
J. Am. Chem. Soc. 1991, 113, 971-977 971 

Scheme II 

Rearrangement in DMSO 

K2R2 -
a 

=SrK* * KR2" - » * • • KRR" K* + KRY 

k," 

- K2RR1 

b 

ks' 

It1" 

- K 2 R ' , 
C 

-to) 
and in the absence of external potassium ion. 

However, the rate retardation effect saturates at high con
centrations of added potassium salt. This could be due to either 
accretion of potassium tetrafluoroborate or retardation of the rate 
via free ions (fc_,[K+] » k2) to the extent that a direct pathway 
within the dimer via k} becomes dominant. At higher concen
trations of starting material, the rate dependence on initial con
centrations in the absence of added salt also appears to be less 
than a square root dependence. This could also be due to greater 
incursion of the direct pathway via Zc3. 

It is not clear that the dissociation constants for the mixed 
reactant-product dimer (b), reactant dimer (a), and product dimer 
(c) are the same so that a constant concentration of potassium 
ion will be present to ensure first-order kinetics over 2-3 half-lives 
(Scheme II). Indeed, it is known that Kas for KO-f-Bu is 270/M 

in DMSO for 0.1 M solutions26 and Kis for potassium enolates 
of acetophenone and cyclohexanone is <20/M in DMSO up to 
concentrations of 0.02 M.27 The dissociation constant ratio would 
suggest that at the end of the reaction the potassium ion con
centration should have increased by a factor of 3, which is well 
beyond the demands of first-order behavior. However, the 
reactant-product dimer should have a higher dissociation constant 
than the starting dimer so its overall rate of reaction may com-
penstate for the increase in potassium ion concentration to allow 
the kinetics to appear first order with a given concentration of 
starting material. 

The secondary deuterium kinetic isotope effects in the rear
rangement of 2 in DMSO suggest that the transition state is highly 
dissociative. The secondary isotope effect observed for two 
deuteriums at the bond-breaking site is nearly twice as large as 
the maximum value, which is 1.35 for two deuteriums at room 
temperature.13 The origin of this anomolously high bond-breaking 
KIE is under investigation. Again, it is significant that there is 
but a small inverse kinetic isotope effect at C6, indicating little 
if any bond making between the terminal carbons in the transition 
state. 
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Abstract: The structures of nonanolactone and tridecanolactone have been studied via X-ray crystallography. Nonanolactone 
adopts an interesting conformation in which a methylene chain and the Z ester group are parallel, with nonbonded H - O distances 
of only 2.76 and 2.34 A. The conformation is compared with those of cyclodecane, cyclodecanone, and nonanolactam. 
Tridecanolactone has a regular structure of all trans edges joined by gauche corners. The conformational flexibility of both 
size rings is discussed. The question of C H - O nonbonded interactions was studied via MP2/6-31G calculations and charge 
density analysis. The negative charge at oxygen reverses the normal C + -H" polarization in alkanes, leading to an attractive 
interaction. The experimental structural data have been compared with the results of MM3 calculations, and the set of lower 
energy conformers has been determined. The entropy changes on melting and the changes in 13C NMR spectra with temperature 
are discussed. 

Introduction 
The lactone group is contained in a large number of important 

naturally occurring substances.1 Despite its importance, this group 
has received relatively little study with regard to energies or 
conformations.2 We have initiated a detailed study of simple 

(1) (a) Omura, S. Macrolide Antibiotics; Chemistry, Biology and Practice; 
Academic Press: Orlando, 1984. (b) Dean, F. M. Naturally Occurring 
Oxygen Ring Compounds; Butterworth: London, 1963. (c) Keller-Schierlein, 
W. Fortschr. Chem. Org. Naturst. 1973, 30, 313. 

(2) (a) Huisgen, R.; Ott, H. Tetrahedron 1959, 6, 253. (b) Kaiser, E.; 
Kezdy, F. Prog. Bioorg. Chem. 1976, 4, 239. (c) Clossen, W.; Orenski, P. 
J. Org. Chem. 1967, 32, 3160. (d) Allinger, N. L. Pure Appl. Chem. 1982, 
54, 2515. (e) Burkert, U.; Allinger, N. L. Molecular Mechanics. ACS 
Monogr. 1982, 177. 

lactones that should provide information useful in modeling 
compounds having this group using molecular mechanics. This 
includes studies of enthalpies of hydrolysis of lactones, enthalpies 
of reduction of lactones to diols, theoretical calculations of con
formations and energies, and structural studies. This report will 
be concerned with the conformation of the 10-membered-ring 
lactone, nonanolactone, and of the 14-membered-ring trideca
nolactone. The 10-membered ring appeared to be interesting for 
an initial study since cyclodecane,3 cyclodecanone,4 and nona
nolactam hemihydrochloride5 have been studied, allowing a 

(3) Shenhav, H.; Schaeffer, R. Cryst. Struct. Commun. 1981, 10, 1181. 
(4) Groth, P. Acta Chem. Scand., Ser. A 1976, 30, 294. 
(5) Dunitz, J.; Winkler, F. Acta Crystallogr., Sect. B 1975, 31, 283. 
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Table I. Structural Data for 10-Membered Rings" 

pa ram 

KC=O) 
KC-X) 
/C-X-C 
/ X - C = O 
/C-C-X 
/ C - C = O 
/ C - C ( = 0 ) - C 
/ 0 - C - O - C 
/C-C-O-C 
/C-C-C-C 
/ C - C ( = 0 ) - C - C 

nonanolactone (X = O) 

crystal MM3 

1.199 (4) 
1.339 (4) 

