TETRAHEDRON

Pergamon Tetrahedron 56 (2000) 1281-1297

The Conformational Analysis of 14-Membered
Macrocyclic Ethers

Dean S. Clyné& and Larry Weilef

Department of Chemistry, University of British Columbia, 2036 Main Mall, Vancouver, British Columbia, Canada V6T 1Z1
Received 3 November 1999; accepted 7 January 2000

Abstract—The conformational analysis of a series of 14-membered macrocyclic ethers possessing a variety of methyl substitution patterns

was performed using both NMR spectroscopy and molecular mechanics calculations. Low temperature DNMR spectra of the macrocyclic

ethers were interpreted using van der Waals steric compression and anisotropic shielding effects. The macrocyclic ether transition state
energies were determined from the DNMR spectra to be approximately 9—10 kcal/mol and were compared to computer calculated values.
© 2000 Elsevier Science Ltd. All rights reserved.

Introduction increased understanding of the conformational intercon-
version processes of these macrocycles and of the associated

The concepts of conformational analysis have been widely transition state energies. The macrocyclic ethers of this
applied to the interpretation of chemical transformations study were prepared by the reduction of intermediate
and reaction mechanisms throughout organic chemistry.lactones obtained through the Baeyer—Villiger ring expan-
For some time we have been interested in the synthesission of a cyclic ketone, or via the macrolactonization of a
conformational analysis, and reactivity of simple macrocy- hydroxy acid®
clic compounds with the goal of developing a conformational
model to rationalize the physical and chemical properties of In the 1960s, Dale proposed conformations for all even
these compounds.So far, large ring monoethers have membered rings ranging from 6- to 16-membered based
received little attention in regards to their conformation on the diamond latticé.Calculations of the enthalpies of
with oxacyclooctane being the largest cyclic ether medium and large rings were performed semi-quantitatively
previously studied.Here we report the first detailed confor- by Dale? and subsequently with molecular mechanics
mational study of the 14-membered ring mono-ethers shownmethods by Anet and coworketscrom these analyses,
in Fig. 1. We were interested in the conformational the 14-membered ring was predicted to exist largely in a
preferences of these macrocyclic ethers, specifically the quadrangular diamond lattice conformation known as the
location of the ether oxygen, and the effect of alkyl sub- [3434] conformation by the Dale naming convention (Fig.
stituents, including gemdimethyl substituents, on the 2)." There is a wealth of experimental evidence to support
conformation of the ethers. We hoped to develop an the [3434] conformation as the preferred conformation for
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Figure 1. Macrocyclic ethers in this conformational analysis study.
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Figure 2. The [3434] lowest energy diamond lattice conformation of cyclotetradecane.

cyclotetradecane including: X-ray crystallographic stuflies, charge. Itis greatest for bonds that are parallel to each other,
spectroscopy studies including NMR studfesnd IR and and of a lesser magnitude for gauche bonds or bonds of
Raman studie¥’ X-ray crystallographic studies of other other skewed geometf§.As a result of these effects, the
14-membered macrocycles including 1,3,8,10-tetraoxa- low temperature chemical shift difference between a
cyclotetradecan¥, cyclotetradecanon®, and cyclotetra- geminal pair of axial and equatorial proton8.d was
decane oxim& have shown similar conformational found to be 0.48 ppm in cyclohexaieand 0.50 ppm for
preferences. tetrahydropyrari® The value of8,. was also influenced by
the orientation of the carbon—oxygen bond. A study of
The [3434] conformation of cyclotetradecane contains four 1,3-dioxanes showed,. to be positive for C-2 denoting
diastereotopic methylene groups, which experience varying shielding of the axial proton at that position, and negative
numbers of transannular steric interactions. Dale has for C-5, indicating a deshielding of the axial proton at that
suggested that replacing a methylene unit of a macrocyclic carbon®
ring with an ether oxygen should have a minimal pertur-
bation on the macrocyclic systeth.The oxygen should  The relative populations of these conformations were calcu
occupy a position in the conformation of these rings that lated from enthalpy valuef\{d °) obtained from the MM2
leads to a reduction in transannular interactions. With the or MM3" calculations, and entropy value\§) with
exception of the corner methylenes, all of the other methy- consideration of both symmetry and mixing term contri-
lenes have at least one hydrogen atom pointed into the ring.butions (Eg. (1)). The rate of exchande)(at coalescence
Therefore, the corner positions are predicted to be best ablecan be calculated using either Eq. (2) or Eq. (3), wherés
to accommodate geminal alkyl substitution. the separation of the signals in Hertz measured at a tempera-
ture belowT,, the temperature at which the signals are
broadest. Eq. (2) is applied in the case of uncoupled nuclei,
Results and Discussion and Eq. (3) is applied to cases with coupled nutdéihe
broadness of the signals observed in the low temperature
NMR spectroscopy was used to analyze the conformationsspectra in this study prevented the measuring ghlues,
of these macrocyclic ethers. The introduction of the oxygen and thek. values obtained here were approximated using
atom did offer some chemical shift dispersion in the spectra, Eq. (2). The rate of exchange was used to calculate the free
but many of the methylene signals still overlapped, and the energy of activationAG{) for the conformational process
complete assignment of the NMR spectra was not possible.using the Eyring equation (Eq. (4)).
The results of low temperature DNMR experiments

performed in a 4:1 mixture of CHgH (Freon 21) and ASym = ~Rino @
CHCIF, (Freon 22) as solvent provided information about

the cyclic ether conformations, the interconversion of these k; = mA»/2"2 (2
conformations, and the thermodynamic barriers for these

processes. Molecular mechanics calculations were used t, = m(A? — 63%)V%/2Y2 3
assist the rationalization of the experimental data in an effort

to more fully describe the conformational properties of the AG! = RT, In (kg To/k:h) (4)

compounds studied.

The chemical shift difference of geminal protons in a To simplify the comparison of the 14-membered macro-
molecule is influenced by a number of shielding effects cyclic ether conformations, an extension of the Dale nomen-
including: diamagnetic anisotropyofn), Steric com- clature was developed to designate the position of the ether
pression ¢st), and electric fieldgg). Much of the pioneering  oxygen atom in the conformation. The four diastereotopic
work in the determination of the diamagnetic anisotropies ring positions of the [3434] conformation were numbered
(o an) Of carbon—carbon and carbon—hydrogen bonds wasstarting with position-1 as shown below. The low energy,
performed by ApSimon and coworkefs. The steric non-diamond lattice [3344] conformation, was numbered in
compression effectofsy)*® results when a hydrogen atom a similar manner beginning with position-1 in the middle of
is rigidly held close to another atom in a molecule at a a 4-bond side and continuing around the ring through the
distance less than the sum of their van der Waals f&dii. adjacent 3-bond side. Using this nomenclature the [3434]
The electric field effect€g) results from the polarization of  conformation with the ether oxygen in the middle of a
carbon—carbon or carbon—hydrogen bonds by a dipole or4-bond side is the [3434]-1 conformation (Fig. 3).
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I T low field, was approximately 4:2:4:11:4:1. Further cooling
I : “(‘ " to 135 K did not produce additional significant changes in
14 / W the line shape of spectra &f
i il
§ /L ] 2%{/#—47 The DNMR spectra ofl were analyzed in terms of the
4 4 56 conformations where thg-gauche shielding effect of C-4
[3434] [3344] was possible. A comparison of the predicted line shapes of

