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ABSTRACT

The Molecular Mechanics (MM) method has been applied to sev-
eral dioxa-(1,5)-naphthalenophanes (1: n=14, 15, and 16, referred to as C14,
C15, and C16 respectively). A systematic search, which considered many
low-lying conformations, lead to the conclusion that there is no significant sta-
tistical contribution to the large negative activation entropies observed for the

enantiomerization reactions of C14 and C15.

Simple rules from the conformational analysis of large-ring alkanes
indicated relatively few possible low energy conformations. Evaluation of the
structures by MM lead to predictions about the ground state conformations of
C14-C16. For C186, the [9373] conformation is predicted to be the preferred
conformation, with the [8383] conformation near in energy. For C15, a class of
ring expanded or contracted structures, related to higher and lower homologues,
are found to be lowest in energy. Two structures, [83163] and [83712], were
predicted to be the lowest in energy. For C14, the [8363] conformation is

predicted to be the ground state.

X-ray diffraction shows the conformation of C16 in the solid state
to be [9363]. Fully refined structures were not obtained for C14 and C15 be-
cause of disorder. Therefore, a method based on 13C chemical shifts in the
solid state was applied. Solid state CP-MAS 13C NMR correctly identifies the
conformation of C16 as [9373]. In addition, the !*C shifts indicate the confor-
mation of C14 to be [8363], as predicted. For C15, only the ring expanded or

contracted class of conformations is consistent with the 13C NMR data.
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The kinetics for the jump-rope reaction of an N,N,N/ N'- tetra-
methyldiamino-(1,5)-naphthalenophane (2) have been obtained by DNMR in
D40, CD3CN, and CD3OD. The solvent has little or no effect on the derived
activation parameters. However, large differences between 2 and C14 were
noted. The differences were rationalized as being due to a change in the ground

state from the [8363] conformation in C14 to the [5555] conformation in 2.

Finally, the kinetics of the jump-rope reaction of a gem-dimethyl
substituted dioxa-(1,5)-naphthalenophane (3) were investigated. Comparison
with C15 indicates no changes were induced in the activation parameters for

the process.
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Chapter 1

INTRODUCTION



D

Macrocycles represent an important structural unit in organic chem-
istry. A large number of naturally occurring compounds, including the general
classes of ionophores! and macrolide antibiotics,? contain large rings. Addition-
ally, the area of synthetic host-guest chemistry is dominated by macrocycles.?
The specific binding properties of these structures imply they have well de-
fined shapes. In general, however, large rings are known to be very flexible,
having a number of low-lying conformations available, all of which may be
rapidly interconverting.* Such flexibility is known to be undesirable when de-
signing structures with specific binding properties.® In nature, the ionophores
and macrolides contain specific substituent patterns!»? which are thought to
diminish their flexibility as well as enforce the shape adopted. In the area of

host-guest chemistry, structurally rigid units such as aromatic rings are used to

limit flexibility.

Part of the work described herein was initiated with the goal of
quantifying the effects of substituents on the dynamic processes of macrocy-
cles. Such information would be valuable in designing new synthetic hosts
and in understanding the properties of naturally occurring macrocycles. The
[1,5]-naphthalenophanes were chosen as model compounds for such studies. For
several reasons, [1,5|-naphthalenophanes are ideal for the study of substituent
and solvent effects on the dynamic properties of macrocycles. First, they un-
dergo an unambiguously defined conformational process involving the large ring.
Secondly, the rates for this process are amenable to accurate, quantitative eval-
uation. And finally, the synthesis of these molecules is sufficently flexible to

allow other substituents to be easily incorporated.



An initial investigation into the parent system, 1, with n = 14, 15,
and 16, referred to as C14, C15, and C16 respectively, produced intriguing
results,®7 which we will briefly summarize here. The process of interest is the
enantiomerization reaction of 1. These molecules are chiral, having at most
Cqg symmetry. All methylene groups when n is even and all but the central
methylene when n is odd consist of a diastereotopic pair of protons. The enan-
tiomers can interconvert by simply moving the polymethylene chain around
to the other face of the naphthalene system, in what Marshall has termed a
“jump-rope” reaction.® This process, and only this process, also interconverts
the diastereotopic protons of each methylene group, thereby providing a poten-
tial dynamic NMR (DNMR) probe of the enantiomerization. Structures such
as 1 thus provide an opportunity for the direct observation of an unambigu-
ously defined conformational process in a macrocyclic compound involving a