117.2(3) 
123.9 (4) 
111.4(3) 
124.6 (4) 

10.5 (5) 
-169.5 (3) 

156.2 (4) 

1.209 
1.342 

119.6 
124.7 
111.0 
124.3 

8.6 
-170.2 

156.4 

cyclodecanone 

crystal 

1.220 

120.6, 120.2 
119.1 

158.6 
-152.3 

MM3 

1.212 

121.6, 120.9 
117.2 

157.5 
-154.1 

cyclodecane 

crystal MM3 

152.2 152.8 

nonanolacta 

crystal 

1.275 
1.305 

123.7 
120.0 
116.8 
123.2 

10.80 
-168.27 

78.5 

Wiberg et al. 

im (X = N) 

MM3 

1.220 
1.382 

122.1 
123.7 
114.8 
121.5 

11.12 
-167.35 

68.3 

"Units: distances, angstroms; angles, degrees. 

comparison among these compounds. The observed structures 
will be compared with the results of MM3 molecular mechanical 
calculations. 

Structure of Nonanolactone 
The structure of nonanolactone was determined by X-ray 

crystallography at room temperature with a crystal that measured 
0.35 X 0.25 X 0.20 mm. Diffraction measurements were made 
on a Rigaku AFC5S fully automated diffractometer with use of 
graphite-monochromated Cu Ka radiation (X = 1.54178 A). 
Preliminary indications of the unit cell based on 25 randomly 
selected reflections revealed orthorhombic symmetry with the 
following lattice parameters: a = 16.570 (3), b = 120.077 (2), 
and c = 8.800 ( I )A, with a = 0 = y = 90.0°. The space group, 
based on the observed systematic extinctions, was assigned as Pbca 
(No. 61 )6 (Z = 8) with one molecule of composition C9H16O2 

forming the asymmetric unit. The volume was 1760.9 (9) A3, 
and the calculated density was 1.19 g/cm3. There were 1538 
reflections collected with 20 < 120°; of those reflections, 915 (59%) 
with / > 3<T(/) were judged observed. 

The structure was solved with MITHRIL.7 The hydrogens were 
located in the subsequent difference Fourier synthesis. The an
isotropic full-matrix refinement of the non-hydrogen atoms and 
isotropic refinement of the hydrogen positions resulted in the 
convergence of the crystallographic reliability factors to the 
following values: unweighted residual (R), 0.063; weighted re
sidual (flw), 0.083. 

The X-ray crystal structure of nonanolactone has a rectangular 
[2323] diamond-lattice conformation (Figure la). The numbers 
in brackets indicate the number of bonds per edge with use of the 
nomenclature of Dale.8 A side view of the structure shows that 
the chain skeleton of the longer edges of the rectangle are roughly 
parallel. The zigzag structure appears to accommodate the Z 
conformation of the ester group well, only slightly distorting the 
best possible diamond-lattice skeleton for a 10-membered ring. 
The O-C-O-C torsional angle of the ester group is 10.5°, nearly 
the eclipsed Z conformation prefered by simple acyclic esters. The 
C - Q = O ) - O - C torsional angle is -169.5°, and the C-C-C-C 
torsional angle of the transannular methylene chain is 156.2°. The 
internal hydrogen of the e-methylene opposite to the carbonyl is 
2.76 A from the carbonyl oxygen. The ethereal oxygen is 2.34 
A from the internal hydrogen of the opposing 5-methylene. Table 
I contains additional geometric parameters of the crystal structure. 

Comparison with Other 10-Membered Rings 
Like nonanolactone, the X-ray crystal structures of cyclo

decanone and cyclodecane both have a [2323] diamond-lattice 
conformation with parallel zigzig chains of four carbon atoms 
linked at each end by a bridge of one carbon atom (Figure lb,c). 
The cyclodecane structure has C21, symmetry. The torsional angle 
of the four-carbon methylene chain in cyclodecane is 152.2°, and 
that in cyclodecanone is 158.6°. The distance between the car-

Figure 1. X-ray crystal structures of (a) nonanolactone, (b) cyclo
decanone, (c) cyclodecane, and (d) nonanolactam. 

Table II. 10-Membered-Ring CH- --0 Interactions" 
pa ram 

side torsional angle 

carbonyl O"-H dist 
ethereal O-"H dist 
H-"H distance 
/C-H- - -0 (=C) 
/C=O---Ht-C) 
/C-H---O(ether) 

cyclodecane 

152.3 

2.048 

cyclodecanone 

158.5, -152.3 
(av 155.5) 
2.80 

2.054 
148.1 
63.1 

nonanolactone 

-169.5, 156.2 
(av 162.9) 
2.76 
2.34 

146.3 
60.4 
109.5 

(6) International Tables for X-ray Crystallography, Kynoch: 
ham, England, 1974; Vol. I. 

(7) Gilmore, C. J. J. Appl. Crystallogr. 1984, 17, 42. 
(8) Dale, J. Acta Chem. Scand. 1973, 27, 1115. 

Birming-

" Units: distances, angstroms; angles, degrees. 

bonyl oxygen and the hydrogen of the opposing methylene group 
in the parallel chain is 2.80 A in cyclodecanone. 