the H-2/H-14 and other protons in these conformations was
performed by the examination of molecular models and
MM2* calculations. The rationalization of the spectra
began with the H-2 proton signal. This signal progressively
The first ether presented here is the unsubstituted oxacyclo-broadened until at 165 K, it had split into three signals with
tetradecanel). At room temperature, th&H NMR spec- chemical shifts of 3.43, 3.40 and 3.38 ppm. The relative
trum of 1 in CDCl; contained a four-proton triplet at intensity of these signals based on peak height was
3.41 ppm for the C-2/C-14 protons, a four-proton quintet 1.2:1:1. As the temperature was lowered, the processes
at 1.57 ppm for the C-3/C-13 protons, a 16-proton multiplet leading to ring inversion and averaging of the C-2 proton
from 1.29-1.43 ppm, and a two-proton multiplet from signals was slowed, and the signals for g@and H-2,,
1.21-1.27 ppm. Thé*C NMR spectrum ofl contained became distinct. In the [3434]-4 conformation the corner
seven signals with signals at 68.6 and 28.6 assigned toC-2 methylene protons and the C-14 protons exist in
C-2/C-14 and C-3/C-13, respectively. The simplicity of different environments, and accordingly have different line
these spectra indicates that etHers undergoing rapid  shapes. The Hg2 proton of this conformation was
exchange on the NMR timescale. Each carbon resonancedeshielded as a result of the diamagnetic anisotropy of the
corresponded to a pair of methylenes in the macrocyclic O—C-14 bond while the H2proton was deshielded by the
ether with the exception of the signal at 23.2 ppm that was anisotropy of the C-3—C-4 bond. These deshielding effects
half the height of the other signals, and was assigned to C-8were predicted to be of a similar magnitudeélhus, only a
on this basis. small AS was predicted for the C-2 protons in this con-
formation. The H-14,, proton was deshielded by the aniso-
The signal for C-4 was shielded to 23.4 ppm by both tropy of the C-12—-C-13 bond, and shielded by a van der
v-gauche and van der Waals effects with the ether oxygen.Waals steric interaction between Hglghand H-11,.4o The
A gauche geometric relationship is possible between the magnitude of these anisotropy and steric effects were of
ether oxygen and C-4 atoms in the [3434]-1 and [3434]-4 different but similar magnitudes. TH&l NMR line shape
and [3344]-1 conformations df The ether oxygen and C-4 for the C-2 and C-14 methylene protons in the [3434]-4
were calculated (MM32 to be only 2.95 Aapart, leadingto  conformation was predicted to be more complex than that
a further shielding of C-4 by a van der Waals steric inter- observed here, and this was not considered to be a major
action. This shielding effect was observed in th€ conformation ofl at low temperature.
spectrum and not in théH NMR spectrum ofl due in
part to the conformational mobility of the ring at room In both the [3434]-1 and [3344]-1 conformations, E2
temperature, which averaged the effect over both.d-4 was deshielded by the anisotropy of the C-3-C-4 bond,
and H-4,4, (Fig. 4). with a corresponding shielding of the Hgd, proton. The
H-2¢nd0 proton was deshielded by a van der Waals steric
A series of low temperature DNMR experiments were interaction with H-5,4, leading to a shielding of H2.
performed on ethet (Fig. 5). The'H NMR spectrum ofl Here, these steric and anisotropic shielding effects were
at 220 K contained four signals of relative integration opposed, and expected to partially cancel. In the [3434]-1
4:4:16:2. At 200 K the high-field signal for the C-8 methy- conformation, a large vicinal coupling constant was
lene protons was no longer visible, and at 190 K the signal expected between Hs2,and H-3 while all other coupling
for the C-3 protons had coalesced into the methylene constants for the C-2 protons were predicted to be small.
envelope. At 180 K, the signal for the C-2/C-14 protons Thus, the low-field portion of the multiplet at 3.43 ppm was
had broadened. Some new signals were visible downfieldassigned to the Hg2, proton, and the two high-field
of the methylene envelope at 1.84 and 1.61 ppm, and alsoportions at 3.40 and 3.38 ppm were assigned to the -2
upfield of the methylene envelope at 1.04 and 0.57 ppm. At proton. The slightly greater intensity of the Hs2
165 K, the signal for the C-2 methylenes had split into three portion of the multiplet was attributed to the presence
closely spaced signals of approximately equal intensity of several small coupling constants in a complex
clustered around 3.4 ppm. The relative integration of the pattern, and to the broadened line shape at low tempera-
six signals visible in the 165 K spectrum, beginning at ture.
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[3434]-1 [3434]-4 [3344]1

Figure 3. Naming of macrocyclic conformations.

Figure 4. Possible low energy conformations bf
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Figure 5. Variable temperaturtH NMR (500 MHz) of etherl.

In the low temperature spectra, the high-field signal at reinforce each other to give a largé with a chemical shift
0.57 ppm, of relative intensity 1:4 in comparison to the of 1.84 ppm for the H-gH-13; protons and 1.61 ppm for
signals of the C-2/C-14 protons at 3.4 ppm, was assignedthe H-3/H-13, protons. The upfield signal of the Hi3

to H-8.,,0n the basis of the following rationalization. Inthe H-13, protons was overlapped with that of two other
[3434]-1 conformation, the Hg34, proton was deshielded unidentified protons. The signals of the remaining protons

by van der Waals steric interactions with the kg of 1 were overlapped between 1.0-1.5 ppm, and could not
H-11..40protons, leading to a shielding of the Hygproton. be unambiguously assigned.

No transannular steric repulsion between $Hz8and the

ether oxygen appeared possible based on the 3.d&lu- A molecular mechanics search using the Monte Carlo

lated distance (MM? between these atom$The H-8,, technique and the MM2force field revealed the global
proton was further shielded by electric field effects caused minimum conformation ofl to be the [3434]-1 confor-
by the parallel bonds of the G;&nd C-1Q protons. The mation 1a with the [3344]-1 conformatiorib calculated
sum of these effects causes an upfield shift of the,fd-8 to have the next lowest energy, 0.99 kcal/mol higher (Fig.
proton signal. The H-8q, proton signal was believed to  6). These calculations suggested the existence of three other
be overlapped by the methylene envelope at low tempera-low energy conformationgc—1e within 2 kcal/mol of the
ture. There are no protons in the [3344]-1 conformation global minimum conformation. Higher energy confor-
capable of this upfield signal since the distorted geometry mations were ignored as they were not considered to be
of this conformation does not allow for an alignment of significantly populated over the temperature range studied.
these shielding effects. The low temperature spectrd of The relative populations of these conformations at 135 K
were concluded to be consistent with the [3434]-1 confor- were calculated from enthalpy valuesH°) obtained from
mation in which both ring inversion and pseudorotation the MMZ2' calculations, and entropy valuea%). The
have slowed. [3434]-1 conformation ofl. was calculated to be the major
conformation (93%) in agreement with the DNMR data.
The C-3/C-13 corner protons of the [3434]-1 conformation
of 1 could also be assigned in the low temperature spectra.The transition state energies for the interconversion of
The C-3 proton was deshielded by the diamagnetic conformations ofl were determined from the DNMR
anisotropy of the C-4—C-5 and O—C-2 bonds. These effectsspectra. TheAv for the C-2 protons was 20 Hz at low
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Figure 6. MM2" calculated low energy conformations bf
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Figure 7. Single corner movement transition state for interconversion of

conformationsla and 1b. Figure 8. Newman projections o2 showing the geometry of C-2 in the

