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function and this in turn leads to more precise conclusions 
about the properties of the various conformations of the 
seven-membered rings, as discussed in the following paper. 
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I. Introduction 

The determination of the relative energies and geometries 
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used this information and the vibrational frequencies to modify 
our original potential function. In this paper, we present cal
culations of the conformational properties of these molecules 
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using our new potential function. The transformations among 
the conformations are visualized using methods we described 
previously.7 

Comparison is made to new NMR data and to other ex
periments that contain some structural information. We first 
present the results of the conformational energy calculations, 
then an account of the details of the determination of the po
tential function, and finally, an account of comparison with 
other data. We have interpreted the spectrum of one other 
seven-membered ring molecule, cycloheptanone. The barrier 
to pseudorotation in cycloheptanone is significantly lower. The 
same model we present here also fits the properties of cyclo
heptanone in detail, but we discuss the cycloheptanone in a 
separate paper because the lower barrier changes the observ
able spectra dramatically.10 

II. Conformational Energy Surfaces 
In our previous paper on cycloheptane,7 we described a set 

of coordinates for the seven-membered rings which are espe
cially suited for conformational calculations. These coordinates 
are similar to those which have been described in detail for 
cyclopentane,11 cyclohexane,12-13 and for rings in general.14 

In this coordinate system, the z or out-of-plane displacements 
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Table I. Sets of Values of 02 and 03 Giving Identical 
Conformations 

02: 
03: 

02: 
03: 

02: 
03: 

02: 
03: 

Cycloheptane" 

C1
 k 

02 + 2T2A: /7 

03 + 2-Kik/l 

IC2' 
- 0 2 + ir + 4x2//7 
- 0 3 + K + 4x3//7 

Heterocycles 

E 
02 
03 

o-vC-L to plane of ring) 
- 0 2 
- 0 3 

S1
 k 

02 + IT + 2ir2k/7 
4>3 + w + 2w3k/7 

I (Jv 
- 0 2 + 4TT2//7 

- 0 3 + 4ir3//7 

C2 
- 0 2 + TC 
- 0 3 + TT 

ov(plane of ring) 
02 + TC 
03 + 7T 

" From ref 8. The indices A: and / both go from 1 to 7. 

of the ring atoms from the positions they have in the planar ring 
are written in the following manner: 

Zj - p [cos 6 cos (2ic2j/l + 4>i) 
+ sin 8 sin (2x3;'/7 + 03)] (I) 

0 < 6 < ic12,0 < fa, 03 ^ 2/T. Here the index,;', labels the ring 
atom, p specifies the amount by which the conformation de
viates from planarity, 8 specifies the amount of boat-like and 
chair-like character, and the two 0's specify the amount of bent 
and twisted character in a given conformation. In this coor
dinate system, it turns out that the energy has a sharp mini
mum with respect to p and all of the interesting conformations 
have nearly the same value of p. There are several minima in 
the energy as a function of 8 and these will be discussed below. 
At a fixed value of p and 8 variation of either of the 0's leads 
to a periodic variation of the energy. 

The four coordinates p, 8,02, and 03 provide a complete set 
of coordinates with which to describe the conformations of the 
seven-membered rings. However, these coordinates must be 
written in terms of the geometrical parameters of the ring 
(bond angles and such) in order to carry out calculations. The 
transformation between the p, 8, 02, 03, and the ring parame
ters is described in ref 7 and 15. The Zj of eq 1 are rather non
linear functions of the ring parameters and this causes the 
calculated values of p, 8, 02, and 03, which specify the various 
conformations to differ somewhat from ideal relationships such 
as those of Table I. The equivalence of various conformations 
was assured in our calculations by working when necessary in 
actual geometrical coordinates rather than in the p, 8, 02, and 
03-

The coordinates p, 8, 02, and 03 define a toroidal surface7 

(Figure 1) and the pseudorotation paths form closed curves on 
tori with fixed values of the two radii or of p and 8. The pseu
dorotation path is the lowest energy path which connects the 
geometrically equivalent conformations of Table I and is thus 
essentially a function of 02 and 03 alone (but with small ad
justments in p and 8 to take into account the nonlinear nature 
of the coordinates and the nonexact symmetry of the ethers). 
The chair-twist-chair has a value of 8 of about 66° and on this 
"chair-twist-chair torus", the pseudorotation path is defined 
by an angle 0 such that7 

02 = 02° + 30 

03 = 03° + 0 (2) 

The chair form of cycloheptane is specified by 8Q »> 66°, 02 

Figure 1. Plane section of the torus defined by the coordinates of eq 1. The 
constant c can be chosen to give the torus a convenient shape. The various 
pseudorotation paths form closed curves on tori with both radii fixed. (Note 
that in the torus pictured in ref 7, the angles 02 and 03 were inadvertently 
switched.) 