The structure of nonanolactam (Figure Id) is greatly distorted 
from the basic cyclodecane [2323] ring skeleton observed in the 
other 10-membered rings. The 7-methylene is puckered inward 
toward the NH of the amide, and the e-methylene group is 
puckered out away from the internal area of the ring. The car
bonyl oxygen is 2.64 A from the internal 6-methylene hydrogen. 
The internal hydrogen of the 7-methylene group is 2.77 A from 
the amide nitrogen. 

Nature of CH-O Nonbonded Interactions 
The transannular nonbonded interactions have a significant 

influence upon the general shape and geometry of the 10-mem
bered rings (Table II). A ring with a pure diamond-lattice 
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structure would have two parallel trans methylene chains of four 
carbons (dihedral angle 180°) linked at each end by a bridge of 
one perfectly tetrahedral carbon atom. In cyclodecane, however, 
H-H repulsions (H-H = 2.048 A) serve to push the methylene 
chains of the sides of the ring outward and a torsional angle of 
152.2° is observed for the trans methylene chains in the crystal 
structure. In cyclodecanone in which a carbonyl group replaces 
a methylene group, the repulsive interactions in the center of the 
ring are reduced to allow an observed average torsional angle of 
the parallel chains of 155.5° (158.6°, -152.3° (ketone-containing 
chain)). Replacement of another methylene by oxygen in no-
nanolactone affords a further reduction in the transannular re
pulsions. The rigidity imposed on the ring by the ester group, 
which prefers a rigid Z conformation, brings the average torsional 
angle of the sides up to 162.9° (156.2°, -169.5° (ester-containing 
chain)). 

With successive narrowing of the transannular gap in cyclo
decanone and nonanolactone, the methylene chains are brought 
within close range of highly electronegative oxygen atoms. The 
nature of the nonbonded interactions that occur between oxygen 
and alkyl groups not adjacent to activating centers brought close 
together is not well-known. As seen in Table II, the nonbonded 
distance between the carbonyl oxygen and the transannular 
methylene hydrogens in cyclodecanone and nonanolactone are 2.80 
and 2.76 A. The distance between the transannular hydrogen and 
the ether oxygen in nonanolactone is 2.34 A. In nonanolactone, 
the C-H-O(carbonyl) angle is 146.3° and the C-H-O(ethereal) 
angle is 109.5°. The C-H-O(carbonyl) angle is 148.1° in cy
clodecanone. 

There are many examples of nonbonded interactions of oxygen 
and activated CH groups in the literature.9 In nearly all cases, 
the C-H bond is adjacent to either an electron-withdrawing group 
or some other activating group (i.e., CN, C=O, S, or halogen), 
which serves to influence heavily the polarization of the C-H bond. 
Weak hydrogen bonding or polarization bonding between CH 
groups and oxygen has been attributed a role in determining 
molecular packing and conformation in the crystal10 and has been 
the subject of some controversy." A search of the Cambridge 
Crystallographic Database has been carried out by Taylor and 
Kennard.12 Using recognized values for the van der Waals radii 
of the CH group and oxygen, they found 59 CH-O contacts of 
distance at least 0.3 A less than the sum of the van der Waals 
radii and with C-H-O angles greater than 90°, of which 14 
involve carbonyl and 19 involve ether, alcohol, or water oxygen 
atoms. The investigators concluded that the short CH-O contacts, 
both inter- and intramolecular, occur quite frequently and were 
likely due to an electrostatic stabilization, resulting in an attractive 
rather than a repulsive interaction, and can be reasonably described 
as hydrogen bonds. Recent X-ray crystallographic studies of crown 
ether complexes with malononitrile (2.23, 2.69 A),'3 dimethyl 
acetylenedicarboxylate (2.32, 2.45 A),14 dimethyl sulfone (2.50 
A),15 dimethyl sulfate (2.50 A),'6 and others17 illustrate the CH-O 
contact, behaving very much the same way as a hydrogen bond, 
as integral to the formation of these complexes. The reported 
CH-O distances are given above in parentheses. Intramolecular 
CH-O interactions have also been observed and are believed to 

(9) (a) Greene, R. D. Hydrogen Bonding by C-H Groups, J. Wiley & Sons: 
New York, 1974. (b) Sutor. D. J. Chem. Soc. 1963, 1105. 

(10) (a) Berkovitch-Yellin, Z.; Leiserowitz, L. Acta Crystallogr. 1984, 
B40, 159. (b) Sarma, J.; Desiraju, G. Ace. Chem. Res. 1986. 19, 222. 

(11) Donohue, J. In Structural Chemistry and Molecular Biology; Rich, 
A., Davidson, N., Eds.; W. H. Freeman: San Francisco, 1968; pp 459-463. 

(12) Taylor, R.; Kennard, O. / . Am. Chem. Soc. 1982, 104, 5063. 
(13) Kaufmann, R.; Knochel, A.; Kopf, }.; Oehler, J.; Rudolph, G. Chem. 

Ber. 1977, //0,2249. 
(14) Goldberg, I. Acta Crystallogr. 1975, B3I, 754. 
(15) Bandy, J.; Truter, M.; Vogtle, F. Acta Crystallogr. 1981, B37, 1568. 
(16) Weber, G. J. MoI. Struct. 1983, 98, 333. 
(17) (a) Vogtle, F.; Miiller, W.; Watson, W. Top. Curr. Chem. 1984, 125, 

131. (b) de Boer, J.; Reinhoudt, D.; Harkema, S.; van Hummel, G.; de Jong, 
F. J. Am. Chem. Soc. 1982, 104, 4073. (c) McLachlan, R. Spectrochim. Acta 
1974, 3OA, 2153. (d) van Zon, A.; de Jong, F.; Reinhoudt, D.; Torny, G.; 
Onwezen, Y. Reel. Trav. Chim. Pays-Bas 1981, 100, 453. (e) el Basyony, 
A.; Klines, J.; Knochel, A.; Oehler, J.; Rudolph, G. Z. Naturforsch. 1976, 31B, 
1192. (0 Vogtle, F.; Mailer, W. M. Naturwissenschaften 1980, 67, 255. 