[3434]-1 and [3434]-4 conformations.

temperature with &, of 170 K and the C-3 protons had\as and thesynH-2 signal at 3.43 ppm. THEC NMR spectrum
of 110 Hz with aT, of 190 K. This corresponded ta%G* of of 2 contained 14 lines, two of which were at low-field at
8.7£0.2 kcal/mol. This is similar in magnitude to transition 73.3 and 66.0 ppm, and these were assigned to the C-2 and
state energies calculated for cyclotetradecane obtained viaC-14 carbons, respectively. The highest field carbon at
4 and**C DNMR studies 4G*=7 kcal/mol, T,=158 K) % 19.8 ppm was assigned to the C-15 methyl group. The signal
for C-12 was shielded to 23.0 ppm as a result of the
A mechanism proposed by Dale for the interconversion of y-gauche effect. Unfortunately, due to the overlap of signals
cyclic conformations involves the movement of a single in the®H NMR spectrum, and the smalls between several
corner atom within the ring* This process can result in  signals in the*C NMR spectrum, not all of the remaining
the exchange of both ring atoms and ring substituent sites.signals could be assigned.
The most favorable transition state was proposed to have a
0° torsional angle between the new and the old corner atoms,Examination of the coupling constants for the H-2 and H-14
which become eclipsed during the interconversion process.protons provided some information about the preferred
Thesyneclipsed bond of this transition state is considered to conformation of this macrocyclic ether. The H-2 proton
be a one-bond side. This is written in italics to differentiate had large and small coupling constants to the adjacent
the transition state structure from that of conformational methylene protons (Table 1). In the [3434]-1 conformation
minima. The [3343] barrier between the [3434] and the C-15 methyl group would be exo and the H-2 proton
[3344] conformations of cyclotetradecane was calculated endo to the ring, with both large and small coupling
by Dale using semi-quantitative methods to be 13.8 kcal/ constants predicted between H-2 and the protons at C-3
mol.** In comparison to the hydrocarbon many transition (Fig. 8). In the [3434]-4 conformation, the C-15 methyl
state structures are made possible for the ether by the intro-group occupies a corner position. Since a carbon—oxygen
duction of the oxygen atom. The energies of all possible bond is shorter than a carbon—carbon bond, a £riéthyl
transition states of were not determined here. The energy group is preferred over a C-15methyl group as the
of the [13343] transition state structure for the intercon- 1,3-interaction would be greater between a G-tfethyl
version of the [3434]-1 and [3344]-1 conformatiods group and H-14. In this conformation, no large coupling
and 1b by the Dale mechanism was calculated with the constants were expected between H-2 and the C-3 protons
dihedral drive methad using 10 increments of the appro-  (Figs. 8 and 9).
priate dihedral angles to be 12.9 kcal/mol (Fig. 7).
The coupling constants for the H-2 and H-14 protons in the
The room temperaturtH NMR spectrum in CDGJ of the [3434]-1, [3434]-4, and [3344]-1 conformations ®fwere
C-2 methyl substituted ethe? contained a one-proton calculated and compared to the actual values (Table 1). The
doublet of triplets at 3.61 ppm for one of the C-14 protons, calculated coupling constants for H-2 in the [3434]-4
a one-proton doublet of doublet of quartets at 3.43 ppm for conformation and H-14, in the [3344]-1 conformation
the C-2 proton, a one-proton doublet of doublet of doublets with C-14 adjacent to a 4-bond side were in poor agreement
at 3.22 ppm for the other C-14 proton, a 22-proton multiplet with the observed values. These conformations were not
from 1.10-1.73 ppm, and a three-proton doublet at predicted to be major conformations @fand were not
1.09 ppm for the C-15 methyl protons. The three low-field considered further.
signals were unambiguously assigned WiHICOSY and
NOE spectra. Irradiation of the H-14 signal at 3.22 ppm In the DNMR spectrum of2 at 220 K the signals had
showed an enhancement of both the geminal H-14 signalbroadened (Fig. 10). At 190 K the signals had broadened

Table 1. Experimental and calculated coupling constadjsdr the low energy conformations @f

Proton Experimental (Hz) Calculated (Hz) conformations

Boltzmanid [3434]-1 [3434]-4 [3344]-1 [3344]-1
H-2 3.1 9.2 3.6 85 19116 1.7 5.0 19115 3.111.6
H-14n40 3.010.6 2.310.7 1.711.9 24119 3.1118 15118
H-14g0 42 4.2 3.0 40 22 38 15 47 1.0 5.6 24 3.6

& Calculated coupling constants were averaged for a Boltzmann distribution weighted set of conformations.
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Figure 9. Possible low energy conformations &f

further, and a small signal at 0.57 ppm became visible study of etherl. The relative integration of this high-field
upfield of the C-15 methyl signal. The relative intensity of signal and the signal at 3.12 ppm for Hgzldof the major
this upfield signal increased as the temperature was loweredconformation was approximately 1:1. The geometry of the
At 180 K, the low-field signals of the C-2 and C-14 protons C-8 protons in the [3434]-1 conformation of ethérand?2
were broadest. At 170 K the line shape of these signals were expected to be similar. Here, the E8proton would
changed with additional minor signals becoming visible at be deshielded by steric interactions with g and
the feet of the originals indicative of the freezing out of H-11.,4,calculated to be 2.22 Arom H-8;,4, This would
unequally populated conformations. Further cooling to lead to a shielding of H-§, and an upfield shift of this
130 K did not produce additional significant changes in proton signal to 0.57 ppm in the low temperature spectra
the line shape of spectra af of 2. The geometry of the [3434]-4 conformation would
lead to two high-field signals in the low temperature spectra,
The additional small signals present in the low-field portion while the skewed geometry of the [3344]-1 conformation
of the spectra at 3.71, 3.34 and 3.03 ppm belong to minor was not predicted to produce the large shielding of any
conformation(s) o. The similarity of the chemical shifts of  protons. The [3434]-1 conformation was therefore believed
the major low-field signals at both room temperature and to be the major conformation @ In this conformation, the
low temperature suggested that the major conformation wasAé between the H-144, and H-14,, protons can be
the same at both temperatures. Additional small signals explained by a deshielding of the H-l4 proton by the
were expected between 1.5 and 2.0 ppm for minor confor- diamagnetic anisotropy of the C-12/C-13 carbon—carbon
mations, but no such signals were observed. Presumably bond.
these were concealed by the proton signals of the major
conformation visible in that region. Examination of the A molecular mechanics search for the lowest energy confor-
low temperature spectra in the region of the C-15 methyl mations of2 was conducted using the Monte Carlo tech-
group signal at 1.03 ppm showed other signals at 0.90 andnique and the MM2force field. These calculations gave a
1.16 ppm. The relative integration of the 0.90 ppm signal to total of 13 conformations within 2 kcal/mol of the global
the 3.34 and 3.03 ppm minor signals was approximately minimum conformation, the [3434]-1 conformati@a (Fig.
1:3.4 but whether this upfield signal could be assigned to 11). The second lowest energy conformation was the
a C-15 methyl group of a minor conformation, or to other [3434]-4 conformatior2b with the methyl substituent at a
major conformation proton signals was unclear. corner position. The relative populations of these confor-
mations at 135K were calculated to t2a (73%) and
The signal at 0.57 ppm in the low temperature spectr3 of 2b—2d (<10% each) from relative energy values obtained
was similar to the high-field signal observed in the DNMR from the MMZ" calculations.
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Figure 10. Variable temperaturéH NMR (500 MHz) of ether2.
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Figure 12. Interconversion of conformations @fvia single corner movements.