polymethylene chain.
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It should be emphasized from the start that such enantiomeriza-
tion processes are well precedented. The stereochemical phenomenon is identi-
cal with that involved in the enantiomerization of trans-cycloalkenes, a pro-
cess that was probed by DNMR almost 20 years ago.® However, the [1,5]-
naphthalenophanes present a unique situation. One can envision that as the
polymethylene chain is made shorter, the steric demands on the transition state
for the jump-rope reaction, in which the chain must slide past the edge of the
naphthalene, become more severe. For certain chain lengths, the chain may be
relatively flexible and strain free in the ground state. However, on going to the

transition state, severe conformational restrictions will be encountered.

A detailed understanding of the dynamics of unsubstituted chains
is necessary before the issue of substituent effects can be addressed, and so
the initial study®7? was directed at C14, C15 and C16. The kinetics for
the jump-rope reaction for 1 were determined by DNMR using the complete
line shape (CLS) method.!® There are hazards in using such data to obtain
reliable activation parameters. However, for several reasons, the naphthaleno-
phanes are particularly well suited for the line shape method. Difficulties can
arise because several factors other than the rate process of interest can affect
line shapes. These include changes in field homogeneity at different temper-
atures and changes in solvent viscosity which alter molecular tumbling rates
and thereby alter relaxation times. The naphthalenophanes, however, have an
internal reference signal in each molecule (the aromatic protons for all three
structures and additionally the protons on the central methylene of C15) that
allowed reliable values for the natural line width, as measured by T,, Ff to be

obtained.!! Another problem is temperature-dependent chemical shifts. How-
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ever, for all three compounds, the midpoint of the signal due to the ~ profons
(vida infra) which were used for the DNMR studies did not change. Finally,
through a combination of high-field NMR (200- and 500-MHz) and the highly
anisotropic environment provided by the naphthalene, quite large frequency
separation (Av) values were observed for the « protons of all three compounds.
Because of the large values of Av, the coalescence occurred over a wide temper-
ature range. Therefore, the early and late regions of coalescence were ignored,
and only signals that were very substantially broadened were considered.!? This
minimized the contributions of factors other than chemical exchange to broad-
ening. Because Av was large, this could be done while still leaving a wide

temperature range for an Eyring analysis.

In addition, it should be noted that the saturation spin transfer
(SST) method!® was also applied to C14. Such a study provides a check for
systematic errors in the CLS study. Also, because the SST method operates in
a different rate, and hence a different temperature range, a combination of CLS
and SST methods allowed a very wide temperature range (114°) to be studied.
The results from the SST method were in excellent agreement with those from
the CLS study. The combined points all describe on the same line in the Eyring

analysis.

Particular care was also taken in deriving the activation parameters
and associated error limits. An iterative procedure which considers errors in
both the rates and temperatures was used in the Eyring analysis.!* Excellent
correlations were obtained for all three molecules. However, it is generally
agreed that the standard deviations in AH} and AS? derived from an Eyring

plot are poor measures of probable error.1%:12 Thus, a method was used which .



Table 1.1. Activation Parameters with Estimated Error Limitsa’b

structure Act AH? ast
Ci14 ; 17.4 £ 0.2 10.4 £ 0.5 -23+2
C15 13.4 £ 0.2 7.8 + 0.7 —-20+£2
C16 9.8 + 0.2 8.8 £ 0.4 -3+2

@ Units are kecal/mol and cal/mol-K.  from Ref. 7.

assumes maximal errors of 10% in rate constants and 1.0 K in temperatures to
determine the maximal error in AGI, and assumes the error in all points equals
the maximal error in deriving errors for AH? and Ast.14 Using this approach,
the best estimates for the activation parameters and error limits, as listed in

Table 1.1, were obtained.

