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3.1. Introduction

Basic conformational features of puckered six-membered rings have been known

to chemists for more than a century. In 1890 and 1892, Sachse wrote two articles,

in which he pointed out that six-membered rings can adopt two different types of

nonplanar conformations with tetrahedral C-C-C angles and, accordingly, with

relatively low ring strain. I Sachse called the two forms "rigid" and "flexible isomer,"

indicating by these terms that the rigid form cannot change its shape without relatively

large deformations of the internal ring angles while the flexible form can easily

transform into an infinite number of puckered forms keeping its tetrahedral angles.

Sachse described what is known today as the chair and boat forms, and, obviously,

he had already a clear idea of the pseudorotation process of the boat form. Sachse

also realized that there could be two forms of the monosubstituted cyclohexane

chair depending on whether the substituent adopts an axial or an equatorial position. I

Three decades later, Sachse's ideas were extended by Mohr2 and verified by

Huckel's work on the decalins.3 In the late 1930s, definite proof for the chair

conformation of cyclohexane was obtained by infrared and Raman investigations

of Hermans4 and, in particular, of Kohlrausch.5 In this connection, Hassel's electron

diffraction studies on six-membered rings, which took place in the 1940s, were

also very important. 6 Pitzer and his co-workers, who calculated entropy and other

thermodynamical properties of six-membered rings, demonstrated that for cyclohex-

ane and most cyclohexane derivatives the chair form is the most stable conformation.7

In the 1950s, work by Barton and others clarified important conformational features

of the chair form and established the existence of other six-membered ring conforma-

tions than the chair form.8-1O Improvement and automation of force- field calculations

led to the description of cyclohexane conformers not amenable to experiment. Basic

work was carried out by Pitzer,? Hazebroek and Oosterhoff, II Corey and Sneen,12

Allinger,13 Hendrickson,14 Bucourt and Hainaut,15 and Pickett and Strauss.16
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Parallel to this development attempts were made to define the conformational

parameters of a six-membered ring and to set up mathematical formulae that allowed

routine description of the various six-membered ring conformers. An important

contribution to this problem had already been made in the 1940s by Kilpatrick,

Pitzer, and Spitzerl7 in their work on pseudorotation of five-membered rings. These

authors realized that pseudorotation can be described by two coordinates, namely,

a ring puckering amplitude and a pseudorotation phase angle. However, it took

almost 30 years to put this idea in a solid mathematical framework so that any

arbitrary rionplanar N-membered ring could be described. In this context, work by

Hendrickson,14 Dunitz,18 and, in particular, Pickett and Strauss 16has to be mentioned.

This development was brought to a final solution by the general definition of

conformational parameters for N-membered rings by Cremer and Pople in 1975.19

The Cremer-Pople puckering coordinates led to exact definitions of puckered confor-

mations
l9
and ring substituent positions,2° to a classification of internal coordinates

for six-membered rings,21to the definition of reference plane and reference conforma-

tion/o.
22
to the concept of basis conformations/I•23 and to a general algorithm for

the calculation of puckered ring forms.23

At the same time, detailed information about conformational barriers of six-

membered rings was obtained from NMR spectroscopy.24 The barrier to chair-chair

inversion of the cyclohexane ring was measured25 and even the energy difference

between the twist-boat and chair form was determined.26 But experimental measure-

ments also showed that many conformational features of cyclohexane were not

amenable to experiment, and, therefore, experimentalists accepted more and more

the results of force-field calculations to complement the picture drawn on the basis

of experimental investigations on six-membered rings.

Within this scenario there seemed to be no necessity to use ab initio calculations

for the description of the conformational features of nonplanar six-membered rings.

The first ab initio investigation on different cyc\ohexane conformers had already

been done in 1969 by Hoyland at the Hartree-Fock (HF) level using a minimal

basis set and standard geometries.27 The calculations reproduced energy differences

and barriers in good agreement with experiment and force-field calculations of

Allinger,13 but apart from this they did not provide any new insights of general

chemical concern. Although it was clear that ab initio theory would lead in the long

run to more accurate data than force-field calculations, there were few efforts in the

1970s and 1980s to use ab initio theory for a systematic exploration of conformational

processes and conformational energy surfaces of puckered six-membered rings.

Most of the work that is reviewed in this article focused on the calculation of

the chair conformation of saturated six-membered rings. There are only a few

investigations that go beyond this minimal objective and describe other less symmet-

ric conformations of six-membered rings.

By reviewing the work that has been done so far, this chapter attempts to initiate

new effort for ab initio investigations of conformational features of puckered rings

in general, but six-membered rings in particular. The ab initio studies carried out

so far clearly show that the results of previous force-field investigations have to be

revised because they are inaccurate. Even textbooks have to be revised because of
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the more complete picture that emerges from ab initio investigations of puckered

six-membered rings, as we will show in the following sections.

The investigation of conformational features of acyclic compounds is a straightfor-

ward problem in ab initio theory. Since all bonds are retained during a conformational

process and, therefore, larger changes in the correlation energy are not to be expected,

one can obtain reliable conformational energies at the Hartree-Fock level of theory

provided a sufficiently large set of descriptive functions (basis functions) is used

in the ab initio calculation and provided all geometrical parameters of a given

conformer are consistently optimized.

This also applies to the ab initio description of ring conformations. Nevertheless,

the conformational analysis of ring compounds is more difficult than that of acyclic

compounds because of nontrivial coordinate problems that have to be solved first.

The conformational space and the conformational parameters of a puckered ring

have to be defined in a similar way as for acyclic compounds, which seems to be

impossible at first sight. For example, the conformation of a six-heavy-atom molecule

such as hexane (not considering H atoms) is defined by three dihedral angles (an

N-heavy-atom system by N-3 dihedral angles) while there are six (in general N)

dihedral angles to specify the conformation of a puckered six-membered (N-mem-

bered) ring such as cyclohexane. The question is how to derive three conformational

parameters in a unique way out of six dihedral angles. This problem is at the heart

of all conformational studies of six-membered rings, since, without an answer to

this question, it is not possible to calculate the conformational energy surface of a

puckered ring or to describe its conformational processes in a consistent way.

Fortunately, a general solution to the problem of the conformational coordinates of

nonplanar rings has been given, and we will briefly outline this solution in the

following sections.

3.2. Conformational Space and Conformational

Energy Surface

For an N-atom acyclic molecule (e.g., the carbon frame of hexane), the conforma-

tional coordinates are normally defined as a subset of its 3N-6 internal parameters,

which may cover N bond lengths r, N-3 bond angles w, and N-3 dihedral angles 'T.

The dihedral angles describe the overall shape of the molecule, and, therefore, it is

reasonable to define the conformational space of an N-atom acyclic molecule as

the (N-3)-dimensional subspace of the total (3N-6)-dimensional configuration space.

Since the subspace is spanned by N-3 dihedral angles 'T, the dihedral angles are the

conformational parameters of an acyclic molecule.

Conformational features and conformational processes are described in depen-

dence of the N-3 conformational parameters 'T. This is best done by determining

the conformational energy surface (CES), which is given by the energy as a function

of all N-3 conformational parameters 'T
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(3.1)

The stationary points of the CES are those points that may be traversed in a

conformational process. For example, global and local minima of the CES define

the positions of stable conformations of the molecule, first-order saddle points give

the positions of transition states of conformational processes, while all other points

of the CES correspond to nonstable forms of the molecule. The latter may be

called conformers to distinguish them from specific stable conformations.28,29 The

minimum-energy paths connecting minima and first-order transition states on the

CES trace out the paths of the most favorable conformational processes. They can

be described by changes in energy dependence on changes in the conformational
parameters.

In the case of puckered N-membered ring molecules, there is no obvious way

to select 3N-6 bond lengths, bond angles, and dihedral angles out of the total number

of 3N coordinates, which determine the geometry of the ring. For example, one

could take N bond lengths, N bond angles, and N-6 dihedral angles. This would

imply in the case of the six-membered ring that its geometry would be fully defined

by six bond lengths and six bond angles. It would not make much sense to define

a conformational subspace comparable to the one of hexane using any of the six

bond lengths or six bond angles,

The question on how to define the dimension of the conformational space and

the conformational parameters of a six -membered ring or, in general, an N-membered

ring is closely connected with the question of a suitable reference form, which can

be used to define degree and type of puckering of a ring molecule, There is a unique

choice for such a reference conformation, namely, the planar form of the six-

membered (N-membered) ring. The geometry of the planar ring is fully defined by

2N-3 internal parameters, which, in the case of the planar six-membered ring, could

be six bond lengths and 6 - 3 = 3 bond angles. The six dihedral angles are all

zero, as are the out-of-plane displacements of the planar ring (Figure 3.1),

There are N-3 out-of-plane vibrations among the 3N-6 normal vibrations of a

planar N-membered ring. The out-of-plane vibrations can lead to ring forms that

are more stable than the planar form itself. For example, in the case of a planar

six-membered ring with D6h symmetry (regular hexagon), there are 6 - 3 = 3 out-

of-plane vibrations Sj, S2, and S3 (Figure 3.1), which split into a single vibration of

B2g symmetry (S,) and a degenerate vibration of E2u symmetry (S2 and S3).30

E 2C6 2C3

B2g 1 -1 1

E2u 2 -1 -1

3C~ 3C~

-1 1

o 0

2S3 2S6

1 -1 1

-2 1 1

O"h 30"d 30"v

-1 -1 1

-2 0 0

The S, displacement preserves the symmetry elements E, 2C3, 3Cz", i, 2S6, and 30"",

which form the D3d symmetry group; therefore, the latter is called the kernel symme-

try of the B2g irreducible representation.3' As can be seen from Figure 3,1, any S,

displacement leads to a D3rsymmetrical puckered hexagon.

The kernel symmetry of the degenerate E2u representation is only C
2
• Since the

displacements S2 and S3 are degenerate, any normalized linear combination
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elv• boat form

Reference ring form:
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1
planar ring

hexagon, 06h

ElU vibration

o

Sz COsa + Sg sina

o

0l. twist-boat form

Blg vibration

03d, chair form

Figure 3.1. Internal coordinates of the planar reference ring and the three unique out-of-

plane vibrational modes Sh S2, and S3 of the planar ring. The three conformations that can

be associated with the out-of-plane vibrations are also given.
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(3.2)

is a valid choice for an out-of-plane displacement transforming as E2u' For an

arbitrary value of a, the E2u out-of-plane displacement only preserves the kernel

symmetry C2, because the C2 axis is the only common nontrivial symmetry element

of S2 and S3. However, from Figure 3.1 it becomes clear that for certain values of

a, higher co-kernel symmetries than the kernel symmetry C2 are possible. For

example, for a = 0° and S23 = S2, a C2v-symmetrical out-of-plane displacement is

obtained and, for a = 90° and S23 = S3, a Dz-symmetrical displacement.

The three out-out-plane displacements of the hexagon can be associated with the

three conformations of a puckered six-membered ring: The B2g vibration leads to

the D3asymmetrical chair (C) form, and the E2u vibrations lead to the C2v-symmetrical

boat (B) and the Drsymmetrical twist-boat (TB) form. Actually, the latter two

forms establish according to Eq. (3.2) a family of conformers, which for reasons

to be explained is called the B- TB pseudorotational family. Since the angle a can

adopt any value between 0 and 360°, there is an infinite number of puckered ring

forms in the B- TB family that all possess at least C2 symmetry if the planar parent

form possesses D6h symmetry.

The analysis of the out-of-plane vibrations of a planar six-membered ring reveals

that just N-3 = 3 unique conformations can be generated, namely C, B, and TB

form. It is justified to call them the basis conformations of the six-membered ring.20•23

Similarly, as the three basis vectors of Euclidean space define the directions of the

three coordinate axes, the basis conformations define orthogonal axes in conforma-

tional space. This means that the conformational space of a six-membered ring is

three dimensional and that of an N-membered ring (N-3)-dimensional according to

N-3 unique out-of-plane deformations of the planar reference form and N-3 basis

conformations.20•23

Obviously, the conformational space for an N-membered ring has the same

dimension, namely N-3, as the conformational space of an N-atom acyclic molecule.

There must be N-3 coordinates that span the space, and N-3 basis conformations

that can be used to describe any of the infinite number of possible conformers.

Mathematically seen, the conformational analysis of puckered N-membered rings

implies a projection from (3N-6)-dimensional space (configurational space) onto

the (N-3)-dimensional subspace (conformational space). While it is rather simple

to define for an acyclic molecule N-3 dihedral angles as suitable conformational

coordinates, this is not so easy in the case of a puckered six-membered (N-membered)

ring, as was already pointed out.

A solution to this problem has been provided by Cremer and Pople,19 who have

defined the ring puckering coordinates, which establish a set of N-3 conformational

coordinates for any puckered N-membered ring. Since the puckering coordinates

are essential for the conformational analysis of puckered six-membered rings, we

will in the following briefly outline the derivation of the Cremer-Pople puck-

ering coordinates.19
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3.3. Definition of the Cremer-Popie Puckering

Coordinates

A planar N-membered ring can perform a total of N unique out-of-plane movements,

of which only N-3 represent unique vibrational modes, while the remaining 3 lead

to an overall movement of the planar ring in the form of translations or rotations

that do not change the planarity of the ring. One can describe the possible out-of-

plane deviations of the N-membered ring with the help of N coordinates (for example,

the six out-of-plane displacements Zj of a planar six-membered ring). If three of the

out-of-plane deviations lead to external movements of the ring (translation and

rotation) rather than internal distortions, then one should be able to eliminate three

coordinates and to obtain a set of N-3 coordinates that define the N-3 basis conforma-

tions of the ring in a unique way.

This problem can be solved by fixing the orientation of the planar reference ring.

The planar reference ring is placed into a reference plane, which has been called

for reasons that will become obvious later the mean plane of the ring.19 To keep

the planar ring in the mean plane, overall movements of the ring out of the plane

either by translation or rotation have to be suppressed.

To specify the exact position of the planar reference ring in the mean plane, three

in-plane coordinates have to be determined for the ring. This is done by requiring

that the geometrical center of the planar ring coincides with the origin of the

Cartesian coordinate system, thus fixing two in-plane coordinates. In addition, it is

required that atom 1 of the planar N-membered ring lies on the positive y axis, thus

fixing the third in-plane coordinate. In this way, the Z axis and the normal of the

mean plane point in the same direction. The out-of-plane deviations of the puckered

N-membered ring are measured by the Z coordinates of the ring atoms.

In Figure 3.2, it is shown for the case of a regular hexagon that translation of

the reference ring along the Z axis is given by

(3.3)

with aj = 2'ITU - l)/N (in Figure 3.2, N = 6) andj = 1, N. For translation along

the Z axis, m = 0, so that all Zj values are equal to the constant qo that measures

the magnitude of the translational shift. Overall rotations of the planar ring around

the x or the y axis are described by

Zj = ql cos aj

Zj = ql sin aj

(3.4)

(3.5)

with ql being a constant describing the degree of overall rotation of the ring.

Translation and overall rotations of the planar reference ring are suppressed by

imposing the following equations on the out-of-plane deviations Z/9
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Translation along z-axis

z

m = 1

Z

m=l

Z

Zj = Cb = qo cos [m (21I:/6)U- 1)]

m = 0; j = 1, 2..·.. 6

x

qo is a constant that describes the
degree of translation.

Rotation around x-axis

Zj = ql cos [m (21I:/6)U-1)]

m = 1; j = 1. 2..·.. 6

ql is a constant that describes the

degree of rotation.

Rotation around y-axis

Zj = ql sin [m (2w'6)U-1)]

m = 1; j = 1. 2..... 6

x
ql is a constant that describes the

degree of rotation.

Figure 3.2. Out-of-plane displacements Zj of a regular hexagon that lead to an overall

translation of the ring along the Z axis or rotations of the ring around the x and y axes.
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(3.6)

I Zj cos CXj= 0

j~I,N

(3.7)

I Zj sin CXj= 0

j~I.N

(3.8)

Equation (3.6) will exclude any translation along the Z axis, while Eqs. (3.7) and

(3.8) do the same with regard to rotations at the x and y axis. If Eqs. (3.6)-(3.8)

are fulfilled, the planar six-membered ring will be forced to remain in the mean plane.

Any set of out-of-plane displacements Zj that describes puckering of the planar

reference ring must be of the following form to fulfill Eqs. (3.6)-(3.8).

Zj = qm cos(mcxj)

Zj = qm sin(mcx)

(3.9)

(3.10)

where m takes special integer values and qm are constants that measure the out-of-

plane movements of the N-membered ring. From these definitions it follows that

for any puckered ring the sum of out-of-plane deviations Zj is zero or, in other words,

the mean value of the Zj coordinates of any nonplanar ring conformer has to vanish.