= 0°, and 03° = ic. This form has a plane of symmetry, and so 
the symmetry operations of Table I generate only 14 equivalent 
forms. For the ethers, the coordinates 02° = 0° and 03° = ic 
also specify a chair conformer with a plane of symmetry. The 
ethers also have only 14 geometrically similar chair forms, 
since all of their asymmetric chair conformers have a pseu-
doplane of symmetry. The next equivalent chair form for cy
cloheptane is reached by movement along the helical pseudo-
rotation track specified by 02' = 02° + 3TT/7, 03' = 03° + TT/7. 
The twist-chair conformers are found just halfway between 
the chairs; that is, the first twist-chair is given by 02T = 02° + 
3#T/14, 0 3

T = 03° + TT/14. For the ethers, a twist-chair with 
Ci symmetry is found at the coordinates 02 = 90°, 03 = 
90°. 

The variation of the energy can be mapped as a function of 
02 and 03 only, if a torus of fixed radii is projected onto a rec
tangle.7 The detailed results of our conformational calculations 
are plotted as contour lines on such unfolded tori in Figures 
2-4. The pseudorotation pathway connecting the 14 equivalent 
chair and twist-chair forms of cycloheptane is represented by 
the sinusoidal variation of the energy along the long continuous 
valley across the energy surface, while the mechanical ine
quivalence of the chair and twist-chair conformers of the ethers 
is shown by the nonsimple variation of the energy through this 
valley. Cuts of the energy surface along the pseudorotation 
tracks of the two ethers are shown in Figures 5 and 6. Com
parison of these cuts with the maps illustrates some of the 
unique features of the conformational energetics of each 
molecule. The minimum energy twist-chair conformer of 
1,3-dioxepane (02 = 90°, 03 = 90°) is observed as the 4-
kcal/mol deep hole in the pseudorotation track, while two of 
the low energy asymmetric twist-chair forms of oxepane are 
located at 02 = -61° , 03 = 35° and 02 = 14°, 03 = 64°. The 
other pair of enantiomers is located at 02 = 119°,03= 145° 
and 02 = 166°, 03 = 116°, respectively. The positions of the 
geometrically equivalent chairs and twist-chairs are labeled 
on the contour maps and pseudorotation pathways of the two 
ethers. The position of the oxygen atom relative to the "plane" 
or "axis" of symmetry for each of the conformers is shown in 
Figure 7. 

The boat and twist-boat conformers have 8 » 0°, so the 
energy is just a function of 02 and this defines the pseudoro
tation path. For cycloheptane, the boat-like forms are freely 
pseudorotating and are approximately 3.4 kcal/mol above the 
twist-chair. The variation of the energy along the boat-twist-
boat pathways of the two ethers are shown in Figures 5 and 6. 
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Cycloheptane Oxepane 

Figure 2. Contour map of the chair-twist-chair pseudorotation surface 
of cycloheptane. The value of $ is about 66° and the contour interval is 1 
kcal/mol. Only half of the energy surface is shown. The other half for 0 
> 03 > -180° may be obtained by rotating the diagram 180° about the 
origin (^2 = 0, fa = 0). The 14 equivalent twist-chair conformations (only 
seven actually shown) are at the minima within the 8-kcal/mol contours. 
The chair conformers are halfway between the twist-chairs along the 
pseudorotation path. 

,3-Dioxepane 

Figure 3. Contour map of the chair-twist-chair pseudorotation surface 
of 1,3-dioxepane. The diagram is similar to that for cycloheptane (Figure 
2) and the part for 0 > ^3 > -180° is obtained in the same way. The po
sitions of the chair conformers are labeled by numbers and of the twist-
chairs by letters both here and in Figure 5. The position of the oxygen 
atoms for each of these forms is illustrated in Figure 7. 

The positions of several of the boat and twist-boat forms are 
labeled on the pathways and their respective positions corre
lated in Figure 7. 