The results of this study are quite remarkable. The large negative
activation entropies observed for C14 and C15 are consistent with the notion
that these molecules are unrestricted and flexible in the ground state, but are
quite restricted in the transition state. An activation entropy of this magni-
tude would not typically be expected for a unimolecular conformational process
involving a hydrocarbon. For comparison, a Diels-Alder reaction, a stereospe-
cific, bimolecular, concerted reaction would be expected to have an activation
entropy of ca. -30 to -35 eu.l® Most surprising though, is the sharp contrast
provided by C16, for which Ast is very nearly zero. -Note that an analysis
based solely on AGT would give the impression that the series C14, C15, and
C16 is well behaved and follows the obvious trend that a smaller chain gives a
greater barrier. Finally, this study indicates that the ring sizes of C14 and C15

are the most appropriate for the studies of substituents and solvent effects.
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In order to rationalize the dynamic properties of C14, C15, and

C16, a molecular mechanics (MM) study has been undertaken. It was hoped
that an understanding of the static stereochemistry, .e., the ground state con-
formations, would provide some insight into the dynamic behavior observed.
/In addition, such knowledge of the low-energy conformations for the parent
system, 1, will be valuable in understanding the effect of substituents. Two
approaches have been taken. The first involves a systematic search for po-
tential low-lying structures and focuses on determining what contribution a
statistical entropy term might make to the large negative activation entropies
observed. The second approach tests the applicability of some simple rules from
the conformational analysis of large ring alkanes for predicting the low-energy
structures of functionalized macrocycles such as 1. From this second approach
will come predictions about the preferred conformations adopted by C14, C15,

and C16. All of these topics are addressed in Chapter 2.

In Chapter 3, experimental evidence supporting the predictions of
MM will be presented. X-ray crystallography has been applied to all three
structures, but only for C16 was a complete structure obtained. For C14
and C15, disorder prevented the resolution of the atoms in the polymethylene
chain. In cases such as this, a second, easily applied experimental tool would
be valuble. Thus, we were intrigued by the recent study of Moller on large
ring alkanes which assigned 13C shifts, as obtained by solid state CP-MAS 13¢C
NMR, to particular conformational environments.1® The applicability of using
these shifts to identify the conformations of C14, C15 and C16 in the\solid
state was investigated and the results were compared with the predictions made

by MM and the X-ray structure of C16. Taken together, the results of MM,
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CP-MAS 13C NMR, and X-ray diffraction yield a consistent picture of the
geometries of C14, C15, and C186.

In Chapter 4, a study using cyclophane 2 to probe for solvent effects
will be presented. Specifically, we wished to assess what influence an aqueous
environment exerts on the conformational properties of hydrophobic macrocy-
cles. Enhanced folding of hydrocarbons has been predicted for hydrocarbons
in aqueous media.l” In the area of synthetic host-guest chemistry, hosts with
hydrophobic binding sites are used to bind small organic molecules in aque-
ous solution. The shape and rigidity of both host and guest, important in
determining binding properties, may be altered from those expected in organic
solvents. The results of the study of 2, however, indicate that there is little or
no change of the jump-rope reaction kinetics on going from organic solvents to
water. A significant difference is noted between 2 and C14 . MM calculations

were applied to rationalize this change.

There is the possibility that some of the differences in the dynamic
behavior between 2 and C14 might be due to a gem-dimethyl effect.!® Gem-
dimethyl substituents, such as those on the nitrogens of 2, are thought to induce
rigidity in hydrocarbons. A study of the jump-rope kinetics for cyclophane 3,
presented in Chapter 5, indicate that no changes are induced on going from

C15 to 3.
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Chapter 2

Molecular Mechanics Studies

of Dioxa-(1,5)-Naphthalenophanes.
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Introduction

The molecular mechanics (MM) method has proven reliable for pre-
dicting various properties of molecules up to a moderate size containing a va-
riety of functional groups.! Geometries, relative energies, heats of formation,
and barriers to interconversion of conformers are among the quantities which
may be calculated by the method. For molecules the size of the cyclophanes,
1, it is the only practical computational method available. Therefore, molec-
ular mechanics calculations have been undertaken with several goals in mind.
Part of the motivation for such a study was a desire to understand the sharp
change in dynamic behavior on going from C14 and C15 to C16. Also, it was
recognized that these structures provide a good example of a common situation
in modern organic chemistry. With the discovery of ionophores? and macrolide
antibiotics,® and the continuing development of host-guest chemistry,* macro-
cycles represent an important structural unit. In all these applications, it is
important to understand the shape of the macrocycle, but this can be an ex-
tremely complex issue. Therefore, the ability and practicality of two different
approaches to the problem of determining the preferred geometry and low-lying
conformations for macrocyclic systems were evaluated using the cyclophanes,
1, as a test case. Information on the preferred geometries obtained from such
studies is vital to understanding both static and dynamic properties and to

understanding changes induced in these properties by substituents.

