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Abstract: A modular approach towards a conformation
design of hydrocarbon backbones is described. The idea is
to attach substituents (e.g., methyl branches) to a hydro-
carbon backbone in such a manner that they create
destabilizing syn-pentane interactions in all but one
diamond-lattice backbone conformation. This creates a
substantial (>7 kJmol™') energy gap between the lowest
energy conformer and the higher energy conformers. In
consequence, the lowest energy conformer will be
populated to a high extent (e.g., >80%). Small hydro-
carbon modules that fulfil this requirement have been
identified in a systematic manner, highlighting the role of
inductor groups to control the conformation at neighbor-
ing skeletal bonds. These modules can in turn serve as
inductor groups for more extended hydrocarbon chains,
or they may be combined with one another to form larger
monoconformational hydrocarbon structures.
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Introduction

Unbranched hydrocarbon chains have an enormous number
of populated low-energy conformers.? 3 This number can be
reduced by substituents that introduce steric strain in certain
conformers. This is achieved most effectively if these
substituents create destabilizing syn-pentane interactions,
which add 7-9 kJmol™' to the energy of a given conformer.
The population of the remaining low-energy conformers is
thereby increased (see Scheme 1).

We are interested in defining substitution patterns on a
hydrocarbon chain that would thus destabilize all but one
conformer, which would remain free of syn-pentane inter-
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Scheme 1. Methyl substitution at C2 of pentane reduces the number of
low-energy conformers of 2-methylpentane to four, because conformation
1a is destabilized by a syn-pentane interaction.

actions. This conformer would then be the only low-energy
conformer and should be highly preferentially populated. If
this conformer is populated to >80 %, we call the compound
or a particular segment of a compound monoconforma-
tional.[%7]

As a first step, we want to identify small segments of a
hydrocarbon backbone, segments that, by virtue of their
substituent pattern, have only a single low-energy conforma-
tion. As a next step we shall consider how these segments may
be connected with one another to result in larger hydrocarbon
backbones, which should ideally maintain the property of
preferentially populating a single conformation.

Discussion

1. Basic types of monoconformational skeletons: The small-
est hydrocarbon segment to be considered is 2,3-dimethylbu-
tane (2).8 When rotating about the central 2,3-bond, 2 has
three rotamers that are located at energy minima, 2a—c
(Scheme 2). Rotamer 2c¢ is the lowest energy conformer.
Energies of 2a and 2b are calculated to be slightly
(ca. 1.5 kJmol™") higher, because one of the methyl groups
is exposed to a double gauche interaction with two other
methyl groups. To render the 2,3-dimethylbutane backbone
monoconformational, two out of the three conformations of 2
have to be destabilized selectively, for example by introducing
syn-pentane interactions. For instance, if it were possible to
place an additional methyl group at C1 of 2, with the methyl
group kept in an antiperiplanar orientation to the neighboring
C2 methyl group, that is, 3, syn-pentane interactions would be
created in conformers 3b and 3¢, but not in 3a. Likewise, if it
were possible to fix the additional methyl group at C1 of 2in a
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2,3-Dimethylbutane

2b

Addition of a C1-CHgz held ap to C2-CHj3 gives
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3a 3b 3c

Alternatively, addition of C1-CHg held +sc to C2-CHj3 gives

4b

Scheme 2. 2,3-Dimethylbutane is rendered monoconformational by a
substituent held in a defined spatial arrangement.

—+sc* position relative to the methyl group at C2, this would
lead to syn-pentane interactions in conformers 4a and 4b, but
not in 4¢. In consequence, a monoconformational situation
would be created in compounds 3 and 4 regarding rotation of
the C2/C3 bond. In these cases the inductor group, the methyl
group at Cl, controls the conformation at a single skeletal
bond.