+0.098 

+0.007 

-0.034 
Figure 2. Interaction between methane and the oxygen of formaldehyde 
calculated at the MP2/6-31G* level. The electron populations are given 
for each of the atoms of methane. 

(a) (b) 
Figure 3. X-ray crystal structures of (a) tridecanolactone and (b) cy-
clotetradecane. 

be important in determining conformational preferences.18 

We have presented evidence that the normal C-H bond dipole 
has the sense C+H" and that it is reversed only when the bond 
from carbon has high s character, as in acetylene," or when the 
bond is polarized by substituents. The conclusion is derived from 
the experimentally determined sign of the dipoles induced by the 
antisymmetric stretching modes of hydrocarbons along with a 
charge density analysis of these vibrations. It agrees with the 
results of calculations of electron populations with Bader's theory 
of atoms in molecules.20 If the sense is C+H", how may attractive 
CH-O interactions involving ordinary methylene groups be 
manifested since the oxygens will have large negative charges? 
We have examined this question, making use of ab initio molecular 
orbital calculations. The interaction of a methane hydrogen with 
the oxygen of formaldehyde was studied at the MP2/6-31G* level 
of theory21 for the orientation shown in Figure 2. A minimum 
energy was found with the H-O nonbonded distance of 2.58 A. 
A calculation of the electron populations for the atoms via nu
merical integration of the charge density with the protocol de
veloped by Bader20 led to the atomic charges for the methyl group 
shown in Figure 2. The negative charge at oxygen has led to a 
polarization of the C-H bond, which reverses the charge on the 
hydrogen. This results in a net attractive Coulombic attraction. 
The orientation of the C-H bond with respect to the oxygen should 
not be of major importance in this case since the effect of the 
oxygen on the C-H bond is Coulombic. 

Structure of Tridecanolactone 
The structure of tridecanolactone was determined with a crystal 

that measured 0.35 X 0.35 X 0.13 mm. Data collection was done 
at -9 0C. Preliminary indications of the unit cell based on 25 
randomly selected reflections revealed triclinic symmetry. The 
data were processed with use of the high-angle cell, which gave 
the following lattice parameters: a = 9.156 (1), b = 14.136 (2), 
and c = 5.2452 (5) A with a = 98.631 (9)°, /3 = 104.491 (9)° 
and 7 = 93.3 (1)°. The space group was assigned as P\ (No. 
2),6 Z = 2, with one molecule of composition Ci3H24O2 forming 

(18) (a) Zushi, S.; Kodama, Y.; Nishihata, K.; Umemura, K.; Nishio, M.; 
Uzawa, J.; Hirota, M. Bull. Chem. Soc. Jpn. 1980, 53, 3631 and references 
therein. 

(19) Wiberg, K.; Wendoloski, J. J. Chem Phys. 1984, 88, 586. 
(20) Bader, R. F. W. Ace. Chem. Res. 1985, 9, 18. 
(21) Pople, J.: Binkley, J.; Seger, R. Int. J. Quantum Chem., Symp. 1976, 

10, 1. 



974 J. Am. Chem. Soc, Vol. 113, No. 3, 1991 Wiberg et at. 

Table III. Structural Data for 14-Membered Rings" 

pa ram 

' ( C = O ) 
r(C-O) 
/C-O-C 
/ O = C - O 
/C-C-O 
ZC-C=O 
/ O = C - O - C 
/C-C-O-C 
/C-C-C-C 

tridecanolactone 

crystal 

1.202 (4) 
1.333 (4) 
116.2(3) 
122.1 (3) 
112.8(3) 
125.2(3) 
0.0(1) 
-179.8 (5) 
(I)* 175.2(3), 

-173.2(3) 
(s)< 176.5 

MM3 

1.209 
1.343 
H7.4 
124.9 
110.4 
124.8 
-1.4 
180.0 
173.5, 

-174.3 
176.5 

cycloteti 

crystal 

176.6, 
-176.0 

170.1 

radecane 

MM3 

175.1, 
-175.1 

171.7 

side. 

the asymmetric unit. The volume was 646.6 (1) A3, and the 
calculated density was 1.09 g/cm3. There were 1921 reflections 
collected with 20 < 120°, of which 1143 (60%) were judged 
observed with / > 3<r(/). 

The structure was solved with MITHRIL.7 The entire structure 
was located in the initial electron density map. Anisotropic re
finement of the non-hydrogen atoms and calculation of a difference 
Fourier revealed all of the hydrogen positions. Anisotropic re
finement of the non-hydrogen atoms and inclusion of the hydrogen 
atoms without refinement of their positions resulted in the con
vergence of the crystallographic reliability factors with the fol
lowing values: R = 0.058, and Rn = 0.076. All intramolecular 
bond distances and bond angles are within normal range. 