This is the reason why the reference plane is called the mean plane. 19

Figure 3.3 reveals that for m = 2 and N = 6 Eq. (3.9) leads to the boat and Eq.

(3.10) to the twist-boat form of the six-membered ring, which underlines the close

relationship of the two conformations. For m = 3, only Eq. (3.9) generates a new

puckered form, which can easily be defined as the chair conformation of the six-

membered ring, while Eq. (3.10) leaves the planar reference form unchanged. Hence,

one can say chair forms and the planar form constitute a conformational family in

the same way as boat and twist-boat do.

For m = 4, the same out-of-plane distortions as for m = 2 are obtained. For

m = 5, Eq.s (4) and (5) (rotation around x- or y-axis, m = 1) are reproduced and,

for m = 6, Eq. (3) (translation along the z-axis, m = 0) is obtained. Hence, only

m = 2 and m = 3 lead to unique internal distortions of the six-membered ring that

are in line with Eq.s (6) to (8).

Zj = q2 cos(2cxj),

Zj = q2 sin(2cxj),

Zj = q3 cos(3cxj),

j = 1,6

j = 1,6

j = 1,6

(3.11)

(3.12)

(3.13)

These observations can be generalized for an N-membered ring.19 An N-membered

planar ring possesses just N unique sets of out-of-plane displacements that are given

by Eqs. (3.9) and (3.10) with m = 0, 1, 2, ... , (N-l)12 for N odd and m = 0, 1,

2, ... , NI2 for N even. For m = 0, overall translation [Eq. (3.9) leads to Eq. (3.3),

and Eq. (3.1 0) describes a zero translation] and, for m = 1, overall rotation of the

planar N-membered ring [Eq. (3.9) leads to Eq. (3.4), Eq. (3.10) to Eq. (3.5)] are
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described. For m = 2, ... , (N-l)/2 or m = 2, ... , NI2, the N-3 genuine basis

conformations of the puckered N-membered ring result. Depending on whether N

is odd or even, two situations can be distinguished.

N is odd: All basis conformations of the N-membered ring will appear in pairs,

where each pair is characterized by the value of m. The first basis conformation in

the pair is defined by Eq. (3.9); the second by Eq. (3.10). The two basis conformations

are related in the same way as the two overall rotations given for m = 1; that is,

a phase shift of 90° transforms one form into the other. Therefore, one can speak

of a pair of basis conformations connected by an internal "rotation" of the puckering

mode of the ring. However, this internal "rotation" does not lead to an overall

angular momentum, and, therefore, the term pseudo rotation has been coined.17

Hence, for an odd-membered ring each m = 2, ... , (N-l)12 defines a pseudorota-

tional pair of basis conformations, the Zj coordinates of which are given by

(3.14)

with qm > 0 and 0::; c:!>m::; 21T. In Eq. (3.14), the two basis conformations connected

with the mth pseudorotational mode of an N-membered ring are specified by setting

c:!>m to = 0 or 90° rather than using a separate equation for each basis conformation

such as Eq. (3.9) or (3.10). Equation (3.14) leads to the out-of-plane displacements

Zj of any conformer located in the two-dimensional pseudorotational subspace m of

the total conformational space of the puckered N-membered ring. This is done by

fixing the values of qm and c:!>m. From the derivation given, it becomes clear that qm

determines the degree of puckering (maximal out-of-plane deviation) and c:!>m the

mode of puckering (pseudorotational phase shift) of any conformer in the mth

pseudorotational subspace. Since qm is a distance parameter and c:!>m an angle,

{qm,c:!>m} represent a pair out of a set of N-3 hypercylindrical conformation coordi-

nates, which describes the mth pseudorotational mode.19 There exist (N-3)/2 pairs

of basis conformations and, hence, (N-3)12 pseudorotational subspaces for an odd-

membered ring.

N is even: There will be (N-4)/2 pseudorotational pairs of basis conformations

defined by m = 2, ... , (N-2)12. In addition, there is a single basis conformation

with m = NI2. For this value of m, Eq. (3.9) leads to Eq. (3.15), while Eq. (3.10)

does not change the Zj coordinates of the planar ring.

Zj = qNI2 cos[(NI2)(21T/N)(j - 1)] = qN/2 COS[1T(j - 1)] = qNnC-l)(j-I)

(3.15)

This equation describes the crown form of an even-membered ring, which for N =
6 is identical with the chair form. It can be viewed as the internal counterpart of

the overall translation of the planar reference ring specified by m = 0 [see Eq.

(3.3)]. Hence, even-membered rings differ from odd-membered rings insofar as they

possess, besides (N-4)12 pairs of pseudorotational basis conformations, a crown

basis conformation that has as a partner only the planar form and is specified by

the puckering amplitude qNl2. The amplitude qNI2 can be larger than, equal to, or

smaller than zero; it spans a one-dimensional inversional subspace of puckered
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even-membered rings that is populated by crown forms, inverted crown forms, and

the planar ring form.19

The out-of-plane displacements Zj of any puckered N-membered ring are deter-

mined by N-3 puckering coordinates {qm,<I>m}. For a comparison of the {qm,<I>m}

values, it is useful to normalize the Zj coordinates according tol9

I (Zj? = I(qm)2 = Q2

j~I.N
(3.16)

in which Q defines the total puckering amplitude of the N-membered ring. With

Eq. (3.16), the equations for the calculation of the Zj coordinates are given by Eqs.

(3.17) and (3.18).19

Zj = (2/N)112 I qm cos( <l>m+ rna), N odd

m~2.(N-I)12

Zj = (2/N)l/2 I qm cos(<I>m + maj) + (l/N)1/2qNI2(-1)j-l,

m~2,NI2-1

(3.17)

Neven (3.18)

These coordinates fulfill Eqs. (3.6)-(3.8), which keep the planar reference ring in

the mean plane.

For a six-membered ring, the out-of-plane displacement coordinates are given by

(3.19)

As suitable conformational parameters for the six-membered ring, the puckering

amplitudes q2 and q3 as well as the pseudorotational phase angle <1>2can be used.

Alternatively, one can use the polar (hyperspherical) coordinates Q, !:lz, and <1>2,

which are defined in the following way.19

(3.20)

q2 = Q sin 82

q3 = Q cos 82

82 = arctan(q2/ q3)

(3.21)

(3.22)

(3.23)

Using polar coordinates, the out-of-plane displacements of the six-membered ring

are obtained by

Zj = Q{(l/3)1/2 COS[<I>2+ (2'IT/3)(j - 1)] sin 8

+ (l/6)l/2(-1)j-1 cos 8}

(3.24)
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Table 3.1 Out-of-Plane Displacements Zj for the Three Basis Conformations of the

Six-Membered Ring Calculated with EQ. (24)a

Atom

I

2

3

4

5

6

Boat, C" Twist-boat, D, Chair, D3d

Q = q, = I Q=q,=1 Q = q3 = I
<1>, = 00 <1>2 = 90

0

e = 900 e = 900 e = 00

0.577 0 0.408

-0.289 -0.5 -0.408

-0.289 0.5 0.408

0.577 0 -0.408

-0.289 -0.5 0.408

-0.289 0.5 -0.408

"The puckering amplitude is set arbitrarily to I A, although puckering amplitudes are in reality much smaller.

where for reasons of simplicity e = e2 is used. In Table 3.1, the z coordinates of

the three basis conformations of the six-membered ring are given for the case Q =

I A. Since these coordinates are defined by Q, e, and 4>2, atom 1 is always above

the mean plane for e and 4>2 equal to 0°. Furthermore, if ring atoms are always

numbered clockwise around the ring, there will be no arbitrariness about the puck-

ering coordinates of a given conformer.

The puckering coordinates of some idealized ring forms can be easily derived.

For example, the ideal chair with all internal ring angles being tetrahedral is defined

by the q3 amplitude and e = 0°.21

q3 = R(O.5 + cos W)-112 = R6-112 = 0.408R = 0.629 A (3.25)

for Rand w being 1.54 A and 109.47° (standard C-C bond length and tetrahedral

C-C-C bond angle). Related expressions can be derived for boat, twist-boat, and

other conformers.21 It is also useful to give the e value of forms intermediate between

chair and boat or chair and twist-boat conformation. For example, the envelope

form (4)2 = 0°) of a puckered hexagon should have e = 54.7° (tan e = 2112),while

the half-chair form (4)2 = 90°) should have e = 50.8° [tan e = (3/2)1/2] for small

puckering amplitudes Q.19

3.4. The Conformational Globe of a Six-Membered Ring

In Figure 3.4, the three conformational coordinates q2, Q3, and 4>2 of the six-membered

ring are used to define a sphere that is the location of all possible six-membered ring

forms. Such a sphere is called the conformational globe of the six-membered ring. It

was first used in the conformational analysis of cyclohexane by Hendrickson32 and

was later identified as the conformational space of a six-membered ring by Cremer

and Pople.19 We will discuss some features of the globe by using cyclohexane as an

example of a puckered six-membered ring.
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9 = 90°

e = 0° J;:::;::J north pole

----;; ?r~

e = 66.5°

zone 2

9 = 90°

zone 3

e = 113.5°

south pole ~ e = 180°

Figure 3.4. Conformational globe of a puckered six-membered ring. Puckering coordinates

that span the globe as well as some distinct longitudes and latitudes are shown.

Each point of the globe corresponds to a specific conformer ofthe six-membered

ring, which means that there is an infinite number of ring conformers. One normally

adopts for the globe radius Q such a value that the energetically most favorable

puckered ring forms are located on the surface of the globe. In this way, the

energetically most favorable conformational processes take place on the surface of

the globe following either certain longitudes, latitudes, or a combination of both.

The basis conformations and the reference conformation sit at distinguished

points of the three-dimensional conformation space. The planar reference form is

located at the center of the globe, that is, at the origin of the conformational space

(q2 = q3 = Q = 0). The chair form (q3 > 0, e = 0°) and the inverted chair form

(q3 < 0, e = 180°) of the ring sit at the two poles of the globe, thus defining the

north-south direction of the globe. The two C forms are related by an inversion

process that leads the six-membered ring through the planar form at the center of

the globe. Therefore, it is justified to consider chair forms and a planar form to

constitute the inversional family, as pointed out previously.

In the equator plane, six boat forms can be found at <1>2 = 0, 60, 120, 180, 240,

and 300° and six twist-boat forms at <1>2 = 30, 90, 150, 210, 270, and 330° for

q2> ° and e = 90° (see Figures 3.5 and 3.6). These forms belong to the pseudorota-

tional B- TB family, which comprises an infinite number of forms according to an

infinite number of possible values of the pseudorotational angle: 0 ~ <1>2 :S 360°.

However, just the two basis conformations at <1>2 = 0, q2 > 0, e = 90° (B form)
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Figure 3.5. ConfonnationaI globe of cyclohexane. Distinct ring fonns are shown in steps

of 30° along the equator, the Tropic of Cancer, and the Tropic of Capricorn (compare with

Figure 3.4). For reasons of clarity only the front side of the globe is shown. Confonners on

the back side are shown in Figure 3.6. Atom ql) is always indicated.

and <1>2 = 90°, q2 > 0, 9 = 90° (TB fonn) are necessary to define the equator plane

and the B- TB pseudorotational family of confonners. In the case of cyclohexane,

all members of the B- TB family possess at least C2 symmetry since this is the

kernel symmetry of the associated E2u vibrational mode.

Pseudorotation is a motion in the west--east direction starting at <1>2 = 0 and

ending at <1>2 = 360°. It is not constrained to the equator plane, but can take place

at any latitude. In Figure 3.5 and 3.6, two additional pseudorotational modes are

indicated, which approximately follow the Tropic of Cancer (9 = 66.5°) on the

northern hemisphere and the Tropic of Capricorn (9 = 113.5°) on the southern

hemisphere. These are the locations of envelope (E) (half-boat, <1>2 = 0, 60, etc.)

and half-chair (H) forms (<1>2 0= 30, 90, etc.) as well as the inverted envelope and

inverted half-chair forms. Actually, the ideal envelope and half-chair forms should

possess 9 values of 54.7 and 50.8° (see above), while ab initio calculations for

cyclohexane suggest for both forms a value of 61° (see below). In the latter case,

none of the ring dihedral angles is exactly 0°, as it should be for an envelope

(T2345 = T3456 = 0°) and half-chair (T1234 = 0°) (see Figure 3.6 and Scheme 3.1), but
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6 = 0°

6 = 66.5°

6 = 90°

6 = 180°

Figure 3.6. Three pseudorotation itineraries around the conformational globe of cycIohex-

ane. Distinct ring forms are shown in steps of 30° along the equator, the Tropic of Cancer,

and the Tropic of Capricorn (compare with Figure 3.4).

we will continue to call forms close to the Tropic of Cancer (Capricorn) envelope

or half-chair if they have the correct <1>2 value.

Any conformer can be viewed as the result of a mixture of the three basis

conformations. For example, the envelope form, which is located on the Oth longitude

at 8 = 54.7° (8 = 66.5°, Figures 3.4 and 3.6), results from a linear combination of

the C and B forms. Similarly, the half-chair form on the 90th longitude at 8 =
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Linear Combination of Basis Conformations

t:::::::7
1

+ ~1 d'..

Chair Boat Envelope

a - O· a - 90' a - 54.7'

~1

+ 0<>' ~'•

Inverted Chair Twist-boat Inverted Half-chair

a - 180' a - 90' a - 129.2'

1

V'~1 + VO •

Boat, Czv Twist-boat, Oz Pseudorotational

~2 = O· cl>2 - 30·
form, Cz

~2 = '5'

Scheme 3.1

129.2° (8 = 113S, Figures 3.4 and 3.6) is a linear combination of the C and TB

forms. Finally, any pseudorotational form in the equator plane can be considered

as a linear combination of boat and twist-boat form (Scheme 3.1).

An inversion of the C form can take place by following along a longitude from

e = 0° to 180° rather than by passing through the planar form in the center of the

ring. Such a process has been called a semiversion33 to distinguish it from inversion

through the planar ring. Semiversions are the more likely conformational processes

since inversions through the planar ring require a high energy. If only the endpoints

of a chair-chair interconversion can be investigated, one indiscriminately speaks of

a chair inversion without knowing the exact path of the chair in the interconversion

process. In this connection, it is interesting to note that each form possesses an

inverted form and that both forms are located at antipodes of the globe. While there

is only one inversion path through the center of the globe, many semi versional paths

on the surface of the globe are possible, and a priori it is not clear which one is

the most likely one.



76 CONFORMATIONAL BEHAVIOR OF SIX-MEMBERED RINGS

Figure 3.7. Polar projection plot of the conformational globe of cyclohexane. The north

pole is at the center of the diagram, while the south pole expands to the outermost circle.

Radial directions correspond to a change of e from 0 to 1800 for a given <jJz. Cyclohexane

conformers are indicated by a hexagon and an appropriate symbol: C (chair), B (boat), T

(twist-boat), E (envelope), H (half-chair). Subscripts and superscripts denote atoms below

and above the mean plane (compare with Figure 3.6). Atom C(l) is always at the 12 o'clock

position. Signs of the dihedral angles are given for each conformer.

More complicated conformational processes will involve combinations of semi-

versions and pseudorotations. However, even complicated conformational processes

can be easily viewed if the corresponding path on the conformational globe is known

and can be discussed in terms of the two basis conformational processes, namely

ring inversion and ring pseudorotation.

Sometimes a two-dimensional polar projection of the conformational globe is

given in connection with a shorthand notation for puckered conformations of the

six-membered ring.34 Such a plot is shown in Figure 3.7 for all those conformers

that are included in Figure 3.6. The latter are represented by hexagons. At the sides

of the hexagons, +, - signs indicate the signs of the endocyclic dihedral angles ,.
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of the given conformer. In addition, the conformer is identified by symbols C, B,

T (for TB), E, H as well as superscripts and subscripts that give easily recognizable

atoms above and below the mean plane.35 In this way, the chair form at the north

pole gets the symbol IC4, while the inverted chair at the south pole is 4C
1
• (Note

that in the polar projection plot, the south pole expands to a circle.)

Although polar projection plots of the conformational globe as the one shown

in Figure 3.7 are useful when analyzing changes in dihedral angles during a conforma-

tional process, it is much more difficult to visualize a conformational process on

the basis of Figure 3.7 than with the help of the conformational globe itself, and,

therefore, Figure 3.7 should be used in connection with Figures 3.5 and 3.6.