A surprisingly simple way to reach such an arrangement is
to combine two units of 2,3-dimethylbutane into 2,3.4,5-
tetramethylhexane (5). Analysis of its skeleton shows that
rotation about any skeletal bond creates a syn-pentane
interaction. The inherent conformation design is as follows:
As C3-CHj; is antiperiplanar to C4 - CHj, this arrangement
controls the conformation at the C4 — C5 bond. As C5-CH; is
synclinal to C4—-CHj, this arrangement controls the confor-
mation at the C3-C4 bond. The situation at the C2-C3 bond
is the same as that at the C4—CS bond for symmetry reasons.
Compound 5 should therefore be monoconformational. MM3
calculations® predict the conformation shown for 5 to be
populated to 80 % . The imperfect conformational preference
can be attributed to the fact that the low-energy conformer of
5 is destabilized to some extent by the eight gauche
interactions present.

A hydrocarbon backbone in which monoconformational
behaviour can be induced at two skeletal bonds is 2,4-

[*] Backbone conformations are designated by the terminology of Cahn
and Prelog.’Y ap refers to an antiperiplanar arrangement of four
backbone atoms considered, dihedral angle ~180°, +sc to a dihedral
angle of ca. +60°, —sc to one of ca. — 60°. A backbone arrangement in
which a +sc bond is followed by a —sc bond (or vice versa) generates a
destabilizing syn-pentane interaction. Such a conformation is not a
minimum on the energy surface but relaxes to one with dihedral angles
of ca. 90°,” which is still destabilized relative to a diamond-lattice type
conformation that contains only backbone dihedral angles close to
+60, — 60, and 180°.
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dimethylpentane (6). Its skeleton has just two enantiomor-
phous low-energy conformations, 6a and 6b,/'") because all
other diamond lattice conformations suffer from syn-pentane
interactions. If a methyl group is placed at C1 of 6 to give 7 it
could destabilize conformation 7b by a syn-pentane inter-
action, provided it can be held in a local ap arrangement
relative to the neighboring C2 methyl group. This would leave
7a as the only low-energy conformation (Scheme 3). One

Scheme 3. 2,4-Dimethylpentane is rendered monoconformational by a
substituent held in a defined spatial arrangement.

obvious way to reach the situation projected in 7b is to utilize
a tert-butyl group as indicated in 8 (Scheme 4). The fert-butyl
group can rotate freely, but as the three rotamers are

[oe]

O(BR R
10 11

Scheme 4. 2,4-Dimethylpentane is rendered monoconformational by a
tert-butyl substituent at the chain end.

B R

B o a

energetically degenerate, there will always be one methyl
group in the required position. Compound 8 has been
calculated by MM3 to populate a single conformation to
91%. The related compound 9 has been studied experimen-
tally:"'l Calculated and experimentally measured optical
rotations have been discussed in the context of the prevalence
of a single conformation. In a way, this is a manifestation of
the long-known fert-butyl effect,!'” according to which a fert-
butyl group at the end of a linear alkyl chain, as in 10, forces
the bond f into an antiperiplanar arrangement with respect to
the tert-butyl group, as the other two rotamers at bond
would suffer from syn-pentane interactions. In terms of
designing hydrocarbon backbones which have a preferred
conformation, this also holds if the chain continues on both
sides of a quaternary center, as in 11. Then the two bonds
and S’ will be forced into an antiperiplanar arrangement with
respect to the quaternary center. However, the population of
several conformations still remains possible for the bonds a
and «'.I Therefore, conformation control by quaternary
centers is limited to cases in which the quaternary center is
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placed at the end of a chain as in 10 or if it forms part of a
cyclic system that defines the conformations at bond a.

2. Inductor groups based on methylcyclohexane skeletons:
The situation projected in 7 can be described in terms of an
ap-butane chain superimposed with two skeletal bonds onto
the skeleton of 2,4-dimethylpentane (6). An n-butane chain in
an ap conformation is contained in the chair conformation of
methylcyclohexane (12), as depicted in Scheme 5. Therefore,
a monoconformational situation can be reached by suitable
superimposition of a methylcyclohexane structure onto that
of 2,4-dimethylpentane. This has to be done in such a fashion
that no additional syn-pentane interactions are created; that

ap-butane

Overlay

>

89 % WIS

Scheme 5. Rendering 2,4-dimethylpentane monoconformational by over-
lay with an ap-butane chain.