As we have previously described for cycloheptane,7 variation 
of the coordinate 8 carries the chair to a boat conformation. 
Plots of the energy vs. 6 at two different points along the cy
cloheptane tori are shown in Figure 8. The transition state for 
boat-to-chair interconversion is approximately 9 kcal/mol 
above the minimum energy twist-chair. For the substituted 
rings, the paths between chair and boat tori are more compli
cated. Simple pathways in 6 have different energy profiles 
depending on their points of origin along the pseudorotation 
track. Since the lowest energy boat does not generally occur 
at the same values of 02 and <fo as the lowest energy chair, the 
minimum energy pathway will involve simultaneous variation 

Figure 4. Contour map of the chair-twist-chair pseudorotation surface 
of oxepane. The notation is the same as in Figure 3. See also Figure 6. 

—i 1 1 1 1 r 
Boat-Twist-Boat Pothway 

B B' 
J 

20 40 60 80 100 120 140 
Pseudorotation Angle (deg) 

60 180 

Figure 5. The energy as a function of pseudorotation angle for 1,3-dioxe-
pane. The chair-twist-chair curve represents a cut along the surface of 
Figure 3. The boat-twist-boat curve is a cut from the boat-twist-boat 
surface, which is not shown. The notation indicates the position of the 
oxygen atoms in the various forms as shown in Figure 7. 

in 6, fa, and <fo. The energies of the transition states of the two 
ethers are also about 9 kcal/mol above the lowest energy 
twist-chair(s) and their 6 coordinates are approximately the 
same asjhat of cycloheptane. The calculated energies and 
geometries of the various conformations of the seven-mem-
bered rings are summarized in Tables H-V. 

III. Potential Function and Details of the Calculations 
In the preceding paper,9 we examined the vibrational spectra 

and normal coordinates of the molecules we are considering. 
We were able to show that the ring-bending motions separate 
from the other possible modes of motion to a great degree. We 
then fit a potential function to these vibrational frequencies 
and to the conformational information and arrived at the 
form: 

F = L [HW, - ^0)2 + FW,+ ] - UVH°W, " */°) 
/ = i 

+ Tcos 3T,- + D cos 2T,- + K(^i+i - \pi+]
0) 

X M - ftO) cos T, 
i+4 

mod 7 4 

+ £ L (Ae-'<J»/r° - B/r,Jm
6)] (3) 

j=i+3 m = \ 

mod 7 
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Figure 6. The energy as a function of pseudorotation angle for oxepane. 
The notation is the same as in Figure 5. 

Table II. Coordinates of the Cycloheptane, 1,3-Dioxepane, and 
Oxepane Conformations 

Conformation 

Twist-chair 
Chair 
Twist-boat 
Boat 
Twisted transition state 
Bent transition state 

Twist-chair 
Chair 
Twist-boat 
Boat 
Transition state 

Twist-chair CC d 

Twist-chair B,B'rf 

Chair 
Twist-boat 
Boat 
Transition state 

e 

Cycloheptane 
64.8 
68.1 

2.8 
2.1 

30.0 
32.0 

1,3-Dioxepane 
59.1 
69.4 

8.2 
6.2 

27.0 

Oxepane 
63.1 
64.2 
69.9 
10.4 
8.0 

35.0 

Coordinate" 

02* 

90.0 
0.0 

90.0 
0.0 

90.0 
0.0 

90.0 
0.0 

64.3 
51.5 
92.1 

14.0 
-61 .2 
-91 .9 

38.6 
25.7 
29.8 

03* 

90.0 
180.0 

- 9 5 . C 
180.0' 
90.0 

180.0 

90.0 
180.0 
138.3' 
122.8'' 
87.8 

64.0 
35.0 
21.6 

175.8'-
177.5'' 

-57.9 

P 

40.1 
38.9 
36.8 
36.8 
37.8 
33.1 

41.4 
39.2 
38.6 
39.0 
39.0 

42.6 
41.6 
39.6 
39.4 
40.1 
39.9 

" All values in degrees. * The values of 02 and 03 for the 13 other 
equivalent forms of cycloheptane and the other equivalent forms of 
the ethers can be obtained using Table I. For the ether conformers with 
no symmetry, the minimum energy form does not always occur at the 
ideal value of these coordinates; see text. c For these conformers, 03 
varies widely because of the small value of 8. d See Figure 7. 

