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Abstract—The conformational behavior of the cyclohexenone ring in abscisic acid (1) and its analogs (2—5) with a fused cyclopropyl ring
was investigated by a low-temperature NMR analysis and computer-aided calculations of the model compounds. The 'H signals of 1
separated into two sets below 250 K, which was a coalescence temperature, in a 99.4:0.6 ratio at 185 K, although the small set of signals
was not complete. The large and small sets of signals were considered to correspond to an envelope 1-i with the axial side-chain and another
envelope 1-ii with the equatorial side-chain. At 185 K, the free-energy barrier for the ring inversion between 1-i and 1-ii was determined to be
ca. 11 kcal/mol, and the free-energy difference between the two conformers was ca. 1.4 kcal/mol. The 'H signals of 2—5 never broadened
even at 200 K, suggesting that these analogs are more flexible than 1. These experimental results were consistent with those obtained by
calculations using models 6—10. Introducing a cyclopropyl group into the ring of 1 lowered the energy barrier for ring inversion and varied
the conformational ratio at equilibrium between the minimum-energy conformers. © 2000 Elsevier Science Ltd. All rights reserved.

Introduction

The plant hormone abscisic acid (ABA, 1) is a sesquiterpene
that is involved in the regulation of many physiological
processes such as the enhancement of adaptation to various
stresses.' The mechanism of action of 1, including its initial
perception by target cells via receptors, is not well under-
stood. An understanding of the three-dimensional shape
required for its biological activities, as well as localized
structure—activity relationships, which have been well
investigated albeit only qualitatively,” will be essential for
designing an effective probe for identifying ABA receptors
and a highly active ABA analog.

The structure of 1 consists of a cyclohex-2-enone and five
substituents including the 3-methyl-2,4-pentadienoic acid
side-chain (Fig. 1). Cyclohex-2-enone itself is relatively
flat, so the three-dimensional shape of 1 depends largely
on the orientations of the substituents, which change in
the conformation of the ring. The conformational behavior
of cyclohex-2-enone has been investigated less than those of
cyclohexane and cyclohexene, but the minimum-energy
conformer seems to be an envelope or half-chair, as with
cyclohexene.’ Although the transition state in the inversion
of cyclohexenone has never been investigated, it may be
close to a boat based on analogy to cyclohexene.*
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The cyclohexenone ring of 1 can theoretically have at least
two minimum-energy conformers; one is an envelope (or
half-chair) with the axial side-chain, 1-i, and the other is an
inverted envelope (or half-chair) with the equatorial side-
chain, 1-ii (Fig. 1).” The crystal structure that has been
reported for 1° reveals that its ring is 1-i, and NOE experi-
ments have suggested that the ring of 1 adopts the envelope
form 1-i in solution.” However, this does not exclude the
possibility of any other conformers, since the ring of 1 is
flexible. Since the barrier to interconversion for a cyclo-
hexenone ring should be as low as that for a cyclohexene
ring,' any conformation in preferred conformational
processes can be the active conformation if it realizes the
lowest-energy complex with the receptor. The most effec-
tive ligand molecule should be that which can adopt such a
conformation with the least cost in free-energy.

Milborrow proposed the hypothesis that the active confor-
mation of 1 adopts the ring 1-ii.® Perras et al. recently
demonstrated that the conformer with 1-ii is preferable to
that with 1-i in the binding site of the uptake carrier.”'® This
demonstration depends on the strong activity of analogs in
which the side-chain is fixed in or prefers the equatorial-like
orientation.'! However, there are some exceptions, and
Milborrow’s hypothesis has never been proven in relation
to biological activity.

To determine the biologically active conformation, in a
previous study, we synthesized and assayed four fused-
type bicyclic ABA analogs 2—5 which had a cyclopropyl
ring at the C-2'—C-3' or C-5'-C-6' in ABA (Fig. 2).!? This
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Figure 1. Structural formula and ring conformations of 1.

modification has little effect on spoil the functional groups
which are necessary for the biological activity of 1. This is
an advantage in identifying conformation—activity relation-
ships. These bicyclic analogs are good probes because such
minimum modification results in a variety of biological
activities depending on whether cyclopropane was intro-
duced to the upper or lower side of the cyclohexenone
ring, suggesting that the changes in activity are caused by
changes in conformational properties. In this report, we
describe low-temperature '"H NMR studies and computer-
aided calculations for 1, the bicyclic ABA analogs 2—5 and
their models 6-10 to demonstrate the conformational
requirements of the ring for the biological activity of 1.

Experimental and Computational Methods

Compound 1 (synthetic racemate) was purchased from
Tokyo Kasei Kogyo Co., Ltd and used as received. The
synthesis of analogs 2—5 has been reported previously.'?
The atoms of all of the compounds including model
compounds 6—10 were numbered as in 1 to avoid unneces-
sary confusion.