>

\ﬁ%
Lﬁ\% Overlay

is, an overlay with methylcyclohexane of the C—H bonds
marked in 7 ¢ is possible, whereas overlay on the C—H bonds
marked with a black dot would lead to additional syn-pentane
interactions and would thereby preclude generation of a
monoconformational situation. Thus, structure 13 depicts one
possibility to overlay 12 with 6 to give a monoconformational
entity. The ap-butane segment is highlighted in 13. Moreover,
the calculated (MM3) percentage of the conformer shown in
the total conformer population at 298 K is indicated.

Further monoconformational structures can be obtained by
superimposing a (substituted) methylcyclohexane in other
ways with two or more skeletal bonds onto 6 while avoiding
the creation of additional syn-pentane interactions. Structures
14-18 illustrate the available possibilities (Scheme 6). The
further substituents on the methylcyclohexane part of 14 and
18 are necessary to hold the methylcyclohexane in a particular
chair conformation equivalent to holding the n-butane chain
in the desired ap conformation.

The structures 13 —18 illustrate how
a methylcyclohexane unit can serve as
an inductor group for a 2,4-dimethyl-
pentane skeleton. Structures 15-18
illustrate a further aspect: they all
contain a 2,3-dimethylbutane segment
(2) held in a single conformation, be it
through the substitution pattern de-
lineated in 3 (15) or in 4 (16), (17),
(18). One can therefore infer that the
monoconformational 2,3-dimethylbu-
tane units 3 and 4 may also serve as
inductor groups when superimposed
with at least two skeletal bonds onto

3in 15

wm(
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Scheme 6. Calculated conformer preferences for 2,4-dimethylpentane
chains with an attached methylcyclohexane inductor group.

2,4-dimethylpentane. To illustrate how the monoconforma-
tional nature of 15 to 18 can be interpreted by the presence of
the 2,3-dimethylbutane inductor groups, these inductor
groups are highlighted in 19-21 in Scheme 7, before super-
position with the 2,4-dimethylpentane skeleton. The mono-
conformational nature of derivatives of 19l and 200'¥ has
been discussed with reference to '*C NMR spectra, and that of
21051 has been discussed before on the basis of MM
calculations.

At this point we have already identified a substantial set of
monoconformational structures, such as 5, 8, and 13. These
structures in turn may serve as inductor groups to render a
neighboring hydrocarbon segment monoconformational, as

4in 16

4in 17

20 m

Scheme 7. Conformationally constrained 2,3-dimethylbutane segments highlighted in the compounds
15-18 calculated to be monoconformational.
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described in section 3. They may also be directly -
combined with one another to result in larger
hydrocarbon structures with high conformational

preferences, as delineated in section4, thus 07<
24

allowing a modular approach to conformation
design.

3. Sequential induction of conformation along a
hydrocarbon chain: The monoconformational
nature of the hydrocarbon building blocks 8,
13-18, discussed above, arose by attachment of
an inductor group to a biconformational 2.4-
dimethylpentane unit, rendering it monoconfor-
mational. It is an intriguing thought that struc-
tures 8 or 1318 could themselves be used as inductor groups
for another 2,4-dimethylpentane unit. Conformational induc-
tion in a first 24-dimethylpentane unit comes about
(Scheme 5) by particular overlay with a butane chain in an
ap arrangement, namely 7a. This could be realized in practice
by using, for example, a fert-butyl group as seen in 8. The
single low-energy conformation of 8 contains a second ap-
butane unit, 8a (Scheme 8). Two-bond overlay of 8a with

Overlay H H
] =
H H
H 76 % 22 22a
6
OH
OH
MOH = H
23 i 23a
—_— HO H
A B

Scheme 8. Conformation control by sequential overlay of 2,4-dimethyl-
pentane segments.