A' A 
Twist-Chair 

Twist-Boat 
Figure 7. This diagram gives the position of the oxygen atoms relative to 
the pseudoplane or axis of symmetry of the various ether conformers in 
the notation used in Figures 3-6. The X represents the O atom in oxepane 
or the 2-methylene group in 1,3-dioxepane. In conformer 1 the plane of 
symmetry passes through this group, in conformer 2 the pseudoplane passes 
one ring position away in the chair and two ring positions away in the boat. 
The conformers are labeled in order of increasing pseudorotation angle. 
Successive equivalent conformers are reflected through the plane of the 
ring: if 1 represents a boat with its bow up, 2 is a boat with its bow down, 
etc. 
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Figure 8. Boat to chair pathway for cycloheptane (top) and twist-boat to 
twist-chair pathway (bottom). The boat is marked by B, the chair by C, 
and the bent transition state by T. The twist-boat, twist-chair, and twisted 
transition state are marked TB, TC, and TT, respectively. The energy is 
plotted as a function off? at constant cfo and fo, except <fo switches at 8 = 
90° where P2 = 0 and near TB, <fo changes in the manner discussed in ref 
7. 

In this equation, the \pj are the instantaneous values of the 
ring-bending angles and the ^1

0 are their equilibrium values. 
The seven r, are the values of the torsional angles defined in 
ref 12. The /7/m are the distances between the hydrogen atoms 
attached to the carbon atoms indexed, /, and j . The index m 
labels the four distances between the hydrogens on these atoms. 
For the ethers, the r,jm are also the distances between an oxy
gen atom, which can be indexed /, and the hydrogens on atom 
j . In this case the index m runs only from 1 to 2. The complete 
set of parameters for eq 3, including the geometrical param
eters, is given in Table IX and the text of the preceding paper.9 

In comparing this potential function to others that have been 
used for conformational analysis, it is important to note that 
this function has been derived using the ring-bending model 
and that the potential constants have absorbed the effects of 

a large number of interactions that might otherwise be ex
pressed by nonbonded terms. 

In our preliminary conformational calculations on cyclo
heptane,7 we used the potential function derived from the 
properties of six-membered rings8 (H, F, T, and a onefold 
torsional term U) plus the nonbonded interaction term of Abe 
et al.16 (eq 3). With this potential function, the twist-chair was 
found to be the minimum energy conformer and the boat forms 
were approximately 0.5 kcal/mol higher in energy. The cal
culated low frequencies of the twist-chair were found to be in 
qualitative agreement with experiment, while those of the boats 
were totally inconsistent.9 Since the observed vibrational 
spectra could not be interpreted in terms of the boat-chair 
mixture predicted by our preliminary conformational calcu
lations, several modifications were tried in the model potential. 
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Table III. Geometries of the Cycloheptane, 1,3-Dioxepane, and Oxepane Conformations 

Conformation 

Twist-chair 
Chair 
Twist-boat 
Boat 
Twisted transition state 
Bent transition state 

Twist-chair 
Chair 
Twist-boat 
Boat 
Transition state 

Twist-chair B, B'" 
Twist-chair C, C 
Chair 
Twist-boat 
Boat 
Transition state 

a See Figure 7. 

Table IV. Energies of thi 

Conformation 

Twist-chair 
Chair 
Twist-boat 
Boat 

V1 

115.0 
117.3 
114.9 
115.3 
120.6 
115.1 

114.0 
116.2 
114.1 
112.9 
117.9 

112.2 
114.4 
115.5 
113.9 
112.8 
115.7 

4*2 

111.5 
113.6 
113.9 
113.4 
115.6 
113.4 

108.7 
111.1 
110.9 
111.0 
111.7 

115.7 
115.0 
114.5 
112.3 
112.3 
121.6 

; Cycloheptane, 

Twisted transition state 
Bent transition state 

Twist-chair 
Chair 
Twist-boat 
Boat 
Transition state 

Twist-chair B, B'* 
Twist-chair C, C'b 
Chair 
Twist-boat 
Boat 
Transition state 

