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Problem 4.12
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Test your knowledge of Key
ideas by using resources in
ThomsonNOW or by answering
end-of-chapter problems marked
with &

Figure 4.12 A plot of the per-
centages of two somers ak equi-
librium versus the energy
difference between them. The
curves are calculated using

the equation AE= - RTIn K

Draw two different chair contormations of cyclohexanol (hvdroxyevclohexane),

showing all hydrogen atoms. Identify each position as axial or equatorial.

Draw two different chair conformations of trans-1,4-dimethylcyclohexane, and label
all positions as axial or equatorial.

ldentity each of the colored positions—red, blue, and green—as axial or equatorial.
Then carry out a ring-flip, and show the new pasitions occupied by each color.
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Conformations of Monosubstituted Cyclohexanes

Even though cvclohexane rings rapidly tlip between chair conformations at
room temperature, the two conformations of a monosuhstituted cvclohexane
aren’l equally stable. In methylcyclohexane, for instance, the equatorial confor-
mation is more stable than the axial conformation by 7.6 kJ/mol (1.8 kcal/mol).
The same is true of other monosubstituted cyclohexanes: a substituent is almost
always more stable in an equatorial position than in an axial position.

You might recall from vour general chemistry course that it's possible to cal-
culate the percentages of two isomers at equilibrium using the equation AE = —RT
In K, where AE is the energy difrerence between isomers, R is the gas constant
[B.315 J/(K - mol)], T is the Kelvir temperature, and K is the equilibrium con-
stant between isomers. For example, an energy difference of 7.6 kl/miol means
that about 95% of methylcyclohexane molecules have the methyl group equato-
rial at any given instant and only 5% have the methvl group axial. Figure 4.12
plots the relationship between energy and isomer percentages.
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Figure 4.14 The origin of
1,.3-diaxial interactions in
methyleyclohexane. The
steric strain between an
axial methyi group and

an axial hydrogen atom
three carbons away is iden-
tical to the steric strain in
gauche butane. Note that
the —CHs group in methyi-
cyclohexane moves slightly
away from a true axial posi-
tion to minimize the strain.
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The energy ditference between axial and equatorial conformations is due to
steric strain caused by 1,3-diaxial interactions. The axial methyl group on C1
is too close to the axial hvdrogens three carbons away on C3 and C3, resulting
in 7.6 kJ/mol of steric strain (Figure 4.13).
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Figure 4.13 Interconversion of axial and equatorial methylcyclohexane, as represented in
several formats. The ecuatorial canformation is more stable than the axial conformation by
7.6 kdimol.

The 1,3-diaxial steric strain in substituted methylcyclohexane is already
familiar—we saw it previously as the steric strain between methyl groups in
gauche butane. Recall from Section 3.7 that gauche butane is less stable than
anti butane by 3.8 kJ/mol (0.9 kcal/mol) because of steric interference between
hvdrogen atoms on the two methy!l groups. Comparing a four-carbon fragment
of axial methylcyclohexane with gauche butane shows that the steric interac-
tion is the same in both cases (Figure 4.14). Because axial imethylcyclohexane
has two such interactions, though, it has 2 X 3.8 = 7.6 k]/mol of steric strain.
Equatorial methyvlcvclohexane, however, has no such interactions and is there-
fore more stable.
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Problem 4.15
Problem 4.16

Problem 4.17

4.8

What is true for methylcyclohexane is also true for other monosubstituted
cyclohexanes: a substituent is almost always more stable in an equatorial posi-
tion than in an axial position. The exact amount of 1,3-diaxial steric strain in a
given substituted cyclohexane depends on the nature and size of the sub-
stituent, as indicated in Table 4.1. Not surprisingly, the amount of steric strain
increases through the series H3C~ < CH3CH;— < (CHj3),CH— << {CH;),C—,
paralleling the increasing bulk of the alkyl] groups. Note that the values in Table
4.1 refer to I,3-diaxial interactions of the substituent with a single hydrogen
atoim. These values must be doubled to arrive at the amount of strain in a mono-

substituted cyclohexane,

Table4.1 Steric St_rai_r_l__in Mnngsuhstituted Cyclohexanes

|-|{ '
1,3-Diaxial strain =

Y {kJ/mol) (kcal/mol) Z

F 0.5 0.12

Cl, Br 1.0 0.25

OH 21 0.5

CH; 3.8 0.9

CH,CH4 4.0 0.95

CH(CH3), 4.6 1.1

C(CH3)4 11.4 27

CgHs 6.3 1.5

CO,H 2.9 0.7

CN 0.4 0.1

What is the energy difference between the axial and equatorial conformations of
cyclohexanol (hydroxveyclohexane)?

Why do vou suppose an axial cvana (—CN) substituenl causes practically no
1,3-diaxial steric strain (0.4 kJ/mol)? Use molecular models to help with your answer.