The DNMR study indicated unequally populated confor- signal for the C-13 protons at 1.57 ppm also broadened and
mations of2 to be present at low temperature. The MM2  split as the temperature was lowered to give signals at 1.69
calculations of2 were in agreement, with three confor- and 1.50 ppm. The signal for the geminal methyl groups at
mations of approximately equal energy found within 1.13 ppm split at temperatures lower than 190 K to give
0.6 kcal/mol of the global minimum. The low-field major signals at 1.15 and 1.10 ppm. Two signals at 0.93 and
and minor signals had relative integrations of approximately 0.67 ppm were also visible in the high-field region of the
2.8:1 at 150 K. This corresponded to a 74:26 ratio of confor- low temperature spectra. The observation of one set of
mations, and an energy difference of 0.31 kcal/mol in major signals for the geminal methyl groups led to the
reasonable agreement with the values obtained from theprediction of a single conformation predominating at low
MM2* calculations. temperature.

The transition state energy for the interconversion of confor- The [3434]-1 conformation would be highly disfavored in
mations of2 were calculated from the DNMR spectra to be the case of ethe® as the C-Zyemdimethyl group would be
8.8+0.1 kcal/mol from the low-field signals with» values at a non-corner position in this conformation. Two possible

of approximately 39 Hz and®&. of 180 K. Conformatior2a diamond lattice conformations with C-2 at a corner position
can interconvert via the Dale single corner movement were the [3434]-4 and [3434]-2 conformations, and both of
mechanisrff with the low energy conformationgc and these were considered as possible conformatiolsmmthe

2d via related [L3343] transition state structures (Fig. 12). analysis of the DNMR data. In the [3434]-2 conformation,
The energies of these structures were calculated with theC-14 was located in the middle of a 4-bond side of the ring.
dihedral drive methd@ to be 13.0 and 12.8 kcal/mol, In this conformation, H-14.,was shielded by van der Waals
respectively. The energy of the transition state structure interactions between the H-dd, proton, and the H-3g,
for the interconversion of conformatior&: with 2b was and H-11,.4, protons calculated to be 2.10 and 2.14 A
calculated to be 9.8 kcal/mol. respectively, from H-144, The H-14,, proton was further
shielded by electric field effects caused by the parallel align-
The room temperaturtd NMR spectrum in CDGJof ether ment of the carbon—hydrogen bonds between C-14 and
3, a C-2gemdimethyl substituted ether contained a two- H-14,, and C-12 and H-12 The reinforcement of these
proton triplet at 3.25 ppm for the C-14 protons, a two-proton shielding effects would result in a larga® than observed
quintet at 1.57 ppm for the C-13 protons, a six-proton here in the low temperature spectra®fMoreover, in the
singlet at 1.13 ppm for the C-2 methyl groups, and a [3434]-2 conformation, a pair of large coupling constants
20-proton multiplet from 1.23—1.43 ppm for the remaining (3J, Jgem) Were expected for BOTH the H-1f,and H-14,,
proton signals. The®C spectrum of this compound protons. The predicted line shape for the H-14 protons in the
contained 14 lines. Low-field signals at 73.9 and 58.9 ppm [3434]-2 conformation was in poor agreement with that
were assigned to the quaternary C-2 and C-14 methylene
carbons. A signal at 38.0 ppm was assigned to C-3 and the H-4exo H-14ex0

geminal methyl carbons C-15 and C-16 were assigned to the - HM
0

signal at 26.7 ppm (Fig. 13). %Og
H-11ex0

The'H NMR spectrum of3 at 220 K contained four broad H-14ex0

signals (Fig. 14). As the temperature was lowered, the [3434]-4 [3434]-2
downfield signal at 3.25 ppm for the C-14 protons split to

give a pair of signals at 3.31 and 3.15 ppfe<£180 K). The Figure 13. Possible low energy conformations &f



1288 D. S. Clyne, L. Weiler / Tetrahedron 56 (2000) 1281-1297

I— | —
—— =
Y, S 165K
j;:ﬁ/ b .

' T 1 T 7T ‘ T T | T T | T 5T ‘ T T ‘ 1 11 ‘ T T 7 i T 17 ‘ T

3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm

Figure 14. Variable temperaturdH NMR (500 MHz) of ether3.

observed here, and this conformation was not consideredthese effects lead to the assignment of the lower field signal
further. at 1.69 ppm to the H3y,and H-13 protons, and the higher
field signal at 1.50 ppm to the more shielded k;3and
In the [3434]-4 conformation, the H-14, proton was H-13, protons. The interconversion of the C-2 geminal
shielded by the diamagnetic anisotropy of the C-12—-C-13 methyl group signals o8 was slowed at low temperature,
bond, and deshielded by van der Waals steric interactionsand a pair of signals of approximately equal intensity at 1.15
with the H-1%ng0and H-3,40protons, calculated to be 2.20 and 1.10 ppm was visible. The unambiguous assignment of
and 2.17 Aaway from H-14,4, Conversely, the H-14, these signals to the G;Zaind C-2 methyl groups was not
proton was deshielded by the anisotropy of the neighboring possible.
bond, and shielded by the van der Waals interactions. The
relative magnitudes of these effects were unknown, but the The high field signals in the DNMR spectra 8f were
anisotropy contribution was thought to be larger. The assigned to the Hg, and H-11,, protons. In the [3434]-
H-14..40 proton was expected to have two large coupling 4 conformation, the H-44, and H-11.4, protons were
constants, a vicinal coupling to H-13and a geminal  deshielded as a result of a series of van der Waals steric
coupling to H-14,., In contrast, H-14, would have only interactions with the H-#,40 H-11endo H-14endo @and H-8140
the large Jyem coupling constant. On the basis of these protons. These effects result in the shielding of thekd-4
chemical shift and coupling constant arguments, the broadand H-11,, protons. An additional van der Waals inter-
signal at 3.15 ppm was assigned to HsL4 and the sharper  action between the ether oxygen and Had calculated to
signal at 3.31 ppm to the H-14 proton. be 2.60 Aaway, further shields He.'" The higher field
signal at 0.67 ppm was therefore assigned to.ld-4nd the
In the room temperaturtH NMR spectrum of3, the C-13 other signal at 0.93 ppm to the H-Jd proton.
protons 8 to the ether oxygen, were resolved from the
methylene envelope while the C-3 protons were overlappedA molecular mechanics search (MR)3for the lowest
by the methylene envelope. However, at low temperature, energy conformations & was conducted using the Monte
two signals were visible at 1.69 and 1.50 ppm, which were Carlo technique. These calculations gave a total of eight
assigned to the four protorgsto the ether oxygen. In the  conformations within 2 kcal/mol of the calculated lowest
[3434]-4 conformation, H-34, was deshielded by the energy conformation, the [3434]-4 conformati8a (Fig.
diamagnetic anisotropy of the O—C-2 bond, and also by 15). The second lowest energy conformation was the
the carbon—carbon bond between C-2 and fhmethyl [3434]-2 conformatiorBb. As expected, thgemdimethyl
group. A van der Waals steric interaction with Hzld group was situated at a corner position in all of the low
further deshields this proton. The H-Jjroton was shielded  energy conformations. The relative population of these
by the anisotropy of both the C-14—0 bond, and the C-11- conformations at 145 K was calculated from the MM3
C-12 bond. No van der Waals steric interactions were strain energies, and the [3434]-4 conformatRBmwas the
expected for the C-13 corner protons in the [3434]-4 confor- major conformation (91%) in agreement with the DNMR
mation since both were exo to the ring. The combination of data.
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Figure 15.MM3" calculated low energy conformations &f