The "H NMR spectra were recorded on a Bruker ARX500
(500.13 MHz) from 300 to 185 K for 1 and from 300 to
200 K for 2-5. NMR samples were prepared in 5-mm
thin-walled NMR tubes as 0.07 M solutions in acetone-dg.
A small amount of TMS was added to each sample as an
internal reference. None of the samples were spun.
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Figure 2. Four bicyclic ABA analogs with a cyclopropyl ring. 2: 2'a,3'a-
dihydro-2'a,3'a-methano-ABA; 3:  2/B,3/B-dihydro-2’B,3’B-methano-
ABA; 4: 5'a,8'-cyclo-ABA; 5: 5'8,9'-cyclo-ABA.
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The rate constant for 1 at 250 K, 793 sfl, was obtained by
multiplying the separation of the signals of H-5'-proR at
185 K by 2.22."* The free energy of activation, 11.2 kcal/
mol, was calculated based on the Eyring equation using the
rate constants.

All of the minimum-energy conformers of models 6—10
were generated and minimized using MM3 combined with
the molecular dynamics simulation built into CAChe 3.11.'
The conformational energy surfaces in the C1/'-C5
and C1'=0O bond rotations were examined using MM3,
where the dihedral angles C(4)C(5)C(1")O(1’) and
C(5)C(1)O(1")H were changed from —180 to 180° in
10-degree increments. The minimum-energy geometries
were abstracted and further minimized without freezing
the dihedral angles using MM3. These MM3-minimized
structures were fully optimized with density functional
theory, using the Becke three parameter hybrid functional
(B3LYP) method and the 6-31G(d) basis set in GAUSSIAN
98,15 followed by a calculation of the harmonic vibrational
frequencies at 298 K at the same level. Transition geo-
metries for the ring inversion process for models 6-8
were preliminarily examined by PM3 in CAChe 3.11,
where the dihedral angles ¢, [C(2")C(1")C(5")C(6")] and
d, [C(3)CHNC(5)C(6')] were chosen as the driving
parameters for the interconversion process. Transition
geometries (saddle points) for the ring inversion of 6—8
were found in the conformational space for which ¢ is
nearly 0° (1,3-diplanars) (¢,>0°: axial side-chain; ¢,<<0°:
equatorial side-chain). These saddle points were optimized by
a quasi-Newton method at the B3LYP/6-31G(d) level,
followed by a calculation of the harmonic vibrational frequen-
cies at 298 K at the same level. A single imaginary frequency
was found for each calculation. The displacements for the
normal mode corresponding to the imaginary frequency
were large at the carbons associated with the change in the
ring conformation. All of the minimum-energy conformers of
1 were generated and minimized using MM3, as model 6.

Results and Discussion
Low-temperature NMR studies of 1-5

All of the "H signals of 1 broadened below than 300 K, and
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Figure 3. "H NMR spectra of 1 in acetone-dj.

the coalescence temperature was 250 K.'® As the tempera-
ture fell below 250 K, the signals grew sharper again and the
signals split into the large and very small signals of the two
corresponding conformers. This broadening of the signals

was the most remarkable at the 5’-protons (Fig. 3), indi-
cating that the greatest difference in the chemical shifts
between the two conformers occurred at the 5’-protons.
The interconversion of the ring in 1, from 1-i to 1-ii,
reverses the orientation of the 5'-protons; the axial proton
becomes the equatorial and the equatorial proton becomes
axial. The axial proton at the a-position of the carbonyl
group in many cyclohexanone derivatives appears at a
lower field than an equatorial one.'” This should also be
the case for the 5’-protons in 1. The signal of the 5’-proS
proton of 1-i should appear at a lower field than that of the
5'-proR proton, and the signal of the 5’-proS proton of 1-ii
should appear at a higher field than that of the 5'-proR
proton. Thus, it is reasonable to assume that the signal-
broadening observed was caused by slow exchange between
1-i and 1-ii, rather than among rotational isomers of the
side-chain or hydroxyl group. NOE experiments of 1
showed that the 5’-proton at a lower field had an NOE for
the 5-proton.”® Thus, the average signal of the 5’-proS
proton from the two conformers appears at a lower field
than that of the 5'-proR proton, suggesting that 1 exists
predominantly as 1-i rather than 1-ii. In the separate signals,
therefore, the large signals would correspond to 1-i and the
small ones would correspond to 1-ii. The 1-i/1-ii ratio based
on integration of the signals was 99.4:0.6 at 185 K, meaning
that the free-energy difference between the two conformers is
1.4 kcal/mol at this temperature. The free-energy barrier to
interconversion between 1-i and 1-ii was calculated to be
11.2 kcal/mol from the rate constant (793 s~ ') at 250 K.