Look at Figure 4,12, and estimate the percentages of axial and equatotial conformers
present at cquilibritnm in bromocyclohexane.

Conformations of Disubstituted Cyclohexanes

Monosubstituted cyclohexanes are more stable with their substituent in an
equatorial position, but the situation in disubstituted cyclohiexanes is more
complex because the steric effects of both substituents must be laken into
account. All steric interactions in both possible chair confotinations must be
analyzed before deciding which conformation is favored.

Let’s look at 1,2-dimethvilcyclohexane as an example. There are two iso-
mers, ¢is-1,2-dimethylcyclohexane and tians-1,2-dimethylcvclohexane, which



4.8 Conformeztions of Disubstituted Cyclohexanes 125

must be considered separately. In the cis isomer, both methyl groups are on the
same face ol the ring, and the compourwd can exist in either of the two chair con-
tormations shown in Figure 4.15. (It may be easier for you to see whether a
compound is cis- or trans-disubstituted by first drawing the ring as a flat repre-
sentation and then converting to a chair conformation.) Both chair conforma-
tions have one axial methyl group and one equatorial methyl group. The top
conformation in Figure 4.15 has an axial methyl group at C2, which has
1,3-diaxial interactions with hydrogens on C4 and C6. The ring-flipped confor-
tot1 has an axial methy! group at C1, which has 1, 3-diaxjial interactions with
hydrogens on C3 and CS. In addition, both conformations have gauche bulane
interactions between the two methyl groups. The two conforinations are equal jin
ercrgy, with a total steric strain of 3 X 3.8 KJ/mo) = 11.4 Kj/mol (2.7 kcal/mol).

cis-1,2-Dimethylcyclohexane 8

Thomsaon Click Organic
Interactive to learn to draw
and assess the stability of
substituted cyclohexanes.

One gauche
interaction (3.8 kJ/maol)
Two CHa — H diaxial
interactions (7.6 kJ/maol)
Total strain: 3.8 + 7.6 = 11.4 kJ/mol

One gauche
interaction (3.8 kd/mol)
Two CH3 <= H diaxial
interactions (7.6 kJ/mol)
Total strain: 3.8 + 7.6 = 11.4 kJ/mol
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Active Figure 4.15 Conformations af ¢is-1,2-dimethylcyclohexane. The two chair confor-
mations are equal in eneryy because each has one axial methyl group and one equatarial
methyl group. Sign in at www.thomsonedu.com fo see a sinuilation based on this figure and
fo take a short quiz.

In trans-1,2-dimethylcyclohexane, the two methyl groups are on opposite
faces of the ring and the compound can exist in either of the two chair confor-
mations shown in Figure 4.16. The situation here is quite different from that ot
the cis isomer. The top trans conlormation in Figure 4.16 bas both methyl
groups equatorial and therelore has only a gauche butane interaction between
methyls (3.8 kKJ/mol) but no 1,3 -diaxial interactions. The ving-flipped confor-
mation, however, has both methyl groups axial. The axial methyl group at
C1 interacts with axial hydrogens at C3 and CS, and the axial methyl group
at C2 interacts with axial hydrogens at C4 and C6. These Tour 1,3-diaxial inter-
actions produce a steric strain of 4 X 3.8 kJ/mol = 15.2 k]/mol and make the
diaxial conformation 15.2 — 3.8 = 11.4 kJ/mol less [avorable than the «liequa-
torial conformation. We thercfore predict that trans-1,2-dimethyleyclohexane
will exist aimost exclusively in the diequaterial conformation.

The same kind of conformational analysis just carried out tor ¢is- and
traiis-1,2-dimethylcyclohexane can be done for any substituted cyclohexane,
such as ¢is-1-tert-butyl-4-chloyocyciohexane (see Worked Example 4.3). As you
might imagine, though, :he situation becomes more complex as the number of
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trans-1,2-Dimethylcyclohexane

One gauche CH:;_ By
int tion (3.8 kJ/mol) 6 ; o
nteraclon mao H"—;\'x‘._‘_;_’:f"’ ""‘CHE
H 5 }f'.; ..,fH
H ¥

ﬁﬁing-flip

Four CH; = H diaxial
interactions (15.2 kJ/mol)

Figure 4.16 Conformarions of trans-1,2-dimethylcyclohexane. The conformat.on with both
methyl groups equatorial is favored by 11.4 kd/mol {2.7 keal/mol) over the conformation
with both methyl groups axial.