The transition state energies for the interconversion of In DNMR experiments of4, the C-2 and C-14 methylene

conformations of3 were determined from the DNMR signals were broad at 200 K (Fig. 18). At this same tempera-
spectra. The\v for the B-proton signals was 95 Hz with a  ture, the signal for the C-13 protons was unresolved on the
T, of 200 K, while theAv for the geminal methyl signals low-field shoulder of the methylene envelope, and the C-3
was 26 Hz with aT. of 190 K corresponding to AG* of geminal methyl signal was also broad. In the upfield portion
9.1+0.4 kcal/mol. This value is higher than that obtained of the spectrum at 190 K, the C-3 geminal methyl signal had

for the unsubstituted oxacyclotetradecafp The energies

split into a pair of equally intense signals at 0.93 and

of the Dale interconversion mechanism transition states 0.77 ppm. At lower temperatures, the line shape of the

were estimated (MM3 with the dihedral drive metho®.

An incremental step of £@vas used in this calculation. The
energies of the13343] transition state conformations for

the interconversion of conformatidda with the 3e and3d

a-proton signals became distinct with a total of seven
peaks visible at 140K in the region between 2.5 and
3.7 ppm, indicative of the presence of multiple confor-
mations. Three signals were visible at 1.61, 1.75 and

conformations were calculated to be 13.3 and 12.8 kcal/mol 1.84 ppm in the region where the C-13 proton signals
(Fig. 16). The energy of the transition state conformation were expected. The geminal methyl signals were quite

involved in the interconversion of the higher eneBjyand
3e conformations was calculated to be 13.5 kcal/mol.

The next macrocyclic ether examined wasvith a gem
dimethyl group located at C-3 to the ether oxygen. The

broad, but no additional peaks were visible in that region

to suggest the presence of minor conformations. At

temperatures below 175 K an unresolved, broad peak at
0.62 ppm on the high-field shoulder of the methyl signals

was also visible.

room temperaturéH NMR spectrum in CDGJof this ether

contained a two-proton triplet at 3.38 ppm for the C-14 Low energy conformations of were expected to have the
protons, a two-proton singlet at 3.03 ppm for the C-2 C-3gemdimethyl substituted carbon at a corner position of
protons, an 18-proton multiplet between 1.18-1.42 ppm, the ring. This configuration would allow for the ether
and a six-proton singlet at 0.84 ppm for the C-3 geminal oxygen to be located in the middle of a 4-bond side in the
methyl groups. Data from a&H COSY experiment was [3434]-1 conformation, or on the 3-bond side in the [3434]-
used to assign the signal at 1.55 ppm to the C-13 protons.4 conformation. Non-diamond lattice [3344]-1 confor-
The 3C spectrum of4 contained 14 lines, and the two mations of 4 with the gemdimethyl group at a corner
lowest field signals at 77.4 and 68.8 ppm were assigned toposition flanked by either two 4-bond sides, or a 3-and a
C-2 and C-14, respectively. The signal at 34.1 ppm was 4-bond side were also expected to have low strain energy.
assigned to the C-3 quaternary carbon, and the signal atThese conformations were considered first in the analysis of
37.4 ppm to C-4, the adjacent methylene. The chemical the DNMR spectra of.

shift of the C-3 geminal methyl groups was 26.1 ppm

(Fig. 17). The downfield portion of the low temperature spectraof
lE ’/:V:TT\\ |
I bl — i i
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Figure 16. Interconversion of conformations 8fvia single corner movements.
3 o)

[3434]-1 [3434]-4 [3344]-1 [3344]-1

Figure 17. Possible low energy conformations 4f
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Figure 18. Variable temperaturéH NMR (500 MHz) of ether4.

contained seven peaks. Although the three lowest field bond, but shielded by the anisotropy of the carbon—carbon
peaks appeared in a triplet-like pattern, thé values for bond between C-3 and the G-Biethyl group. The magni-
these peaks were approximately 50 Hz, and therefore tootude of these effects was unequal as a result of the distorted
large to have been the result of vicinal coupling. The down- geometry of this non-diamond lattice conformation. The
field peaks of the DNMR spectra at low temperature there- H-2,,, proton was also shielded by a van der Waals steric
fore resulted from a number of conformations. The four interaction between the Hs2,and H-%,4, protons calcu-
higher field signals at 3.27, 3.12, 2.99 and 2.65 ppm were lated to be 2.27 Aapart. A largeAs value was predicted for
assigned to the C-2 protons df The downfield, more  the C-2 protons in this conformation as a result of these
intense pair of signals in this group was assigned to the effects. In the other [3344]-1 conformation where the substi-
major conformation and the upfield pair of signals to a tuted corner atom was between a 3- and a 4-bond side, the
minor conformation. The approximate relative intensities environment of the C-2 protons was similar to that of the
of these signals were 2.2:1 corresponding to an energyC-2 protons in the [3434]-1 conformation, and a snigdl
difference between the major and minor conformations of value was predicted.
0.21 kcal/mol. The predictedé values for the C-2 protons
in the conformations suggested above were compared in anln summary, the chemical shift differences between the C-2
effort to identify these major and minor conformationsipf ~ protons is small in the [3434]-1 conformation and the
with small and large\é values, respectively. [3344]-1 conformation with thegemdisubstituted corner
atom flanked by a 3- and a 4-bond side making these possi-
In the [3434]-1 conformation, the Hsg proton was ble candidates for the major conformation 4f The Aé
deshielded by the anisotropy of the C-3—C-4 bond, and value of the C-2 protons was predicted to be large for the
shielded by the anisotropy of the carbon—carbon bond [3434]-4 and the [3344]-1 conformation where a pair of
between C-3 and the Cz3nethyl group. This proton was 4-bond sides flanked thgemdisubstituted corner atom.
also shielded by a van der Waals steric interaction betweenThese were possible candidates for the minor conformation
the H-Znq0and H-%,40protons. These effects predict a small of 4.
Aé for the C-2 protons in this conformation with the Hg2
proton at higher field. In the [3434]-4 conformation, A similar analysis was performed for the three signals of the
the H-2,, proton was deshielded by the anisotropy of the C-14 protons at 3.61, 3.53 and 3.42 ppm where the triplet-
C-3-C-4 bond, but shielded by the anisotropy of the like pattern was the result of overlapping unequally intense
carbon—carbon bond between C-3 and the ,Qg8thyl doublets. The two signals for the minor conformation were
group. This proton was further shielded by van der Waals the peaks at 3.61 and 3.53 ppm, with the major conformation
steric interactions between the Hs& proton and the  signals appearing at 3.42 and 3.53 ppm. The obseA&d
H-5¢ngo @and H-13,40 protons calculated to be 2.20 and values of the C-14 protons in the DNMR spectra for both the
2.19 A from H-2,,4o The predicted combination of these major and minor conformations &f were small. A com-
effects was a large\é value for the C-2 protons in this  parison of the shielding effects experienced by the C-14
conformation with the H-Z, proton at higher field. In the  protons in the four suggested low energy conformations
[3344]-1 conformation with theyemdimethyl substituted  predicted in all cases smallé values, and this analysis
corner atom flanked by a pair of 4-bond sides, the k-2  did not assist in further identifying the major and minor
proton was deshielded by the anisotropy of the C-3—C-4 conformations.
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Figure 19. MM3" calculated low energy conformations 4f

