31G(d,p) level of theory; b CCl4 solutions

Fig. 2. IR spectra of 3-formyl-2-hydroxy-benzoic acid in CCl4 (solid line) and in CDCl3 (dashed

line) solutions

Competitive Hydrogen Bonds in 2,6-Disubstituted Phenols 1009



conformer 2a, and the low frequency band at 1667 cmÿ1 should be due to the
H-bonded formyl group of conformer 2d�E�. As should be noted, the presence of
the two conformers is also con®rmed by two corresponding �(OH) bands, one at
3525 cmÿ1 for 2a and the other at 3395 cmÿ1 for 2d�E�. What is more, according to
Table 2 the equilibrium 2a� 2d�E� should become shifted towards isomer 2d�E�
upon increasing the solvent polarity, and indeed we ®nd that, besides some small
frequency shifts, the relative intensities of the carbonyl bands of conformer 2d�E�
distinctly increase when going from CCl4 to CDCl3 solutions.

For another example, according to Table 2 conformer 5a should be the most
stable rotational isomer of 3-formyl-2-hydroxy-methylbenzoate (5), and its stability
relative to the next stable conformer 5d�E� increases on increasing solvent polarity.
Consistently, we observe a lower frequency band at 1681 cmÿ1 that can be assigned
to the H-bonded carboxylate group and a higher frequency band due to the non-H-
bonded formyl group at 1698 cmÿ1. Moreover, no distinct changes occur on going
from CCl4 to CDCl3 solution. We note, however, that, although the experimental
data agree well with the theoretical prediction, in this special case they do not
actually con®rm that prediction, since the carbonyl frequencies of the second stable
conformer 5d should be almost the same as those of 5a (see Table 4).

Finally, we refer to a literature IR spectrum (CCl4 solution) of 3-acetyl-2-
hydroxy-benzoic acid methyl ester (6) [19]. In the reported spectrum the carbonyl
frequency region is dominated by a strong band at 1683 cmÿ1 which is obviously
due to a superposition of the H-bonded carboxylate group and the non-H-bonded
acetyl group of the most stable conformer 6a. Additionally, the spectrum shows
three weak features that can reasonably well be assigned to the two next stable but
energetically distinctly less favourable conformers: a band at 1647 cmÿ1 due to the
H-bonded acetyl group of both 6d and 6c, a shoulder at 1710 cmÿ1 due to the non-
bonded ester group of the anti-conformer 6d, and a band at 1735 cmÿ1 due to the
non-H-bonded ester group of the syn-conformer 6c. In summary, for all three
compounds the observed spectral features excellently comply with those predicted
from the calculated energies and stability sequences of the conformers, which gives
strong evidence for the reliability of the calculations.

Interaction energies from isodesmic reactions

As already noted in the introduction, to a ®rst approximation the energy differences
between the conformers of a given compound should be governed by two energy
contributions: the attractive O±H � �O=C H-bond interaction and the (mostly
repulsive) interaction between the phenolic oxygen atom and the second non-H-
bonded carbonyl substituent. For a more detailed understanding of the stability
sequences it would be desirable to quantitatively evaluate these energy contri-
butions independently from each other. Here we run into the problem that, other
than with intermolecular interactions, the de®nition and evaluation of intramole-
cular interaction energies is by far not obvious, because the natural reference
systems (i.e. the free molecules) do not exist. With more simple cases, such as
ortho-substituted phenols, intramolecular H-bond energies are most commonly
assessed from the energy differences between the H-bonded species and the
conformer with the OH group rotated by 180� around the C±O single bond, either
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with or without subsequent geometry optimization. For the title compounds,
because of the second carbonyl substituent, these possibilities are of course
immediately ruled out and, moreover, they are basically not at all applicable for
evaluating non-H-bonded interaction energies.

Isodesmic reactions [29] provide an alternate tool for calculating intramole-
cular interaction energies. The underlying idea is that an intramolecular interaction
may formally be built up by a ®ctitious chemical reaction, and the energy of this
interaction-building reaction should be representative of the interaction energy. The
isodesmic reactions that should appropriately describe the formation of the
intramolecular O±H � �O=C H-bonds and the formation of the non-bonded
O� � �O=C or O� � �R±C interactions are shown in Figs. 3a and 3b, respectively.
The theoretical energies that were calculated from the total energies of the four
components of the corresponding reaction (E(2-hydroxy-benzoyl) � E(benzol)
ÿ E(benzoyl) ÿ E(phenol)) are compiled in Table 5. Within our approach, the sum
of the two energy contributions of a given conformer Eint�EHb � Enb (EHb for the
formation of the H-bond and Enb for the formation of the non-bonded interaction)
should be representative of the entire interaction energy. The respective energy
differences �Eint (relative to the most stable conformer of a given compound) have
already been presented in Table 2 along with the corresponding energy differences
as obtained from full geometry optimizations. As can easily be seen, although there
are partly some quantitative differences, the stability sequences of the conformers
of any given compound as obtained from the two energy scales almost perfectly
agree with each other. For the free molecules, in only one out of ten cases (i.e. with
compound 3) we ®nd an interchange between the two most stable conformers: Etot