The crystal structure of tridecanolactone has a rectangular 
[3434] diamond-lattice conformation of all trans edges (average 
dihedral angle 176.7°) linked by gauche corners (56.9°, 61.2°) 
with the Z ester accommodated in the zigzag chain of one of the 
longer sides (Figure 3). The O = C - O - C torsional angle of the 
ester group is 0.0°, preserving the prefered Z conformation of the 
ester moiety. The C - C ( = 0 ) - 0 - C torsional angle is 179.8°. 

The crystal structure of cyclotetradecane22 has a very similar 
[3434] conformation of nearly all trans edges (174.2°) and gauche 
corners (58.3°, 62.7°). The crystal structure of cyclo-
tetradecanone23 has been investigated, but the disordered structure 
of the crystal left the position of the oxygen atom undefined (space 
group P]). The ring skeleton, however, has the [3434] rectangular 
diamond-lattice conformation. The crystal structure of the tri-
decanolactam has not been investigated. 

Comparison with the Results of MM3 Geometry 
Optimizations 

Several geometric parameters of the 10- and 14-membered rings 
are summarized in Tables I and III. We were interested in seeing 
how well the MM3 force field24 reproduced the experimental 
geometries, and therefore MM3 calculations were carried out with 
use of the observed data as the starting points. In a comparison 
of the ester group structures of the 10- and 14-membered-ring 
lactones in the crystal with their MM3-optimized structures, not 
surprisingly, the ester group of the optimized lactones were found 
to have adopted the basic features of the MM3-optimized 
(Z)-methyl acetate structure (Table IV). Interestingly, the ester 
group geometries in the crystal structures of the lactones more 
closely resemble the (Z)-methyl acetate X-ray crystal structure25 

and its geometry calculated at the MP2/6-31G* level" than the 
MM3-optimized structures (Table IV). Unfortunately, the 
structure for methyl acetate found via microwave spectroscopy, 
which should provide a good gas-phase geometry, was not rig
orously determined and offers a poor comparison.26 The mi
crowave spectrum of methyl formate is known,27 and the derived 

(22) Groth, P. Acta Chem. Scand., Ser. A 1976, 30, 155. 
(23) Groth, P. Acta Chem. Scand., Ser. A 1975, 29, 374. 
(24) Allinger, N. L. The University of Georgia, Athens, GA, Dec 1989. 
(25) Barrow, M.; Cradock, S.; Ebsworth, E.; Rankin, D. J. Chem. Soc, 

Dalton Trans. 1981, 9, 1988. 
(26) Williams, G.; Owen, N.; Sheridan, J. Trans. Faraday Soc. 1971,67, 

922. 

geometry agrees quite well with the geometry calculated by ab 
initio methods at the MP2/6-31G* level as shown in Table IV. 
The MM3 geometry of methyl formate, however, differs from both 
the observed and theoretical geometries. 

Dunitz et al. have described the structural characteristics of 
acyclic esters and lactones.28 Their search of the Cambridge 
Structural Database for structures containing esters and lactones 
revealed the general trend that the C - C = O angle is generally 
larger than the O = C - O angle by 2° in acyclic esters and for 5-
and 7-lactones this difference increases to 4.5° and 6.9°. The 
average values for bond lengths and angles found are included 
in Table IV. The crystal structures of nonanolactone and tri
decanolactone are in very close agreement with the average ester 
structure, as is that of methyl acetate. MM3 optimization, 
however, in every case reverses this general trend allowing the 
O = C - O angle to be approximately the same as or greater than 
the C - C = O angle by several tenths of a degree. Comparison 
between crystal-structure bond lengths and those of the MM3 
optimizations may not be valid since interatomic distances obtained 
from mean atomic positions in a crystal at room temperature are 
generally accepted to be too short by 0.01-0.02 A. Bond angles, 
however, are generally believed not to be significantly affected.2' 
Bvirgi has shown previously that MM2 consistently underestimates 
the C - C = 0 / O = C - 0 angle difference in lactones.30 It appears 
then that the ester group geometries in the present study are still 
not adequately reproduced by molecular mechanics with the MM3 
program. With the exception of the analogous change in geometry 
of the amide group of nonanolactam hydrochloride, the geometries 
of the other ring compounds do not change appreciably upon 
optimization, demonstrating the ability of molecular mechanics 
to reproduce adequately the overall geometries of the present 
cycloalkanes and cycloalkanones. 

Lowest Energy Conformations of Nonanolactone and 
Tridecanolactone 

M.S. has developed a computer program that is capable of 
generating conformers of flexible molecules.31 It has been 
demonstrated to work well for finding many previously unexa
mined conformers of cycloalkanes and bicyclic hydrocarbons. The 
program creates new conformers by kicking all the atoms of a 
molecule randomly followed by reoptimization by MM2. The 
process is then repeated, and any duplicate structures are elim
inated. The search is stopped when each of the calculated con
formers has been found several times and no new confomers are 
located. 

This procedure has been used to study nonanolactone and 
tridecanolactone. Over 100 alternate conformers for each lactone 
were generated. We have examined the five conformers of lowest 
energy for nonanolactone (Figure 4) and the ten of lowest energy 
for tridecanolactone (Figure 5). The structures were reoptimized 
with the MM3 force field. The crystal structures of nonanolactone 
and tridecanolactone correspond to those of their respective 
calculated lowest energy conformer. While there may be other 
higher energy conformers that were not found by the stochas
tic-search method, the conformers shown in Figures 4 and 5 
represent a good set of lower energy conformers. The calculated 
relative energies of the low-energy conformers have some un
certainty, but they do appear to be in a reasonable order. 