Many features of the conformational globe were first discussed in the 1970 paper

of Pickett and Strauss on puckered six-membered rings.'6 These authors used an

equation similar to Eq. (3.24) to calculate the out-of-plane displacements Zj of the

planar ring form. However, Pickett and Strauss failed to normalize the Zj coordinates,

and, as a consequence, their boat and twist-boat forms were shifted out of the

equator plane of the conformational globe, and the CES of cyclohexane was falsely

calculated to possess D3a-rather than D6h-symmetry. Also, Pickett and Strauss

did not realize that the puckering coordinates could be defined in general for any

N-membered ring, although they extended them later to seven-membered rings.36

3.5. Definition of Substituent Positions

Description of the conformation of a six-membered ring implies information on the

ring substituent positions. In the case of the C form, one distinguishes between

axially and equatorially positioned substituents depending on whether the ring-

substituent bonds are parallel to the threefold axis of the cyclohexane chair or

extending radially, away from the axis.29 Barton suggested defining the axial or

equatorial character of a substituent with regard to a plane that he described as

"containing essentially the six C atoms" of the cyclohexane chair.8a Thus, the axial

substituent bonds should be those that are perpendicular to the reference plane while

the equatorial bonds should lie approximately in the plane.

Extension of the terms axial (a) and equatorial (e) to other conformations than

the highly symmetrical C form of cyclohexane turned out to be difficult, in particular

if the form in question has only slight similarity with the cyclohexane chair. Designa-

tions such as quasiaxial, quasiequatorial, pseudoaxial, axial-like, etc. were introduced

to indicate substituent positions in five-, seven-, or nine-membered rings that had

little or no relationship to the chair form of cyclohexaneY Also, new reference

planes were defined, which were constituted by the positions of some of the ring

atoms. If not more than three atoms were lying in a plane, then a least-squares plane

was calculated, for which the out-of-plane deviations of the atoms constituting the

plane become minimal. 38

These definitions of possible reference planes are not very useful. For example,

if a conformational process such as ring inversion or ring pseudorotation is discussed,

for each conformer traversed in the conformational process a new reference plane
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has to be defined. Hence, the determination of ring substituent positions is not

consistent and does not reflect the continuous changes of these positions during

conformational changes of the ring.

Therefore, it is useful to return to Barton's original definition of ring substituent

positions in a cyclohexane chair.8a Of course, for a chair form with finite puckering,

there is no plane that contains the six carbon atoms. However, if one considers the

case of infinitesimal puckering, the plane in question is the plane of the planar

reference form. In other words, the plane Barton used in his definition is the mean

plane, for which the six out-of-plane displacements Zj cancel to zero. The mean

plane is uniquely defined for all puckered six-membered or N-membered ring forms

and, therefore, represents the best suitable reference plane to define substituent

positions as has been demonstrated by Cremer.20

If s is a unit vector that points in the direction of the ring-substituent bond, a

substituent orientation angle 13 (0 :5 13 :5 180°) has been defined:

cos 13 = s· n (3.26)

where n is the unit vector perpendicular to the mean plane, thus coinciding with

the direction of the +z axis. If 13 is near zero (s approximately parallel to the Z

axis), the substituent adopts an axial position above the ring; if 13 is close to 180°,
the substituent position is axial below the ring. A value close to 90° indicates an

equatorial position of the substituent. Since it is rather simple to calculate the

orientation angle 13, a quantitative description of the ring substituent positions of

any puckered N-membered ring can be given. In Figure 3.8, the various definitions

of ring substituent positions are shown. They can be summarized as follows.

1. The substituent positions obtain the prefix "t-" or "b-" depending on whether

the substituent is on the top side (+ z) or the bottom side (- z) of the ring. In

addition, the prefix "g-" (standing for geometrical) is used to indicate that the

substituent position is defined with regard to the mean plane.

2. For 0° :5 13 :5 30°, the ring position is called "t-g axial," for 150° :5 13 :5 180°,
"b-g axial."

3. For 60° :5 13 < 90°, the ring position is called "t-g equatorial," for 90° < 13 :5
120°, "b-g equatorial." If 13 = 90°, the prefix can be suppressed.

4. For 30° < 13 < 60°, the ring position is called "t-g inclinal," for 120° < 13 <
150°, "b-g inclinal."

These definitions cover as special cases the original definitions of Barton and, in

addition, avoid vague terms such as "quasi axial" or "pseudoaxial." They have been

used to analyze changes in substituent positions during pseudorotation of five-

membered rings39 and substituent interactions in six-membered rings.40 In the follow-

ing, they will be used to describe the results of ab initio calculations of six-mem-

bered rings.
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topside

+z

t-g-axial

t-g-equatorial

b-g-equatorial

-z b-g-inclinal

b-g-axial

bottomside

Substituent positions

Figure 3.8. Substituent positions in a puckered ring as measured by the substituent orienta-

tion angle 13. The orientation of the mean plane is indicated. For more details see text.

3.6. Determination of the Conformational Energy

Surface

A reliable ab initio description of puckered six-membered rings requires the right

choice of method and basis set. As mentioned, Hartree-Fock theory is sufficient

for most conformational problems,4! although correlation corrected methods may

become necessary if certain properties of conformers have to be described with

high precision (see the following). But first of all, the selection of the basis set is

essential for the ab initio investigation of puckered six-membered rings. In Table

3.2, a collection of basis sets, which have been used in ab initio calculations of six-

membered ring conformers, is listed.
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Table 3.2 Methods, Basis Sets, and Techniques Used in the Conformational

Analysis of Six-Membered Rings

Classification of methods

a. Single configuration methods

RHF Restricted Hartree-Fock

UHF Unrestricted Hartree-Fock

Correlation corrected methods: Perturbation theory (PT)

MP2 2nd-order M011er-Plesset PT

MP3 3rd-order M011er-Plesset PT

MP4(SDQ) 4th-order M011er-Plesset PT with all single (S), double (D), and quadruple (Q)

excitations

MP4(SDTQ) 4th-order M011er-Plesset PT with all single (S), double (D), triple (T), and

quadruple (Q) excitations

Correlation corrected methods: Coupled cluster theory

QCISD Quadratic configuration interaction with all Sand 0

QCISD(T) QCISD with perturbational inclusion of T excitations

b. Two configuration methods

GVB, GVB(I) Generalized valence bond with one correlated electron pair

Method Examples Ref.Basis set

Geometric

Optimization Frequencies

RHF Minimal basis sets

STO-3G numerical

(5s2pl2s)[2s1p/ls] single point

Valence double-zeta (VDZ) basis sets

3-21G analytical

4-21G analytical

4-31G analytical

(7s3p/4s) [4s2pl2s] analytical

VDZ with polarization functions (VDZ + P)

6-31 G(d) analytical

(9s5p Id/4s)[3s2p Idl2s] analytical

Valence triple zeta with P (VTZ + P)

(IOs6p2d/5s Ip)[5s3p Id/3s Ip] single point

STO-3G

4-31G

MP2 or MP3 6-3IG(d)

(9s5p Id/4s)[3s2p Id/2s]

(IOs6p2d/5s Ip)[5s3p Id/3s Ip]

UHF

MP4(SDQ)

QCISD

QCISD(T)

GVB

6-3IG(d)

6-3IG(d)

6-3IG(d)

STO-3G

3-21G

6-3IG(d)

analytical

single point

analytical

single point

single point

single point

single point

single point

analytical

analytical

single point

no 1,2,564

127

yes

no

185

1/' 2-6," 12_15,112 26113

1

8-1097

yes

no

no 1,2"

171yes

171

no

yes 895

171

171

8"

no

no

8"~

11'10

8'00

(Continued)
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Table 3.2 (Continued)

X

6
2: X=CH3

it

0
3: X= NH2

0 0
4:X=OH

5:X=F

6:X=Cl

1 2 7 8

H H

0 0 01 0 ()
N
H

9 10 11 12 13

14 15 16 17 18

19 20 21

24 25 26

22 23
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In the minimal basis sets, just one descriptive function [mostly a contracted

Gaussian function made up from primitive Cartesian Gaussians of the type x1ymzn

exp( -ur2)] is used per atomic orbital (AO), thus leading to five basis functions for

C and just one for H. The most often employed minimal basis set is Pople's STO-

3G basis,42 in which three primitive Gaussian-type functions are used to mimic a

Slater-type orbital [exp( -~r) X angular part], that because of its exponential depen-

dence on r rather than r2 is better suited for AO descriptions, but too expensive to

work with in large-scale ab initio calculations. Minimal basis sets are suitable for

inexpensive test calculations, but their results are at best semiquantitative since the

minimal basis is too rigid to describe detailed features of the molecular wave

function. For example, the cyclohexane chair form can be reasonably described

with the STO-3G basis set, but energy differences between the chair form and other

cylcohexane conformers are erroneous by at least 2 kcal/mol.

Double-zeta (DZ) basis sets contain two descriptive functions ("two zeta values")

per AO, and, therefore, they are more flexible than minimal basis sets and better

suited for the description of strained conformers with distorted bond angles. For

example, DZ basis sets can more easily adjust to AO contractions or expansions

because of changes in charge since this simply implies an enlargement of the

coefficient of the inner or outer of the two basis functions describing an AO. A full

optimization of the wave function in a Hartree-Fock calculation would require the

optimization of not just the weight (coefficient) of each basis function, but also its

size (exponent u), which requires a difficult nonlinear optimization. The use of DZ

(or, in general, multiple-zeta) basis sets avoids these expensive optimizations.

Most of the DZ basis sets used for six-membered rings are of the valence DZ

(VDZ) type; that is, only the valence AOs are described by two basis functions,

while inner core functions are still represented by one function. This is a useful

simplification since chemical events predominantly take place in the valence shell

of an atom and not in the core region. One of the simplest VDZ basis sets is the

3-21G basis,43 which has a contraction of three primitive Gaussians to represent a

Is AO, a contraction of two Gaussians for each of the inner parts of 2s, 2px, 2py,

and 2pz AO and, finally, just a single, uncontracted Gaussian function for the

corresponding four outer parts of the valence AOs. In the series 3-21G, 4-21G, 4-

31G, 6-31G,43 the number of primitive Gaussians in the contractions of the VDZ

basis sets increases, which leads to some improvements in the accuracy of calculated

energies, geometries, and other properties.

Another more consistent way of describing basis sets is achieved by explicitly

giving primitive and contracted Gaussians in notations such as (9s5p/4s) [3s2pl2s],44

which means that for heavy atoms 9s and 5p primitive Gaussians have been con-

tracted to 3s and 3p basis functions, leading to a total of 3 + 2 X 3 = 9 basis

functions for an atom such as C; for H, 4s functions have been contracted to 2s

functions. In this notation, the 6-31G basis of Pople reads as (lOs4p/4s)[3s2pl2s],

which reveals that the (9s5p/4s)[3s2p/2s] basis should be a little bit better in the

description of the 2p AOs than the 6-31G basis.

If one uses three descriptive functions per AO or valence AO, one speaks of

"triple-zeta" (TZ) or valence TZ (VTZ) basis sets, which are of course more flexible
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and, therefore, better than DZ and VDZ basis sets. Further extension of the basis

to multiple-zeta quality is not useful because a substantial improvement of the

flexibility of a DZ or TZ basis requires another nonlinear optimization of the wave

function, namely, that with regard to the optimal positions of the basis functions,

which need not necessarily to be the positions of the atomic nuclei. To avoid this

nonlinear optimization, polarization functions are added to the basis set, which allow

a charge polarization away from the nuclei in the direction of the bond or lone-pair

region. The polarization functions have more nodal surfaces than the valence AOs

of the atoms they describe, and, according to their symmetries and nodal surfaces,

they are called p-type (for H), d-type (for first row and second row atoms), or

f-type polarization functions, although they must not be confused with p-, d-, or

f-AOs.

In the notation of basis sets, polarization functions are indicated either by P

(DZ + P, TZ + P) or by the addition of the function symbol to the basis: 6-31 G(d)45

or (9s5pld/4s)[3s2pldl2s].44 A DZ + P or VDZ + P basis set normally leads to

reliable conformational energies of six-membered rings, while a TZ + P or VTZ

+ P basis guarantees very accurate results.

If exact geometries are required for a conformer, Hartree-Fock methods are no

longer sufficient because they mostly underestimate bond lengths, in particular, if

DZ + P or TZ + P basis sets are employed. The larger the basis set is, the shorter

is the calculated distance value. This has to do with the electron correlation error

of Hartree-Fock theory. At this level of theory, an electron is considered to interact

only with the average field caused by the other n-l electrons of an n-electron

molecule. As a consequence, instantaneous electron interactions, which keep the

electrons apart, are neglected, and, therefore, electron repulsion is underestimated.

The dominant forces in a Hartree-Fock calculation are nucleus-electron attractions,

which cause the electrons to cluster around the nuclei provided these regions are

described by a sufficiently large basis. In a simplified way, one can say: The more

descriptive functions in a basis set, the more negative charge can concentrate around

the nuclei, the more are the nuclei shielded, and the shorter becomes the bond

length. Because of the decrease of bond lengths with increasing basis set size and

because minimal basis sets normally lead to bond lengths, which are significantly

longer than experimental values, there is one basis set that leads to an accidental

agreement between calculated and measured bond length values: Electron correlation

error and basis set error cancel each other out. In the case of the cyclohexane chair

form, this situation seems to be fulfilled for valence DZ basis sets such as the 4-

31G basis. However, agreement between HF/4-3IG and experimental data has to

be viewed critically, since the first describe an re geometry while the latter correspond

to rz, ro, ra, or rg geometries, which most likely differ from the true re structure.

Therefore, it is more important to judge an ab initio calculation according to whether

it can reproduce molecular properties such as energy, conformational barriers, etc.,

in general rather than just experimental geometry parameters.

Reliable re geometries can be obtained by correlation corrected ab initio methods

employing DZ + P or TZ + P basis sets. A method, which is most often used

because of its low costs, is second-order Rayleigh-SchrOdinger perturbation theory
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with the M011er-Plesset perturbation operator, mostly abbreviated as second-order

M011er-Plesset (MP2) perturbation theory.46MP2 energies are more accurate than

HF energies,47 even though this does not necessarily apply to conformational energies,

for which correlation errors and basis set errors normally cancel at the HF level of

theory. Only a few conformational studies of six-membered rings have been carried

out at the MP2 level or another correlation corrected level (see Table 3.2), and these

calculations fully confirm HF results. However, it is most likely that an accurate

description of puckering potentials, in particular of its anharmonic part, will require

MP2 and even higher correlation methods.

An ab initio calculation of the CES of a six-membered ring involves two basic

steps. First, stationary points of the CES have to be calculated and characterized.

Calculation of the stationary points is normally done by carrying out geometry

optimizations in the total (3N-6)-dimensional configuration space. Efficient geometry

optimizations require the use of analytical energy gradient methods48 and effective

search algorithms.49 In investigations before 1980, numerical energy gradients and!

or primitive search strategies had to be employed because of the lack of analytical

energy derivatives. As a consequence, calculated geometries were often not fully

optimized and presented a mixture of calculated and assumed geometry parameters.

Today, a state-of-the-art geometry determination by ab initio methods implies the

use of analytical derivatives, complete optimization of all geometrical parameters,

and characterization of calculated stationary points by the eigenvalues of the Hessian

matrix, which is the matrix of second derivatives of the molecular energy with

regard to the geometrical parameters of the molecule.

If the eigenvalues of the Hessian matrix evaluated at a possible stationary point

are all positive, the global or a local minimum of the CES has been found. Unfortu-

nately, there exist no cheap methods to identify a minimum as a global minimum.

The latter can only be verified by trial-and-error methods or stochastic searches.50

If the Hessian matrix possesses one negative eigenvalue, the stationary point is a

first-order transition stateSI of a conformational or any other rearrangement process,

which can be checked by analyzing the eigenvector associated with the negative

eigenvalue.

Higher-order transition states are normally of no chemical interest,S I but in the

case of a conformational analysis it is necessary to determine all stationary points

of the CES. This implies that one investigates the Hessian matrix in the (N-3)-

dimensional subspace spanned by the conformational parameters. In the case of the

six-membered rings, only four different stationary points can exist, which can be

further characterized by considering that large values of the total puckering coordi-

nate Q (the radial coordinate of the conformational globe, Figure 3.4) cause the

energy to increase: -

1. Minima with positive curvature (eigenvalues) with regard to Q, e, and <1>2 could

be located either on the surface or in the center of the globe (if the ring prefers

the planar form).

2. First-order transition states with one negative curvature with regard to e or <1>2

could be located either on the surface or in the center of the globe.
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3. Second-order transition states with negative curvatures with regard to both e
and <1>2(two negative eigenvalues) could be located on the surface of the globe

where they would represent surface maxima.

4. A maximum with negative curvatures with regard to Q, e, and <1>2(three negative
eigenvalues) could only be located in the center of the globe as in the case of

cyclohexane or other puckered rings.