prefers d by 2 kJ �molÿ1, whereas Eint prefers a by 3 kJ �molÿ1. Hence, it may

Fig. 3. Isodesmic reactions describing the formation (a) of the intramolecular O±H � �O=C H-bonds

and (b) of the non-bonded O� � �O=C or O� � �R±C interactions
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certainly be claimed that the stability sequences are well predicted within our
isodesmic reaction approach and consequently, this approach should provide a
valuable means for a thorough understanding and interpretation of these sequences.

Coming back to the three general points noted above, ®rst of all Table 5 reveals
that the energy contributions of the H-bond interactions EHb are rather similar
throughout with a maximum energy difference of only 6 kJ �molÿ1 between the
different carbonyl groups, whereas the contributions of the non-bonded interactions
Enb cover a distinctly larger range of about 25 kJ �molÿ1. From this ®nding it

Table 5. Theoreticala interaction energies EHb and Enb (kJ �molÿ1) as obtained from isodesmic

reactions (see text) for free molecules (each ®rst line) and for "� 37.5 (each second line) and dipole

moments (D) of the free molecules (each third line)

1012 A. Simperler and W. Mikenda



is immediately understandable that the conformational stability sequences are
primarily governed by the non-bonded and not by the H-bond interactions (i.e. the
more favourable non-bonded interaction wins over the stronger H-bond interac-
tion). Table 5 indicates that the energies of the non-bonded interactions increase
within the series CONH2 < COH < COCH3 < COOH < COOCH3, and indeed we
®nd that with almost all compounds the most stable conformer is that with the most
favourable non-bonded interaction (the only exception again concerns the two
energetically largely similar conformers a and d of compound 3).

Secondly, among the non-bonded interactions we can clearly distinguish
between the energetically more favourable anti-conformations and the less
favourable syn-conformations, which makes it understandable that the most stable
as well as the second most stable conformer of all compounds display an anti-
conformation. The energy difference between each of the two corresponding
anti- and syn-conformations ranges from 3 to 26 kJ �molÿ1 for the free molecules
and up to 31 kJ �molÿ1 for the most polar environment considered here.
Expectedly, the largest difference concerns the amide group, where the syn-
conformation is associated with a weak but clearly attractive O � �H±N H-bond,
whereas the smallest difference concerns the ester group where both conformations
are associated with a highly unfavourable, strongly repulsive O� � �O interaction. As
a consequence we ®nd that with the most stable conformers of compounds, which
contain amide or/and ester groups, the amide group is always engaged in a non-
bonded interaction, despite it is the strongest proton acceptor within our series,
whereas the ester group almost always acts as proton acceptor, despite it forms
rather weak H-bonds.

Thirdly, concerning the solvent effects, as simulated by the Onsager reaction
®eld method, on going from the gas phase to CD3CN solutions Table 5 shows
minute or even negligible effects (� 2 kJ �molÿ1) for all H-bonded species as well
as for all syn-conformers and for two anti-conformers of the non-H-bonded
species. Noticeable effects (� 5 kJ �molÿ1) are observed with the anti-conformers
of amide, acetyl, and formyl groups, whereas the only outstanding case concerns
the anti-(E)-conformation of the carboxyl group, which becomes stabilized by as
much as 18 kJ �molÿ1. The latter prominent effect agrees well with a common and
well known characteristic of carboxylic acids; e.g. calculations of benzoic acid at
the B3LYP/6-31G(d,p) level of theory reveal that in the gas phase the (Z)-isomer is
more stable by about 30 kJ �molÿ1, whereas the energy difference becomes
signi®cantly reduced in polar environments (down to 20 kJ/mol for "� 37.5). If we
now compare the environmental effects predicted from isodesmic reactions with
those obtained from full geometry optimizations (Table 2), we ®nd that the former
yield correct trends, whereas the quantitative agreement is less satisfying. The
latter drawback is, however, inherently associated with the Onsager model: on the
one hand, within this approach the electrostatic interaction is directly proportional
to the square of the dipole moment of a molecule under consideration, whereas, on
the other hand, the dipole moments of the title compounds 1±10 are, of course, not
simply sums of the dipole moments of the basic compounds of Table 5.