As stated above, two approaches to the problem of generating pos-
sible low energy conformations of 1 have been taken. The first is an attempt
at an unambiguous, systematic and complete method for generating all plausi-

ble input structures for the MM calculations.® Because of the large number of
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structures which need to be considered, a simplified MM method which does not
explicitly treat hydrogen atoms will be used in conjunction with this approach.
Such a MM method can greatly diminish the amount of computing time nec-
cessary for energy evaluations and geometry optimizations and is often used in
MM studies of larger molecules such as proteins.® In general, this method is
expected to be less accurate than a full MM calculation, but is extremely useful
in preliminary evaluatioh of complicated systems. In the second approach, we
wished to test whether one can take a macrocycle with a well-defined structural
subunit, such as that provided by the naphthalene system in 1, and use that
substructure along with a few simple principles from the conformational anal-
ysis of cycloalkanes as a starting point for a rational evaluation of a few likely
low energy conformations. This would avoid the need to evaluate thousands of
potential conformers. As will be shown, it appears, at least for the cyclophanes
1, this less exhaustive approach can be successful. As only a few structures
are being considered, the full MM treatment will be used. Predictions about
the preferred geometries of C14, C15 and C16 will emerge from this second
approach and, in Chapter 3, will be combined with experimental evidence to

give a consistent picture of the ground state conformations of these molecules.
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The Systematic Approach to Ring Generation

Inspection of molecular models and preliminary calculations indi-
cated that a large number of structures with relatively low energies could be
possible for the cyclophanes, 1. One approach to finding the global minimum
and all the low-lying conformations would be to search the entire conformational
space. Because these molecules are not expected to be strained, only minimal
deviations from standard bond lengths and valence angles are expected. The
coordinates of relevance are the torsional or dihedral angles. To implement
this approach, a computer program was written to search the entire torsional
space of the polymethylene chain, looking for conformations which reach from
one oxygen in 1 to the other.” See Appendix A for a flow chart and source
code. Starting at one oxygen and looping toward the other, the chain was built
up using standard bonding parameters. The naphthalene system and the two
oxygens were fixed at standard geometries.” If the CHy attached to the ether
oxygen is labeled a, and the carbon next to it is labeled 3, etc., (see Figure 2.1)
then the dihedral angles may be labeled in a similar manner. The first angle, a,
is the C2-C1-O-CHj (or C6-C5-O-CHj) angle, the § angle is C1-O-CHy-CHjy
(or C5-0O-CH,-CHy), etc. In this manner, the o angles position the a carbons,
the B angles position the @ carbons, etc. Each dihedral angle along the chain
was allowed to be either gauche(+), gauche (-), or anti (C-C-C-C angles of 60,
—60, or 180°, respectively). The only exception was o which was allowed to
assume any value between —135 and +135° in 45° increments. To represent
the naphthalene system, an ellipsoidal region into which the chain could not
enter was used. This prevented the generation of structures for which the chain

passed through the naphthalene.
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Any chain that terminated within a specified distance (the closure
criterion) of the terminal oxygen was retained. All such structures were then
submitted to a closure optimization procedure. The goal of this process was to
make the C-O bond length and the CH9-CH3-O and CH3-O-C1 bond angles of
the closure conform to standard bonding parameters. This was accomplished
by allowing the dihedral angles along the chain to deviate slightly from the
standard values and by retaining any deviation that led to a decrease in the en-
ergetics of the ring closure. These energetics were evaluated using the standard
MM terms for the three parameters described above. After this procedure, all
generated structures had standard bond lengths and valence angles along the
entire chain. Finally, each structure generated in this manner was subjected to
an initial energy evaluation using MM. As mentioned, a simplified MM treat-
ment was used, the particular parameters being those of the NOH (no-hydrogen)

field developed by Still and implemented in the program MODEL.8

The number of unique structures generated in the above manner was
surprisingly large. The initial studies emphasized C12 as the smallest structure
that, according to models, still seemed reasonably flexible in the ground state.
For example, with the closure criterion at 3.5 A , all viable C12 structures were
generated and then the ring closure was optimized. The steric energy of each
structure was then evaluated and only structures with steric energies less than
200 kcal/mol were retained. The energy of the most stable structure, Eqg, was 55
kcal/mol. Using this approach, 1906 unique C12 input guesses were obtained.
In this context, unique implies having a different value of the conformational
descriptor assigned by describing each dihedral angle (a, 8, v,...) as either

gt, g7, or anti. The 200 kcal/mol energy cutoff may seem overly generous,
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but preliminary studies clearly showed that structures with energies this high
could, upon complete optimization, attain energies comparable to those of the

most stable conformers.

