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mechanics calculations. As with calix[4]arenes the general Stablllty of the four basic conformations is cone >
partial cone > 1,2-alternate > 1,3-alternate. The lowest energy is calculated for a pinched cone conformer with
C,y symmetry stabilised by intramolecular hydrogen bonds of the two “parallel” resorcinol units as donors. The
topomerisation of the cone conformation proceeds via the partial cone and 1,2-alternate intermediates with a
calculated barrier of 9.9 kcal mol™ which is in excellent agreement with the experimental value.
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1. Introduction

Resorcinol-derived [1,]-metacyclophanes (,,resorcarenes®) [1] are of wide interest as macro-
cyclic hosts for a variety of organic guest molecules [2] or as building blocks for the

construction of larger supra-
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HO /—/\/\—\ all-cis arrangement or with
R—(\ /) (/ \)___R R—(\ /)—OH HO _</ \)—R unsubstituted methylene

bridges are found exclusively

molecular  systems [3-6].

R

RN X in the cone conformation,
HO)\T//’k"' A "\T/) both in solution [7,8] and in
R a R=HR'=alkylaryl L 5 the crystal [9-1 1}. The same is
b R=nhexyl, R'=H a R=tBu f h lated
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* Fax: 345-35 270 11, E-maii: thondorf@biochemtech.uni-haile.de; ** Fax: 6131-39 54 19, E-mail: vboehmer@mzdmza.zdv.uni-

mainz.de

0040-4020/98/$ - see front matter © 1998 Elsevier Science Ltd. All rights reserved.
PII: S0040-4020(98)00771-6



calix[4]arenes 2 [12]. In both cases this cone conformation is stabilised by four mtramolecular
hydrogen bonds either between pairs of exo-OH groups or by a circular array of the four endo-

OH groups. Differences are observed for the flexibility of both [14]-metacyclophanes. While the
resorcarenes la exist exclusively in the cone conformation with axial disposition of the residues
R' [7], 1b interconverts between two identical cone conformations with a free activation energy

AGi,,= 12.0 kcal mol™' [8] in CDCl;. This is lower than the barrier for the corresponding
cone ==cone inversion of 2a (AG’,, = 15.7 kcal mol™" in CDCl; [13]). This difference has been

interpreted [8] as weaker hydrogen bonding between exo-OH groups in comparison to endo-OH
groups'. This assumption was supported by dynamic

R NMR studies on the calixarenes 3, where the similarity

\Tf/ 1 of the free activation energies (AG! = 10.6 and 10.8

R\ kcal mol™ for 3a [14] and 3b [15], respectively) indi-
R—\\:// HO _< \7—R cates that the introduction of exo-OH groups has no
T\ 1 /= mg“uﬁcﬁant‘inﬂl?ence on the flexibility of the macro-

x cycle. On the other hand, the preferred conformation of

Uﬁ o e o _.u 3a/bis no longer exclusively the cone, since the 1,2-

é ; RZ;E: B‘_—'SH alternate allows the same number of intramolecular

As part of a program devoted to the mﬂuence of the substitution pattern on the
conformational properties of [1,j-metacyciophanes [15-18] we extend our caiculations in the
present paper to resorcarene 1c¢ in order to characterise the factors which govern the relative
stability of different conformers and the energy barriers for their interconversion.

Table 1 lists the MM3 [19,20] calculated energies of the most stable basic conformers. Their
geometries are shown in Fig. 1. The calculations indicate that the cone conformation should be
excluswely present under experimental conditions due to the large energy differences to the
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hese energy differences are comparable to t o e obtained for 2a

(cone: 0.0, partial cone: 6.1, 1,2-alternate: 7.7, 1,3-alternate: 11.2 kcal mol” [16]) and suggest
that the replacement of the infraannular OH groups by hydrogen and the mtroduction of eight
exo-OH groups does not alter the exceptional stability of the cone structure. For both

ormers parallels the number of possible hydrogen

compounds the energetical stability of con parallels the number of ble hydrogen

! The different strength of the hydrogen bonds is suggested also by the chemical shift of the OH protons but sterical factors cannot be
ruled out for the passage of endo-OH groups through the annulus.
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Table 1 between 1¢ and 2a lies in the somewhat
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conformations and of the transition states of interconversions

cone and the 1,2-alternate forms for the

of 1¢

resorcarene lc. An inspection of the
FSE®  AE  ZEpnd  XEnpnd geometries of both  12-alternate
cone 11.7 0.0 -255 372 conformers shows that in lc¢ it adopts a
paco 17558 -233 408 Hfolded arrangement [21] which is
1,2-alt 18.3 6.6 -25.1 43 .4 RTINS, 1 s ot and
’ CNerg llbdlly 14AvOUurca Over uie lyplcdx