From the above discussion it may certainly be claimed that the isodesmic
reactions are not only remarkably successful in reproducing the conformational
stability sequences. In particular, they provide a basis for a quantitative (or at least
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semiquantitative) understanding of the factors that govern these stability
sequences. For the carbonyl groups considered here, a main key is that the
sequence of increasing attractive H-bond strengths, as noted in the introduction
(COOH�COOCH3 < CHO < COCH3 < CONH2), and the sequence of decreasing
repulsive non-bonded interactions, COOCH3 > COOH > COCH3 > CHO > CONH2

(Table 5), are largely similar. Hence, in most cases we are dealing with a rather
subtle interplay between two possible H-bond interactions that favour one isomer,
and two non-bonded interactions that favour just the other isomer, but the
isodesmic reactions can reasonably well help us learn why the stabilities and the
stability sequences are as they are.

With respect to further applications, we have recently started to use the
isodesmic reaction approach for the prediction of conformational stability
sequences of more complex compounds, and preliminary results for some
phloroglucin derivatives revealed rather promising results. As examples we notice
3-acetyl-2,4,6-trihydroxy-benzaldehyde, which is a biologically active synthetic
analog of grandinol [3], and 2,4-dihydroxy-6-methoxy-3-formylacetophenone. For
both compounds, full geometry optimizations and isodesmic reactions yield almost
identical results with respect to the conformational stability sequences. In the ®rst
case, the energies of the two most stable conformers are largely similar, �Etot�
2 kJ �molÿ1 and �Eint� 0 kJ �molÿ1, whereas in the latter case one conformer is
distinctly more stable than the other three conformers: �Etot > 70 kJ �molÿ1 and
�Eint > 50 kJ �molÿ1. This gives ®rst strong evidence that, even for more complex
compounds, the single energy contributions obtained from isodesmic reactions
might actually be used for predictive purposes. Work concerning these issues (the
applicability and the limitations) is currently under progress.

Conclusions

A total of 44 rotational isomers of ten 2,6-disubstituted phenols containing two
different carbonyl substituents ((C=O)-R, R=OH, OOCH3, H, CH3, NH2) have been
investigated theoretically at the B3LYP/6-31G(d,p) level of theory. Calculations
were performed for free molecules as well as for reaction ®elds with "� 2.2, 4.8,
and 37.5. Comparison with available IR spectroscopic data revealed excellent
agreement between experiment and theory and con®rms the reliability of the
calculations. The following are our conclusions:

(a) The energies (and the stability sequence) of the conformers of a given
compound are governed by a subtle interplay of an attractive hydrogen bond
interaction O±H � �O=C between the phenolic OH group and one of the two
carbonyl groups, and a (mostly repulsive) interaction O� � �R±C or O� � �O=C
between the phenolic oxygen atom and the other non-hydrogen-bonded carbonyl
substituent.
(b) The energy contributions of the two single interactions can be separately
determined from the energies of corresponding interaction-forming isodesmic
reactions (benzoyl compound� phenol� 2-hydroxybenzoyl compound� benzene).
For any conformer, a total interaction energy can be evaluated from the sum of
each two contributions, and it appeared that the stability sequences obtained in
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this way almost perfectly agree with those obtained from full geometry optimiz-
ations.
(c) In particular, it turned out that the conformation of the most stable isomer of a
given compound is not determined by the more favourable one of the two possible
O±H � �O=C H-bond interactions, but it is always determined by the most
favourable non-bonded O� � �R±C interaction. The isodesmic reactions have proved
remarkably successful in reproducing and predicting the conformational stability
sequences. They provide a valuable means for a thorough understanding of the
conformational equilibria and of the structural and spectroscopic properties of the
compounds.
(d) Finally, evidence is given that the single energy contributions obtained from
isodesmic reactions might be also used to predict conformational stabilities of
distinctly more complex compounds.

Acknowledgments

The authors thank Prof. A. Karpfen for valuable help and discussion. We are grateful to the Computer

Centre of the University of Vienna for ample supply of the Digital Alpha 2100 5/375 facilities.