Because it was impractical to perform a geometry optimization on
all 1906 structures generated above, the above procedure was repeated for C12
with a closure criterion of 2.5 A . This led to a total of 838 unique CJ.2 structures
with initial energies less than 200 kcal/mol. The geometries of all these struc-
tures were optimized to 0.1 kcal/mol convergence using the Newton-Rhaphson
optimization algorithm implemented in MODEL. The naphthalene was frozen
at the standard geometry. This resulted in 778 unique minima. The steric
energies of these minima relative to the lowest energy structure, E, ., ranged
from 0 to 47 kcal/mol, but the vast majority (626) were less than 14 kcal/mol
above the “ground state”. It must be emphasized that the NOH field with a

0.1 kcal/mol convergence criterion is a crude level of optimization.

The magnitude of the problem thus became clear, especially when
one consiaers a larger and presumably more flexible structure such as 016,
for which the number of feasible conformers would likely be astronomical. The
preliminary studies on C12 indicate that a complete enumeration of all possible
conformations using such an approach is infeasible. But, by using restrictive
closure and energy criteria, a large but manageable number of structures is
obtained. However, it is not certain that the global minimum or other very
low-lying conformations will be among the structures generated. The following
approach was therefore adopted. Rather than attempt to quantitatively repro-
duce the AHY and AST values of Table 1.1, we sought to rationalize the trends

in the data. More. specifically, the large number of structures encountered for
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C12 suggest that a statistical term might account for at least part of the large

negative ASY observed for C14 and C15.
The contribution of a statistical entropy

There are, in principle, two effects that contribute to AS? for reac-
tions such as the enantiomerization of C14-C16. The first is due to the dif-
ference in entropy content of the ground and transition states. This is merely
the entropy difference between two conformers of the same molecule and will
be given by differences in the partition function associated with internal de-
grees of freedom, that is, the vibrational and rotational modes. This shall be
referred to as the intrinsic entropy of activation ASi-:n . As discussed below, for
the jump-rope reaction there may be many “ground states” and even several
transition states. This will lead to a large number of reaction paths, each with

its own ASI. :
int

The second contributor to AST is a statistical term, ASI

Stat: This

arises from the fact that there is not just one ground state conformation and
one transition state, but rather there may be large numbers of both. If, as
a first approximation, all the low-lying “ground state” conformers found are
considered to be degenerate and likewise for the “transition states”, then ASﬁt Ak

is as given in equation 1, in which g; is the degeneracy of the ground state and

g is the degeneracy of the transition state.

(1) ASftat = Rlngs/g;.



-19-

It is useful to first consider the values g; and g9 must have if ASL at

is the major contributor to ASt. For example, a ASY of 20 eu would require
g1/82 = 24,000. More significantly, if the —20 eu difference in ASY values

between C15 and C16 is due entirely to ASﬁt al¥

ratios for C16 and C15 would have to be 24,000. Thus one of the primary

then the ratio of the g; /g9

goals has been to search for a dramatic change in the statistics of ground state
vs. transition state conformations for C14 and C15 vs. C16. Only a very

substantial change could make a sizable contribution to Ast.

The systematic structure generating program can be used evaluate
the degeneracies of the ground and transition states. In such a study, the
crucial consideration is to apply a consistent level of theory to all structures
calculated. In this way, the trends in experimental data can be analyzed, even

though precise quantitative agreement is not obtained.

The first step was to analyze C14—C16 in a manner similar to the
above treatment of C12. Table 2.1 summarizes the structure-generation results
for these molecules. In order to keep the problem manageable, a more sévere
closure criterion (1.0 A) was adopted. As expected, the longer the chain, the
greater the number of viable structures that were generated. At this level, only
26 structures were generated for C12. While a substantially larger number of
structures was generated for C16 than for C15 or C14, the difference was less

than a factor of 5. This would seem to be a first indication that AS:t

stat is not

a major reason for the AASY between C15 and C16.
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Table 2.1. Results of Structure Generation and Minimization

ground states transitions states
structures guesses? minima guesses® transition states
C12 26 26 44 6
Ci14 326 326 266 35
C15 592 590 594 77
C16 2619 1738 827
c1e 8100 805

@Closure criterion = 1.0 A; energy cutoff = 200 kcal/mol.
bEnergy cutoff = 100 kcal/mol.