Once all stationary points have been determined, the calculation of additional

conformers is normally necessary to establish a grid of points for the evaluation of

the CES. For these additional ring forms, the conformational parameters are set to

prefixed values, and the remaining 2N-3 internal coordinates are optimized. In this

way, a balanced description of all parts of the CES can be achieved.

In the second step of the calculation of the CES, calculated energy points are

fitted to some analytical function. For acyclic rotor molecules, one has normally

used truncated Fourier expansions of the type52

VeT) = L (VI; cos h + VI; sin h)

k~O,m

(3.27)

with m being fixed to a finite value. In many cases the Fourier components Vk can

be related to specific electronic effects and, therefore, help to discuss conformational

tendencies of the rotor molecule in question. For double and triple rotor molecules

the Fourier expansions become more complicated because of cross terms, but in

principle the same procedure can be adopted as is indicated in Eq. (3.28) for a

double rotor molecule.53

VeT!, T2)= L L (V%f cos h! cos tT2 + Vk1 cos h! sin tT2

k=O,m i=O,m

(3.28)

For six-membered rings, a similar expansion can be constructed using the three

puckering coordinates Q, e, and <1>2:

V(Q, e, <1>2)= L Qkyk(e, <1>2),

k~O,m

with (3.29)

Yk(e, <1>2)== L Vkl cos 1<1>2Pk(COS e)

I~O.k

(3.30)

Because of symmetry, Eq. (3.29) takes a rather simple form in the case of cyclohexane

where, for example, the first <1>rdependentterm is cos 6<1>2.Previous investigations

on five-membered rings54have shown that it is not sufficient to include just harmonic

terms of the puckering amplitude Q. Quartic terms are equally important for a large-

amplitude motion such as puckering in flexible six-membered rings, and even a Q6

term may be needed to get an accurate potential. Although Eq. (3.29) describes a

function in four-dimensional space, there are various possibilities to display the

CES of puckered six-membered rings. One of them is to show V(Q,e,<1>2) in form
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Table 3.3 Number and Type of Independent Internal Coordinates of Some
Cyclohexane Conformersa

Total Puckering Coordinates Bond Bond Lengths
Form Sym Number free fixed lengths angles + angles

Planar DOh I - Q, e, <P' I 0 I
Chair DJd 2 qJ e, <P' I 0 I
Twist-boat D, 4 q, e, <P' 2 I 3
Boat C" 4 q, e, <P' 2 I 3
Half-chair C, 7 q" qJ <P' 3 2 5
Envelope C, 7 q2, qJ <P' 3 2 5
Pseudorotational C, 7

q" <P' e = 90° 3 2 5
Arbitrary C, 12 q" <p" q, 6 3 9

"The total number of independent internal coordinates is given by the number of free puckering coordinates (fourth

column), the number of bond lengths, and the number of bond angles (last column).

of a contour line diagram or a perspective drawing for constant Q in 8,<1>2 space

(see the following) another is to give one-dimensional presentations along preferred

conformational minimum-energy paths. .

None of the ab initio investigations on puckered six-membered rings carried out

so far was detailed enough to derive the CES in form of an analytical equation such

as Eq. (3.29). The only investigation that gave the CES of puckered six-membered

rings as a function of 8 and <1>2 was a force-field study of Pickett and Strauss.\6

These authors assumed Q to be more or less constant for optimal puckering of the

ring and depicted the calculated CES in form of a cylindrical projection of the

conformational globe. Unfortunately, the calculated CES did not show the correct

symmetry of the molecular point group because of an error in the definition of the

puckering coordinates (see the preceding).

Very often geometric optimizations and the calculation of the CES can be simpli-

fied because of symmetry of the ring in question. For example, a planar cyclohexane

ring possesses D6h symmetry, and, therefore, puckered cyclohexane conformers can

only possess symmetries (D3d, D2, C2", C2, C" C\) that belong to subgroups of D6h.

According to the symmetry of the conformer in question, the number of internal

coordinates to be optimized is considerably smaller than 3N-6 (Table 3.3).

If the number of bond lengths and bond angles is wrongly chosen, then the

puckering coordinates may be fixed in an unspecified way. For example, if for the

cyclohexane chair form the C-C bond length R and the C-C-C angle w are optimized,

then the puckering amplitude q3 is fixed according to Eq. (3.25) in Section 3.3.2\

Similarly, the number and location of the stationary points of the CES have to

comply with the symmetry of the planar reference form. In the case of cyclohexane,

the CES possesses D6h symmetry. If a stationary point is located on the C
6
axis but

not in the i center, there exist two equivalent stationary points; if it is lying in the

O'h plane on one of the perpendicular C2 axes, then there will be 6 equivalent

stationary points; if on one of the O'y planes but not on O'h, 12 equivalent stationary

points; and if on no symmetry element at all, 24 equivalent stationary points. Similar
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equivalencies exist for other six-membered rings with lower symmetry, which can

easily be worked out and used for the construction of the CES function.

3.7. Conformations and Conformers of Cyclohexane

Cyclohexane has been the subject of a number of ab initio investigations, but most

of these investigations concentrated on properties of the chair form. For example,

Chiu, Ewbank, and Schafer determined the equilibrium geometry of the chair form

using a 4-21G basis set at the HF level of theory.55 Schulman and Disch carried

out HF/STO-3G, HF/4-3l G, and HF/6-31 G(d) geometry optimizations and compared

results with experimentally available geometry data. 56At all levels of theory, bond

angles and degree of puckering are reasonably well described. Calculated bond

lengths reveal that the axial C-H bond is always 0.01-0.02 A. longer than the

equatorial CH bond. The authors showed that a reasonable heat of formation D.HP

for the chair form can be obtained at all levels of theory, although the best value

was obtained at the HF/4-3l G level (-29.4 compared to an experimental value of

-29.5 kcallmoJ57).

Wiberg, Walters, and Dailey used the very same level of theory to calculate the

quadratic force field of the chair form.58 They obtained harmonic frequencies and

infrared intensities, which after extensive scaling agreed within 10 cm -I with experi-

mental frequencies. A similar investigation was carried out at the HF/4-31 G(d)

level of theory by Gough and Murphy, who investigated the Raman spectra of the

cyclohexane chair form and various of its isotopomers.59 In particular, these authors

reconsidered properties ofthe CH stretching vibrations, which were also investigated

by Snyder and co-workers.60 Other ab initio investigations of the chair form focused

on static and dynamic polarizability,61 polarizability derivatives,62 or i3C chemical

shifts.63 However, there are just few investigations that deal with conformational

properties of cyclohexane.

As mentioned in the introduction, the first conformational study on cyclohexane

was carried out by Hoyland in 1969 at the HF level using a minimal basis set and

standard geometriesY Seven years later followed the second investigation, which

used for the first time puckering parameters and, accordingly, was more informative

than Hoyland's work. Cremer, Binkley, and Pople investigated the degree of puck-

ering of the C form using standard C-C (1.54 A.) and C-H bond lengths (1.09 A.),

but optimizing the internal C-C-C angle. As shown, the C-C-C angle determines

the puckering amplitude Q = q3
21

Q(chair) = R(C-C)[O.5 + cos w(C-C-C)]112 (3.31)

For an ideal chair with all internal C-C-C angles being tetrahedral and all dihedral

angles T being 60°, a puckering amplitude Q = q3 of 0.63 A. results, while the

experimentally determined puckering amplitudes for the chair form of cyclohexane

range from 0.56 to 0.57 A. according to electron diffraction studies and Raman
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Table 3.4 Experimental Geometries of the Chair Form of Cyclohexanea

Authors Hassel, Alekseev, Geise, Bastiansen, Peters et al. Ewbank,
Davis Ketaigorod- Buys, Kuchitsu, Kirsch,

skii Mijlhoff et al. Schafer
Year 1963 1963 1971 1973 1973 1976

Method ED, rg ED ED, rg ED, rg Raman, ro ED, r,
Ref. 65 Ref. 66 Ref. 67 Ref. 68 Ref. 69 Ref. 70

Parameters

CC 1.528(5) 1.53(1 ) 1.528(3) 1.536(2) 1.535(1) 1.534(2)
CH/ l.l04(5) 1.09(2) 1.119(4) 1.121(4) 1.l02( I) 1.l10(4)
CH: 1.104(5) 1.09(2) 1.119(4) 1.121(4) 1.102(1) 1.110(4)
CCC 111.55(15) 111.5( 1.5) 111.05(12) 111.4(2)' 111.4(3) 111.3
HCH 110.0(2.5) 107 .5( 1.5)' 110.0(3) 105.3(23)
CCCC 54.5(4) 55(4) 55.9(35) 54.9(4)'
q] = Qd 0.557 0.559 0.573 0.565 0.564 0.567

"Bond lengths and q] in A. angles in deg. ED: electron diffraction.

hAssumed to be equal.

("ret values.

dCalculated with Eq. (3.25).

investigations (Table 3.4).65-70When optimizing puckering of the chair at the HF/

STO-3G level of theory, a puckering amplitude of 0.58 A, in good agreement with
experiment, is calculated.64 The real chair form is 10% less puckered than the ideal

chair form. As a consequence, the C-C-C angles increase from 109.5° to III 0,

while the dihedral angles of the ring decrease from 60° to 50°. The changes in

geometry are presumably associated with partial relief of steric repulsion between

the 1,3 axial hydrogens reflected by an energy gain of 0.8 kcal/mol.64

Dixon and Kormonicki calculated the geometries of several cyclohexane conform-

ers at the HF level of theory using a (9s5p1 d/4s)[3s2p1 d/2s] basis set and analytical

energy gradients.71 The basis set is of VDZ + P quality and, accordingly, of sufficient

flexibility also to describe strained ring conformers. A number of stationary points

were determined by geometry optimizations and characterized by the eigenvalues of

the corresponding Hessian matrices. The work by Dixon and Kormonicki, even though

it did not lead to the CES of cyclohexane, is so far the most complete ab initio study

on the conformational behavior of cyclohexane, and, therefore, we will base the discus-

sion of the prototype of puckered six-membered rings predominantly on this work.

In Figure 3.9 and Table 3.5,calculated HFNDZ + P geometries71 of six cyclohex-

ane forms are shown, which can be compared with experimentally determined

geometries
65
-7o (Table 3.4) only in the case of the chair form la. Even in this case,

experimental geometries are incomplete (bond lengths CHa and CHe could not be

determined independently) and impaired by the fact that an r: geometry, which is

better to compare with calculated re geometries, could not be obtained experimentally.

This means that even in the year 1994 ab initio results provide the more complete



AB INITIO STUDIES OF SIX-MEMBERED RINGS

-29.8" I Cl H

H ~C>(6~/
\. t H 1.531 ~H 1.087

'\ 1.544 "C 106.0"
4 112.6" 1

/ ~11. 61.]0 £.H ""
H H_C5 C2 1.087 H

I 1.0861106.2"

H H

q2 = 0.737 A. ~2 = 90"

89

H H

I
1.089

H 106.6°

I
H 109.2"

...........C5--..... \ Cl 1.087

H ~ -CS---~ '10.3" H
i 1.534

H~ ~C3~.1":--Hl 55.8" \H H 12

H H

q, = 0.574 A

H

Cl..L 1.086

50.4" i' ----":"H
H'~C5~ _C,.......-H

• 6

H..............~ 113.2"1 C~H

;

3 0.0" H \2106.0" ~

1.088

H H

q2 = 0.699 A•• 2 = 0"

Figure 3.9 HFNDZ + P geometries of various cyclohexane conformers.71 Bond lengths

and puckering amplitudes are given in A, angles in deg. The numbering of the ring atoms

complies with the numbering in Figures 3.5 and 3.6. Dihedral angles Tc-c-c-c are given at the

appropriate bond; for example, TC(I)-C(2)-C(3)-C(4) = 35° is given at bond C(2)-C(3).

and more reliable information on the exact geometry of the simplest form of all

puckered six-membered rings.

The HFNDZ + P geometry of the chair form is in good agreement with the

electron diffraction geometry of Geise and co-workers67 (Table 3.4). The calculated

and measured puckering amplitude are 0.574 and 0.573 A, respectively, thus confirm-
ing the deviation of the cyclohexane chair from the ideal chair form.64 This is also

reflected by the C--C-C bond angle (111.1 ° 71 compared to 111.1° 67) and the value

of the C--C-C-C dihedral angles (55.8° 71 compared to 55.9° 67). The C-C bond

lengths are 1.534 A, which is close to the corresponding experimental ra and rg

values (1.528-1.536 A, Table 3.4) and the C-C standard bond length of 1.54 A.64

The CHa bonds (1.089 A) are longer than the CHe bonds (1.087 A). This could
be a result of 1,3 steric repulsion between the axial hydrogens. One can also speculate

that trends in bond lengths are a result of orbital interactions. In Figure 3.10, the

frontierorbitals of cyclohexane in its chair form are shown as they result from ab

initio calculations. The HOMOs (Mas 23 and 24) correspond to a degenerate pair

of Mas (4eg), which are essentially CC and CH2 bonding involving in particular

the equatorial hydrogens. The HOMO-l (MO 22) is a pseudo-'lT CH2 MO, which
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Figure 3.9. Continued

preferentially involves the axial hydrogens. Its counterpart is unoccupied orbital 27,

which has pseudo-1T* CHz character, again involving the axial hydrogens. Interaction

between the two pseudo-1T orbitals become possible because of overlap between

the axially positioned orbital components. As a consequence the bonding pseudo-

1TMO is lowered in energy (stabilization of the ring), but at the same time a small

amount of negative charge is transferred from the bonding to the antibonding MO.

This leads to a strengthening of the C-C bond, but to a weakening of the axial CH

bonds (Scheme 3.2). One could think of similar interactions between the equatorial

C-H bonds and the vicinal C-C bonds, but overlap between the corresponding

orbitals is considerably smaller.

In whatever way the difference between axial and equatorial C-H bond lengths

of the cyc10hexane chair is explained, it clearly exists and is verified by measured

and calculated CH and CD stretching frequencies of C6HIZ,C6HDIh and C6DHlh58-60

polarizability derivatives,6z infrared58 and Raman intensities,59 and estimated dissocia-

tion energies De.72 According to Strauss and co-workers, De(CHa) should be 99.7 ±

1.2 and De (CHe) 103.4 ± 0.8 kcal/mol if derived from harmonic frequencies We

(gas-phase values: 3021 ± 4 and 3051 ± 2 em-I) and anharmonicities Xe (65.4 ±

0.6 and 64.3 ± 0.4 em-I) with the relationship De = w~/(4 We Xe).72 This clearly

underlines the weakening (strengthening) of the axial (equatorial) C-H bonds, which

can also be found for all other cyclohexane conformers investigated so far (Figure
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3.9 and Table 3.5) and underlines the necessity of complete geometry optimizations

that include all ring substituents.

When going from the chair to the twist-boat form lb, the degree of the puckering

increases from Q = q3 = 0.574 to Q = q2 = 0.737 A according to the HFIDZ +

P calculations of Dixon and Kormonicki (Table 3.5).71The twist-boat form cannot

provide optimal C-H bond staggering as the chair form does, and, therefore, distor-

tions from the planar reference form have to be stronger to adopt a less strained

conformation. Bond eclipsing is particularly strong in the C(6)-C(l)-C(2) part

[dihedral angle C(6)-C(I)-C(2)-C(3) = 29.8°, Figure 3.9, Table 3.5] and, as a

consequence, the bond C(1)-C(2) is lengthened to 1.544 A, while the bondC(2)-C(3)
[1.531 A, dihedral angle C(1)-C(2)-C(3)-C(4) = 61.7°] takes a value close to the

bond length in the chair form. The C-C-C bond angles are 111.8 and 112.6° (Figure

3.9), also reflecting the consequences of enhanced bond eclipsing.

