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Quantum mechanics calculations and molecular mechanics calculations using the MMX force field have
been performed on the low-energy conformations of 9-crown-3. A [144] conformation corresponds to the
global minimum at the MP2/6-31G**//6-31G** level, with a [225] conformation only 0.72 kcal/mol higher

in energy. The [333] conformation in which all three oxygen atoms are on the same side of the least squares
plane passing through the ring, a structure particularly favorable as a tridentate ligand, is calculated to be
6.81 kcal/mol higher in energy. Electron correlation at the MP2 level and polarization functions on the
hydrogen atoms have only minor effects on the relative conformational energies. However, polarization
functions on the carbon and oxygen atoms are needed to obtain good results. MMX conformational energies
are in good agreement witth initio values if the electrostatic scale factor is set at 0.70. The role of transannular
C—H---O hydrogen bonding in the low-energy conformations of 9-crown-3 is discussed. Results are compared
with those obtained from AM1, PM3, and AMBER calculations.

I. Introduction mented in version 3.0 of HyperCheffwas modified to include
the parameters used for 18-crown-6 in previous investiga-
tions18.19

B. Quantum Mechanics. Calculations were performed on
an IBM RS6000 workstation. The programs GAMEZSS,
Gaussian 921 and Gaussian 94 were used for thab initio
calculations. Standard STO-3&3-21G246-31G256-31G*26

In contrast to the numerous experimental and computational
studies that have been carried out on the crown ether 1,4,7,-
10,13,16-hexaoxacyclooctadecane (18-crown-6; [18]apeO
few studies have been conducted on the prototype 1,4,7-
trioxacyclononane (9-crown-3; [9]angd Due to the difficult

) i ‘a4 g M
synthesis of 9-crown-8% only its infrared spectrurh,its 13C and 6-31G*#6 basis functions were employed. Single-point

NMR spectrum? and its interaction with B& ions’ have been MP227.2calculations using the Gaussian 92 frozen core option
reported. Molecular mechanics calculations have been used toWere erformed on the 6g-31G** ontimized geometries IIJ:re-
predict the low-energy conformations of 9-crow8-Zand P P 9 ’

; ) PN
semiempirical AM1 calculations of its proton affinity have been ?ouig(r:]x‘?rsmvﬁz ?ﬁ;cu?éfri:notr?; t?) ilngr O?r?imlrizd sl\t/lrg%l;\rgs
reported. The only reporte@b initio calculations on 9-crown-3 y P gy ’

involve its complexes with the tiion®° and with acetonitrilé® 6.0° was used for AMP and PM3" calculations.
Although ab initio proton affinities of 12-crown-4, 15-crown- m
5, and 18-crown-6 were reported recerfl@-crown-3 was not
included in the study. We have calculated the structures and A. Molecular Mechanics: Comparison of 9-Crown-3 with
energies of the low-energy conformations of 9-crown-3aby Cyclononane. The conformational analysis of 9-crown-3 is best
initio and MMX molecular mechanics methods in order to assess Understood in the context of the conformations of cyclononane.
the reliability of the MMX force field for determining confor- ~ Based on its*C NMR spectrum, the room-temperature com-
mational energies of crown ethers. Comparisons with other Position of cyclononane is approximately 40% [333], 50% [225],
molecular mechanics and semiempirical quantum mechanicsand 10% [144F2 where the numbers in brackets indicate the

. Results and Discussion

methods are also described. number of bonds between corner atoih¥ These are the three
lowest energy conformations found in molecular mechanics
Il. Theoretical Models minimizations of cyclononane as wét:3” Molecular mechan-

ics calculations indicate that a [9], a [234], and another [144]
conformation lie within 10 kcal/mol of the global minimum.
Two of these structures (the [9] and the [144]) are separated
from the low-energy [144] conformation by very small energy
barriers®¢ Replacement of three GHgroups in these cy-
clononane structures by oxygen atoms at various 1,4,7 positions
and reminimization with the MMX force field using default
parameters lead to 12 unique conformations of 9-crown-3
(Figure 1). To distinguish conformations that have the same
Dale designation but different placements of the oxygen atoms
* Author to whom correspondence should be addressed. Email: wpa@ ?n t.he ring, superscripts are added to the Dale deSig.n.ationS to
bloomu.edu indicate the number of oxygen atoms at corner positions. In
@ Abstract published irAdvance ACS Abstract&ebruary 1, 1997. cases in which there is ambiguity concerning the positions of