References

[1] Boland DJ, Brophy JJ, Fookes CJR (1992) Phytochemistry 31: 2178

[2] Miles DH, De Medeiros JMR, Chittawong V, Hedin PA, Swithenbank C, Lidert Z (1991)

Phytochemistry 30: 1131

[3] Bolte ML, Crow WD, Takahashi N, Sakurai A, Uji-Je M, Yoshida S (1985) Agric Biol Chem 49:

761

[4] Crow WD, Osawa T, Paton DM, Willing RR (1977) Tetrahedron Lett 12: 1073

[5] Elix JA, Wardlaw JH (1996) Aust J Chem 49: 539

[6] Elix JA, Chester DO, Gaul KL, Parker JL, Wardlaw JH (1989) Aust J Chem 42: 1191

[7] Elix JA, Wilkins AL, Wardlaw JH (1987) Aust J Chem 40: 2023

[8] Takasaki M, Konoshima T, Fujitani K, Yoshida S, Nishimura H, Tokuda H, Nishino H, Iwashima

A, Kozuka M (1990) Chem Pharm Bull 38: 2737

[9] Bredenkamp MW, Dillen JLM, Van Rooyen PH, Steyn PS (1989) J Chem Soc Perkin Trans II,

1835

[10] Yoneyama K, Konnai M, Takematsu T, Iwamura H, Asami T, Takahashi N, Yoshida S (1989)

Agric Biol Chem 53: 1953

[11] Ford RE, Knowles P, Lunt E, Marshall SM, Penrose AJ, Ramsden CA, Summers AJH, Walker JL,

Wright DE (1986) J Med Chem 29: 538

[12] Das R, Mitra S, Nath DN, Mukherjee S (1996) J Chim Phys 93: 458

[13] Das R, Mitra S, Mukherjee S (1993) Bull Chem Soc Jpn 66: 2492

[14] Brzezinski B, Zundel G, KraÈmer R (1987) J Phys Chem 91: 3077

[15] Golubev NS, Denisov GS (1975) Dokl Akad Nauk SSSR 220: 1352

[16] Koelle U, Forsen S (1974) Acta Chem Scand A 28: 531

[17] Tabei M, Tezuka T, Hirota M (1971) Tetrahedron 27: 301

[18] Reichl G (1996) Thesis, University of Vienna

[19] Hoyer H, Hensel W, Krause G (1965) Z Naturforsch 20b: 617

[20] Lampert H, Mikenda W, Karpfen A (1996) J Phys Chem 100: 7418

[21] Steinwender E, Mikenda W (1994) Monatsh Chem 125: 695

[22] Onsager LJ (1936) J Am Chem Soc 58: 1486

Competitive Hydrogen Bonds in 2,6-Disubstituted Phenols 1015



[23] Frisch MJ, Trucks GW, Schlegel HB, Gill PMW, Johnson BG, Wong MW, Foresman JB, Rob

MA, Head-Gordon M, Replogle ES, Gomperts R, Andres JL, Raghavahari K, Binkley JS,

Gonzales C, Martin RL, Fox DJ, Defrees DJ, Baker J, Stewart JJP, Pople JA (1993) Gaussian 92,

Rev G4; Gaussian Inc, Pittsburgh, PA

[24] Frisch MJ, Trucks GW, Schlegel HB, Gill PMW, Johnson G, Robb MA, Cheeseman JR, Keith T,

Petersson GA, Montgomery JA, Raghavachari K, Al-Laham MA, Zakrzewski VG, Ortiz JV,

Foresman JB, Peng CY, Ayala PY, Chen W, Wong MW, Andres JL, Replogle ES, Gomperts R,

Martin RL, Fox DJ, Binkley JS, Defrees DJ, Baker J, Stewart JP, Head-Gordon M, Gonzales C,

Pople JA (1995) Gaussian 94, Rev B3, Gaussian Inc, Pittsburgh, PA

[25] Becke AD (1993) J Chem Phys 98: 5648

[26] Lee C, Yang W, Parr RG (1988) Phys Rev B 37: 785

[27] Hehre WJ, Ditch®eld R, Pople JA (1972) J Chem Phys 56: 2257

[28] Maryott AA, Smith EA (1951) Table of Dielectric Constants of Pure Liquids, NBS Circular 14

[29] George P, Bock CW, Trachtman M (1985) J Mol Struct (Theochem) 133: 11

Received December 10, 1998. Accepted (revised) January 12, 1999

1016 A. Simperler and W. Mikenda: Competitive Hydrogen Bonds in 2,6-Disubstituted Phenols