In the boat form Ie, bond eclipsing is even stronger than in the twist-boat form,

but contrary to the latter form, increased puckering does not lower eclipsing strain
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Table 3.5 HF/VDZ Geometries of Cyciohexane Conformersa

Ia Ib Ie Id Ie
chair twist-boat boat TS form half-chair
D3,J D, C" C, C,

a. Puckering coordinates

Q 0.574 0.737 0.699 0.572 0.571
8 0 90.0 90.0 61.6 61.5
q3 0.574 - 0 0.272 0.272
q, 0 0.737 0.699 0.503 0.502
<1>2 - 90 0 10.9 90

b. Bond lengths r

r'2 1.534 1.544 1.534 1.528 1.528
(0) (0.004) (0.006) (0.014) (0.012)

r23 r" 1.531 1.552 1.536 1.525
(0.009) (0.008) (0.006) (0.015)

r34 rl2 rl2 rl2 1.556 rl2

(0.016)
r45 rl2 rl2 rl2 1.558 1.552

(0.016) (0.012)
r56 rl2 r23 r23 1.546 1.557

(0.004) (0.017)
r'6 rl2 rl2 rl2 1.528 r45

(0.014)

r" 1.534 1.540 1.540 1.542 1.540
c. Bond angles w

00612 111.1 112.6 112.3 108.8 114.7
(0.0) (0.5) (0.6) (5.4) (0.5)

W123 (1)612 111.8 113.2 111.5 109.8
(0.3) (0.3) (2.7) (4.4)

00234 W612 (0123 00123 115.8
00123

(1.6)
W345 00612 W612 W6J2 118.8 00612

(4.6)
00456 00612 0)123 0>123 117.1 118.1

(2.9) (3.9)
WS61 (1)612 00123 00123 113.3 W456

(0.9)
Way 1I1.1 112.1 112.9 114.2 114.2

d. Dihedral angles T

76123 -55.8 -29.8 -50.4 -66.6 47.8
(0.0) (10.6) (16.8) (34.2) (15.7)

71234 -76123 61.7 0.0 35.0 69.3
(21.3) (33.6) (2.6) (37.2)

72345 76123 76123 -76123 3.6
76123

(28.8)
'T3456 -76123 76123 -76123 -11.5 7.1

(20.9) (32.1)
74561 76123 71234 Tl234 -19.5 13.7

(12.9) (18.4)
TS612 -76123 76123 76123 58.2 73456

(25.8)
IT,) 55.8 40.4 33.6 32.4 32.1

"Bond lengths and puckering amplitudes in A, angles in deg. r," w,~ and T" denote averaged values.

Deviations from averaged values are given below each parameter in parentheses.
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Figure 3.10 Perspective drawings of the frontier orbitals of the chair form of cyclohexane

as obtained by HF/VDZ + P calculationsY HOMO and LUMO denote highest occupied and

lowest unoccupied MO.
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significantly since the C(1)-C(2)-C(3)-C(4) dihedral angle is zero by symmetry.

Also, puckering causes an increase in steric repulsion between the two H atoms in

the flagpole positions at C(1) and C(4), which can only partially compensated by

a rocking motion to the outside.71 Therefore, the boat form has a Q = q2 value

(0.699 A, Table 3.5) that is smaller than that for the twist-boat form but still larger

than that for the chair form. CH bond eclipsing leads to a relative long C(2)-C(3)

bond (l.552 A), while the C(1)-C(2) bond is normal (l.534 A). All C-C-C bond

angles are widened compared to those of the chair form. Again, axial C-H bonds

are slightly longer than equatorial bonds.

Calculation of second derivatives reveals that chair and twist-boat correspond to

minimum energy forms of cyclohexane (all eigenvalues of the Hessian matrix are

positive). The chair and inverted chair form are located at the two global minima

of the CES, while the six equivalent twist-boat forms occupy six local minima in

the equatorial plane. For the boat form, one negative eigenvalue of the Hessian

matrix is calculated, the eigenvector of which points into the <P2 direction toward

the next twist-boat forms. This means that the boat form is located at a first-order

transition state that is a minimum in the direction of the longitude passing through

0° (60°, 120°, 180°, etc.), but a maximum in the direction of the equator line. In

other words, the six equivalent boat forms shown in Figures 3.5 and 3.6 are the

transition states of cyclohexane pseudorotation in the equatorial plane. The energy

barriers of the latter are just 1.4 kcal/mol, but the twist-boat form itself is 7 kcal/

mol higher in energy than the chair form at the HFNDZ + P level of theory.71

Dixon and Kormonicki have confirmed HFNDZ + P energy values by HF and

second-order M¢ller-Plesset perturbation calculations (MP2) using HF/DZ + P

geometries and the more flexible (lOs6p2d/5s1p)[5s3pld/3s1p] basis set, which is

of VTZ + P quality.71 Energies obtained in this way are summarized in Table 3.6.

They show that north (south) pole and the equator are separated by a ridge of

relatively high energy values that are located at e = 6l.5° between zone 1 (4) and

zone 2 (3) of the conformational globe in Figure 3.5. This energy ridge is the

location of 18 first-order and probably the same number of second-order transition

states (not calculated in Ref. 71), which all have similar energies and similar puck-

ering coordinates Q and e (Tables 3.5 and 3.6). At longitudes 30°, 90°, 150°, etc.

sit six Crsymmetrical half-chair forms, which represent the transition states of the

semiversion of the chair to the twist-boat form. Their energy is about 12 kcal/mol

relative to the chair form and 5 kcal/mol relative to the twist-boat form.

The half-chair forms are closer to the equator than to the poles of the globe. That

is nicely reflected by the polar angle e, which is 61.6° rather than 51° as it would
be for the semi version of an ideal chair. 19The half-chair has a puckering amplitude

Q = 0.571 A, which is similar to that of the chair form, and, therefore, one could

argue that conformationally half-chair and chair are more closely related than half-

chair and twist-boat. However, analysis of the half-chair form in terms of the basis

conformations, which simply implies the use of

% chair character = 100(q3)2/Q2

% twist-boat character = 100(q2)2/Q2,

(3.32)

(3.33)
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suggests that the half-chair form already has 77% twist-boat character (23% chair

character). Bond eclipsing is considerably increased in the half-chair form, which

has to do with the fact that by going from chair to twist-boat three C-C-C-C

dihedral angles change their sign and pass through zero close to the half-chair form

(compare with Figure 3.7). As a consequence, C-C bonds are elongated in the

part of the ring with increased bond eclipsing [Table 3.5, Figure 3.9, form Ie,

C(4)-C(5)-C(6)-C(1) = 13.7° andC(5)-C(6)-C(I)-C(2) = 7.1°, C(5)-C(6) = 1.557

and C(6)-C(1) = 1.552 A], while they are somewhat shorter in the more puckered

part of the ring [C(6)-C(1)-C(2)-C(3) = 47.8° and C(1)-C(2)-C(3)-C(4) = 69.3°,

C(l)-C(2) = 1.528, and C(2)-C(3) = 1.525 A]. Increased ring strain is also indicated

by C-C-C angles, which vary from 109.8 to 118.1 ° (Table 3.5, Figure 3.9).71

The C,-symmetrical envelope forms that lie at longitudes 0°, 60°, 120°, etc.,

which are normally assumed to represent first-order transition states of the chair-boat

interconversion, tum out to be second-order transition states.7l There is a larger

imaginary frequency parallel to the longitudes and a smaller one in the direction

perpendicular to the longitude, thus breaking symmetry. Dixon and Kormonicki

calculated a Cl-symmetrical first-order transition state located at <P2 = 11° (Id in

Figure 3.9 and Table 3.5) with equivalent transition states at <P2 = 49°, 71 0, 109°,

131°, 169°, 191°, 229°, 251°, 289°, 311°, and 349°. The puckering amplitude and

the polar angle e (61.6°, Table 3.5) are similar as for the half-chair form. The

shape of the ring can be best described by a linear combination of the three basis

conformations as given by

conformer = 100(q3)2/Q2 % chair + (100/30)(30 - <P2)(q2?IQ2 % boat

+ (100/30)<plq2)ZIQ2 % twist-boat (3.34)

According to this equation, 23% chair mix with 48.5% boat and 28% twist-boat

form to give the Cl-symmetrical conformer located at the transition state. Mixing

of boat and chair forms causes partial planarization of the stem of the boat similar

to the half-boat or envelope form (compare with Scheme 3.1). This leads to bond

eclipsing and steric strain, which is reduced by mixing in 28% of the twist-boat

form. The resulting Cl form Id possesses relatively long C-C bonds (1.556, 1.558,

1.546 A, Figure 3.9, Table 3.5) accompanied with bond-angle widening [(C(3)-C(4)-

C(5) = 118.8°, C(4)-C(5)-C(6) = 117.n in the flattened ring part, but shorter

C-C bonds in the nonplanar part (1.528 A). Again, axial bonds are longer than

equatorial CH bonds.

The calculated cyclohexane conformations clearly show that changes in bond

lengths and bond angles are related to changes in the internal dihedral angles. If

the latter lead to increased bond eclipsing, bonds will become longer, angles wider,

and the steric strain of the ring increases. Since the dihedral angles change with the

puckering coordinates (compare with Figure 3.7), it seems possible, although never

checked, that the geometrical parameters of the cyclohexane ring similar to the

conformational energy can be expressed as analytical functions of the puckering

parameters.
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3.8. Preferred Conformational Processes of
Cyclohexan

In many chemical textbooks, ring inversion and ring pseudorotation of cyclohexane

are described as basic conformational processes in chemistry.29,73Unfortunately,

these descriptions are mostly one dimensional, suggesting that after interconversion

of the chair form via the half-chair into the twist-boat form the conformational

process continues as a TB-B pseudorotation in the equatorial plane. This description

is misleading since it does not consider that the conformational space of cyclohexane

is three dimensional and that the two processes take place in directions, which are

orthogonal to each other. Also, there is little chance that interconverting chair forms

are trapped in a pseudorotational mode along the equatorial line.

A chair-chair interconversion is characterized by a calculated activation barrier

11I-F (298 K) of 12.1 kcal/mol via the CI-symmetrical transition states and 12,0 kcal/

mol via the C2-symmetrical transition states (Table 3.6),71 Both values are in excellent

agreement with gas-phase NMR measurements of Ross and True, which suggest an

activation barrier of 12.1 ± 0.5 kcal/mo1.74For the reverse process that leads from

the twist-boat forms to the chair form, activation enthalpies 11I-F (100 K) of 5.5

(CI-symmetrical transition states) and 5.3 kcal/mol (Cz-symmetrical transition states)

are calculated while a solution-phase value for this quantity measured by Anet and

co-workers suggests 5.27 ± 0.05 kcal/moU4,26

From ab initio calculations, one can also determine free activation enthalpies,

I1Gt = 11I-F - T I1St (3.35)

using activation entropies, I1St, obtained from calculated vibrational frequencies

with the help of standard formulas of statistical mechanics. For example, for the

chair form, Dixon and Kormornicki calculated I1S(298 K) = 71.52 eu/I in good

agreement with experimental values of 71.41 ± 0.2 and 71.27 eu.75,76For the

chair-chair interconversion, I1St = 8.2 (CI-symmetrical transition states) and 5.0

eu (Cz-symmetrical transition states) were obtained, thus leading to an average value

of 6.6 eu, which compares well with I1St = 5.7 ± 0,5 eu obtained by Ross and

True74 and I1st = 4.6 eu obtained by HOffner and co-workers77 in solution. The

corresponding ab initio values for I1Gt (298 K) are 9.6 and 10.5 kcal/mol, which

are in good agreement with an experimental value of 10.4 ± 0.2 kcal/mol reported

by Ross and True.74

Actually, the calculation of the activation entropy of the chair-chair interconver-

sion is somewhat problematic, as was first pointed out by Pickett and Strauss.16

Most calculations including the ab initio calculations of Dixon and KomornickFI

suggest that cyclohexane can almost freely pseudorotate in the transition state at a

e value of 61.5° (or 118.5°), as is indicated in the conformational map of cyclohexane

shown in Figure 3.11 in form of a polar projection. The transition-state regions on

the northern and the southern hemispheres are shown there by dashed lines that

separate the pole regions from the equator region. The existence of pseudorotating

transition states gives a large positive contribution to I1St, thus leading to an overall

positive activation entropy.
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Figure 3.11. Qualitative contour line diagram of the conformational energy surface of

cyclohexane given in a polar projection (compare with Figure 3.7). Spacings between contour

levels correspond to about 1 kcaVmol. The dashed lines indicate the pseudorotating transition

state of the chair-chair interconversion on the northern (inner circle) and southern hemisphere

(outer circle) of the conformational globe. The six local minima along the equator, which

are occupied by twist-boat forms, are indicated by ellipses. Contour level between e = 1500

and 180
0

are not shown.

Experimental work by Jonas and co-workers has revealed that the chair-chair

interconversion is accelerated in solution phases upon an increase of pressure.78 The

measured activation volume is negative and depends on both pressure and viscosity

of the solvent. Solvation decreases both afP and ast, but the value of aG* seems

to be only slightly affected by the solvent, which is documented by experimental

aG* values of 10.0 and 10.1 kcal/moU4 The experimental aG* value for the twist-

boat-chair interconversion was measured at 70 K,26 while the ab initio values had

to be calculated for 100 K, as the classical approximation for the rotational and

translational contributions to as* are no longer valid below 100 K. Nevertheless,

the ab initio values aG* (100 K) of 5.1 and 5.0 kcal/mol compare well with the

experimental aG*(70 K) = 5.27 ± 0.05 kcal/mol.

Since in the 1970s experimental studies on the cyclohexane chair-chair intercon-

version were dominated by NMR measurements in solution and since many of these
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investigations did not clearly distinguish between enthalpy (energy) and free enthalpy

(free energy) values, activation enthalpies dating from this time are generally 1-2

kcal/mol too low. Unfortunately, these values were used to calibrate force-field

calculations, which then, as a natural consequence, predict the gas-phase chair-chair

interconversion barrier of cyclohexane also too low. This has to be seen to explain

previous comparisons of experimental, force-field, and VDZ ab initio investigations

of cyclohexane. For example, Ferguson and co-workers79 have compared the perfor-

mance of ab initio (HF/3-2IG), semiempirical (AMI80), and molecular-mechanics

methods (MM281) for the conformational analysis of ring systems in general. Compar-

ison revealed that the semiempirical AMI method severely underestimates puckering

and conformational barriers of cyclohexane, while HF/3-21G and Allinger's MM2

lead to comparable results. However, in view of the results of Dixon and KomornickFl

for cyclohexane, one has to stress that MM2 also underestimates conformational

barriers of cyclohexane. Allinger's improved force-field method MM382 leads to

better barriers, but the energy difference between the twist-boat and chair form is

still 1 kcal/mol too low. Therefore, there is a need to correct not just textbooks

with regard to the quoted conformational barriers of cyclohexane but also the

corresponding parameters of existing force-field and molecular modeling programs.

In Figure 3.12, a schematic drawing of the cyclohexane globe is shown together

with calculated enthalpy data. Previous assumptions that the globe can be represented

with a constant Q value14,16 are not correct. The puckering amplitude Q is clearly

smaller at the poles than at the equator (see discussion in previous section), which

leads to a flattening at the poles, and the overall form of an ellipsoid rather than a

regular sphere. Changes in Q values of boat and twist-boat forms can be considered

as second-order effects that lead to a regular valley-hill profile in the equatorial zone.

The globe is impenetrable in the interior for the molecule. The energy steeply

increases to 28.6 kcal/mol at the center of the globe, where the planar form is

located,83 which means that it is correct to consider preferred conformational pro-

cesses of cyclohexane to be constrained to the globe surface.

There are 6 + 12 least-energy paths for the cyclohexane chair interconversion,

the transition states of which are indicated by the symbol :j: in Figure 3.12. Depending

on how the activation entropy is calculated,71 all 18 paths are equivalent, but the

calculation of LlS* contributions to LlG* is connected with relatively large errors that

exclude any reliable predictions. Therefore, it is better to base the discussion on

calculated LlE-F rather than LlG* values. On this basis, one has to expect at latitudes

given by e = 61S (northern hemisphere) and e = 118S (southern hemisphere)

a ridge of energy mountains of about 12 to 12.5 kcal/mol that surround the whole

globe. If the molecule has reached the top of this ridge, it can actually pseudorotate in

the west-east direction passing through all half-chair and envelope-type conformers

located along this line. This means that starting at the north pole the chair-chair

interconversion process can follow almost all longitudinal lines to the south, which

means that zone I is almost equally populated by interconverting chair forms

(compare with Figure 3.11).

As soon as the molecules have reached zone 2, a large part of them is channelled

through one of the six minima in the equator plane, which are occupied by the
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twist-boat fonns, and then starts climbing the energy ridge on the southern hemi-

sphere. Another part of the molecules has sufficient energy (at least 4 kcallmol is

set free when descending from the mountains in the north to the equator) to cross

over the locations of the boat forms or any other point along the equator line.

Conformational motions will not just follow the longitudinal lines (fixed <\>2) but

will also include changes in <\>2. However, it is unlikely that at normal temperatures

a large number of molecules is trapped in the equatorial plane and pseudorotates

(barrier 1 kcallmol) there for a fixed value of e = 90°, as is suggested in many text-

books.

The magnitude of the pseudorotational barrier can be set in relation to the

geometrical changes that occur during pseudorotation. In Table 3.5, averaged values

for bond lengths r, bond angles w, and dihedral angles 'T are given for each of the

forms calculated. It is interesting that ray is 1.54 A for all fonns investigated but

the chair fonn, where it is slightly shorter, indicating relatively strong C-C bonding.