A. Molecular Mechanics. The MMX force field? as
implemented in PCMod& was used for the molecular mechan-
ics calculations. MMX default parameters include partial
charges derived from bond moments for electrostatic interac-
tions, an electrostatic damping factor of 1.5, and lone pairs on
oxygen atoms. A value of 0.70 for the electrostatic damping
factor and use of dipotedipole interactions for electrostatic
effects were found to give better agreement between MMX and
ab initio energies. The AMBER force fieltf; 16 as imple-
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Figure 1. MMX strain energies (kcal/mol) using default parameters, torsional angles (deg), and modifiétideaignations of conformations of
9-crown-3 derived from the six lowest energy structures of cyclononane. Energies are underlined inside the structures. Lines on structures indicate
corner positions, and superscripts on labels indicate the number of oxygen atoms at each corner.

TABLE 1. Comparison of Energies (kcal/mol) of — [333]
Conformers of 12-Crown-4 Calculated with a Modified 13
MMX Force Field (MMX ¢) in Which the Electrostatic
Damping Factor Has Been Set at 0.70 and Those Obtained 12
in ab Initio Calculations®

MMX,
conformation ab initio? diple—dipole,e = 0.70

[333]; Ca 6.42 6.37 8 j1ag) —
[48]; C, 3.20 3.92 ; 9
[66]; C; 1.47 1.57 .
12 s 0.00 0.00 . — [3apor

aReference 44. — [225]010) 4
— [9]1
9] =— — [333]° |6

[234) =—
the corner oxygen atoms, multiple superscripts are used. The
designation [ABC]?indicates that there aseoxygen atoms at
corner AB,y oxygen atoms at corner BC, azaxygen atoms 5
at corner CA® It is interesting that all structures that originated {;32} =
from the higher energy [144] form of cyclononane collapsed [333] —
into 9-crown-3 conformations that originated from other cy- 3
clononane conformers either during the MMX minimization or
later quantum mechanics minimization. An attempt was made
to generate additional low-energy conformations of 9-crown-3
through use of the randomization algorithm of Sauntfers
contained in the DOS version 3.3 of PCModel starting with the — 1440 0
[144]°, [225]%, and [333] structures. No additional structures
within 8 kcal/mol of the global minimum were found, although Cyclononane 9-Crown-3
many higher energy conformations were obtained. The pattern
of default MMX relative energies is similar to the one obtained
in an early molecular mechanics study of crown ethers by Bovill
et al® for structures that are in common for the two studies. somewhat lower than thab initio values of 4.4—5.4 kcal/mol
However, the global minimum [14%vas not included in the  depending upon the level of theory employed. Relative energies
Bovill investigation. of seven low-energy conformations of 9-crown-3 based on this
Previous molecular mechanics calculations on 18-crown-6 modified MMX force field (hereafter designated as Mipare
indicated that default MM2-41 parameters give an incorrect shown in Figure 2 along with the corresponding cyclononane
ordering of theC; and D3y conformations. The order can be conformers. Five of the initial 12 structures obtained for
corrected either by increasing the-O bond momentg or by 9-crown-3 ([97, [234F, [234]*10, [144]°°, and [144]1%)
lowering the value ok, the “electrostatic damping factof®. converted to other structures during quantum mechanics opti-
Using the MMX force field with dipole-dipole electrostatic mizations and are excluded from the figure. Replacement of
interactions and an electrostatic damping factor of 0.70, we CH, groups by O atoms causes the range of energies to increase
obtained good agreement between the MMX conformational substantially. The MMX energies are very sensitive to the
energies andb initio valueg* for 12-crown-4 (Table 1). Using  position of the oxygen atoms in the ring. Structures in which
these parameters, the MMX energy difference betweerCthe the oxygen atoms occupy side positions in the ring are
and D3y structures of 18-crown-6 is 2.3 kcal/mol, which is energetically more favorable than those in which the oxygen