These lowest energy structures all maintain the Z conformation 
of the ester group. In fact, the lowest energy conformer of the 
10-membered-ring lactone that has an ester group with an E 
conformation is 55th from the lowest in energy. An ester with 
an E conformation is not seen at all in the 100 lowest energy 
conformers of tridecanolactone. 

(27) Curl, R. F. J. Chem. Phys. 1959, 30, 1529. 
(28) Schweizer, W.; Dunnitz, J. HeIv. Chim. Acta 1982, 65, 1547. 
(29) (a) Cruickshank, D. Acta Crystailogr. 1956, 9, 757. (b) Busing, W.; 

Levy, H. Acta Crystailogr. 1964, 17, 142. 
(30) Norskov-Lauritsen, L.; BOrgi, H.-B.; Hofmann, P.; Schmidt, H. HeIv. 

Chim. Acta 1985, 68, 76. 
(31) (a) Saunders, M. J. Am. Chem. Soc. 1987,109, 3150. (b) Saunders, 

M.; Krause, N. J. Am. Chem. Soc. 1990, 112, 1791. (c) Saunders, M. J. 
Comput. Chem. 1989, 10, 203. 
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Table IV. Simple Ester Geometric Parameters" 

pa ram 

K C - O ) 
KC-O) 
ZC-O-C 
ZO-C=O 
ZY-C-O 
ZY-C=O 
ZO-C-O-C 
ZC-C-O-C 

"Units: distances, 

methyl acetate (Y = 

X-ray 

1.200 
1.337 
114.9 
122.5 
111.8 
125.7 
-1.2 
179.3 

angstroms; angles, 

Table V. Entropies of Melting 

compd 

CioH2o° 
C10H18O" 
C9H18O2

6 

C14H28" 
C14H26O* 
C13H26O2

6 

AH,C 

3944 
4547 
3603 

ab initio* 

1.219 
1.353 
114.2 
123.3 
110.7 
125.9 
0.0 
180.0 

CH3) 

MM3 

1.200 
1.342 
116.9 
125.2 
109.8 
125.0 
0.0 
180.0 

methyl formate (Y = H) 

microwave'' 

1.200 
1.334 
114.5 
125.5 
109.2 
125.3 

ab initio4 

1.214 
1.345 
114.0 
125.7 
109.1 
125.1 

MM3 

1.199 
1.338 
116.5 
127.7 
109.9 
122.4 

degrees. 4MP2/6-31G*-optimized geometry. 'Reference 28. ''Reference 27. 

T i 

322 
315.5 
289.6 

AS1' 

12.24 
14.41 
12.45 

AHmc Tj 
4912 283 
6207 297.4 
5757 303.6 
2223 329.3 
1918 326.6 
1724 298 

AV 
17.32 
20.87 
18.96 
6.75 
5.87 
5.78 

AH10,' 

6147 
6465 
5327 

av crysc 

1.195 (7) 
1.340(14) 
117.4 (16) 
123.4 (9) 
111.2(10) 
125.4(12) 

AS,„,' 

17.32 
20.87 
18.96 
18.99 
20.28 
18.23 

N-I (0.00) 

"Reference 32. 'This study. 'Calories per mole. ^Solid-solid transition (K). 'eu. -'Melting transition (K). 

The five lowest energy conformers of nonanolactone are shown 
in Figure 4 in the order of the energies calculated by MM3. The 
lowest four in energy all retain a [2323] form with minor varia
tions, as can be seen by the side views. The lowest energy con-
former is stabilized relative to conformations N-II, N-III, and 
N-IV by —0.6—1.0 kcal/mol. Conformer N-V is similar in shape 
to the ring skeleton of the nonanolactam crystal structure and is 
1.7 kcal/mol higher in energy than conformation I. 

Tridecanolactone has many more conformers available to it in 
a narrower energy range than does nonanolactone. In Figure 5, 
conformers T-I, T-II, T-III, and T-VI all have a [3434] skeleton, 
with the differences visible in the side views. The calculated 
energies of the lowest three would appear to render them ener
getically equivalent with structure T-I, narrowly assuming the 
lowest energy structure by 5 cal! Conformers T-IV, T-V, T-VII, 
T-IX, and T-X have [4433] shapes, and conformation T-VIII has 
a [43331 ] shape. The five lowest energy conformers are all within 
~0.5 kcal/mol of the lowest energy structure, all ten within 1.3 
kcal/mol of the lowest energy structure as calculated by MM3. 

Entropies of Melting, AS1n 

The entropy of melting of a compound is often discussed in 
relation to the conformational flexibility of a molecule. Since the 
melting process is an equilibrium process (AG = A// - TAS = 
0), the expression for the melting point can be written as Tm = 
A//m/ASm. Boltzmann's statistical relationship between the en
tropy of fusion and Ws and W1, the probabilities available to the 
solid and the liquid states, respectively, can be expressed as follows: 

ASr = R In (W1/Ws) per mole 

We have measured entropies of fusion for the 10- and 14-
membered-ring lactones and cycloalkanones. The cycloalkanes 
have been measured previously.32 All are reported in Table V. 
A comparison of the melting entropies for the ring compounds 
reveals striking qualitative and quantitative similarities. 