The signal of the C-§emdimethyl groups o#t split as the

195 K while theAv values for the C-2 protons were 72 and

temperature was lowered to give a pair of signals at 0.93 and172 Hz in the major and minor conformations witTaof
0.77 ppm. Unfortunately, no signals for the methyl groups approximately 200 K. This corresponded to AG* of
of the minor conformation could be identified. These signals 9.4+0.1 kcal/mol. The energies of the Dal&3B43] trans-
may have been hidden by the broad signals of the majorition states for the interconversion of the global minimum

conformation methyl groups or by other proton signals in
this region.

A molecular mechanics search for low energy confor-
mations of4 was conducted with the MM3force field

[3434]-1 conformatiota with the4b and4c conformations
were calculated using the dihedral drive method to be 10.2
and 9.4 kcal/mol, respectively (Fig. 20). The energy of the
transition state conformations needed to complete the cycle
through the [3434]-4 conformatiofd were calculated to be

using the Monte Carlo technique. The calculated global 9.5 kcal/mol above the global minimum fromb, and

minimum was the [3434]-1 conformatioda with the
[3344]-1 conformatiorb calculated to have the next lowest

10.5 kcal/mol from4c. These values were in good agree-
ment with the experimental transition state energies derived

energy, 0.49 kcal/mol higher. These calculations suggestedfrom the NMR data.

the existence of five other conformations within 2 kcal/mol
of the global minimum conformation (Fig. 19). The relative

The next macrocyclic ethers examined hgemdimethyl

population of these conformations at 140 K were calculated groups remote from the ether oxygen. The first of these

from the MM3’ strain energies anda was the major con-

formation (81%) with the second most populated confor-
mation, 4b, also significantly populated (14%). These
calculations were consistent with the DNMR data and

was ethers with a gemdimethyl group at C-6. The room
temperaturéH NMR spectrum of5 in CDCl; contained a
two-proton triplet at 3.43 ppm for the C-2 protons, a two-
proton triplet at 3.42 ppm for the C-14 protons, a two-proton

above proposals. The calculated relative energies of thequintet at 1.60 ppm for the C-13 protons, a two-proton

major and minor conformationda and 4b was 0.49 kcal/
mol, in agreement with the 0.21 kcal/mol energy difference
obtained from the DNMR spectra.

At low temperature, thé\v of the C-3, and C-3 methyl
signals was 76 Hz with &, of 195 K. The signals of the
C-14 protons hadvv values of approximately 48 Hz in the
major and minor conformations, respectively, and.aof
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Figure 20. Interconversion of conformations dfvia single corner move-
ments.

triplet at 1.54 ppm for the C-3 protons, a ten-proton multi-
plet from 1.29-1.42 ppm, a six-proton multiplet between
1.11-1.17 ppm, and a six-proton singlet at 0.84 ppm for
the C-6 geminal methyl groups. The long-rant¢-°C
NMR data was integral in distinguishing the signals in the
C-2 and C-14 regions of the macrocycle. The assignment of
the C-2 to C-4 and the C-14 to C-12 portions of the macro-
cyclic ether were made possible by a correlation between a
carbon adjacent to the quaternary C-6 and a proton of a
methyleney to the ether oxygen. ThEC NMR spectrum
contained 14 lines. Downfield signals at 68.2 and 67.7 ppm
were assigned to C-2 and C-14. The chemical shifts of C-5,
C-7 and the quaternary carbon, C-6, were 37.8, 38.9 and
32.4 ppm, respectively (Fig. 21).

The'H NMR spectrum o6 at 220 K had already broadened
in comparison to the room temperature spectrum (Fig. 22).
The signals of thee-methylenes, C-2 and C-14, at 3.4 ppm
broadened further at lower temperatures with, af 190 K.
Below this temperature, two closely spaced signals were

(0] (0]
H-13p
5 16
H-2, H-3endo

[34341-1 [3434]-4 [3344]-1

Figure 21. Possible low energy conformations &f
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visible at 3.46 and 3.42 ppm. No minor signals indicative of H-14,,4o These van der Waals steric shielding effects
minor conformations were visible in this region, suggesting opposed the larger anisotropic effect, and a smalér
the presence of only a single conformation at low tempera- was expected than for the anisotropic shielding alone. The
ture. Thep-proton signals between 1.5 and 1.6 ppm in the predicted line shape for these protons was more complex
room temperature spectrum had already coalesced abovéhan observed here.
220 K, the highest temperature of this DNMR series. At
lower temperatures, signals at 1.86, 1.59 and 1.52 ppmThe B-methylene protons of the [3434]-4 conformation
were visible for these protons. The signal for the C-6 were expected to have a symmetric line shape as the result
geminal methyl groups at 0.84 ppm did broaden somewhatof anisotropy and van der Waals shielding effects. The
as the temperature was lowered, but these protons remainedH-3.,4, proton was deshielded by the anisotropy of the
averaged over the temperature range examined. A detailedC-2—O bond, and deshielded by a van der Waals steric
analysis of the remaining proton signals Hhwas not repulsion with H-14,40 The reverse effects were
possible due to signal overlap. experienced by H-3, and a mid-sizedAé value was
predicted. The H-13proton was deshielded by the aniso-
Generally, the diamond lattice [3434] conformations of tropy of both the C-11-C-12 bond and the O-C-14 bond.
14-membered rings are preferred over non-diamond lattice No van der Waals steric repulsions were expected since this
[3344] conformations. Conformations with the ether oxygen proton occupied a corner position in this conformation. The
in the middle of a 4-bond side, and tgemdimethyl group anisotropy shielding effects were additive leading to a large
at a corner position are also preferred. The combination of Aé value for C-13. Four signals were expected for the
these factors suggested some likely low energy confor- B-methylene protons in this conformation as a result of
mations of5 including the diamond lattice [3434]-1 and these effects with the signals of the C-3 protons flanked
[3434]-4 conformations, and the non-diamond lattice by the C-13 proton signals. However, the lowest field
[3344]-1 conformation. These conformations received B-methylene proton signal at 1.86 ppm integrated to two-
primary consideration in the analysis of the DNMR data protons, where a one-proton signal at low-field for the H-13
of 5. proton was expected for this conformation. The [3434]-4
conformation was therefore eliminated as a major confor-
The first of these examined was the [3434]-4 conformation. mation of5.
Here thex-methylene protons were not in the same environ-
ment. One set occupied a corner position, while the other The non-diamond lattice [3344]-1 conformation was
was on a 3-bond side. The H-proton was deshielded by examined next. Here the distorted geometry placed the
the anisotropy of the C-3—C-4 bond, while the Kiffzoton C-2 and C-14 protons in slightly different environments.
was deshielded by the anisotropy of the O-C-14 bond. The C-12 dihedral angle was calculated to bé I&6s than
These effects were of a similar magnitude, and a sthéll in the [3434]-1 conformation resulting in a change to the
value was predicted. In the case of the C-14 protons, theanisotropic shielding of the C-14 protons. The calculated
H-14.,, proton was deshielded by the anisotropy of the distances between the Had, and H-§,4, and the
C-12-C-13 bond, but shielded by van der Waals steric inter- H-11¢,4, and H-14,4, protons were 2.27 and 2.29 And
actions between H-1#y, and the H-3,4q, and H-1lngo small van der Waals steric repulsion contributions to the
protons calculated to be 2.18 and 2.23&way from A of the a-methylene protons were expected. The sum
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Figure 22. Variable temperaturtH NMR (500 MHz) of ethe5.
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Figure 23. MM3" calculated low energy conformations &f