Energy, kcal/mol
Energy, kcalimol

-

o

2
— [225]100

Figure 2. Comparison of conformational energies (kcal/mol) of
cyclononane and 9-crown-3 based on the MiXrce field (see text).
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TABLE 2: Strain Energy Contributions (kcal/mol) in Low-Energy Conformations of 9-Crown-3 Using a Modified MMX Force
Field (MMX €) in Which the Electrostatic Damping Factor Has Been Set at 0.70

stretch bend SBa torsional VDW D—-D¢ MMX energy relative energy
[333p 1.34 13.81 0.79 9.17 12.43 3.60 41.13 13.27
[234]001 1.36 10.87 0.74 7.86 12.37 2.38 35.58 7.72
[225]°10 1.15 12.39 0.69 7.07 11.30 2.26 34.86 7.00
[9]* 1.28 10.78 0.65 8.82 12.38 0.40 34.32 6.46
[333]° 1.36 7.38 0.64 6.91 10.96 6.62 33.87 6.01
[225]t00 1.06 11.07 0.66 5.63 11.04 0.12 29.57 1.71
[144]° 1.13 7.10 0.54 7.69 11.29 0.12 27.86 0.00

a Stretch-bend. van der Waals¢ Dipole—dipole.
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Figure 3. MMXe¢ energy (kcal/mol) as a function of the electrostatic damping factor for low-energy conformations of 9-crown-3.

atoms are at corners. This is particularly apparent for the two
[333] structures. The one in which all three oxygen atoms are
at corners is the highest energy structure derived from the six
cyclononane conformers, despite the fact that the [333] structure
is the lowest energy one for cyclononane. This structure is also 2.08D 272D 0.00 D
7.3 kcal/mol higher than the [333] structure in which all three [o]' [234]001 [333]°
oxygen atoms are along sides. Contributions to the MMX

strain energy are given in Table 2. The bending strain energy

is exceptionally large for [333]because of the large-60—C

4
and C-C—0O bond angles, whereas the bending strain energy : ‘
is unusually low for [144] and [333f. The bending strain ¥ _
energy is 6.4 kcal/mol larger in [338than in [333f. The

torsional energy contribution is also unusually large for [333]

because of the large-6C—C—O0 dihedral angles. It has been 141D 1.45D 239D 3.66 D
pointed out previously that macrocyclic structures having gauche (144 [225]1 [225]01 [333]°
O—C—C—O torsional angles are favored, whereas structures rigure 4. 6-31G** structures and dipole moments (debyes) of low-
having anti S-C—C—S torsional angles are preferréd.Our energy conformations of 9-crown-3.

MMX e calculations suggest that the bending strain that ac-
companies structures having corner oxygen atoms is moretions, the energy of this conformer should also be particularly
significant than the torsional strain. Finally, electrostatic effects sensitive to the nature of the solvent. In a high-dielectric
favor [144P, [225]99 and [9], whereas [333]is disfavored medium, [333] may be present to an extent similar to [1%4]
by electrostatic effects because of repulsions between oxygenand [225]%.
atoms. B. Ab Initio Results. To assess the quality of the MMX
The effect of the electrostatic damping factor on MMX  force field for 9-crown-3ab initio calculations using a variety
energies is shown in Figure 3. The energy of [338pffected of basis sets were carried out. Optimized structures and
most significantly by the change in the damping factor. Thus, calculated dipole moments are given in Figure 4. Total energies
the calculated relative energy of this conformation will be very and relative energies are reported in Tables 3 and 4, respectively.
dependent upon the extent to which a computational model The highest level of theory employed was a single-point MP2
successfully represents electrostatic effects. Since an increasealculation, excluding inner shells, at the 6-31G** optimized
in dielectric constant of the solvent buffers electrostatic interac- geometry. Comparison of relative energies at the correlated
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TABLE 3: Total Energies (hartrees) of Conformations of 9-Crown-3 from ab Initio Calculations

3-21G 6-31G 6-31G* 6-31G** MP2/6-31G**//6-31G**

[333p3 —456.168 523 —458.499 891 —458.702 819 —458.721 138 —460.102 971

[234]001 —456.178 108 —458.508 580 —458.713 815 —458.732 350 —460.114 076

[9]* —456.184 410 —458.515 514 —458.718 536 —458.737 057 —460.118 594

[333]° —456.176 446 —458.510 473 —458.720 563 —458.739 159 —460.120 096

[225]00 —456.183 349 —458.514 206 —458.719 676 —458.738 233 —460.120 226

[225]t00 —456.194 423 —458.523 838 —458.728 327 —458.747 018 —460.129 797

[144p —456.193 918 —458.526 128 —458.731 201 —458.749 862 —460.130 943

TABLE 4: Relative Energies (kcal/mol) of Conformations of 9-Crown-3 from ab Initio Calculations
STO-3G 3-21G 6-31G 6-31G* 6-31G** MP2/6-31G**//6-31G** zero-point energy