EH 

0.643 
1.027 
0.480 
0.487 
3.434 
5.510 

0.232 
0.843 
0.670 
0.649 
2.253 

0.495 
0.869 
0.973 
0.594 
0.126 
3.883 

Bond ang 

^ 3 Vt 

114.9 115.1 
113.6 114.4 
113.9 114.8 
113.8 114.9 
110.0 111.5 
121.0 123.2 

114.3 110.1 
115.3 111.0 
115.9 110.1 
116.1 110.8 
109.5 110.3 

111.4 111.1 
110.0 116.3 
111.5 114.0 
108.2 115.3 
109.5 114.3 
116.0 114.3 

1,3-Dioxepane, 

EF 

0.034 
0.164 
0.098 
0.086 
0.481 
0.916 

0.015 
0.058 

-0.027 
0.007 

-0.045 

-0.050 
0.002 
0.134 
0.063 
0.001 

-0.186 

;les 

^5 V6 V1 

Cycloheptane 
114.9 111.5 115.0 
113.5 
114.8 
113.8 
110.0 
121.0 

113.6 117.2 
113.9 114.8 
113.4 115.3 
115.7 120.8 
113.4 115.1 

1,3-Dioxepane 
114.1 108.6 113.9 
114.2 
112.1 
114.0 
110.3 

110.6 
112.2 
109.7 
112.7 
110.7 
106.1 

110.8 115.5 
106.8 110.0 
107.4 110.3 
113.0 119.2 

Oxepane 
114.1 114.6 
114.3 110.1 
116.0 116.6 
114.6 113.5 
113.6 112.2 
109.2 109.1 

Tl 

-73 .0 
68.5 

-18.8 
72.2 

-27.6 
75.1 

-68 .0 
67.2 
45.6 
56.2 

-26.9 

70.0 
50.8 

-79.5 
64.2 
73.5 
23.8 

and Oxepane Conformations0 

ED 

( 
1.662 
1.672 
3.161 
3.157 
3.442 
3.620 

ET 

Cycloheptane 
5.580 
6.240 
6.674 
6.856 

10.435 
10.869 

1,3-Dioxepane 
0.486 4.580 
0.999 
0.249 
0.380 
0.881 

0.813 
0.543 
1.240 
1.204 
1.082 
1.309 

6.217 
6.655 
6.872 

11.593 

Oxepane 
5.423 
5.067 
6.123 
6.437 
7.765 

10.799 

EK 

-0.033 
-0.080 
-0.040 
-0.039 
-0.340 
-0.581 

-0.001 
-0.042 
-0.017 
-0.011 
-0.197 

-0.020 
-0.015 
-0.067 
-0.018 
-0.001 
-0.309 

Torsional an; 

T2 T3 

89.4 -40 .0 
-85.6 63.8 

76.2 -18 .8 
-32.4 -58.6 

89.1 -46 .9 
-60 .3 - 1 . 8 

98.3 -46.9 
-88.7 70.3 

50.1 -66.3 
37.3 -75.9 
94.9 -50.4 

-54.3 80.2 
-72.9 96.4 

62.4 -73.0 
22.3 -91.4 

1.7 -86.0 
8.5 44.4 

s ^ b o n d 

7.886 
9.023 

10.373 
10.547 
17.452 
20.334 

5.312 
8.075 
7.530 
7.897 

14.484 

6.661 
6.465 
8.403 
8.280 
8.973 

15.497 

T 4 

-40.4 
-63 .9 
-65.7 
-58.6 
-47 .3 

1.7 

-47 .3 
-71.8 
-31 .3 

-8 .7 
-54 .4 

-101.9 
-43 .0 

97.2 
33.5 
46.5 

-104.8 

EH-H 

-0 .280 
-0 .112 

0.619 
0.483 

-0 .179 
0.923 

-0 .551 
-0.275 
-0.450 
-0.231 
-0.615 

-0 .370 
-0.187 
-0.184 

0.477 
-0.223 
-0 .473 

jles 

Ts 

89.4 -
85.8 -
46.8 
32.7 -
88.8 -
60.3 -

98.8 -
91.5 -
93.5 -
86.5 -
90.4 -

46.6 
-44.4 
-71.1 

56.7 -
53.1 -
47.4 

ZE 

7.608 
8.911 

10.993 
11.030 
17.273 
21.256 

4.760 
7.800 
7.079 
7.667 

13.869 

6.292 
6.279 
8.219 
8.758 
8.750 

15.024 

Tt 

-72.7 
-68.3 
45.2 

-72.2 
-27.0 
-75.1 

-68.3 
-66.0 
-26.7 
-41.0 
-19.6 

34.2 
90.9 

2.1 
-40.8 
-55.6 
47.4 

1 

T 7 

55.4 
-0 .2 

-65.1 
0.0 

-14 .9 
0.0 

45.8 
-1 .7 

-60 .0 
-52 .0 
-20 .2 

-83.7 
-67 .7 

62.8 
-48 .3 
-34 .3 
-83.5 

AE 

0.0 
1.303 
3.385 
3.422 
9.665 

[3.648 

0.0 
3.040 
2.319 
2.917 
9.109 

0.013 
0.0 
1.940 
2.479 
2.471 
8.745 

a In kilocalories per mole. b See Figure 7. 