When investigated by DSC calorimetry, the 10-membered rings 
all exhibit simply the solid-liquid melting transition. No solid-solid 
transitions are observed for this group. The values for the melting 
entropies are of similar size and magnitude, leading one to assume 
that all of the rings in this category undergo very similar processes 
upon going from the ordered crystalline state to the isotropic melt. 
Positional, orientational, and conformational order are lost in a 
single process. This seems to be a particularly noteworthy aspect 
of the thermal behavior of simple 10-membered-ring compounds. 
Among cycloalkanes (« < 24), it has been observed that cyclo-

N-II (0.59) 

N-III (0.86) N-IV (0.98) 

(32) Drotloff, H.-O. Doctoral Thesis, Universitat Freiburg, West Germany, 
1987. 

N-V (1.73) 
Figure 4. Five lowest energy conformers of nonanolactone. Relative 
energies are given in kilocalories per mole. 

decane is unique in that it does not exhibit one or more solid-solid 
transitions below its melting point.32 
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19.0 

T-I (0.00) T-II (0.005) 

T-III (0.04) T-IV (0.51) 

T-V (0.52) T-VI (0.58) 

T-VII (0.70) T-VIII (0.83) 

T-IX (1.06) T-X (1.26) 

Figure 5. Ten lowest energy conformers of tridecanolactone. Relative 
energies are given in kilocalories per mole. 

The 14-membered rings all exhibit two phase transitions, a 
solid-solid and a solid-liquid melting transition. The enthalpy 
change for the solid-solid transition in each case is more than twice 
as large as the solid-liquid transition. The magnitude of the 

22.2 
22.2 

173.2 

25.6 

28.3 

Figure 6. 13C NMR chemical shifts (ppm) of the solid-state CP-MAS 
spectra of cyclodecane (145 K) and nonanolactone (200 K) as tentatively 
assigned to the carbon atoms of their X-ray crystal structures. 

entropy change for the solid-liquid transition observed in all the 
14-membered rings of 5.8-6.8 eu is approximately equal to that 
estimated for loss of positional order in the crystal (AS = 1.5-3.0 
eu, Richard's rule) plus some degree of orientational order as 
observed for the melting transitions of other organic compounds.33 

The solid-solid transition is attributable chiefly to loss of con
formational order and some orientational order.34 A recent study 
of cyclotetradecane35 has shown that the mesophase, the disordered 
phase between the solid-solid and melting transitions, is char
acterized by an increase in lattice symmetry (although still low 
(monoclinic)), a considerable decrease in density, and a sharp 
increase in molecular motion. Jumplike dynamic orientational 
disordering was cited as the chief result of changes in the lattice, 
allowing greater molecular motion. The disordering of molecules 
with low symmetry via rotational jumplike motions around one 
or two axes is a probable origin of considerable loss of orientational 
order and leads to large transition entropies. 

From the data in this study, however, it is not possible to 
determine the mechanistic details of the processes that are oc
curring upon melting in the 10- and the 14-membered-ring cy-
cloalkanones and lactones, respectively. Nevertheless, the data 
suggest that, for each ring size, the processes involve very similar 
losses of order likely via very similar mechanisms. As the study 
in the previous section on the availability of conformers to the 
rings illustrates and the thermal data suggest, the lactone rings 
studied would appear to have as high a degree of conformational 
flexibility as their cycloalkane and cycloalkanone counterparts 
notwithstanding the presence of a rigidity planar ester group. 
Further study of the mesophases of cyclotetradecanone and tri
decanolactone via solid-state NMR techniques and optical mi
croscopy would be well merited to determine other similarities 
in behavior to cyclotetradecane. 

13C NMR Spectra 
The high-resolution solid-state 13C NMR spectrum of nona

nolactone has been measured by magic angle spinning and 
cross-polarization techniques. In agreement with the fact that 
nonanolactone exhibits no solid-solid transitions beneath the 
melting temperature as the DSC measurements demonstrated, 
the solid-state 13C NMR spectrum undergoes very little change 
from 283 to 200 K. Assuming that the X-ray crystal structure 
has the geometry that is likely responsible for the observed 
spectrum, tentative assignments can be made for the resonance 
peaks observed (Figure 6). With reference to the solid-state 13C 
NMR spectrum of cyclodecane32 (19.0 ppm, 1 C gggg; 22.2 ppm, 
2 C ggag; and 28 ppm, 2 C ggga), which has a geometry very 
similar to nonanolactone in the aliphatic portion, the peaks in parts 
per million are tentatively assigned as follows: 173.2 (C=O); 
66.1 (CO); 38.6 (o-C); 28.3 (TJ-C); 25.6 (f-C); 24.0 (7-C); 22.2 
(5,e-C); and 21.6 (/3-C). 

The 13C NMR solution spectrum at various temperatures 
presents some potentially valuable information on the confor
mational flexibility of nonanolactone in solution. The low-tem-

(33) Ubbelohde, A. R. Q. Rev., Chem. Soc. 1950, 4, 356. 
(34) Ubbelohde, A. The Molten Stale of Matter. Melting and Crystal 

Structure; i. Wiley & Sons: New York, 1978. 
(35) Drotloff, H.; Rotter, H.; Emeis, D.; Moller, M. J. Am. Chem. Soc. 