Deviations from ray are similar for the Band TB fonns, although for the B fonn

deviations are slightly larger. This difference is a result of a smaller 'Tay (33.6°, Table

3.5) compared to 'Tay = 40.4° for the TB form. As reflected by the data of Table

3.5, pseudorotation causes small changes in all geometrical parameters, which

increase the energy only slightly. However, chair-chair interconversion via the TS

forms Id or Ie involves increased bond eclipsing ('Tay = 32°, Table 3.5), and, as a

consequence, larger deviations from the average bond length and bond angle and,

therefore, a larger energy change. This explains why the more stable chair fonn is

confonnationally less flexible than either boat or twist-boat form, which Sachse

expressed by the terms "rigid" and "flexible fonn."1

Nevertheless, the preferred confonnational process of cyclohexane should be the

chair-chair interconversion with an energy barrier of about 12 kcal/mol. The six

equivalent twist-boat confonnations are intermediates of this process. But apart

from this, a manifold of other ring conformers located on the CES can be traversed

in the process. Pseudorotation can take place during chair-chair interconversion but

is not a preferred conformational process. However, this changes if a large number

of molecules is trapped at low temperatures in the equatorial plane.26

3.9. Monosubstituted Cyclohexanes

The position of each cyclohexane substituent can be exactly defined using the

concept of the mean plane and the ring substituent angle 13.20 In Figure 3.13, the

positions of two substituents Rand S (taken from Figure 3.9 for Rand S being H)

are given for a pseudorotation itinerary along the equator. Substituent R occupies

an axial position in the boat fonn at <\>2 = 0°, gradually changes to an inclinal

position at <\>2 = 90, adopts an equatorial position at <\>2 = 180°, and then changes

back to inclinal (<\>2 = 270°) and, finally, axial positions at <\>2 = 360° = 0°. The

dependence of I3R on the pseudorotational phase angle is given by a cosine function.

For substituent S, the same cosine curve is obtained (Figure 3.13), but the curve is

shifted by 120°, which can be understood by inspection of the conformational globe
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Figure 3.14. Confonnational globe of fluorocyclohexane. Distinct ring fonns are shown

in steps of 30° along the equator, the Tropic of Cancer, and the Tropic of Capricorn (compare

with Figure 3.4). For reasons of clarity only the front side of the globe is shown. Conformers

on the back side are shown in Figure 3.15. Atom C(l) is always indicated. Note that the

chair fonn with axial CF bond is located at the north pole and that with equatorial CF bond

at the south pole.

4 (24/6) if just those (canonical) forms are investigated that are shown in Figures

3.14 and 3.15.

We do not know of a single ab initio investigation that has attempted to provide

a complete description of the CES in case of substituted cyc10hexanes or any other

puckered six-membered ring. This could be because of cost considerations, but since

little or nothing in this direction has been done with other much simpler quantum-

chemical methods, it seems to be more the basic understanding of conformational

problems in puckered rings that has so far prevented thorough theoretical investiga-
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Figure 3.15. Three pseudorotation itineraries around the conformational globe of fluoro-

cycIohexane. Distinct ring forms are shown in steps of 300 along the equator, the Tropic of

Cancer, and the Tropic of Capricorn (compare with Figure 3.4).

tions. In this respect, one can say that the status of ab initio investigations of

puckered six-membered rings is still there where it was 10 years ago.

For puckered monosubstituted cyc1ohexanes, only chair forms have been investi-

gated. As can be seen from Figures 3.13, 3.l4, and 3.15, the chair with the axial

substituent is always located at the north pole. This is a consequence of the numbering

of ring atoms [the substituted C is always CCI)] and the rule that the substituent is
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always considered to sit on the top side of the ring. 19 The north pole of the conforma-

tional globe of monosubstituted cyclohexanes investigated so far experimentally84

is always the position of a local minimum, while the global minimum is found for

the equatorially substituted chair at the south pole. This is commonly interpreted

as a consequence of unfavorable 1,3-repulsive interactions among axial substituents

of the chair.29

3.9.1. Deuterocyclohexane

The most subtle of all substituent effects is that which results from replacement of a

single hydrogen by a deuterium atom.85Steric isotope effects may often be explained

satisfactorily by noting that deuterium is effectively smaller than hydrogen: A C-D

bond has a smaller mean amplitude of vibration than a C-H bond and, accordingly,

one could assign a smaller van der Waals radius to D than to H. As a consequence,

D should occupy the more hindered axial position and leave the equatorial position

for the H atom. However, this prediction is refuted by NMR results of Aydin and

Giinther86a(see also Anet and Kopelevich86b),who measured a conformational equilib-

rium isotope effect KI = l.060:±: 0.014 at T = -88°C for the following equilibrium

o

-
~D

thus indicating that D prefers the equatorial rather than the axial position. Williams

performed HF/3-21G calculations to clarify the NMR observation.85 He showed that

me difference in the C-H bond lengths of axial and equatorial H (see Section 3.7)

reflects the fact that the equatorial C-H bond is stronger and, therefore, leads to a

higher stretching frequency (C6HDII, expt.60: 2913 compared to 2884 cm-I; calcu-

lated852928 compared to 2873 cm-I). Since the CD stretching frequency is smaller

'!Raman, liquid C6DHII: 2165 compared to 2144 cm-I), the difference in the CHa

md CHe stretching frequencies dominates the difference in zero-point energies (ZPE)

for axial and equatorially substituted C6DHII• ZPE is smaller (the molecule sits

deeper in the potential well) for H in the axial than in the equatorial position.

_~ccordingly, there is a 0.012 kcal/mol difference in zero-point energies in favor of

:he equatorial deuterocyclohexane conformer, while the corresponding free enthalpy

difference at -88°C is 0.014kcal/mo1.85 The calculated KI of l.039 at -88°C
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Table 3.7 HF/4-21G Geometries of Monosubstituted Cyc10hexanes C6Hllxa

2ab 2b" 3a 3b 4a 4b Sa Sb 6a 6b
X = Ch3 X = CR3 X = NR, X = NR, X = OR X = OR X = F X = F X = CI X = CI

a. Puckering coordinates

Q 0.570 0.579 0.580 0.583 0.568 0.580 0.581 0.582 0.560 0.588
0.556 0.565

8 1.6 179.9 0.9 179.3 1.8 179.8 0.3 179.3 3.8 179.0
1.1 179.9

q3 0.570 -0.579 0.580 -0.583 0.567 -0.580 0.581 -0.582 0.559 -0.588
0.556 -0.565

q, 0.015 0.001 0.009 0.007 O.oJ8 0.002 0.003 0.007 0.037 0.010
0.011 0.003

<1>, 180 0.0 180 180 180 180 180 180 180 180
180 180

[3 10.5 71.2 2.6 74.1 8.5 72.8 1.5 68.0 7.7 71.4
71.8

tog-ax t-g-eq tog-ax t-g-eq tog-ax t-g-eq tog-ax t-g-eq tog-ax t-g-eq

b. Bond lengths

rl2 1.548 1.544 1.541 1.538 1.538 1.535 1.528 1.526 1.535 1.532
(1.527) (1.41) (1.54)

rn 1.543 1.542 1.540 1.541 1.543 1.542 1.541 1.542 1.540 1.544
r34 1.542 1.542 1.541 1.542 1.543 1.542 1.543 1.543 1.542 1.542
r,x 1.544 1.540 1.479 1.477 1.455 1.454 1.430 1.424 1.838 1.831

(1.76)
c. Bond angles

0)612 110.0 110.0 110.5 110.2 111.4 111.2 112.4 112.0 112.1 111.9
WI23 112.6 111.7 111.6 111.3 111.9 110.9 110.3 110.2 112.3 109.8
W:!34 110.9 111.0 110.8 110.9 II 1.1 111.0 111.0 111.0 111.0 111.1

"'345 111.0 110.8 110.7 110.9 111.0 110.9 110.8 110.9 110.9 110.8

w"x 112.1 111.1 108.9 108.8 111.1 111.1 106.9 107.2 109.8 109.6
(110.1)

d. Dihedral angles

T6123 -53.7 55.7 -55.4 56.9 -54.0 56.4 -56.5 57.5 -52.0 57.8
(55.3)

TI234 55.6 -56.3 56.3 -56.5 55.1 -56.1 55.9 -56.0 54.4 -56.4

72345 -56.0 55.9 -56.5 55.6 -56.0 55.8 -56.2 55.6 -56.5 56.0
T321X 71.8 -179.2 64.2 -176.1 70.4 179.3 61.0 -176.9 70.3 179.5
e. Relative energies

!:J.E 2.0 0 -0.1 0 1.0 0 -0.5 0 0.9 0
2.3 0

"Bond lengths and puckering amplitudes in A., angles in deg, energy difference !J.E in kcal/mol always with regard
to the corresponding equatorial form b. Available experimental data are given in parentheses. (3 denotes the substituent

position angle. For the abbreviations tog-axand t-g-eq, compare with Figure 3.8 and text.

'Second entry gives results from HF/6-31G(d) calculations."

3.9.3. Miscellaneous Monosubstituted Cyclohexanes

In Table 3.7, ab initio geometries of C6HjjX molecules 2-6 (see Scheme 3.3) are

listed. They have been taken from a Hartree-Fock investigation carried out with the
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4a 4b

6a

~N""H

'H
3b3a

5a 5b

~CI

6b

Scheme 3.3

4-21G basis set and with analytical gradients by Siam and co-workers,89 Calculated

puckering coordinates for 2-6 (Table 3.7) reveal that all substituents lead to a slight

distortion of the ring. Distortions are as such that the inverted boat form (<1>2 =

180°) mixes with the chair, thus causing a flattening of the axially substituted chair

fonns in the part of the substituent, while the reverse is true in the case of the

equatorially substituted chair forms. The degree of flattening is reflected by the

distortion parameter e, which is larger for bulky substituents and smaller for a

substituent such as F. Obviously, mixing in of the inverted boat decreases 1,3 steric

repulsion and destabilizing gauche interactions for the axial conformers as well as

eclipsing interactions for the equatorial confonners. It is interesting to note that the

trends in the distortion parameters (puckering amplitude q2 and polar angle e) are

also reflected by the substituent orientation angles 13: The axial substituents have

relatively large 13 values (7-10°) in case of larger steric interactions (2a, CH3; 4a,

OH; 6a, CI, Scheme 3.3) but small 13 values in case of smaller interactions.
Flattening of one ring part does not necessarily imply a decrease in puckering,

While a bulky substituent in the axial position generally leads to a slight reduction

of puckering (Table 3.7), it increases puckering for the equatorial chair fonn. For

3a (NH2) and Sa (F), even the axial forms have a larger puckering amplitude Q

than cyclohexane itself, which seems to have to do with a special electronic effect

first noted by Cremer and co-workers in 1975.64 These authors pointed out that the

gauche interactions of an axial cyclohexane substituent become more stabilizing in

the series CH3, NH2, OH, F, as is verified by known gauche-trans energy differences

for I-substituted propanes. This is in line with measured enthalpy differences for
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axial and equatorial conformers of 2 (1.70 kcalfmol), 3 (1.20 kcal/mol), 4 (0.52

kcal/mol), and S (0.15 kcal/mol), which decrease in the same direction. Also, a

negatively charged F atom or the lone pair of an N atom can attract partially

positively charged H atoms at C(3) and C(5) so that steric attraction among the

axial substituents replaces steric repulsion. In line with this are the small ~ values

for 3a (2.6°, Table 3.7) and Sa (IS) and the fact that at the HF/4-21G level of

theory these conformations are calculated to be more stable than the corresponding

equatorial forms. However, the basis set used is too small to consider relative

energies as reliable.

The axial C( 1)-X bonds are consistently longer than the equatorial C( 1)-X bonds,

which is parallel to the observations made for the corresponding C-H bonds. The

difference decreases from C-C to C-N and C-O, but it is largest for C-F (Table

3.7). Connected with the different substituent-ring bond lengths are similar trends

in the corresponding C(1)-C(2) [= C(5)-C(6)] bond lengths, which are shorter for

the equatorial substituted cyclohexane rings. At the HF/4-21G level, the normal

C-C bond length of the cyclohexane chair is 1.54 A. For axial substituents C( 1)-C(2)
bond lengths are closer to this value, suggesting that the geometries of the axial

conformations reflect more the normal case, while geometries of the equatorially

substituted chair forms reflect a significant ring-substituent interaction. This is a

hyperconjugative interaction involving a 1TCH2orbital of the ring (MO 22, Figure

3.10) and a pseudo-1T* or 1T*orbital of the substituent [shortening of the C(1)-C(2)

bond] or a 1T~H2orbital of the ring (MO 27, Figure 3.10) and a pseudo-1T or 1Torbital

of the substituent (shortening of the ring-substituent bond). The hyperconjugative

effects lead to a stabilization of the equatorial form and are probably the reason

that in all cases considered the equatorial forms are more stable even though the

axial chair forms may have gained by steric attraction, as described previously.

The actual bond lengths are a result of both hyperconjugative and inductive

effects, where the latter are stronger for the more electronegative substituents. Other

trends in the geometrical parameters listed in Table 3.7 can be easily related to these

major effects.

3.10. Other Hydrocarbon Rings

If a cyclohexane ring loses H atoms, new structural elements are introduced that

change the conformational flexibility of the six-membered ring drastically. As exam-

ples, cyclohexene, cyclohexadiene, and cyclohexyne will be discussed in the follow-

ing. If the cyclohexane ring loses an electron rather than a hydrogen atom,

conformational changes are not so drastic but are already substantial, and, therefore,

we will start the discussion with the cyclohexyl radical cation.

3.10.1. Cyclohexyl Radical Cation

The HOMO of the chair conformation of cyclohexane is degenerate (MOs 23 and

24, 4eg, Figure 3.10). Removal of an electron from the 4eg MOs leads to a Jahn- Teller
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Figure 3.16. Possible Jahn- Teller distortions of the D3d chair fonn of the cycIohexane

radical cation. Changes in the eg HOMO upon elongation or compression of the chair thus

leading to the 2A" ground state or the 2Ag and 2Bg excited states are indicated.

unstable electron configuration, which by an eg distortion can stabilize itself with

the consequence that a lower-symmetry conformation is formed. In Figure 3.16 it

is indicated how the cyclohexyl radical cation can change from the D3d form of

the chair into an elongated or compressed chair both having only C2h symmetry.

Accordingly, the two 4eg MOs split into an ag and a bg MO, where the relative

energies of these orbitals follow from the distortion of the ring. If the electron has

been ejected from the eg-ag MO, the bonds C(2)-C(3) and C(5)-C(6) are weakened,

which leads to an elongation of the chair. Since the doubly occupied eg-bg MO is

C(2)-C(3) and C(5)-C(6) antibonding, the elongation of the chair is accompanied

by lowering of the bg orbital and overall stabilization of the chair. If, however, the

electron is ejected from the eCbg orbital, the bonds C(2)-C(3) and C(5)-C(6) are

shortened, and the bonding eCag MO is lowered in energy. MO considerations

cannot predict which of the two chair forms (elongated chair, 2Ag, or compressed

chair, 2Bg) is more stable.

Lunell and co-workers90 calculated the geometry of elongated and compressed

chair using unrestricted HF (UHF) theory together with the minimal STO-3G basis

(see Figure 3.17). HF/STO-3G energies were then checked at the UHF/4-31G level

of theory. According to these calculations, the 2Bg state (7a, compressed chair, Figure

3.17) is slightly more stable than the 2Ag state (7b, elongated chair). However, further

distortion of the compressed chair leads to a G,-symmetrical chair with the electron

configuration (a')2(a")! eA" state 7c, Figures 3.16 and 3.17), which is about 6 kcaV
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mol lower in energy. The 2A" state 7c is consistent with measured ESR coupling

constants and the hyperfine structure of the ESR spectrum.90 It represents the ground

state of the cyclohexyl radical cation. Shiotani and co-workers91 measured ESR

spectra for alkyl-substituted cyclohexyl radical cations. On the basis of their measure-

ments, they also concluded that the 2A" state 7c is the ground state of the cyclohexyl

radical cation. The corresponding boat form (7d, Figure 3.17) is about 6 kcal/mol

higher in energy.

H H ~ ~

1'·0~. H 11.094

~C5~ \ ----.::91-.2.095
H 139,~~--C~""""'J ~H--/"/<-_7' -··~··~t~.···/~.640

H~~C3~.3~H

1.095 C4 1.546r\ H }C2 1.107

1.0941 1.092 H 1.52611.091

H H

7c, C
s

H
I

1.088

1.088 C4 C
1

1.093

H--- ~.~ 1.637fl~H

~""~...~ 1 537 If ~H
\ ······c· ·c~

H
1.549 \U......J.~....~..~.~:~o ~/ \

~ 134.30 i "..H
1.090 C3 ~ C21.108 \

,.0 ••! \1.091 H

H H

7d, Cs

Figure 3.17 HF/STO-3G geometries of 2A" &round state, 2Ag and 2Bg excited states of the

cyciohexane radical cation.90 Bond lengths in A, bond angles in deg.
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Figure 3.17 Continued

Twist-boat or other conformers of the ground-state CES were not investigated.