[333F 17.80 15.94 16.46 17.81 18.02 17.55 (17.8) 125.10
[234]0t 6.70 9.92 11.01 10.91 10.99 10.58 (9.9) 124.87
[91* 3.33 5.97 5.22 7.95 8.04 7.75(7.4) 124.79
[333]° 4.80 10.96 9.82 6.68 6.72 6.81 (5.3) 124.78
[225]020 2.32 6.63 7.48 7.23 7.30 6.73 (6.2) 124.92
[225]L00 -1.20 -0.32 1.44 1.80 1.78 0.72(0.7) 124.95
[144]° 0.00 0.00 0.00 0.00 0.00 0.00 (0.0) 124.77
corp 0.97 0.94 0.96 1.00 1.00

2 Correlation coefficients with MP2/6-31G**//6-31G** energi€sincludes estimated solvent shifts; see t&#ero-point energies (kcal/mol).

TABLE 5: 6-31G**//6-31G** Structural Parameters for Low-Energy Conformations of 9-Crown-3

Conformation 01 Cz Cs 04 Cs Cs 07 Cs Cg
[333F P 1.403 | 1537 1.403 | 1404 | 1536 [ 1408 | 1403 | 1537 ] 1.403
[333F° a’[ 1211 | 1155 | 1155 | 121.0 | 1155 | 1154 | 1211 [ 1154 ] 115.4
[333F° [§ 53.8 120.7 -53.8 -53.8 120.6 -53.8 -53.9 1206 | 5338
[234]™ r 1.401 1.524 1.396 1.409 1.542 1.403 1.397 1524  [1.396
[234] al 1179 | 114.8 | 116.2 | 120.5 | 116.1 | 111.1 | 120.7 | 115.6 | 109.6
[234]™ t 64.2 63.3 515 55.6 1275 -105.1 42.4 45.1 -140.8
o1 r 1.401 1.519 1.399 1.408 1.538 1.400 1.405 1520 | 1.401
tor al 1214 [ 1088 | 1148 | 1171 ] 1102 | 1156 | 1207 [ 1168 | 1092
for t 1326 72.6 63.8 99.0 1435 68.6 27.6 79.0 128.9
[333]° r 1.394 1.524 1.396 1.395 1524 1.396 1.395 1524 [1.396
[333]° al 1185 | 110.1 | 114.7 | 118.4 | 110.1 | 114.7 ] 118.4 110.1 | 114.7
[333]° t -128.0 52.6 62.4 -128.0 52.6 62.3 -128.0 52.7 62.3
225" r 1.397 1.521 1.394 1.410 1.532 1.405 1.394 1526 [1.396
[225]°" al 1195 ] 149 [ 1151 [ 1210 | 1166 [ 1155 [ 1195 21 ] 1150
[2251"° t -78.9 -59.9 62.8 53.9 -102.7 86.1 -102.5 49.1 80.4
[225]"" r 1.403 1.521 1.403 1.400 1519 1.399 1.403 1.521 1.403
[225]"" al 119.6 | 114.9 | 115.5 | 118.6 112.0 112.0 118.6 | 115.5 | 114.8
[225]™ t 62.7 65.0 67.8 -108.3 71.4 -108.2 67.7 65.1 62.6
[144]° r 1.406 1.517 1.398 1.400 1519 1.399 1.399 1515 [1.308
[144T al 1181 | 1106 | 1140 | 1182 [ 1107 ] 1141 ] 1176 ] 1102 | 1110
[144] t | 1328 | 77.4 | 74.8 | -117.0 | 622 | 743 | 1186 | 629 [-962

ar is the distance in angstroms between the indicated atbanis the bond angle in degrees about the indicated central atdmthe torsional
angle in degrees with respect to the indicated central bond. Atgma €nnected to atom n the ring.