CClosure criterion = 2.0 A; energy cutoff = 500 kcal/mol.

Table 2.1 also shows the number of minima obtained from these
‘input guesses. Unfortunately, all 2619 C16 structures could not be optimized,
and so only the 810 structures with initial energies less than 100 kcal/mol (Eg =

60 kcal/mol) were optimized. As with C12 most input structures led to unique

minima.

Since AS

o depends not only on the number of ground state struc-

tures, but also on the number of transition states (eq 1), we wished to determine
whether there was a dramatic difference between C14/C15 and C16 in this
respect. We therefore needed a way to evaluate relative transition state degen-
eracy for the three structures. This was accomplished through a modification

of the structure generation program.
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We first assumed that transition state structures would in general
have the aliphatic chain roughly in the plane of the naphthalene. That is, the
chain would be looping around the edge of the ring system, rather than across
one face. Thus, with the naphthalene ring fixed in the xy plane, all carbons
of the chain were forced to have an absolute value of < 2.0 A for their z co-
ordinates. Additionally, instead of treating the steric exclusion volume of the
naphthalene as an ellipsoid, it was treated as an infinitely tall box, thereby
preventing passage of the chain over the naphthalene. Structures were then
generated in the usual manner and subjected to the closure optimization pro-
cedure as above, except that the closure criterion was opened up to 2.0 A, and
the initial energy cutoff was expanded to 500 kcal/mol. These structures were
then optimized (NOH, 0.1 kcal/mol convergence) and, based on the following
criterion, transition state representatives were chosen from the resulting min-
ima. With the naphthalene still in the xy plane, the z coordinates of the chain
carbons were averaged, and this average was required to be < 0.25 A. Note that
positive z values will cancel with negative z values in the summation, thereby
producing a small average z. Additionally, structures with at least four car-
bons on each side of the ring were retained. Both these criteria were intended
to limit the list of transition state structures to only those conformations in
which the chain really does wrap around the edge of the naphthalene. The ac-
tual numerical criteria are somewhat arbitrary, but the important point is that
they were applied consistently throughout the series. It must be remembered
that the structures so obtained are not transitibn states. In fact, they are true
miﬁima.. However, the energetics and statistics of such structures can provide a
useful, qualitative model for the actual transition states. Two views of a typical

“transition state” structure for C12 are given in Figure 2.2.
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Figure 2.2. Two views of a typical “transition state” for C12.

The results of this study are summarized in Tables 2.1 and 2.2. A
fairly large number of guess structures were generated, but upon optimization,
a large number of conformers optimized to give structures that failed to meet
the various transition state criteria. Still, significant numbers of transition state
structures were obtained. As expected, the longer the chain, the greater the
number of transition states. Concerning the above statistical arguments, the
substantial increase in the number of viable ground state conformations for C16
relative to C14-C15 is paralleled by an increase in transition state structures.
This holds true whether one considers the total number of structures or only
the relatively low-lying ones. Thus, g;/gs for C16 should not be dramatically
different from that for C14-15. We therefore conclude that ASit ot is not the

dominant contributor to the AS1 observed.

To conclude this section, a systematic approach to searching out low-
lying conformations of the cyclophanes, 1, could not be exhaustively applied.
However, a large but limited search was practical. Such a search was valuable

in evaluating whether or not a statistical entropy term was contributing to the
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Table 2.2. Distribution of Ground and “Transition” States

as a Function of Energy?

Cl4 Cis C16
E,ef GS TS @ Ts asb TS
0-2 5 0 3 0 5 0
2-4 10 0 5 0 22 2
4-6 34 0 21 2 63 1
6-8 37 0 54 2 125 13
8-10 61 1 83 4 203 16
10-12 53 3 114 2 181 30
12-14 53 1 101 12 127 35
14-16 35 7 03 12 56 36

%Energies in kcal/mol. GS = ground state; TS = transition state.

5Only the 810 structures below 100 keal /mol were optimized.

unique dynamic behavior observed for C14—C16. Because we concluded that

Ast

sta

we infer that it is ASzi-n " which is. The answer to how well a limited search did
at finding the lowest energy conformations will be deferred to the next section

where a comparison between the systematically generated structures and those

generated in a rational manner will be made.