another unit of 6 generates 22, which should be monoconfor-
mational. Compound 22 contains a further ap-butane struc-
ture, 22a. Therefore 22 could serve as an inductor group for
yet another 24-dimethylpentane segment to be attached.
While the conformational properties of 22 have not been
studied yet experimentally, data are available for the related
diol derivative 23.'1 Analysis of the '"H NMR coupling
constants suggests that in 23 the conformation shown in 23a is
populated with a 7:1 preference in segment A and a 7:1
preference in segment B. Moreover, the conformation 23a is
the one present in crystalline 23. This demonstrates that a
single inductor group, the fert-butyl group, controls the
conformation in segment A, and that the latter in turn
controls the conformation in segment B to a considerable
extent.

An inductor group 25 analogous to 13 is present in 24
(Scheme 9).['"1 Determination of the 3/ coupling constants
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Scheme 9. Conformation control of neighboring dimethylpentane segments by a methyl-
cyclohexane-type inductor group.

in the NMR spectra indicated a 3:1 preference in segment A
and a 2.2:1 preference in segment B of 24 for the conforma-
tion shown in 24a.

Both in 23 and 24 the conformation control manifest from
the NMR spectra was lower than that calculated for the pure
hydrocarbon parent structures. Replacement of a CH, or CH;
group by a smaller oxygen atom leads to a lower energy
penalty for undesired conformations with a syn-pentane
interaction involving oxygen, because a O-C-C-C-CH 1,3-
parallel (> syn-pentane) interaction is less destabilizing than
the corresponding HC-C-C-C-CH situation.['®]

When the relative configuration of the stereocenters is
changed from that in 24 to that in 26, 'H NMR coupling
constants indicate that segment A in 26 has a substantial
(85:15) conformational preference, but that segment A has no
inductive effect on the conformation of the neighboring
segment B. This demonstrates that transfer of conformation
induction from a given 2,4-dimethylpentane segment to a
neighboring one, as illustrated for the induction from segment
A to segment B in 23 or 24, is subject to quite stringent
structural requirements.

Examples 23 and 24, in which sequential conformation
induction could be demonstrated, correspond structurally to
isotactic polypropylene (27, Scheme 10). The principles gov-
erning the induction of conformation along a hydrocarbon
chain may be discussed with reference to structure 27. Each of
the 2,4-dimethylpentane segments A —C of 27 is biconforma-
tional a priori. If the group R in 27 is an inductor group, for
example a tert-butyl group, this would induce an ap backbone
conformation at bond a. Therefore an ap +sc conformation
will prevail in segment A. Permutation of the biconforma-
tional nature of the segments B and C would then lead to the
four possible backbone conformations shown for 27 in
Scheme 10. Since bond f is held in a +sc conformation, a
—sc conformation at bond y would lead to a destabilizing syn-
pentane interaction. Hence, segment B should become
monoconformational in an ap +sc conformation. This way
bond 6 is held in a +sc conformation. Therefore, the same
argument shows that segment C should also adopt an ap +sc
conformation as well. This shows how a single inductor group
R could control the backbone conformation of an extended
structure such as 27.

When the substitution pattern of the hydrocarbon chain
does not conform to that of isotactic polypropylene, as in 28 or
29, a similar analysis shows that the same conformation
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ap +sc 2 Scheme 11. End-group conformation control in isotactic polypropylene.
e -sc < +sC ap
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taneously by a single inductor group placed in the middle of a
ap _Sc< +5C ap chain. This is illustrated for a methylcyclohexane inductor
ap -sc .
ap ap 3 group in structures 33 and 34 (Scheme 12).
+sC ap
~s¢ ap < ap -sc
+sC ap
ap -sc< ap -sc
a ap +SC ap =
+s¢ ap < ap -sc
. 4 33 E 33a 90 %
Scheme 10. Conformation control along a polypropylene chain.
induction as in 27 operates in segments A and B of 28, P
inducing an ap conformation at bond o. Following an ap :
conformation at bond 6 in segment C of 28, both an ap as well W =
as a +sc conformation at bond ¢ would be free of syn-pentane H H
interactions. Hence, segment C remains biconformational, as 34 34a 85 %

in the situation found in 26.