Nevertheless, it is interesting to speculate whether the CES of the cyc10hexyl radical

cation is similar to that of cyc1ohexane. The energy difference between chair and

boat form seems to indicate this, which means that chair-chair interconversion will

proceed via half-chair and twist-boat forms similarly to the case of cyc1ohexane.

The cyc10hexyl radical cation should also be a rather flexible molecule, but because

of lower symmetry of its CES (e2v rather than D6h), its conformational processes

should be more complex than for cyc1ohexane. Also interesting is the question how

the CES will change for the 2Bg and 2Ag excited states and whether conformational

barriers can become comparable to excitation energies. However, these questions
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can only be investigated by a considerable improvement of both basis set and method

previously used.

3.10.2. Cyclohexene

Introduction of a double bond into the cyclohexane ring also leads to a C
2v
-symmetri-

cal CES, but contrary to the cyclohexyl radical cation bond angle strain caused by

two sp2-hybridized C atoms will reduce the flexibility of the ring considerably. All

the available experimental evidence based preferentially on microwave,92 electron

diffraction,93 and NMR measurements94-96 suggests that cyclohexene is nonplanar

and possesses a half-chair conformation. Ab initio results by Saebp and Boggs97,98

based on HF calculations with a (7s3p/4s) [4s2p/2s] DZ basis set confirm that the

half-chair form is indeed the global minimum of the CES of cyclohexene,

Saebp and Boggs investigated beside the Crsymmetrical half-chair form (8a in

Figure 3,18), as well as the C,-symmetrical boat form 8b and the planar form 8c

(C2v symmetry).97,98The relative energies of the two forms with regard to 8a are 5.2

and 10.4 kcallmol, which indicates that inversion of the half-chair 8a through the

planar form 8c is less probable, while a half-chair-half-chair interconversion via

boat forms such as 8b is the preferred conformational process.

Figure 3.19 presents the conformational globe of cyclohexene, which is character-

ized by the half-chair form at e = 52,7°, <P2= 210° (l in Figure 3.19), the inverted

boat at e = 90°, <P2= 300° (2), the inverted half-chair at e = 127.3°, <P2= 30° (3),

and the boat at e = 90°, <P2= 120° (4). Connecting these forms on the globe surface

leads to an ellipsis, the axes of which are defined by the hashed line connecting

half-chair, planar form, and inverted half-chair and the hashed line connecting boat,

planar form, and inverted boat. Actually, Figure 3.19 is somewhat misleading, as

calculated geometries in Figure 3.18 clearly reveal that Q is larger for the boat

forms (0.634 A..) than for the half-chair forms (0.457 A..), and, therefore, the main

axis of the ellipsis connects the boat rather than the half-chair forms. Increased

puckering of the boat forms is in line with increased bond eclipsing, as it is similarly

observed for the boat forms of cyclohexane,

The driving parameter for the half-chair interconversion process is the dihedral

angle T(3456), which changes from positive to negative and back to positive values

during a full interconversion cycle along the ellipsis in Figure 3.19 (compare Figure

3.19 with Figure 3.7). Recently, Laane and co-workers99 have suggested that the

barrier of this process can be as high as 10.3 kcal/mol, thus being comparable to

the barrier of ring inversion through the planar form 8c. Therefore, Anet and co-

workers
95
have reinvestigated cyclohexene interconversion using NMR and state-

of-the-art ab initio techniques, which included HF/6-31G(d) and MP2/6-31G(d)

geometry optimizations of six conformers along the dashed line in Figure 3.19 as

well as single-point calculations at MP4(SDQ), QCISD, and QCISD(T) (see Table

3.2) with the 6-31G(d) basis. Calculations convincingly show that the energy barrier

is 5.5 kcal/mol rather than 10 kcallmol and that the boat form 8b is indeed the

transition state of the conformational process. However, the transition-state region
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Figure 3.18. Ab initio geometries and relative energies D.E of cis-cyclohexene confonners

8a, 8b, 8c (HFNDZ). trans-cyclohexene 8d, and the transition state 8e of the cis-trans

isomerization of cyclohexene [GVB(I)/STO·3Gj. cccc dihedral angles are given opposite to

each cc bond. Bond lengths and puckering amplitudes in A.. angles in deg.
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9 = 3·, +2 = 210·

a = 33·, +2 = 30·

9 = 147·, +2 = 210·

a = 177", '2 = 30·

a = 165·, +2 = 210·

Figure 3.19. Confonnational globe of cyc1ohexene. The most stable confonners of cis-

cyc10hexene are located along the ellipsis that connects the half-chair fonns 1 and 3 (global

minima) and the boat fonns 2 and 4 (transition states). The axes of the ellipsis are indicated

by hashed lines. Some other confonners outside the ellipsis are also given to indicate the

continuous change from cis- to trans-cyc1ohexene. Trans-cyclohexene adopts distorted chair

fonns that are located at the "magnetic poles" of the globe along the C2 axis of the CES.

The positions of the GVB/STO-3G transition states ofthe cis-trans isomerization are indicated

by the symbol :j:. For reasons of clarity only the front side of the globe is shown, but note

that confonners 1 and 2 and the two transition states with <P2 = 210° are on the back side

of the globe.
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There are two equivalent global minima on the CES of 1,3-cyclohexadiene, which

are occupied by Crsymmetrical half-chair forms (lOa, Figure 3.20). According to

HFIDZ calculations of Saeb0 and Boggs,97 their puckering (q2 = 0.261, <P2 = 270°,

q3 = 0.100, <p = 69.1°, Q = 0.279 A, Figure 3.20) is considerably reduced, which

reflects the increase in angle strain caused by the incorporation of two double bonds

into the ring. Also, the half-chair forms are located somewhat closer to the equator,

as is reflected by a e value of 69° compared to 52° in the case of cyclohexene 8a

(Figure 3.18). Puckering reduces eclipsing between the CH
2
groups [T(4561) =

38.7°] while the torsion angle of the butadiene fragment is kept at a relatively low

value of 13.5°, thus not seriously reducing 'IT delocalization. The C
2v
-symmetrical

planar form lOb (Figure 3.20) is just 1.9 kcal/mol higher in energy,97which suggests

that inversion through the planar form into the inverted half-chair can easily take

place at normal temperatures.

3.10.4. Cyclohexyne

Substituted cyclohexynes have been generated in a matrix at low temperatures, 108

and even cyclohexyne itself has been trapped in form of platinum and zirconium

complexes.109 However, cyclohexyne is far too labile to be investigated with regard

to its structural or even conformational properties. Nevertheless, it is interesting to

include this six-membered ring molecule in the discussion because its equilibrium

geometry has been calculated by ab initio methods.11OOlivella and co-workers

applied GVB/3-21G and UHF/3-21G to determine the geometry of the lowest IA

and 3B states of cyclohexyne. These calculations showed that the molecule adopts

in both states a Crsymmetrical half-chair conformation with a puckering amplitude

Q (0.464 A) for the ground state 11 (Figure 3.20) similar to that of cyclohexene 8a

(0.457 A, Figure 3.18). Also, the position of the global energy minimum on the

conformational globe (q2 = 0.342 A, <P2 = 210°, q3 = 0.314 A, e = 47S) is

comparable to that of cyclohexene 8a. Although the ring bond angles are forced to

widen at the formal triple bond (W123 = 131°, Figure 3.20), the ring can stabilize

by puckering because this leads to a reduction of eclipsing strain; A similar reduction

of ring strain is not possible in the case of the boat form, and, therefore, the

CES of cyclohexyne in its ground state is probably comparable to that of 1,3-

cyclohexadiene rather than cyclohexene.

Despite of considerable ring strain, the C=C bond of the IA state of cyclohexyne

11a is similar to that of acetylene, which is reflected by the calculated C=C bond

length (l.219 A, Figure 3.20) and the C=C stretching frequency (2251 cm-I; after

scaling, 2003 cm-IVIO The triple bond is distorted by just 7°, and the biradical

character obtained from the GVB wave function is relatively low (16%).110

In the 3B state the C(1)-C(2) distance is stretched to 1.320 A, which is close to

the calculated value of the double bond length (l.317 A) in cyclohexene.97 The

C(1)-C(2) stretching frequency (1869 cm-I, scaled value: 1663 cm-I) is close to

the observed C=C stretching frequency in cyclohexene (1649 cm-I). Obviously,

the in-plane 'IT component of the C=C triple bond of cyclohexane is broken in the

3B state, which probably is responsible for the calculated EeB) - EeA) energy
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o
cyclohexane and

cyclohexyl radical

o
cyclohexene

o
1,3-cyciohexadiene

o
1,4-cyclohexadiene

Figure 3.21. Constraint confonnational spaces of (a) cyciohexane and cyciohexane radical

cation (globe surface), (b) cyciohexene (shaded area of ellipsis), (c) 1,3-cyciohexadiene (line

through center of globe connecting antipodal points of the globe surface), and (d) 1,4-

cyciohexadiene (central point occupied by planar fonn).

b)

c)

difference of 42 kcal/mol.'l0 It is likely that the CES for the 3B state will resemble

the CES of cyclohexene more than the CES for the 'A ground state.

Although information on the conformational features of the five hydrocarbon

rings discussed is rather sparse, it is safe to say that the inclusion of new structural

elements into the six-membered ring leads to typical changes in the conformational

flexibility. For example, inclusion of multiple bonds always limits the regions in

three-dimensional conformation space that can be populated by puckered ring con-

formers. As shown in Figure 3.21, the accessible conformational space of the

cyclohexenyl radical cation is limited (by energy) to the surface of a globe (compara-

ble to that of cyclohexarie), that of cyclohexene to a plane, that of 1,3-cyclohexadiene

to a line connecting half-chair forms and planar form, and that of l,4-cyclohexadiene

to a point in the center of the globe, occupied by the planar form.

d)
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3.11. Saturated Six-Membered Rings with Heteroatoms

There is a large body of information on the conformation of saturated six-membered

heterocycles with one or more hetero atoms, I II but only a few ab initio studies

on conformational aspects of these compounds have been carried out. I 12-121 These

investigations exclusively dealt with possible chair conformations to obtain their

geometry, degree of puckering, and, in particular, energy differences between axially

and equatorially substituted forms. To our knowledge there is not a single ab

initio investigation, in which chair-chair interconversion processes or other ring

conformers than the chair have been investigated. In many cases, even simple proof

on the nature of a stationary point occupied by a chair form is missing. This is

particularly problematic if chair forms with relative high energies (10 kcal/mol and

more) are discussed.

3.11.1. Nitrogen-Containing Rings

Two extensive ab initio studies on the chair forms of piperidine (12), piperazine

(l,4-diazacyclohexane, 13), 1,3-diazacyclohexane (14), and 1,3,5-triazacyclohexane

(15)have been published. 112.1 13 Depending on the position of the N-H bond (compare

with Figure 3.22), there are two chair conformations for piperidine, 12a and 12b,

H
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Figure 3.22. Equilibria between azacyclohexanes with axial (A) and equatorial (E) NH
bonds. In each case, calculated relative energies are given in kcal/mol (HF/4-21 G calcula-
tions). IIZ.lll The orientations of the electron lone pairs are also shown.
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three chair forms for 1,4- and 1,3-diazacyclohexane, 13a, 13b, 13e and 14a, 14b,

14e, and four chair forms for 1,3,5-triazacyclohexane, 1Sa, 1Sb, 1Se, 1Sd. If inversion

at the N atom is excluded, then forms 12a and 12b will be related by a chair-chair

interconversion, similarly the axial-equatorial (AE) form 13a and the EA form 13a',

the AA form 13b, and the EE form 13e, the AA form 14a and the EE form 14b,

the AE-form 14e and the EA form 14e', the AAA form 1Sa and the EEE form 1Sb,

as well as the AAE form 1Se and the EEA form 1Sd. The designation of the various

forms automatically follows from the rule that the first substituent has to be on the

topside in an axial position (8 = 0°) and that, if there is any choice, atoms with an

additional axial substituent get a lower number than atoms with equatorial substitu-

ents provided this does not conflict with clockwise numbering of the ring atoms.

In this way, it is always clear whether a chair form is positioned at the north (8 =

0°) or the south pole (8 = 180°) of the conformational globe.

In an ambitious ab initio study, Peeters and co-workers I12investigated the confor-

mation of the neuroleptic drug haloperidol [4-(4-hydroxy-4-p-chlorophenylpiperi-

dino)-4' -fluorobutyrophenone], which contains a piperidine unit. Calculations were

performed at the HF level of theory using the 4-21G basis set (3-3-21G for Cl) and

direct SCF (DSCF) techniquesl22 for handling the vast number of two-electron

integrals (~M4 with M being the number of basis functions and M = 284 in the

case of haloperidol). Since haloperidol contains a piperidine unit, the authors also

investigated the geometry of the two chair forms 12a and 12b of piperidine and

compared it with experimental geometry data from microwave spectroscopy.123

The investigation by Peeters and co-workers was complemented by a HF/4-

2lG study of possible chair forms of diaza- and triazacyclohexanes carried out by

Carballeira and co-workers. I13The results of extensive geometry optimizations were

compared with available experimental124 and molecular-mechanics datal25 and then

analyzed with the help of puckering coordinates. 19

At the HF/4-21G level, the E form 12b is 0.1 kcal/mol more stable than the A

form 12a (Figure 3.22). Energy differences become larger for 13, where the EE

form 13e is more stable by 0.4 and 1.2 kcal mol than the AE form 13a and the AA

form 13b, respectively. These results are easily understandable in terms of an

anomeric effect involving the electron lone pair at the N atom and a vicinal CH

bond. If both are in an axial position (this implies an E-type chair form), the lone

pair orbital is collinear with the utH orbital, and, therefore, overlap is sufficient for

lone pair
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partial delocalization of the lone-pair electrons into the atH orbital. This leads to

shortening of the CN bond, lengthening of the CH bond, and a slight stabilization

of the molecule.

A similar effect takes place between an equatorially positioned lone-pair orbital

(this implies an A-type chair form) and the trans-positioned vicinal ate orbital, but

in this case orbitals are not exactly collinear, orbital overlap is smaller, and a smaller

stabilization effect results (see the discussion in Section 3.7).

Calculated geometries (Table 3.8) are in line with this analysis and clearly confirm

the impact of the anomeric effect in N-containing six-membered rings. It is aston-

Table 3.8 HF/4-21G Geometries of piperidine (12), 1,4-diazacyciohexane (13),

1,3-diazacyciohexane (14), and 1,3,5-triazacyciohexane (15)a

12a 12b 13b 13a 13e 14a 14e 14b 15a 15e 15d I5b
A E AA AE EE AA AE EE AAA AAE EEA EEE

C, C, C'h C, C'h C, C, C, C3, C, C., C3,

a. Puckering coordinates

Q 0.553 0.589 0.527 0.566 0.604 0.527 0.566 0.584 0.500 0.543 0.561 0.561
0 3.0 1.8 0 4.3 0 3.1 3.4 1.8 0 4.9 l.l 0
q3 0.552 -0.589 0.527 -0.564 -0.604 0.526 0.565 -0.584 0.500 0.541 -0.561 -0.561
q, 0.029 0.018 0.042 0.028 0.033 0.018 0 0.046 0.010

<P'
180.0 180.0 - 180.0 - 120.0 202.4 300 60 240 300

b. Bond lengths r

rl2 1.477 1.474 1.480 1.476 1.476 1.472 1.474 1.468 1.476 1.477 1.471 1.466
r23 1.543 1.537 1.541 1.537 1.531 rl2 1.465 rl2 rl2 1.469 rl2 rl2

r34 1.543 1.542 rl2 1.478 rl2 1.480 1.481 1.473 rl2 1.476 1.473 rl2

r" r34 r34 rl2 r34 rl2 1.545 1.543 1.536 rl2 r34 1.468 rl2

r56 r23 r'3 r'3 rZ3 r'3 r45 1.539 r45 rl2 r'3 r45 rl2

r'6 rl2 rl2 rl2 rl2 rl2 r34 1.476 r34 rl2 rl2 r34 rl2

c. Bond angles w

W612 113.0 113.6 112.7 113.3 112.7 112.1 112.7 113.4 111.2 111.7 112.9 113.2
Wll3 112.7 108.8 111.8 108.0 108.1 114.8 llO.8 108.8 114.1 llO.3 108.3 108.2
W234 110.3 110.4 00123 ll2.0 00123 00612 111.6 00612 00612 111.1 (U612 (U612

00345 110.7 llOA W612 112.2 (1)612 112.1 ll1.9 108.2 W123 113.9 109.9 Wl23

W456 W234 W234 Wll3 W234 Wl23 109.6 109.9 109.8 W612 W234 llO.6 (U6l2

WS61 Wl23 Wl23 00123 Wll3 Wl23 W345 108.4 W345 00123 Wl23 (1)345 WI23

d. Dihedral angles 'T

76123 -54.3 -61.4 -53.0 -59.9 60.6 -52.8 -60.5 -58.4 -51.2 -58.4 -55.7 -56.9
71234 54.3 56.6 52.5 55.1 -57.7 -76123 56.3 -76123 -76123 54.1 -76123 -76123

72345 -54.5 -55.0 76123 -53.7 76123 -52.8 -54.0 -58.6 76123 -52.2 -57.5 76123

73456 -72345 -72345 -T6123 -72345 -76123 52.8 53.2 56.8 -76123 -72345 57.1 -76123

74561 -71234 -71234 -71234 -71234 -T1234 -'T3456 -54.5 -73456 'I6l23 -71234 -73456 76123

75612 -76123 -T6123 -76123 -76123 -76123 -72345 59.2 -72345 -76123 -76123 -72345 -76123

e. Relative energies

t!.Eh 0.1 0 1.2 0.4 0 0 1.0 5.5 0 1.9 7.1 16.7

"Bond lengths and puckering amplitudes in A.. angles in deg. energy differences I1E in kcal/mol.