1987, 109, 7797. 
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Figure 7. 300 MHz '3C NMR spectra of the aliphatic region of nona
nolactone in methylene chloride solution at various temperatures. 

perature spectrum appears akin to the solid-state spectrum. In 
methylene chloride solution at 165 K, carbon resonances are clearly 
resolved at 174.4, 66.9, 35.1, 28.0, 26.1, 23.3, 22.0, 21.0, and 20.3 
ppm. The aliphatic region of the spectrum can be seen in Figure 
7. As the temperature is raised, the resonance peaks at 21.0 and 
22.0 ppm broaden at 180 K and begin shifting downfield with 
increasing temperature until, at 280 K, the peaks are clearly 
resolved at 23.3 and 24.8 ppm. The other resonance peaks at 280 
K are found 173.8, 66.2, 35.1, 27.6, 26.0, 24.5, and 20.9 ppm, 
which are essentially the same as in the lowest temperature 
spectrum with the exception of the resonance peak at 24.5 ppm, 
which has shifted downfield approximately 1.2 ppm. Examination 
of the lowest energy conformations in Figure 4 of nonanolactone 
suggests that the motion possibly responsible for the broadening 
and averaging could correspond to the motion of the 5- and e-
carbons of the methylene chain transannular to the ester group. 
Their motion relative to the oxygen atoms opposite them may 
represent the most significant motion and change of atomic 
chemical environment among these structures. Although the 
carbon atoms at the #- and ^-positions do undergo significant 
changes among the lowest energy structures in Figure 4, the 
relative changes in their chemical environments do not appear to 
be very great. Fl is also possible that the chemical shift changes 
for the two carbon atoms in the NMR spectrum may not corre
spond to any of the calculated low-energy structures. With the 
information currently available, this discussion of the confor
mational flexibility of nonanolactone in solution and assignment 
of the NMR spectra can only be considered as a conjecture until 

further investigation, perhaps via labeling studies, is carried out. 

Experimental Section 
Nonanolactone and tridecanolactone were synthesized via Baeyer-

Villager oxidations of the corresponding cyclic 9- and 13-membered-ring 
ketones. The reagent of choice for this reaction is trifluoroperacetic acid 
as used in similar procedures by Emmons and Lucas36 and Huisgen and 
Ott2a for synthesizing lactones. Moderately good yields and relatively 
short reaction periods provide a welcome alternative to low-yield, time-
intensive ring cyclizations previously used to synthesize these two lac
tones. 

Trifluoroperacetic Acid. In a 100-mL round-bottom flask, 3.5 mL 
(4.66 g, 95.9 mmol) of 70% H2O2 (FMC Corp.) was added carefully 
without stirring to 40 mL of dry methylene chloride at 0 0C via an 
addition funnel. Over a 30-min period, 24.5 mL of trifluoroacetic an
hydride (36.5 g, 173.8 mmol) was added slowly with stirring, while the 
temperature remained close to 0 0C. The resultant solution of peracid 
in methylene chloride solution was used immediately in the Baeyer-
Villager oxidation. 

Nonanolactone. A solution of 9 g (0.064 mol) of cyclononanone in 150 
mL of dry methylene chloride was placed along with 42 g of finely 
powdered Na2HPO4 (anhydrous) in a dry nitrogen-purged 500-mL 3-
necked flask fitted with an overhead stirrer and addition funnel. The 
stirred suspension was cooled to 0 0C in an ice bath. The solution of 
trifluoroperacetic acid was added over a period of 30 min. The reaction 
mixture was maintained at 0 0C for 1 h, then allowed to warm to room 
temperature, and continuously stirred for another 9 h. After filtration, 
the methylene chloride solution was washed with concentrated NaHCO3 

solution (100 mL), water, and brine and dried overnight over Na2SO4. 
Removal of the solvent yielded 8.8 g (88%) of crude lactone. The lactone 
was purified by distillation (bp 73 0C (3 mmHg)). Simple recrystalli-
zation from methanol yielded clear prismlike crystals (mp 34 0C) of 
>99.95% purity suitable for X-ray crystallography. 

Tridecanolactone. In the same manner as described for the nonano
lactone synthesis, cyclotridecanone (5 g, 25.5 mmol), Na2HPO4 (30 g, 
finely divided 250 /im), and 200 mL of dry methylene chloride were 
combined and a solution of trifluoroperacetic acid (40 mmol in 30 mL 
of CH2Cl2) was added. The reaction mixture was stirred for a total of 
20 h. The crude product was purified via successive recrystallizations 
from methanol at -50 0C. A white crystalline solid of mp 25 0C and 
purity >99.5% by GC was obtained after sublimation (yield 3.6 g 
(66.5%)). A single crystal was obtained via slow evaporation of the 
solvent from a pentane solution of the lactone over a period of 2 weeks 
at 0 0C. 

DSC measurements were carried out on a Perkin-Elmer Model DSC-4 
differential scanning calorimeter. The instrument was calibrated to the 
equilibrium melting-transition enthalpy and temperature of high-purity 
indium at a rate of 10 deg/min as recommended by the manufacturer's 
manual. Measurements reported here were made at that heating rate. 
Transition enthalpies obtained from the numerical integration of the 
transition peaks show a variation of less than 3%. Temperature accuracy 
was better than ±0.2 K. For cyclotetradecanone and tridecanolactone, 
the two transition peaks overlapped slightly. Cutouts of the peaks with 
some minor extrapolation gave satisfactory agreement among several 
different samples. 

High-resolution solid-state and solution 13C NMR spectra were re
corded at 75.47 MHz with a Bruker CXP 300 spectrometer. The 
cross-polarization and magic angle spinning techniques, equipment, and 
conditions used for the variable-temperature solid-state spectrum of no
nanolactone are as reported in a similar study.37 
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