level with those at the 6-31G** SCF level indicates that electron unsigned difference between the MP2/6-31G**//6-31G** results
correlation has a minor effect overall on the relative energies. and the MMX relative energies is 1.6 kcal/mol with a
The most important change brought about by inclusion of correlation coefficient of 0.985. This suggests that the MeMIX
electron correlation is a decrease in the energy differenceforce field is an adequate model for examining low-energy
between the two low-energy conformations to 0.72 kcal/mol. crown ether conformations.
Energies determined at the 6-31G*//6-31G* SCF level are  Structural features of 9-crown-3 conformations are sum-
similar to those at the 6-31G**//6-31G** level. Therefore, marized in Table 5. The 6-31G** average-O and C-C bond
polarization functions on hydrogen atoms can be omitted. lengths are 1.400 and 1.526 A, respectively. These are
However, the calculated relative energies of thé §id [333} somewhat longer than the values of 1.395 and 1.512 A obtained
conformations are altered significantly by inclusion of polariza- at the 6-31G* (6-31G* on O) level for the C; and D3y
tion functions on carbon and oxygen atoms. Based on our structures of 18-crown-6.Use of an unmodified 6-31G** basis
results, the 6-31G* basis set is sufficient to get meaningful set on theC; conformation of 18-crown-6 gave differences of
results for crown ether conformational energies. Minimal basis less than 0.01 A for all calculated bond length$he calculated
sets and small split valence basis sets invert the ordering of C—O bond lengthening in 9-crown-3, therefore, may be a basis
[144]° and [225}%. set effect. The ©O transannular distance in the [333]
The MMXe relative energies are remarkably similar to the conformer is 2.828 A with a 1.633 A distance from O to the
MP2/6-31G**//6-31G** values. The [144]and [225]%C struc- centroid of the O atoms. This emphasizes the small hole size
tures are substantially lower in energy than any others, and thein the 9-crown-3 conformer that has all three oxygen atoms on
[333F structure is clearly the highest in energy. The average the same side of the least squares plane passing through the
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TABLE 6: Calculated MMX €//MMX € Structural Parameters for Low-Energy Conformations of 9-Crown-3

Conformation 01 Cz Cs 04 Cs Cs 07 Ca Co
[333]° r 1428 | 1540 [ 1428 | 1428 | 1540 | 1428 | 1428 | 1540 | 1.428
(333 & 1173 ] 1144 ] 1144 T 1173 [ 1144 [ 1144 | 1173 [ 1144 T 1144
[333)° t° -55.2 125.8 -55.1 -55.2 125.8 55.1 -55.1 1258 [ -55.1
2341 r 1.422 1.544 1.429 1.426 1.548 1.428 1.431 1.543 | 1.422
2341 al| 1149 | 113.4 | 115.9 | 117.5 | 115.0 | 110.6 | 115.7 | 115.1 | 109.6
[234]™ t 66.8 64.6 -53.4 -54.9 131.6 -110.3 48.8 37.9 -141.1
9] r 1.423 1.543 1.428 1.428 1.543 1.424 1.429 1544 [1.425
[9]" al 1172 ] 1084 [ 1136 | 1163 | 1099 [ 1149 | 1172 [ 1158 ] 1085
[9]' t 1317 80.0 -62.3 98.7 147.6 61.6 38.7 -89.1 122.5
[333]° r 1.427 1.545 1.426 1.428 1.545 1.426 1.426 1545 |1.426
[333)° a| 1145 [ 1104 [ 1137 ] 1145 [ 1103 [ 1187 | 1145 | 1103 | 1137
[333]° t -130.0 51.7 64.1 -130.0 51.7 64.1 -130.0 51.7 64.1
[225]"" r 1.423 1.537 1.426 1.425 1.544 1.429 1.427 1.541 1.422
[225]°" al 1163 [ 1136 | 1147 | 1175 | 1149 | 1140 [ 1155 | 1125 | 1134
[225]""° t -76.9 -64.7 63.4 57.2 -108.2 89.4 -103.8 45.4 84.8
[225]™ r 1.426 1.541 1.422 1.424 1.544 1.424 1.422 1.541 1.426
[225]™ al 117.3 | 114.8 | 114.9 | 115.6 [ 1102 | 1102 ] 115.6 | 1149 | 1149
[225]™ t -64.5 67.6 64.2 -111.3 81.3 1114 64.4 67.5 64.5
[144] r 1.425 1.541 1.426 1.427 1.542 1.423 1.427 1542 [1.424
[144]° a| 1147 | 1100 ] 1124 ] 1151 ] 107 | 1127 [ 143 | 1101 [ 1100
[144]° t | 1354 | -852 | 733 | -1171 [ 658 | 724 ] 1219 | 666 [-918

ar is the distance in angstroms between the indicated atbanis the bond angle in degrees about the indicated central &tdmthe torsional
angle in degrees with respect to the indicated central bond. Atgm €nnected to atom n the ring.