1,3-alt 234 1.7 -21.2 44.6 A s o1 .
1,2-alternate structure with approximate

-1 .

cone = paco 216 99 210 426 C; symmetry by 1.5 kcal mol". This
paco==1,2-alt 19.8 81 224 422 arrangement seems to be induced by the
paco==13-alt 289 172 213 502 absence of at least two endo-OH groups
* F'SE final steric energy, ZEunq sum of all bonding energy contributions, [15,17,22]. Notably, the geometry of the
ZE.ung sumi of all nonbonding energy contributions. partiai cone conformer of ic¢ also differs

from typical partial cone structures [23]

of substituted calix[4]arenes in which two opposite phenol rings pointing into the same

2]

assume an almost parallel arrangement.
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P partial cone ag= =% 1,3-alternate
Figure 1. Lowest energy structures of the basic conformations of 1¢. Dashed lines
indicate hydrogen bonding.

symmetry). Such a pattern was also found in the crystal for an all-cis resorcarene with R =H
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of each resorcinol ring serves as donor and one as acceptor ,relaxes” also to a pinched
canfoarmatiaon (C. cymmeatrv ) R Leaal mnrl alAava tha aglahal minimiim) Tha avwmantad?”
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symmetrical structure represents the transition state of the C, +=*C, pseudorotation for which a
barrier of only 0.3 kcal mol” is calculated. This is comparable to the corresponding pseudo-
rotation of 2a (calculated barrier 0.8 kcal mol' [24]) but less than the experimentally
determined barrier for the rotation about the C-O bond in phenol [25]. Therefore, it can be

assumed that the C,,#C,, pseudorotation of the most stable cone conformer which (in
med that the pseudorotation h (in
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determined by this rotation of the OH-groups.

Starting from the lowest energy cone conformation we have also simulated the pathways of
its topomerisation which requires the stepwise rotation of all four resorcinol units through the
macrocyclic annulus involving one of the alternate forms. The energies of the transition states

which are also included in Table 1 indicate that the lowest energy pathway proceeds via the
partial cone and 1,2-alternate intermediates with an overall activation energy of 9.9 kcal mol™
As shown in Figure 2 their geometries resemble those found for other [1,]-metacyclophanes
[17,18,26]. The calculated barrier is in excellent agreement with the activation enthalpy AH* =
9.8 kcal mol™ reported in [8] and it is 3.8 kcal mol’! lower than the barrier calculated for the
of 1c and 2a point to similar hydrogen bonding strengths we ascribe the decrease in the
calculated activation energies to the absence of endo substituents in 1¢ which leads to a
reduction of the sterical strain during ring inversion.
Investigations on the conformational properties of resorcarenes 1a are in progress.

) 81 1,3-alt a1 -+ 9.9
2 - L | - S
/ paco 1,2-alt paco \
/ 5.8 6.6 5.8 AN

cone cone

0.0 0.0
Figure 2. Pathways of conformational interconversions (all energies in kcal mol ') and transition state
structures of 1c.




Molecular mechanics calculations suggest that the cone conformation of resorcarene 1¢ is of
similar exceptional stability to that of p-tert-butylcalix[4]arene 2a. The lower activation barrier
calculated for the cone-to-cone topomerisation of 1¢ which involves the rotation of all four

aromatic rings through

substituents.

4. Computational Details

oy P oy nm,\t.—.“ ..... ) S

ional search using the stochastic
search routine of the standard MM3(94) force field using the default parameters except for the
number of pushes which was set to 10000. The resulting structures were subsequently refined
using the full matrix Newton-Raphson minimisation method and characterised as energy
minima by means of the eigenvalues of the Hessian matrix. The C, == C, pseudorotation of the
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cone conformer and all possible rotational pathways of the cone-to-cone topomerisation were
calculated by means of the coordinate driver method [16] which is based on the MM3 force
field. Transition states were identified by a negative eigenvalue in the Hessian matrix. The

analysis and visualisation of the calculated structures was carried out using the Sybyl [27]

software.
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