If the isotactic sequence of 2,4-dimethylpentane segments is
interrupted closer to the inductor group, as in 29, segment B
remains biconformational and, in consequence, permits seg-
ment C to remain biconformational as well. Therefore,
conformation induction of an inductor group on a 2,4,6,...n-
polymethylated hydrocarbon chain reaches only as far as the
substituent pattern remains isotactic. There is no conforma-
tion control downstream of any syndiotactic segment inter-
posed. Note the syndiotactic nature of segment A in 26.

In a situation such as 29 with only a single break in tacticity,
there is the possibility of achieving conformation control by
introducing a second inductor group at the other end of the
chain. A tert-butyl group at the right-hand end of the chain,
such as that in 30, would permit only an ap conformation at
bond { and would destabilize two of the three low-energy
conformations of 29, rendering 30 monoconformational. It
should be noted at this point that double conformation
induction with an inductor group at each end of a hydro-
carbon chain is not possible in cases with a completely
isotactic substitution pattern: for instance, an inductor group
at the left end of 27 (27a, Scheme 11), induces a right-handed
helical folding of the chain. An inductor group at the right end
of 27, as in 31, induces a left-handed helicity of the backbone.
The two modes of induction are therefore incompatible with
one another and there are no low-energy conformations of the
diamond-lattice type available for structure 32.

Rather than placing an inductor group at the end of a
hydrocarbon chain, it may be more advantageous to control
the conformation of two hydrocarbon chain segments simul-

Chem. Eur. J. 1998, 4, No. 4
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Scheme 12. Calculated efficiency of bidirectional control of conformation
of 2,4-dimethylpentane segments.

4. Conformation control of larger molecular backbones by
combination of monoconformational hydrocarbon segments:
In the previous sections we have presented a variety of
monoconformational hydrocarbon structures in which the
conformation at up to 8 rotatable bonds has been controlled.
It is immediately apparent that overlay with at least two
skeletal bonds of two or more of such building blocks such as
13-18 without creation of extra syn-pentane interactions
should result in even larger monoconformational backbone
entities. This kind of conformation design has been perfectly
illustrated by W. C. Stilll"! in his conception and realization of
a monoconformational chelating polyether structure 35
(Scheme 13). It is apparent that 35 consists of four units of
the type 19, which share two skeletal bonds. One has to note,
however, that 35 contains not 19 itself, but an oxygen

35

Scheme 13. Design of monoconformational polyether structures based on
the overlay of trans-1-methyl-2-isopropylcyclohexane-type segments.
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analogue, a tetrahydropyran ring instead of a cyclohexane
ring. The conformational preferences in 35 may therefore be
not as marked as in the cyclohexane series, because, as stated
before, destabilization of undesired conformers by a O-C-C-
C-CH 1,3-parallel (syn-pentane type) interaction is less than
that by the HC-C-C-C-CH (syn-pentane) interactions.['"]
Nevertheless, it appears that nature frequently chooses such
tetrahydropyran rings as building blocks in her conformation
design.[°!

When nature relies on the combination of monoconforma-
tional building blocks to attain larger monoconformational
backbone structures, one is tempted to explore the scope and
limitations of such a modular approach to conformation
design based on building blocks. For instance, 6-bond overlap
of two monoconformational entities 17 should lead to the
monoconformational skeleton 36, or 6-bond overlap of two
entities of 15 should lead to the skeleton 37, for which a very
high conformational preference is calculated (Scheme 14).

96 %

Scheme 14. Calculated conformational preferences for larger molecular
skeletons derived by overlay of monoconformational units.