Thomson' /0 Click Organic substituents increases. For instance, compare glucose with mannose, a carbohy-
Interactiveto learn to recognize  dqrate present in seaweed. Which do you think is more strained? b glucose, all

the most stable conformations : . .. . ) ; R ;
of cyclohexanes following substituents on the six-membered ring are equatorial, while in mannaose, one of

ring-flips. the —OH groups is axial, making mannose more strained.
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Glucose Mannose
ThomsanNOW  Click Organic A summary of the various axial and equatarial relationships among sub-
interactiveto use an online stituent groups in the different possible cis and trans substitution patterns tor

palette to draw and interconvert

cyelohexane structures. disubstituted cyclohexanes is given in Table 4.2.

Table 42 = Axial and Equatorial Relationships in Cis- and Trans-Disubstituted Cyclohexanes

Cis/trans substitution pattern Axial/equatarial relationships
1,2-Cis disubstituted a,e or e,a
1,2-Trans disubstituted a.d or e,e
1,3-Cis disubstituted a,a or ee
1,3-Trans disubstituted a,e or e,a
1,4-Cis disubstituted a,e or e,a

1,4-Trans disubstituted aa or ee



WORKED EXAMPLE 4.3

Strategy

Solution

Problem 4.18

Problem 4.19
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Drawing the Most Stable Conformation of a Substituted Cyclohexane

Draw the most stable conformation of cis-1-tert-butyl-4-chlorocyclohexane. By how
much is it favored?

Draw the possible conformations, and calculate the strain energy in each. Rememn-
ber that cquatorial substituents cause less strain than axial substituents.

First draw the two chair conformations ol the molecule:

H]{:.‘ .":-}'13_
e O i -
ii[]g—flip HaC™ H {-"/J
H,u'\\,,tﬁ
2 3 1.0 = 2.0 kJ/mol steric strain 2 x 1.4 =228 kd/mol steric strain

In the left-hand conformation, the fert-butyl group is equatorial and the chlu-
rine is axial. In the right-hand conformation, the ferf-butyl! group is axial and the
chlorine is equatorial. These confermations aren’t of equal energy because un
axial fert-butvl subsrituent and an axial chloro substituent produce different
amounts of steric strain. Table 4.1 shows that the 1,3-diaxial inleraction between
a hydrogen and a tert-butyl group costs 11.4 k[/mel (2.7 kcal/mol), whereas
the interaction between & hydrogen and a chlorine costs only 1.0 kJ/mol
(0.25 kcal/mol). An axial tert-buryl group therefore produces (2 ¥ 11.4 kl/mol) -
(2 x 1.0 kJ/mol) = 20.8 kJ/mol (4.9 kcal/mol) more steric strain than does an
axial chlorine, and the compound preferentially adopts the contormation with
the chlorine axial and the tert-butyl equatorial.

Draw the most stable chair conformation of the following molecules, and estimate
the amount of strain ineach:

(a) mans-1-Chloro-3-methvicyclohexane  (b) cis-1-Lthyl-2-methylcyclohexane
(c) cis-1-Bromo-4-ethylcyclohexane (d) cis-1-tert-Butyl-4-ethvlcyclohexane

identify each substituent in the fnllowing compound as axial or equatorial, and tell

whether the conformation shown is the more stable or less stable chair form (yellow-
green — Cl):

o &
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4.9 | cConformations of Polycyclic Molecules

The last point we'll consider about cycloalkane stercochemistry is to see what
happens when two or more cycloalkane rings are tused together along a com-
mon bond to construct a polycyelic molecule—for example, decalin.

| ) Decalin—two fused cyclohexane rings
8 4
N 3

I 4 8

Decalin consists of two cyclohexane rings joined to share two carbon atoms
(the bridgehead carbons, C1 and C6) and a common bond. Decalin can exist in
either of two isomeric forms, depending on whether the rings are trans fused or
cis fused. In cis-decalin, the hydrogen atoms at the bridgehead carbons are on
the samne face of the rings; in fans-decalin, the bridgehead hydrogens are
on opposite faces. Figure 4.17 shows how both compounds can be represented
using chair cyclohexane conformations. Note that cis- and trans-cecalin are not
interconvertible by ring-flips or other rotations. They are cis-frans stereaisomers
and have the same relationship to each other that cis- and frans-1,2-dimethyl-
cyclohexane have.

Figure 4.17 Representations of

cis- and frans-clecalin. The red @ _
hydrogen atoms at the bridge- . LT N
head carbons are on the same H B> -ﬁ{:
face of the rings in the cis isomer ) ’_‘ha
but on opposite {aces in the trans = "'JI\ 4 & i a W
1 = B -
isomer. . S &

H I & O

i i
cis-Decalin

trans-Decalin

Polycyclic compounds are common in nature, and many vajuable sub-
stances have fused-ring structures. For example, steroids, such as the male hor-
mone testosterone, have 3 six-membered rings and 1 five-membered ring fused
together. Although steroids look complicated compared with cyclohexane or
decalin, the same principles that apply to the conformational analysis of simple
cyclohexane rings apply equally well (and often better) to steroids.