First, the effects on the relative energies and vibrational 
frequencies of several values of the nonbonded parameters A 
and 1/ro were investigated. The harder interaction potentials 
of Hendrickson3 and Bartell17 were found to raise the energies 
of the boats by several kilocalories per mole, but had deleterious 
effects on the calculated out-of-plane bending frequencies. 
Next, the onefold torsional term U, which was found to have 
little effect on the properties of the seven-membered rings, was 
dropped, and a twofold term D was added. The effect of the 
twofold term is to steepen the torsional well for values of r,- near 
0°. This is exactly the effect needed to raise the energy of the 
boats relative to the chairs, since the average torsional angle 
of the boats is much nearer 0° than is that of the chairs (Table 
III). Unfortunately, the vibrational frequencies are rather 
insensitive to the twofold term and the values of D cannot be 
determined with any accuracy. A value of 0.5 kcal/mol was 
chosen for D, since this gives reasonable conformational and 
vibrational results. The value of D can be changed by about 
35% without seriously affecting the calculated frequencies of 
the twist-chairs. This range of values for D places an uncer

tainty of approximately ±0.6 kcal/mol on the relative energies 
of our boat and chair-like conformations. The twofold term and 
the nonbonded term together give good values for the minimum 
energy conformations and ring-bending frequencies. Either 
term alone is sufficient to raise the energy of the boats to an 
acceptable level; but use of either term alone results in unac
ceptable vibrational frequencies. Use of both terms results in 
an estimated uncertainty in the relative energies of our boat 
and chair conformers of about 1 kcal/mol. 

Still better fits of the vibrational frequencies were achieved 
by adding a bend-torsion interaction term K to the potential 
and making some minor changes in the values of H, F, and T 
for the all-carbon valence coordinates. Although these modi
fications do not significantly affect the relative energies of the 
conformations, they do have a significant effect on the struc
tures of the molecules. The average torsional angle | r,-1 of the 
twist-chair is increased by about 5° and the average bond angle 
by nearly 4° over the values obtained in our preliminary cal
culations on cycloheptane.7 These structural changes have 
important effects on the rotational constants, and this will be 
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discussed further below. 
We are interested in the relative energies and geometries of 

the four basic conformations of each of the three molecules 
studied, as well as all of the relatively low-energy intermediate 
conformations, and we therefore carried out the calculations 
summarized in the figures and tables. 

The contour maps of Figures 2-4 were obtained by speci
fying values of 6, Q2, and ^ 3 and then minimizing the energy 
with respect to p and the set of in-plane coordinates described 
in ref. 7. Although the true minimum energy conformations 
occur at different values of d as 4>2 and <fo are varied, each of 
the energy surfaces is mapped with 8 held constant at 66°. This 
is approximately the average, value of 8 for the various con
formations on the chair-twist-chair surface of each molecule. 
All of the true minima are found in the range 8 = 66 ± 2° for 
cycloheptane and 6 = 66 ± 6° for the ethers (Table II). Since 
the minimum energy values of 8 are quite close to 66°, all of 
the important features of the energy surfaces are well repro
duced by mapping at the average value. In order to locate the 
most stable conformations and to map the energy variation 
along the pseudorotation pathways (Figures 5 and 6), a 
seven-dimensional minimization was performed. Only the 
relevant pseudorotation angle was specified (03 for the chair 
pathway and <f>2 for the boats) and the energy was minimized 
with respect to the other pseudorotation angle, p, 6, and the 
in-plane coordinates. All of the minimizations were carried out 
to the nearest 0.0005 kcal/mol, and no difficulties were en
countered in locating the minima. The coordinates of the 
various conformations of the three molecules are listed in Table 
II and their respective geometries are given in Table III. The 
contributions to the conformational energies are summarized 
in Table IV and the rotational parameters of the various con
formations are given in Table V. The rotational parameters 
provide a simple means of characterizing small changes in the 
geometry and can be experimentally determined (next section). 
Since there are many different boat and chair conformers for 
the two ethers, the values listed in the tables are for the lowest 
energy bent and twisted forms on the two different pseudoro
tation pathways. The "transition state" listed in the tables is 
defined as the lowest maximum connecting the boat-twist-boat 
and chair-twist-chair surfaces. For cycloheptane this transition 
state is represented by the left maxima in Figure 8. 