Rather than examining numerous possible permutations,
we would like to address the question of whether control of
conformation is possible in hydrocarbon chains in which the
branching points are further apart than a 1,3 interval. In order
to reach such a goal by overlay of monoconformational
building blocks, we first have to search for entities in which an
ethyl group is held in a defined conformation. Such structures
may be derived from 2,3-dimethylbutane (2) when the latter is
in a fixed conformation: If a methyl group is attached either to
C1 or to C4 of 2, as it is in 38, the ethyl unit generated will be
held in a defined conformation (Scheme 15). Examples in
which the 2,3-dimethylbutane segment and, hence, the ethyl
side chain are held in a defined conformation are given by the
structures 39—-41. In 39 and 41 a further methyl group was

564 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

H H H H
He He He He
n
38 39 40 41
H H
9/ Hé S H
42 39a 43

H H
zH ZH
~~
44 45a E 45b

Scheme 15. Structural possibilities for the confinement of ethyl group
rotation to a single conformation.

needed to hold the 2,3-dimethylbutane unit in the necessary
conformation. An ethyl group will also be held in a defined
conformation when attached to a pentane chain that is fixed in
an ap +sc conformation, as is the case in 42. Representative
entities calculated to be monoconformational with such a chain
in a defined spatial arrangement are given by 39a and 43.

There is a third possibility, 44, for control of the conforma-
tion of an ethyl group: this possibility is embodied in structure
45. The enthalpic preference of the ethyl side chain to adopt
the conformation shown in 45 may not be as high as the one in
39-41 or 43, because the terminal methyl group suffers two
gauche interactions in conformation 45a. Therefore, com-
pounds of the type 45 may have a tendency also to populate
conformers with eclipsed arrangements of the ethyl side
chain, 45b.2!

This identification of the building blocks 39 41, 43, and 45
with an ethyl group held in a single conformation allows us to
address the design of a conformation-controlled 3,4-unsub-
stituted hexane chain: This could be achieved by a combina-
tion of two of the building blocks 39—41, 43, or 45 overlaid on
the ethyl groups. Thus, for example, combination of two units
of 40 leads to 46, which should be monoconformational, since
two out of the three diamond lattice type rotamers about the
highlighted 3,4 bond of the hexane chain in 46 have
destabilizing syn-pentane interactions (Scheme 16). There-
fore 46 is calculated to have a respectable tendency to
populate a single conformation.

The hydrocarbon entity 45 has some features in common
with a tert-butyl inductor group: for instance, if the side chain
in 45 is lengthened by one methylene group, as in 47, bond (3 is
confined to a single conformation (Scheme 16). In contrast to
10, bond « is also held in a single conformation, therefore the
propyl chain of 47 is held in a defined spatial arrangement.
Combination of two units of 47 overlaying the propyl groups
then leads to compound 48, for which MM3 calculations
predict a remarkable preference for a single conformation. In
this conformation, a pentane chain substituted only at the 1-
and S-positions is held in a defined arrangement as shown.
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46 86 %

81 %

Scheme 16. Calculated preferences for monoconformational butane and
pentane chains with conformation-inducing end groups.

5. Persistence length of conformation control: In the previous
section we have shown that larger flexible hydrocarbon
backbones can be designed by combination of diverse
monoconformational building blocks in which all but one of
the conformations suffer from destabilizing syn-pentane
interactions. This may nourish the dream that by multiple
combination of such building blocks large structures should
become accessible in which just a single conformation would
be populated to a high extent. But there is an intrinsic
limitation as to the number of rotatable bonds that may be
held in a single conformation by destabilizing undesired
conformers by means of syn-pentane interactions. The
limitation may be illustrated with reference to structure 49
(Scheme 17): Upon elongation of 27 by further 2,4-dimethyl-

49 n

R=tBu, n=1:91%, n=2:76%, n=3:58%

50a > 99 %

Scheme 17. Flexible structures with very high calculated preferences for a
single conformation.

pentane segments to give 49, the energetic distance between
the global minimum conformation and structures with parti-
ally relaxed syn-pentane interactions is unaffected. However,
the number of such higher energy conformers with a single
partially relaxed syn-pentane interaction increases for 49 with
n(n+1). Hence, the more rotatable bonds that are present in
a given structure, the higher should be the number of
conformers with relaxed syn-pentane interactions that lie
over the global minimum by a constant value. On Boltzmann
averaging over the conformer energies and numbers, the
population of the global minimum conformation will accord-
ingly become smaller and smaller.