of these effects could lead to four separate signals for theconsistent with a single conformation present at low
a-methylene protons. However, depending on the magni- temperature where the process of ring inversion was slow,
tude of the chemical shift changes caused by the dihedraland the C-15 and C-16 methyl group signals were no longer
angle distortion, the signals may be partially overlapped. averaged.

In the [3434]-1 conformation d, the C-2 and C-14 protons A molecular mechanics search for low energy confor-
adjacent to the ether oxygen were on a 4-bond side. Themations of5 was conducted using the Monte Carlo tech-
local environment of these methylenes was essentially nique and the MMS force field. The global minimum
equivalent, and any effects experienced by the C-2 protonsconformation was the [3434]-1 conformati&a with the
were also experienced by the C-14 protons. Thegfd-2 [3434]-4 conformatiorbb calculated to have the next lowest
proton was deshielded by the anisotropy of the C-3—C-4 energy, 1.15 kcal/mol higher. These calculations suggested
bond, and the H-24, proton was deshielded by a steric the existence of four other low energy conformations within
interaction with H-53,4, calculated to be 2.22 Aaway. 2 kcal/mol of the global minimum conformation (Fig. 23).
This van der Waals steric repulsion resulted in a shielding Higher energy conformations were ignored as they were not
of H-2.,. in opposition to the anisotropic shielding, and the considered to be significantly populated. The relative popu-
magnitude of the overall shielding was reduced. The lation of these conformations at 135 K was calculated from
expectedAs for the a-methylene protons in the [3434]-1 the MMS3' energies, and the [3434]-1 conformatiba was
conformation was small in agreement with the DNMR the major conformation (98%) in agreement with the
spectra, and the [3434]-1 conformation is likely the major DNMR data.
conformation of5. The downfield portion of the signal at
3.46 ppm was assigned to Hz2 and H-14,, while the The transition state energies for the interconversion of
upfield portion at 3.42 ppm was assigned to the endo conformations of5 were determined from the DNMR
protons. spectra. The signals for themethylene protons had &w

of 21 Hz (T;=190 K) while theB-methylene protons hakly
The C-3 and C-13 methylene protons in the [3434]-1 values of approximately 149 Hz (estimafeg=230 K). The
conformation were both located at corner positions, and Av for the C-15 and C-16 methyl signals in tH€ DNMR
similar chemical shifts for each methylene were expected. study was 50 Hz [,=200 K) corresponding to aG* of
The H-3 proton was deshielded by the anisotropy of both 10.0+0.5 kcal/mol. The Dale interconversion mechanism
the C-4—C-5 bond, and the O—C-2 bond. These effects weretransition state energies were calculated (MMasing the
additive and a larg\é value was predicted. The relative dihedral drive method with TGncrements of the dihedral
integration of theB-methylene signals at 1.86, 1.59 and angles. The energies of th&3343] transition states for the
1.52 ppm compared to the-methylene signals at 3.4 ppm interconversion of conformatiorsa and5b with 5d were
was approximately 2:1:1:4. The downfield signal at estimated at 10.7 and 10.4 kcal/mol (Fig. 24). The experi-
1.86 ppm was assigned to H-8nd H-13, while the upfield mental and calculated transition state energies were in good
signals at 1.59 and 1.52 ppm were assigned to, H#3d agreement.
H-13,. The chemical shift difference of the upfield signals
at low temperature was approximately equal to the chemical Macrocyclic ethe6 has agemdimethyl group at C-8. The
shift difference of the C-3 and C-13 methylene protons at room temperaturéH NMR spectrum of ethe6 in CDCl,
room temperature. It was unclear why this chemical shift contained a four-proton triplet at 3.40 ppm for the C-2/C-14
difference was not also observed in the downfield signal. protons, three four-proton multiplets between 1.53—
The DNMR data for the C-3 and C-13 protons ®ivere 1.58 ppm, 1.41-1.47 ppm and 1.28-1.35 ppm, an eight-
found to be consistent with the [3434]-1 conformation. proton multiplet between 1.14-1.24 ppm, and a six-proton

singlet at 0.81 ppm for the C-8 geminal methyl groups. The
A °C DNMR study of5 was carried out as well. One signal *C NMR spectrum o6 contained eight lines indicating that
was observed for each of C-5, C-7 and C-6, the quaternaryeither 6 has a plane of symmetry, or is undergoing site
carbon, through the 145-220K temperature range exchange thatis rapid onthe NMR timescale. ¥i@signal
examined. The C-15 and C-16 geminal methyl carbons downfield at 69.3 ppm was assigned to C-2/C-14, and the
gave one signal at high temperature (220 K), a broad signalsignal at 29.1 ppm was assigned to the C-8 geminal methyl
at 200K, and two signals with @&v of 50 Hz as the groups. The signal at 32.8 ppm was of lesser intensity and
temperature was lowered to 145 K. These results werewas assigned to the quaternary C-8 carbon. The signal for



1294 D. S. Clyne, L. Weiler / Tetrahedron 56 (2000) 1281-1297

I

5a 5d 5b

Figure 24. Interconversion of conformations &fvia single corner movements.
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[3434]-3 [3344]-2 [3344]-3 (3344]-6

Figure 25.

carbons C-4/C-12 was shielded to 24.8 ppm, bygauche the signal for the methylene protons adjacent to the ether
effect with the ether oxygen (Fig. 25). oxygen did not. One possible explanation for this was that
the major conformation o8 was symmetric with &, axis
The'H DNMR spectrum o at 220 K contained six broad  running through the C-8 corner atom. TiGs axis would
signals (Fig. 26). The downfield signal at 3.40 ppm for the interconvert the equivalent C-8 geminal methyl groups.
C-2/C-14 protons broadened at intermediate temperaturesHowever, the protons adjacent to the ether oxygen would
then gave a pair of signals at 3.55 and 3.27 ppm as theoccupy inequivalent environments.
temperature was lowered. The upfield signal at 3.27 ppm
continued to broaden as the temperature was loweredLow energy conformations o must have the C-gem
further. The C-3 proton signal at 1.55 ppm broadened at dimethyl group at a corner position of the ring eliminating
temperatures below 185 K to give a downfield signal at the [3434]-1 and [3434]-4 conformations, which would
1.80 ppm, with another upfield signal presumably concealed have transannular steric interactions involving an endo
by the methylene envelope. The C-8 geminal methyl group methyl group. The diamond lattice [3434]-3 conformation,
signal did not change significantly over the temperature and the non-diamond lattice [3344]-2, [3344]-3 and [3344]-
range studied. This data was consistent with a single 6 conformations o®6, where the C-&emdimethyl group
major conformation ob being present at low temperature. was located at a corner position were considered as possible
low energy conformations of the macrocyclic etleeiVith
It was significant that the signal for the C-8 geminal methyl the exception of the [3344]-2 conformation, the ether
groups remained averaged even at low temperature whileoxygen atom was unfavorably located at a corner position