IV. Other Experiments 

We have examined the 13C NMR spectra of cycloheptane, 
oxepane, and 1,3-dioxepane using the proton-enhanced nuclear 
induction techniques of Pines et al. '8 The cycloheptane spec
trum was recorded at - 185 0 C and the spectra of the two 
ethers were recorded at several temperatures down to - 1 5 0 
0 C. These spectra failed to reveal any splittings which might 
be indicative of the freezing out of some mode of conforma
tional motion and this is consistent with the experiments of 
Meiboom19 and Anet.20 The lack of splitting is also consistent 
with the low values of the barriers to pseudorotation given by 
our calculations. The spectrum of 1,3-dioxepane does, however, 
exhibit noteworthy behavior as the temperature is reduced 
from 25 to - 115 °C. The 1,3-dioxepane spectrum begins to 
deteriorate near - 9 5 0 C. At - 115 0 C, the signal to noise ratio 
(S/N) is so unfavorable that no spectrum is observable. In 
proton-enhanced nuclear induction spectroscopy, the signals 
of dilute nuclear spins (naturally abundant 13C) are enhanced 
by transferring polarization from a more abundant spin species 
(protons) to which the dilute spins are coupled.18 In our ex
periments on the three rings, the same delay times were used 
between the measurement of successive free induction decays. 
For cycloheptane and oxepane this resulted in good spectra 
with high S/N ratios at all temperatures studied, while for 
1,3-dioxepane, no spectra were obtainable below -115 0 C and 
higher signal intensities resulted at higher temperatures when 

Table V. Rotational Constants of the Cycloheptane, 1,3-
Dioxepane, and Oxepane Conformations 

Conformation A" B" C 

" In wavenumbers. * Ray's asymmetry parameter. c See Figure 
7. 

the delay times were lengthened. This suggests that the proton 
relaxation times, T], are considerably shorter in cycloheptane 
and oxepane than in 1,3-dioxepane. The observed NMR 
spectra can be related to the conformational interconversion 
process via transition state theory,21 which gives the inter
conversion rate (R1) as 

R] = (kT/h)txp(AS*/R)(-AH*/RT) (4) 

Our conformational calculations predict barriers to pseudo-
rotation of 1.3 and 4 kcal/mol in cycloheptane and 1,3-diox-
epane, respectively (Figures 2 and 3). The barrier to pseudo-
rotation in oxepane is also on the order of 4 kcal/mol, but the 
interconversion barrier between the two stable, equal energy 
twist-chair conformers is much lower, 2.2 kcal/mol (Figure 
4). If the entropy term in eq 4 is neglected, the cycloheptane 
and oxepane barriers predict an interconversion rate of ap
proximately 300 MHz (at - 1 8 5 and - 1 5 0 0 C , respectively). 
The 1,3-dioxepane barrier results in an interconversion rate 
of 10 MHz (at - 1 1 5 0 C, where the spectrum is no longer ob
servable). In the NMR experiment, the Larmor frequency of 
the protons was 185 MHz. The 300-MHz interconversion rates 
of cycloheptane and oxepane are much closer to the pre-
cessional frequency of the protons than is the 10-MHz rate of 
1,3-dioxepane; thus, the interconversion process in cyclohep
tane and oxepane can provide a much more efficient relaxation 
mechanism for the protons than can the interconversion process 
in 1,3-dioxepane. This is consistent with the observed spec
tra. 

Brookeman and Rushworth have made detailed NMR line 
shape and relaxation and measurements on the various crys
talline phases of cycloheptane.22 They find an activation energy 
of 1.7 kcal/mol for a process that may be pseudorotation. This 
energy is close to the 1.3-kcal/mol barrier we predict, but 
further interpretation is difficult in the absence of accurate 
structural information on the crystals. 