" is not responsible for the large negative activation energies observed,
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A Rational Approach to the Elucidation of the Low-Lying

Conformations of Macrocycles

In this section, a rational approach to considering probable low en-
ergy conformations will be tested. Predicting the conformations of macrocycles
is a challenging and complex task. The conformational properties of large ring
alkanes are fairly well understood.? However, most macrocycles of interest are
not simple (CHg)n molecules, but contain substantial perturbations to the basic
ring structure. In the present case, the naphthalene system provides a perturb-
ing structural subunit to the macrocycle. Starting with the conformational
preferences of such a substructure and then applying simple principles from
the conformational analysis of cycloalkanes, can the preferred geometry of a
macrocyclic system be predicted? For the cyclophanes, 1, such an approach is

successful.

Conformational Analysis

In his pioneering work on the conformational analysis of medium-
and large- ring alkanes, Dale arrived at two simple rules which are useful in
constructing geometries for large rings.? For a ring to be formed, a certain
number of gauche dihedral angles must be introduced. First, Dale found that
a sequence of two gauche dihedral anglés of the same sign was an efficient
way to achieve chain bending. The energy cost of this deformation should
be additive, t.e., twice the value of a single gauche interaction. This type of
bend, which we shall call a normal corner, is found in unstrained diamond-
lattice type conformations of large rings.!0 Secondly, in even-membered rings,

conformations with four normal corners, and therefore four sides, are found.



—-25—

For odd-membered rings, it is impossible to fit together four sides so as to form

normal corners, and three- or five-sided conformations are adopted.

We wished to test whether these principles could be extended to
substituted or functionalized macrocyclic systems such as 1, in order to predict
low energy conformations in these systems. By considering six atoms of the
dioxanaphthalene system to be part of a macrocyclic ring (C1, C9, C10, C5
and both oxygens, Fig. 2.3), C14, C15, and C16 are found to be 20-, 21-, and
22-membered rings respectively. Thus C14 and C16, being even-membered
macrocycles, would be predicted to adopt conformations with four normal cor-
ners, while C15 might adopt conformations with either three or five corners.
This assumes the dioxanaphthalene system is not too different from a poly-
methylene chain. The three bonds of the naphthalene ring (C1-C9, C9-C10,
and C10-C5) are equivalent to three anti bonds in a cycloalkane, and thus, do
not represent a major deviation from a conformation normally expected of a

polymethylene chain.

The conformational preference of the aromatic ether functionality is
also compatible with cycloalkane conformational preferences. Anisole strongly
prefers a planar geometry;11 therefore, the first methylene of the cyclophanes
will prefer to lie in the plane of the naphthalene ring. The methylene will
eclipse C2 of the naphthalene system as opposed to C9 where it would en-
counter adverse nonbonded interactions with the peri hydrogen on C8. MM2
calculations confirm these predictions (vida infra). In this conformation, the
naphthalene system and the o methylenes become equivalent to a sequence of

five anti dihedral angles in a cycloalkane.
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Figure 2.3. Dale projection (top) and MM2 geometry (bottom) of the [7373]
geometry of C14. Filled wedges in the Dale projection are part of the diox-
anaphthalene. Oxygen atoms are at the borders between the filled and open

wedges.
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With the first methylene eclipsing C2, there are two conformations
about the O-CHy bond, gauche (+ or —) or anti. However, the gauche confor-
mation is destabilized by a nonbonded interaction with the hydrogen on C2 of
the naphthalene ring, and so one would predict a moderate preference for the
anti conformation about this bond. In 1-ethoxynaphthalene, MM2 calculations
predict the anti conformation to be preferred by 2.1 kcal/mol. Thus, in the
absence of ring constraints, both the first and second methylenes have a pref-
erence to lie in the plane of the naphthalene ring. In this conformation, the
naphthalene system plus the o and # methylenes is equivalent to a sequence of
seven anti dihedral angles in a cycloalkane, and would give rise to a side nine

bonds long according to Dale’s rules.

Conformations of large rings are conveniently described using Dale’s
nomenclature.® Each “side” is defined as the region between two corners and
assigned a number corresponding to the number of bonds between the corners.
For example, Figure 2.3 shows a Dale projection of the [7373] confo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>