[T []" o]

Figure 5. Possible G-H---O transannular interactions in conformers of 9-crown-3:-@ distances are in angstroms, andi&:--O angles are in
degrees.

ring atoms. The average values@€OC range from 1180 dimethoxyethané® Such interactions may also help stabilize
in [1441° to 121.F in [333], with an overall mean value of  the C; conformation of 18-crown*%47and the [12] and [66]
119.4, and the average values GOCC range from 111°%8in conformations of 12-crown-# The [144P and [225}%
[144° to 115.5 in [333F, with an overall mean of 11326These conformations of 9-crown-3 contain two such interactions each
values are larger than those found for @eand D34 conforma- in which the G-H---O distance is less than 3.00 A and the
tions of 18-crown-6. Thus, angle strain is greater in the smaller C—H---O angle is greater than 100 The [225§10, [234]°0,
9-crown-3 moiety. The 6-31G** results agree with the MMX  and [9] conformations contain one such interaction each. These
bending strain analysis in which [144jad the smallest bending are illustrated in Figure 5. Thus, as is the case for 12-crown-4,
strain energy and [333}he largest. MMX structures (Table  the two lowest energy conformations are the ones having the
6) are in reasonable agreement with #ieinitio values. The largest number of transannular-% CH:--O interactions. The
average unsigned deviations of the MMEond lengths, bond  extent to which these interactions help stabilize the conforma-
angles, and torsional angles from the 6-31G** values are 0.023tions is uncertain. A previous investigation indicates that each
A, 1.7°, and 3.2, respectively. such interaction is worth 1:21.4 kcal/mol*¢ Yet, the confor-
Recently it has been demonstrated that51CH:--O non- mational energy differences in the MMXcalculations are
bonded attractions help stabilize certain conformations of 1,2- similar to theab initio differences. Similar £5 CH---O bond
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lengths and bond angles appear in the MMXptimized
structures as well, even though the-B bond moments are
0.00 and no explicit hydrogen bonding is included in the force
field. Mulliken charges on the C+O hydrogen atoms do not
reflect a specific CH-O interaction, as they are not the most

positive hydrogen atoms in the molecules as might be expected

if CH---O hydrogen bonding were occurrihgOn the other
hand, the 6-31G** vibrational spectra are consistent with such
interactions. Although the frequency of-® stretching vibra-
tions decreases upon H-bond formatféngalculated G-H
harmonic frequencies at the 6-31G** SCF level increase when
C—H---0 interactions occut? In [225]100 [225]°10 [234]00%,

and [9] the CH--O hydrogen atoms are primary contributors
to highest energy vibrational modes that are-28 cnt ! above

the next vibrational modes in the molecules. In [P4éhe of

the two high-energy modes is dominated by a- €8 hydrogen
motion, but the other one is not. In [333Ind [333}, in which

no 1-5 CH---O interactions are possible, the highest energy
vibrational modes are within-26 cnt?! of the next highest
modes.
suggest that+5 CH---O interactions are present, but they may
be aconsequencef the overall geometries of the molecules

that are brought about by other factors and may not be an

importantcontributor in determining the structures.

Our calculations pertain to gas phase molecules at 0 K.
However, we can use the calculated dipole moments to estimat
the differences in the heats of solution of the various 9-crown-3
conformers. The free energy of solution is given by

AGsoI = AGeIect/poI+ AG + AGdispersion

cavitation

Thus, bond distances and vibrational frequencies

e
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TABLE 7: Relative Energies (kcal/mol) of Conformations
of 9-Crown-3 from AM1, PM3, and AMBER Calculations
AMBERP AM1 PM3
333 9.19 4.61 1.17
234]001 13.00 c 3.12
[
[9]* 4.49 c —1.47
[333]° 413 6.18 4.24
[225]10 4.84 3.17 —-0.02
[225]L0 —-0.28 -0.82 -0.18
[144] 0.00 0.00 0.00
core 0.83 0.72 0.30

aCorrelation coefficients with MP2/6-31G**//6-31G** energies.
b Electrostatic 1-4 scale factor set at 1°@id not converge.

of 1.41 D for [144 and 1.45 D for [225]° agree well with
the observed value of 1.55 D.