A good rotational Raman spectrum of cycloheptane has 
been obtained by Kainnady and Weber.23 Their experiments 
show a symmetric top-like spectrum and their data come from 

Twist-chair 
Chair 
Twist-boat 
Boat 
Twisted transition 

state 
Bent transition 

state 

Twist-chair 
Chair 
Twist-boat 
Boat 
Transition state 

Twist-chair B,B'r 

Twist-chair C,C'f 

Chair 
Twist-boat 
Boat 
Transition state 

Cycloheptane 
0.1061 0.09605 
0.1049 0.09604 
0.1016 0.1011 
0.1025 0.1004 
0.1070 0.09552 

0.1018 0.09630 

1,3-Dioxepane 
0.1196 0.1052 
0.1149 0.1057 
0.1154 0.1115 
0.1139 0.1121 
0.1178 0.1067 

Oxepane 
0.1114 0.1013 
0.1128 0.09982 
0.1106 0.1006 
0.1078 0.1063 
0.1082 0.1072 
0.1134 0.1006 

0.05854 0.5768 
0.05773 0.6259 
0.06316 0.9754 
0.06330 0.8907 
0.06113 0.4992 

0.05841 0.7479 

0.06474 0.4767 
0.06275 0.6469 
0.07110 0.8253 
0.07116 0.9177 
0.06718 0.5614 

0.06143 0.5983 
0.06134 0.4953 
0.06016 0.5826 
0.06694 0.9255 
0.06773 0.9480 
0.06451 0.4782 
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states with high rotational quantum numbers, J. Their analysis 
gives 

fieff = 0.099 380 1 ± 0.000 004 7 cm"1 

Dj = (4.08 ±0.17) X 10-8cm-' 

The effective rotational constant Beff « (A + B)/2 and this 
quantity is listed in our tables. However, the effective rotational 
constant, 5eff\ is not a precisely defined structural constant. 
It is a function of the asymmetry of the molecule and is also 
an average over the rotational properties of the various ther
mally accessible conformers. We have estimated the effect of 
asymmetry by calculating detailed band shapes for a molecule 
with approximately the rotational constants of cycloheptane. 
We find the maximum of the rotational band gives a value of 
5eff about 0.2% lower than the value of (A + B)/2 and so we 
estimate 

{A + B)12, exptl = ~0.0996 cm"1 

The value of (A + B)/2 for the cycloheptane twist-chair is 
calculated to be 0.1011 (Table V). The value for all the other 
conformers is very close to this value. The value for the chair 
is 0.1004 and even the boat forms have values of (A + B)/2 
of 0.1015. The value of (A + B)/2 provides a measure of the 
overall flatness of the ring and does not change appreciably 
with conformation, in contrast to the value of C which changes 
10%. The predicted value of (A + B)/2 adjusted for the ther
mal distribution of conformers is then very close to 0.1011. This 
is about 1% higher than the experimental value and very close 
to the values of (A + B)/2 calculated from the geometries of 
Hendrickson and Bixon and Lifson.7 Our new value is also 
larger than our previously calculated value7 and, indeed, our 
new geometries are much closer to those of both Hendrickson3 

and Bixon and Lifson6 than are our previous ones. It is difficult 
to account for the discrepancy between the various results of 
these calculations and the experimental value of the rotational 
constant. Uncertainties in quantities such as the correct value 
of the H-C-H angle cannot account for the discrepancy.7 Most 
likely, the experimental rotational constant contains contri
butions from Coriolis interactions and other rotation-vibration 
interactions we have not been able to take into account. 

The relative order of the energies of the various conformers 
of cycloheptane is similar in our present calculations and in 
those of the other authors. However, the chair-twist-chair 
pseudorotation barrier calculated by Bixon and Lifson is ap
proximately half as large as our barrier. This difference is 
significant, since the lower barrier would result in very low 
frequencies for the out-of-plane ring-bending bending vibra
tions in cycloheptane and this is not observed. 

Little other structural information on these seven-membered 
rings is available. We have attempted to obtain a low-resolution 
microwave spectrum of 1,3-dioxepane, but were not able to 
observe any prominent bands. 

V. Conclusions 
A satisfyingly consistent picture of the conformations of the 

saturated seven-membered rings emerges from our calcula
tions, the calculations of others, and the various spectroscopic 
experiments. For cycloheptane, this picture gives the twist-
chair as the lowest energy conformation with a 1.3-kcal/mol 
barrier to pseudorotation. The boat forms are a few kilocalories 
per mole higher in energy. The various calculations agree re
markably well on the geometry of the twist-chair. The oxy
gen-substituted seven-membered rings have more complicated 
conformational energy surfaces which also fit the framework 
developed for cycloheptane and which are described in detail 
in the figures and tables. 
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