'Energy relative to the most stable confonner of a given compound.
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ishing that for 14 and 15 the A-type chair forms are more stable than the E-type

chair forms. For example, the AA form 14a is 1.0 and 5.5 kcal/mol more stable

than the AE form 14c and the EE form 14b, respectively. Similarly, the AAA form

15a is 1.9,7.1, and 16.7 (!) kcal/mol more stable than the AAE form 15c, the EEA

form lSd, and the EEE form 15b, respectively.113 Obviously, a second electronic

effect outweighs the anomeric effects in 14 and 15.

Inspection of Figure 3.22 reveals that in the EEE and EE forms of 14 and 15

two or three electron lone pairs are axially oriented and, therefore, repel each

other via strong 1,3 dipole-dipole interactions. This effect is well known from the

conformational analysis of rotor molecules with lone-pair-containing heteroatoms,126

but differs from the situation of rotor molecules insofar as the larger rigidity of the

chair form (compared to that of an acyclic rotor molecule) forces the electron lone

pairs to a closer contact. This can be somewhat reduced by partial planarization at

the N atom, as is calculated for the EE and EEE conformations of 14 and 15.

The puckering coordinates summarized in Table 3.8 reveal that the degree of

puckering for the N-containing rings is similar to that of cyclohexane and that most

conformations represent almost perfect chairs with only very small admixtures of

boat forms, as indicated by angles e and <h The total puckering amplitude Q is

smaller for the A-type than the E-type conformations, and it decreases with the

number of axial NH bonds (Table 3.8), obviously to reduce 1,3 interactions. One

should expect a similar trend for the E-type conformations, but since eclipsing

between equatorially positioned NH and CH bonds can only be relieved by an

increase in puckering, there are opposite trends that keep the ring more puckered

than in the A-type forms. By comparison of the data in Table 3.8 and the conforma-

tional globes in Figures 3.5, 3.6 or 3.14, 3.15, one sees that the small admixtures

of boat character lead to flattening of the ring part with the axial NH bond and to

an increase of puckering of the part with the equatorial NH bond.

Chair-chair interconversion of the piperidine ring is hindered by a barrier of

10.4 kcal/mol according to NMR measurements of Anet and co-workers.127 This

suggests that incorporation of an N atom into cyclohexane somewhat increases the

flexibility of the six-membered ring. Anet and co-workers were also able to measure

the barrier of N inversion, which is just 6.1 kcal/mol.l27 This clearly indicates that

a conformational analysis of N-containing rings must consider the coupling between

ring puckering modes and N inversion. The latter represents a fourth dimension in

the conformational space of N-containing six-membered rings that implies new

"extraterrestrial" paths connecting northern and southern hemisphere of the globe.

In view of this, it is doubtful whether high-energy forms such as 15b or 15d represent

local minima of the CES and have any relevance for the conformational analysis

of N-containing rings.

According to Carballeira and co-workers,1I3 molecular-mechanics calculations

fail to correctly describe either anomeric effect or puckering in the diaza- and triaza-

compounds 13, 14, and 15.

Coffin and co-workersl28 investigated the trinitro derivative of 15, cyclotrimeth-

ylenetrinitramine, at the HF/4-21G level of theory. According to their calculations,

the AAA form is most stable, which is in line with gas-phase and solution studies



124 CONFORMATIONAL BEHAVIOR OF SIX-MEMBERED RINGS

of the compound'29 and the results obtained by Carballeira and co-workers for the

parent molecule 15.113 Since Coffin and co-workers also characterized the calculated

chair forms by frequency calculations, they could show that at the HF/4-21G level

only the AAA form is a true minimum while AAE (relative energy: 0.6 kcal/mol),

EEA (1.7 kcal/mol), and EEE form (7.2 kcal/mol) are first-order transition states.

The AAE form seems to be most stable in the solid state,130but this could be a

result of packing forces and intermolecular interactions in the crystal. It is interesting

to note that axial N-N bonds in the three A-type chair forms are more than 0.05

A longer than equatorial N-N bonds. The authors do not offer any explanation, but

consider this difference as chemically relevant, since it might suggest that the

photolytic formation of N02 is specific to the axial nitramin groups. 131

3.11.2. Oxygen-containing Rings

Tetrahydropyran is contained in many carbohydrates, and since the latter present an

important class of compounds, substituted tetrahydropyrans have been investigated in

several ab initio studies. I15-1 I? The primary goal of these studies was a description

of ring-substituent interactions and, in particular, of the anomeric effect, which

plays an important role in the stereochemistry of carbohydrates.29d As a consequence,

the chair conformation of tetrahydropyran was always given for granted in this

studies, and no other tetrahydropyran conformers were investigated.

Wiberg and Murcko"S revisited the anomeric effect in general and also calculated

in this connection the geometry of axial and equatorial 2-methoxytetrahydropyran

(16) at the HF/3-21G level of theory. They found the equatorial form to be 3.7 kcal/

mol higher in energy than the axial form, but this energy difference decreases to

1.3 kcal/mol when the more flexible 6-31G(d) basis was used at HF/3-21G geome-

tries (Figure 3.23). Adding to this energy, differences in zero-point energies, tempera-

ture corrections, and entropies, D..D..H? (298 K) = 0.94 kcal/mol and D..G(298 K) =
0.96 kcal/mol were obtained, 115 which can be considered as a measure for the enthalpy

part of the anomeric effect in 2-methoxytetrahydropyran. NMR measurements, which

date back to the 1960s and 1970s, led to a free enthalpy difference of 0.58 ±

0.30132 and 0.89 kcal/mol.l33 Recent low-temperature NMR studies by Booth and

co-workers134 suggest that the enthalpy difference is practically zero so that the D..G

value entirely results from the entropy contributions. In view of the results of Wiberg

and Murcko,IIS this prediction has to be questioned.

The calculated puckering coordinates of the most stable equatorial (q2 = 0.002,

<1>2 = 198°, q3 = -0.573, e = 179.8°, Q = 0.573 A, 0 atom is the first atom in

the ring, Figure 3.23) and the most stable axial conformation (q2 = 0.033, <1>2 =

110°, q3 = 0.566, e = 3.3°, Q = 0.567 A) reveal that the tetrahydropyran ring has

in both cases a similar degree of puckering as the cyclohexane ring and represents

in the case of the equatorial form a pure chair form. Again, the equatorial form is

slightly more puckered than the axial form. Also, the axial form has admixtures of

boat and twist-boat form that flatten the ring in the part of the substituent. It is

noteworthy that calculated geometries are in line with delocalization of the electron
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Figure 3.23. Equilibria between tetrahydropyrans with axial and equatorial substituent

bonds. In each case, calculated relative energies are given in kcal/mol [HF/3-2IG calculations;

numbers in parentheses correspond to HF/6-31G(d) single-point calculationsj.1l5-117For the

methoxy substituent, the calculated C-O-C(2)-0(1) dihedral angle is given. The orientations

of the electron lone pairs are also shown.

lone pair (LP) of the ring oxygen atom into the (J'~o orbital of the methoxy group

(LP-O-C-O anomeric effect).

Zheng and co-workersll6 calculated all possible hydroxy-tetrahydropyrans with

the hydroxy group either in an axial or equatorial position (Figure 3.23). They

rotated the hydroxy group in steps of 60°, reoptimized the molecular geometry for

each conformer at HF/3-21G, and then checked results by HF/6-31G(d) single-point

calculations. In 17a, 17b, 18a, and 19b the hydroxyl hydrogen is gauche with regard

to the adjacent bonds, while in 18b the anti conformation is preferred. In 19a the

gauche and anti positions are of the same energy and represent minima on the CES.

For the most stable rotor conformations thus obtained, the axial forms are more

stable, provided the hydroxy group sits next to the ring 0 and, therefore, can

participate in stabilizing anomeric interactions. If the OH group is replaced by the

more electronegative F atom,117 the corresponding (J'~F orbital is lower in energy,

anomeric interactions increase, and the axial form becomes more stable (Figure

3.23). If the substituent moves away from the ring 0 atom, then other effects

(trans-gauche interactions, 1,3-steric repulsion, etc.) become important and the

equatorial form becomes more stable.

Carballeira and co-workersl18 investigated 1-oxa-3-azacyclohexanes 21, l-oxa-

3,5-diazacyclohexanes 22, and 1,3-dioxa-5-azacyclohexanes 23 shown in Figure
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this is reflected in most of the ab initio work on puckered six-membered rings.

Research in this field has focused more on the determination of equilibrium geome-

tries of some chair conformations rather than an investigation of conformational

processes or a thorough exploration of CES. For different reasons, some of the ab

initio work done so far did not use modem ab initio techniques. There are only a

few investigations that employed state-of-the-art techniques and pursued the goals

of conformational analysis with sufficient depth. This must be seen to understand

why many of the basic conformational problems of six-membered rings have not

been attacked by ab initio investigations so far. Even in the case of the cyclohexane

ring many questions have not been answered to this date. Here are just a few exam-

ples:

I. Although cyclohexane is the best investigated six-membered ring, one has still

not derived its CES in analytical form from ab initio calculations.

2. It is still not clear whether the transition state of the chair-chair inversion is

freely pseudorotating. This, however, is essential for the calculation of the activa-

tion entropy and the comparison of experimental and ab initio activation parame-

ters.

3. Because of (2), the exact mechanism of chair-chair interconversion is not known.

4. The B- TB pseudorotation process has not been described in detail.

5. Changes of molecular properties such as vibrational frequencies, NMR chemical

shifts, vicinal coupling constants, etc. in the dependence of chair-chair intercon-

version or pseudorotation have not been investigated so far, although this is

needed to open up new methods of an experimental assessment of ring puckering

and ring pseudorotation.

When it comes to substituted cyclohexanes, knowledge about conformational fea-

tures is even more limited.

6. Substituent-ring interactions are not fully understood at the moment. For exam-

ple, there are not accurate enough calculations that predict and explain trends

in equatorial-axial chair energy differences in the dependence on the electronega-

tivity of the substituent.

7. The description of the conformational behavior of substituted cyclohexanes is

rudimentary. Apart from the chair conformations, not a single other stationary

point of the CES has been described. All the information about conformational

processes and conformational barriers of substituted cyclohexanes comes exclu-

sively from experiment,24 none from ab initio calculations. Therefore, points (1)

to (5) also apply to substituted cyclohexanes.

All these questions can be answered with the ab initio methods and computer

resources available today, and, therefore, it is difficult to understand why only a

few small steps have been made in this direction. Clearly, a CI-symmetrical puckered

six-membered ring is more difficult to calculate than a CI-symmetrical acyclic

compound if one does not use puckering coordinates. There are no investigations

on puckered six-membered rings, in which puckering coordinates have been used,

and there are only a few investigations that have used them to analyze calculated

geometries. 1 13,1 18 Therefore, the limited amount of research on puckered N-membered
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rings in general and puckered six-membered rings in particular seems to be more

the result of not knowing how to use the right coordinates rather than the result of

difficulties in the application of modem ab initio techniques. In view of this aspect,

it is appropriate to summarize here the advantages that arise from the use of puckering

coordinates in the description of puckered six-membered rings in particular and N-

membered rings in general.

1. The ring puckering coordinates are uniquely defined. They do not depend on

the size or the symmetry of the puckered ring.19

2. Ring puckering coordinates can easily be calculated once the Cartesian coordi-

nates of a six- (N-) membered ring are known.19

3. Conversely, the Cartesian coordinates of any six- (N-) membered ring can easily

be derived from its 3 (N-3) puckering coordinates and additional 9 (2N-3)

internal coordinates that describe the planar reference ring.23

4. Use of the puckering coordinates allows calculation of the ring geometry in

the most economic way utilizing analytical gradients.23

5. The puckering coordinates lead to the basis conformations of a six- (N-) memb-

ered ring and span the 3-(N-3-) dimensional conformational subspace of the

total 12-(3N-6-) dimensional configuration space.20

6. Evaluation of the puckering coordinates is the basis for a quantitative analysis

of ring conformations and conformational changes in terms of basis conforma-

tions and elementary conformational processes.

7. The puckering coordinates are a result of the choice of the reference conforma-

tion and the reference plane. A corollary of this choice is that the reference

plane, the mean plane, is invariant during any conformational process of any

six-eN) membered ring form. This for example is not true for any other reference

plane (least-squares planes, etc.).22.23

8. The puckering coordinates can be used for determining the CES of a puckered

ring in analytical form.54

9. With the help of the mean plane, the positions of the ring substituents can be

determined in a unique way.20

10. The concept of the puckering coordinates provides a basis to relate coupled

internal rotations of acyclic linear molecules to the conformational modes of

puckered rings.135

In view of the advantages of the puckering coordinates, their use will definitely bring

new impulses to the conformational analysis of six-membered rings. In particular, it

will open avenues that so far have hardly been explored. An example is given in

the following.

3.12.1. Quantum Mechanics of Puckering in Six-

Membered Rings

Many attempts have been made to analyze the far-infrared spectrum of six-membered

rings and to gain in this way detailed knowledge about puckering motions of six-

membered rings with large amplitudes.36 Pseudorotation is certainly one of the most
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complex large-amplitude motions, and a variety of quantum-mechanical models

have guided the interpretation of the far-infrared spectrum of pseudorotating rings,

but they all involve fairly complicated mathematical procedures. A recent investiga-

tion of these procedures by Trindle136 uses the puckering coordinates to set up the

SchrOdinger equation for a pseudorotating ring and to separate, at least approxi-

mately, puckering motions from other motions of the puckered ring. For most rings

the puckering potential should be anharmonic,

(3.36)

but for reasons of simplicity, the Schrodinger equation is solved for an harmonic

puckering problem and the quartic term is introduced later as a perturbation.

(3.37)

with µ being the reduced mass and L the Laplacian expressed in terms of puck-

ering coordinates:

a2 1 a 1 a2
V¥ = I-'I' + --'I' + --'I'

aq~ qm aqm q~ a<p~
m

(3.38)

If Voo is absorbed in E, then the puckering potential of the ring is

(3.39)

where km is the force constant for the potential opposing motions along qm for the

mth pseudorotational mode.

The Schrodinger equation (3.37) can be separated into (N-3)/2 (for N odd) or

(N-4)/2 (N even) equations each dealing with a particular {qm, <Pm} pair describing the

mth pseudorotation motion. Each equation represents a kind of "circular oscillator"

problem, the wave function of which can be separated into an angular and a

radial part:

(3.40)

The solution of the angular part is a complex exponential function exp( -i Mm <Pm)

depending on the "angular momentum" quantum number Mm. For the radial part,

the differential equation: .

(3.41 )

has to be solved. For the mth pseudorotation mode, the energy E depends on the

pseudorotation quantum number M and the puckering quantum number n

E(M, n) = hv(M + 2n + 1) (3.42)

which in the case of the six-membered ring leads to
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(3.43

because of the single chair mode with m = 3. More complicated formulas result f

a quartic perturbation term is included, as has been reported by Trindle.'36 ~

lead to a new way of investigating pseudorotation modes with the help of the far-

infrared spectrum of puckered rings. First steps in this direction have already be:eIt

done, although the full potential of the puckering coordinate approach has not beea

exhausted so far and requires additional research in the future. Nevertheless, t:bez

will be a chance to get additional information on the conformational features .c#

puckered six- (N-) membered rings by following this approach.
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