The 'H signals of 2—5 never broadened, even at 200 K,
suggesting that these analogs are more flexible than 1, i.e.
their energy barrier for interconversion is lower than that
of 1.

Ratio of axial to equatorial side-chains

We performed all of the computational studies using the

Figure 4. Model compounds 6—10 and their rotational isomers. Top: structural formula; middle: rotational isomers (A and B) with regard to C1’—C5 bond
rotation; bottom: rotational isomers (X, Y and Z) with regard to O—C1’ bond rotation.
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Table 1. Relative B3LYP/6-31G(d) free energies of each minimum-energy conformer of 6—8, and the side-chain axial/equatorial ratios

Compound Ring type® Rotamers of the side-chain and hydroxy® Ratio of the axial/
equatorial side-chain
AX AY AZ BX BY BZ
6 i 0.00 0.43 0.78 1.68 1.31 1.16 94.3:5.7
ii 2.47 1.65 1.82 5.67 443 5.01
7 i 4.48 4.23 - 7.48 6.24 -
ii 0.88 0.00 0.00 6.42 5.08 5.08 0.1:99.9
iii 4.47 4.21 4.60 7.89 6.68 7.05
8 i 0.00 0.70 2.42 3.83 4.52 4.71
ii 1.23 0.87 0.77 3.36 2.88 2.88 59.0:41.0
iv 2.09 1.12 1.42 5.00 3.77 4.15

1, envelope with the axial side-chain; ii, envelope with the equatorial side-chain; iii, boat with the axial side-chain; iv, boat with the equatorial side-chain.

" See Fig. 4.

¢ Not calculated because the conformation was not a minimum-energy geometry.

model compounds 6—10, which have a vinyl group as a side-
chain, to minimize computation time and exclude complex-
ity caused by multiple conformations of the side-chain itself
(Fig. 4). We examined the validity of applying the confor-
mational behaviors of the model compounds to the parent
compounds. All of the minimum-energy conformers of 1
were optimized using MM3, as was done later for model
6. The free-energy difference between conformations of 1
with the axial and equatorial side-chains was very similar to
that of 6; the gap was only 0.1 kcal/mol. This suggests that
simplification of the side-chain has little effect on the
conformational behavior of the ring. Despite this simplifica-
tion, we still have the complexity caused by rotation of the
C1/—C5 and C1’-0O bonds. We need to consider all of the
local-minimum-energy geometries derived from the rota-
tional isomers for the side-chain and hydroxyl group to
estimate the distribution of the ring conformers with axial
and equatorial side-chains. These rotational isomers can be
divided into two types (A and B) with regard to C1'-C5
bond rotation and three types (X-, Y-, and Z) with regard to
C1’-0 bond rotation, to give six types overall: AX, AY,
AZ, BX, BY, and BZ (Fig. 4). Each type of conformer was
fully optimized using B3LYP after being pre-optimized
using MM3 combined with a molecular dynamics
simulation.

Table 1 shows the relative energy of each minimum-energy
conformer of models 6-8 and the side-chain axial/equa-
torial ratios. At the minimum-energy points, the ring in 6
was one of two types: an envelope with the axial or equa-
torial side-chain, and each had six rotamers. The envelope
conformers with the axial side-chain (6-i) had a lower
energy than the corresponding conformers with the equa-
torial side-chain (6-ii). The axial/equatorial ratio was
94.3:5.7; the free energy difference was ca. 1.7 kcal/mol.
This agreed with the experimental results. The two
envelopes have two axial and three equatorial substituents.
The two axial substituents are anti, whereas the three equa-
torial substituents are side-by-side. This means that the
equatorial substituent in the ABA ring has a greater steric
effect, which is referred to as allylic strain,18 than the axial
substituent, which may help to explain why the lower-
energy form is the envelope with a bulkier side-chain in
comparison with the 1’-hydroxyl groups in the axial orien-
tation. This is experimentally supported by the fact that the

1'-methyl ether of ABA prefers a conformation with the
equatorial side-chain,” probably because the bulky methyl
ether favors the axial orientation.

For model 7, the ring at the minimum-energy points could
assume three forms; two envelopes with axial and equatorial
side-chains (7-i and 7-ii, respectively) and one boat with the
axial side-chain (7-iii). The energy of model 7-ii was lower
than those of 7-i and 7-iii. The axial/equatorial ratio was
0.1:99.9; the free energy difference was 4.1 kcal/mol. The
axial cyclopropyl ring in the envelope and boat with the
axial side-chain is 1,3-diaxial for the methyl group (C-8'),
which could explain why they are less stable than the
envelope with the equatorial side-chain.