One can also describe the situation in other terms: While
each segment 49 is a priori biconformational, adoption of a
single conformation in 49 implies that in each of the n
segments, a single rather than two conformations are popu-

Chem. Eur. J. 1998, 4, No. 4

Calculated population of the most stable conformer for
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lated. The price for conformational order in 49 is then a loss in
entropy. The penalty for violating conformational order at
one point is the enthalpy difference between a local diamond-
lattice type backbone arrangement and one with a partially
relaxed syn-pentane interaction, that is, a skewed conforma-
tion. This corresponds to an enthalpy term of ca. 7 kJmol .2
Therefore, any conformation control by an inductor group
should have a finite persistence length; see the the conformer
population calculated for 49 with n=1 to 3.

Is conformation design of monoconformational entities
therefore limited to molecules with few rotatable bonds when
based on the avoidance of syn-pentane interactions? All that
matters is the penalty term for violating conformational order.
If the penalty in AH can be raised, the persistence length of
conformation control could be longer. From this considera-
tion, monoconformational structures in which rotation into an
undesired conformation creates not only a single but rather
two syn-pentane interactions become of interest. A case in
point is structure 50 (Scheme 17): its global minimum is
calculated to lie more than 18 kImol~! lower in energy than
any other conformer. This indicates the direction in which to
proceed for conformation design of flexible hydrocarbon
skeletons with unusually strong preferences for a single
conformation.

Acknowledgments: This work was supported by the Volkswagenstiftung
and the Fonds der Chemischen Industrie, which provided fellowships for
M.S. and U.S.

Received: September 18, 1997 [C829]

[1] R. W. Hoffmann, R. Gottlich, Liebigs Ann./Recueil 1997, 2103 -2111.

[2] S.Tsuzuki, L. Schifer, H. Goto, E. D. Jemmis, H. Hosoya, K. Siam, K.
Tanabe, E. Osawa, J. Am. Chem. Soc. 1991, 113, 4665 —4671.

[3] a) D. Farcasiu, P. Walter, K. Sheils, J. Comput. Chem. 1989, 10, 520 —
528;b) J. J. Pérez, H. O. Viller, G. A. Arteca, J. Phys. Chem. 1994, 98,
2318-2324.

[4] P.J. Flory, Statistical Mechanics of Chain Molecules, Wiley, New York,
1969.

[5] a) R. A. Scott, H. A. Scheraga, J. Chem. Phys. 1966, 44, 3054; b) A.
Abe, R. L. Jernigan, P. J. Flory, J. Am. Chem. Soc. 1966, 88, 631-639;
¢) S. Sykora, Collect. Czech. Chem. Commun. 1968, 33, 3514-3527;
d) K. B. Wiberg, M. A. Murcko, J. Am. Chem. Soc. 1988, 110, 8029 —
8038; e) P. W. Smith, W. C. Still, ibid. 1988, 110, 7917-7919; f) H.
Goto, E. Osawa, M. Yamato, Tetrahedron 1993, 49, 387 —396.

[6] R. W. Hoffmann, Angew. Chem. 1992, 104, 1147 - 1157; Angew. Chem.
Int. Ed. Engl. 1992, 31, 1124 -1134.

[7] R. Géttlich, B. C. Kahrs, J. Kriiger, R. W. Hoffmann, Chem. Commun.
1997, 247 -251.