ﬂ\ /

L JUUU O
/\AJ(\UL.‘ 190K
_ I

|
&k_.,_g
/\’j 165 K
J\«\“ /\.,,./ M \ 150K

S ) B

185 K

180 K

3.5 3.0 2.5 2.0 1.5 1.0 ppm

Figure 26. Variable temperaturtH NMR (500 MHz) of ether6.
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Figure 27. MM3" calculated low energy conformations @&f

in each of these conformations. In the [3344]-2 confor-

of the low energy conformations. The first diamond lattice

mation some transannular hydrogen interactions would be conformation found waée, a [3434]-3 conformation with

eliminated by having the ether oxygen at a non-corner
position, and this conformation was likely to have a low
strain energy.

The two peaks observed in the DNMR spectr&dbr the

the ether oxygen at a corner position opposite to the C-8
gemdimethyl group. Higher energy conformations were not

considered to be significantly populated over the tempera-
ture range studied. The relative populations of these confor-
mations at 150 K were calculated from enthalpy values

protons adjacent to the ether oxygen were of approximately (AH°) and entropy valuesAS’) with both symmetry and

equal intensity. In the [3344]-2 conformation, the C-2

mixing contributions, and the non-diamond lattice confor-

corner protons would not experience any van der Waals mation6a was found to be the major conformation (81%)

steric interactions since both protons were exo to the ring.
The H-2, proton was deshielded by the anisotropy of the
0O-C-14 bond, but shielded by the anisotropy of the C-3—
C-4 bond. These opposing effects were of a similar magni-
tude, and a smalAé value was expected for the C-2
protons. The H-144, proton was deshielded by van der
Waals steric interactions with the Hj;3, and H-11ng
protons calculated to be 2.08 and 2.19am H-14,,4,
This resulted in a shielding of the H-34 proton, and a
larger Aé value than for the C-2 protons. In the [3434]-2
conformation, the line shape of the C-2 and C-14 protons
was predicted to be more complex than that observed here i
the DNMR spectra. The C-2 and C-14 protons were also in
different environments in the diamond lattice [3434]-3

although conformation§b and 6¢ were also calculated
to have contributing populations of 10 and 8%, respec-
tively.

The DNMR data of ethe6 was re-examined with the non-
diamond lattice conformatior®a and6b in mind. Confor-
mation 6b had aC, axis running through the C-8 corner
position, and only one signal was expected for the geminal
methyl groups. No transannular van der Waals shielding
effects would be experienced by the C-2 and C-14 protons
in these two conformations since they were all exo to the
nring. The H-2 and H-14 protons were both deshielded by
the anisotropy of the3-carbon—carbon bond in confor-
mation 6a, while the H-2 and H-14 protons were

conformation where the line shape was predicted to be deshielded in conformatioBb. The predictedAs values

more complex than that observed here.

In the symmetric [3344]-3 and [3344]-6 conformations, the
geometry of the C-2 and C-14 protons was similar in each
conformation. The H-g&, proton of the [3344]-3 confor-
mation was deshielded by the anisotropy of the O-C-14
bond, but shielded by a van der Waals steric interaction
between H-2,40 and H-13,4, calculated to be 2.12 A
apart. The predictedé value for the H-2 protons in this
conformation was small. The Hs2 proton in the [3344]-6

for the H-2 and H-14 protons in conformatiofia and 6b
were consistent with the DNMR spectra. Overall, the
DNMR data was consistent with either conformatiéhb,

or with conformation6a where a local inversion to confor-
mation6b could still occur at low temperature.

The transition state energies for the interconversion of
conformations of6 were calculated from the DNMR
spectra. The C-2 proton signals hadAa of 139 Hz
(T.=190 K) corresponding to &G* of 8.8 kcal/mol. The

conformation experienced both of these effects, and wasenergies of the Dale interconversion mechanism transition

further shielded by a van der Waals steric  interaction
between H-2,4oand H-5%,4, calculated to be 2.18 Apart.
The Aé between H-2,4o and H-2,, in this latter confor-
mation was predicted to be larger than that of the [3344]-3
conformation.

A molecular mechanics search for low energy confor-
mations of6 was conducted with the MM3force field

using the Monte Carlo technique. The global minimum
conformation was found to be the non-diamond lattice
conformation 6a (Fig. 27). The second lowest energy
conformation6b, was also a non-diamond lattice confor-
mation, but symmetric and 0.41 kcal/mol higher in energy.
The C-8gemdimethyl group was at a corner position in all

states were calculated (MN)3with the dihedral drive
method using a T0increment® The energies of the
[13343] transition state structures involved in the intercon-
version of the diamond lattice [3434]-3 conformatiée
with the non-diamond lattice [3344]-2 and [3344]-6 confor-
mations6c and 6d were calculated at 13.4 and 14.2 kcal/
mol, respectively (Fig. 28). These conformations are not
interconvertable with the low energy conformatiofia
and6b via this mechanism. The low energy, non-diamond
lattice conformation$a and6b can interconvert with each
other via the Dale mechanism with an estimated transition
state energy of 10.8 kcal/mol. This was in good agreement
with the experimental value (DNMR) in support of the
presence of these conformations.
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Figure 28. Interconversion of conformations 6fvia single corner movements.

Conclusion and carbon dynamic nuclear magnetic resonance spectra
(DNMR) were recorded on Freon 21 (CHE) and Freon

The conformation of these 14-membered ethers was?22 (CHCIR) (4:1) solutions using a Bruker AMX-500
analyzed with data fromH DNMR experiments. The  spectrometer.
low-temperature chemical shift difference of protons with
signals that were averaged at room temperature, were generBATCHMIN, a part of the MACROMODEL molecular
ally in agreement with predictions based on anisotropy and modeling program developed by Still and coworkérsas
van der Waals shielding effects in the low energy confor- used to calculate the global minimum conformations of the
mations. Although many different possible conformations macrocyclic ethers. A starting structure was chosen, random
for these large ring compounds exist, only a few con- variations to internal coordinates were applied (torsional
formations were found to be appreciably populated at angles), the new structure was minimized using either the
room temperature and below. The conformations were MM2" or the MM3' force field parameters, and the result
consistent with the substituents generally located exo to was compared with conformations found during previous
the ring, with geminal substituted carbon atoms occupying conformational search steps. After this resulting structure
corner positions exclusively. These results were consistenthad been either stored as a new unique conformation or
with the molecular mechanics calculations. In general, the rejected as a duplicate, the cycle was repeated. This method
diamond lattice [3434] conformation was preferred with the is known as the Monte Carlo Multiple Minimum Search
oxygen atom at either the 1-position or the 4-position. Thus (MCMM). The MM2* and MM3' force fields are based on
the introduction of the oxygen atom in these macrocyclic the MM2?®® and MM3° parameter sets developed by
ethers did not have a significant effect on the conformation Allinger and coworkers.
of the ring.
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