Model 8 also had three different types of ring at the mini-
mum-energy points; two envelopes with axial and equa-
torial side-chains (8-i and 8-ii) and one boat with the
equatorial side-chain (8-iv). The axial/equatorial ratio was
59:41, and the free energy difference was almost zero. This
may be due to the cyclopropyl ring which is syn to the
side-chain. The axial side-chain would be repulsive to the
cyclopropyl ring.

Models 9 and 10 had only one type of ring at the minimum-
energy point because of the 1,4-cyclohexadiene-like

A
S A

9 10

Figure 5. Minimum-energy conformations of 9 and 10 (upper), and unfa-
vorable conformations with the orientation of the side-chain frozen (lower).
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6-TS 7-TS

Figure 6. Transition-state structures for ring inversion of 6—8.

structure.'® The minimum-energy ring of 9 was a boat with
the axial side-chain, while that of 10 was a boat with the
equatorial side-chain. Since the C5'—~C6’ single bond in 9
and 10 is like a double bond due to the formation of a
cyclopropyl ring,?® ring puckering has little influence on
the orientation of C-8’ and C-9'. For 9, therefore, the equa-
torial side-chain always results in greater steric hindrance
for C-9/, and for 10 the axial side-chain yields high steric
energy for the axial C-9’. This is why 9 and 10 prefer axial
and equatorial side-chains, respectively. A boat—boat inver-
sion potential for 9 and 10 was calculated by partial opti-
mization of the geometry in which the side-chain was frozen
at an unfavorable orientation; the dihedral angle
C(BHCR2NHC(NHC(5) was fixed at 144° for 9 and at 96° for
10 (Fig. 5). Type AX and type AY were used for 9 and 10,
respectively, to calculate the most stable rotamer. We found
that ca. 8 kcal/mol of free-energy was needed to adopt the
side-chain orientation that 9 and 10 do not favor. This value
was larger than that expected from the boat—boat inversion
potential of 1,4-cyclohexadiene.'® This may be because of
the sterically large substituents. Thus, the rings in 9 and 10
should exist mostly as boats with the axial and equatorial
side-chains, respectively.

Barrier for ring interconversion

In examining the conformational space of models 6—8, we
considered only AX or AY isomers, which should be more
stable than the other types (see Table 1). The conforma-
tional space was searched at the PM3 level using two para-
meters for the dihedral angles ¢; [C(2")C(1)C(6")C(5")]
and ¢, [C(3")C(4")C(5")C(6")]. The structures obtained for
the minimum-energy and transition geometries were opti-
mized at the B3LYP/6-31G(d) level.

For model compound 6, the lowest-energy transition-state
geometry was 6-TS, which has the axial side-chain (Fig. 6).
The B3LYP free-energy barrier at 298 K for ring inversion
from 6-i-AX to 6-TS is 11.7 kcal/mol. This is consistent
with that (11.2 kcal/mol) obtained in the low-temperature
NMR analysis of 1. This barrier is similar to that for cyclo-
hexane (ca. 12 kcal/mol),?' meaning that this is a very
flexible system. The lowest-energy transition state for ring
inversion of 7 was 7-TS, which has the axial side-chain (Fig.
6). The B3LYP free-energy barrier from 7-ii-AY to 7-TS
was 8.6 kcal/mol. These values are smaller than those of 6
by 3 kcal/mol, meaning that this ring system is more flexible
than that of 6. This agrees with the above result that coales-
cence of the 'H signals was not observed, even at 200 K, in
the low-temperature NMR analysis of 2. For ring inversion
of 8, thel,3-diplanar 8-TS with the equatorial side-chain
was the lowest-energy transition state (Fig. 6). The

8-TS

B3LYP free-energy barrier from 8-i-AX to 8-TS was
5.0 kcal/mol, which is smaller than that of 6 by 7 kcal/
mol. This implies that this ring system undergoes inter-
conversion more rapidly than 6, just like 7.

The above findings indicate that introducing a cyclopropyl
group into the cyclohexenone ring of 1 lowers the energy
barrier for ring inversion independent of the orientation of
cyclopropane. On the other hand, the minimum-energy
geometries or their conformational ratio at equilibrium
changed dramatically according to the orientation of the
cyclopropane; the population of the conformer with the
axial side-chain is over 99% for 6 and 9, 59% for 8, and
below 1% for 7 and 10 on the basis of B3LYP calculations.
These results should be applicable to parent compounds
1-5:1 and 4 should almost certainly adopt the axial side-
chain; 2 and 5 should have the equatorial side-chain; and 3
should have both. These results are related to their bio-
logical activities. The concentration that inhibits stomatal
opening by 50% is 3 nM for 1 and 4, 130 nM for 3, and over
1000 nM for 2 and 5.'*** This strongly suggests that the ring
conformation of 1 in a complex with receptors is close to an
envelope with the axial side-chain.
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