C. Comparison of Ab Initio Results with Other Models

Since the AMBER force field has been used in numerous
molecular mechanics and molecular dynamics studies of 18-
crown-624 and the AM1 model has been used in some hybrid
guantum mechanics/molecular mechanics investigatfong
investigated the conformational energies of the structures in
Figure 2 by these methods and by the related PM3 method as
well. Results are shown in Table 7. AMBER conformational
energies are in general agreement with #einitio values,
although the correlation coefficient with MP2/6-31G**//6-
31G** results is only 0.83 and the relative positions of the two
lowest energy conformations are reversed. It should be
emphasized that no attempt was made to reparameterize
AMBER in order to improve the results. It was necessary to
set the +-4 electrostatic scale factor in AMBER to 1.0 in order

Since the various geometric conformers might be expected t0tg get the correct ordering of the conformations of 12-crown-4
have very similar size and electronic spectroscopy, we can gnd to improve the 9-crown-3 resuffs.Use of RESP chargs
assume that the differences in solvent stabilization are given might improve the AMBER calculated energies, since the

by AGelectipor the differences in the electrostatic/polarization
term. Accordingly, the leading term in a moment expansion
of the solvation energy is given by Onsaget’&s$

whereag is the radius of a spherical cavity separating the solute
from the solventy is the dipole moment, andis the dielectric
constant. Takingy from mass density &%

ay(A) = 0.734(MMjp)*

where MM is the molar mass (132 amu) ani the density of
9-crown-3 (taken as 1.0 g/&nyieldsag as 3.74 A. For water
(e = 78.5) this then gives

AG(elec) (kcal/mol)= —0.135 (debye)

In the above we have neglected the polarization term as small
The next to last column of Table 4 includes this correction.
The only change this makes is in the relative order of [225]
and [333}. Because the dipole moments of [1%4hd [225}%°

conformational energies of some of the crown ether conforma-
tions (e.g. [333) are very sensitive to electrostatic effects. AM1
and PM3 give unacceptable errors in conformational energies,
with the PM3 method giving particularly poor results. Bond
lengths, bond angles, and torsional angles (not included) from
AML1 calculations are in much better agreement with e
initio values for the various conformers than are the energies.

IV. Conclusions

Ab initio calculations at the MP2/6-31G**//6-31G** level
on low-energy conformations of 9-crown-3 indicate that the
[144]° and [225}% structures are substantially lower in energy
than any others, with [148]favored by 0.72 kcal/mol. The
[333]° structure, in which the three oxygen atoms are oriented
in a suitable fashion for the molecule to function as a tridentate
ligand, lies 6.81 kcal/mol above the global minimum. The
[333]® conformation, in which all three oxygen atoms lie at
corner positions, is particularly unfavorable because of excep-
tionally large C-O—C and O-C—C angles. Calculations at
the 6-31G*//6-31G*ab initio level agree well with the MP2/

.6-31G**//6-31G** results, suggesting that correlation is not

important, but smaller basis sets give some notable errors. Bond
distances and vibrational frequencies indicate that twd 1
CH---O transannular interactions are present in the [144f

are essentially the same, their energy difference remains the[225]1%structures, although the importance of these interactions

same.
The [144P conformation is favored over the [229} con-
formation by 0.72 kcal/mol at the MP2 level (1.78 kcal/mol at

in stabilizing these structures is unclear.
Molecular mechanics calculations using a modified version
of the MMX force field in which the electrostatic damping factor

the SCF level). Zero-point energies and entropies are similar is set at 0.70 and dipotadipole interactions are used to represent

for the two conformation® Therefore, the [144]conformation

electrostatic interactions give conformational energies and

is also favored by free energy. The calculated dipole moments structures that agree well with tlab initio results. This force
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field is an attractive alternative tab initio calculations for
determining conformational preferences of crown ethers. In
contrast, semiempirical AM1 and PM3 quantum mechanics
calculations give poor agreement wislb initio energies and

cannot be recommended for conformational studies on crown 10

ether systems.
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