[8] a) L. Lunazzi, D. Macciantelli, F. Bernardi, K. U. Ingold, J. Am.
Chem. Soc. 1977, 99, 4573 -4576; b) E. Osawa, J. B. Collins, P. von R.
Schleyer, Tetrahedron 1977, 33,2667 —2675; c) W. Ritter, W. Hull, H.-J.
Cantow, Tetrahedron Lett. 1978, 3093-3096; d) E. Osawa, H.
Shirahama, T. Matsumoto, J. Am. Chem. Soc. 1979, 101, 4824 —4832.
Results of force-field calculations referred to in this paper have been
obtained as follows: The conformational space of all compounds was
exhaustively searched with the MCMMPE!! Monte Carlo dihedral
driver method as implemented in Macromodel 4.5 with the MM3*
force field and a cut-off of 40 kJ mol~! above the global minimum. All
structures formed in this way were then reminimized using the full
matrix Newton-Raphson minimizer of MM3(94)*! in order to
eliminate structures with one or more negative eigenvalues and to
obtain conformational energies according to the original MM3
implementation. The conformational properties of all compounds
were analyzed by means of a C routine that lists and classifies the

[9

—

0947-6539/98/0404-0565 $ 17.50+.25/0 — 565



CONCEPTS

R. W. Hoffmann, G. Frenking et al.

dihedral angles along the main chain and calculates a Boltzmann
distribution at 298 K.

[10] a) W. C.Still, D. Cai, D. Lee, P. Hauck, A. Bernardi, A. Romero, Lect.
Heterocycl. Chem. 1987, 9, 533-542; b) G. Quinkert, E. Egert, C.
Griesinger, Aspekte der Organischen Chemie, VCH, Weinheim, 1995,
p. 131

[11] a) S.Pucci, M. Aglietto, P. L. Luisi, J. Am. Chem. Soc. 1967, 89, 2787 —
2788; b) P. L. Luisi, Naturwissenschaften 1977, 64, 569 -574.

[12] S. Cauwberghs, P. J. De Clercq, Tetrahedron Lett. 1988, 29, 2493 —2496.

[13] R. W. Alder, C. M. Maunder, A. G. Orpen, Tetrahedron Lett. 1990, 31,
6717-6720.

[14] J. Firl, G. Kresze, T. Bosch, V. Arndt, Liebigs Ann. Chem. 1978, 87 -97.

[15] a) O. Golan, Z. Goren, S. E. Biali, J. Am. Chem. Soc. 1990, 112, 9300 —
9307; b) N. L. Allinger, J. Allinger, Struktur Organischer Molekiile,
Thieme, Stuttgart, 1974, p. 128.

[16] R. Géttlich, Dissertation, Univ. Marburg, 1996.

[17] U. Schopfer, Dissertation, Univ. Marburg, 1997.

[18] E. Kleinpeter, R. Meusinger, C. Duschek, R. Borsdorf, Magn. Reson.
Chem. 1987, 25, 990 —995.

[19] a) T. Iimori, S. D. Erickson, A. L. Rheingold, W. C. Still, Tetrahedron
Lert. 1989, 30, 6947-6950; b) G. Li, W. C. Still, J. Am. Chem. Soc.
1993, 115, 3804 —3805.

[20] a) J. E. Anderson, Conformational Analysis of Acyclic and Alicyclic
Saturated Hydrocarbons, in The Chemistry of Alkanes and Cyclo-
alkanes (Eds.: S.Patai, Z. Rapoport), Wiley, New York, 1992, p. 95—
133; b) J. E. Anderson, A. L Ijeh, J. Chem. Soc. Perkin Trans. 2 1994,
1965-1967.

[21] G. Chang, W. C. Guida, W. C. Still, J. Am. Chem. Soc. 1989, 111, 4379 —
4386.

[22] Macromodel 4.5, Department of Chemistry, Columbia University,
New York, N.Y. 10027 (USA).

[23] N. L. Allinger, Y. H. Yuh, J-H. Lii, J. Am. Chem. Soc. 1989, 111,
8551 -8566.

[24] W. Klyne, V. Prelog, Experientia 1960, 16, 521; see also: G. Helmchen
in Methoden Org. Chem. (Houben-Weyl), 4th ed., Vol. E21a (Eds.: G.
Helmchen, R. W. Hoffmann, J. Mulzer, E. Schaumann), p. 38, Thieme,
Stuttgart, 1995.

566 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

0947-6539/98/0404-0566 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 4



