3-14 Conformations of Monosubstituted Cyclohexanes 1M1

pPROBLEM 3-20

The cyclohexane chair just drawn has the headrest to the left and the footrest to the right

Draw a cyclohexane chair with its axial and equatorial bonds, having the headrest to the right
qnd the footrest to the left.

PROBLEM 3-21

Draw 1,2,3.4,5,6-hexamethylcyclohexane with all the methyl groups
(a) in axial positions. (b) in equatorial positions.
If your cyclohexane rings look awkward or slanted when using the analytical approach just
shown, then try the artistic approach:* Draw a wide M, and draw a wide W below it, dis-
placed about half a bond length to one side or the other. Connect the second atoms and the
fourth atoms to give the cyclohexane ring with four equatorial bonds.

M\ M
A} g d !
W W
W displaced to the right W displaced to the left

The othet two equa_lorial bonds are drawn parallel to the ring connections. The axial bonds
are then drawn vertically.
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#See V. Dragojlovic, J. Chem. Educ. 2001, 78, 923.
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A substituent on a cyclohexane ring (in the chair conformation) can occupy either an axial
or an equatorial position. In many cases, the reactivity of the substituent depends on
whether its position is axial or equatorial. The two possible chair conformations for
methylcyclohexane are shown in Figure 3-23. These conformations are in equilibrium
because they interconvert at room temperature. The twist boat serves as an intermediate in
this chair—chair interconversion, sometimes called a “ring-flip.” Place different-colored

5 1 4 & 6
R, o ’
= _—
equatorial —<——— o ———
7 2 5—CHs
2 3 equatorial
H
axial

CH, axial CHj; equatorial

3-14
Conformations

of Monosubstituted
Cyclohexanes

< Figure 3-23

Chair—chair interconversion of
methylcyclohexane. The methyl
group is axial in one conformation,
and equatorial in the other.
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Figure 3-25
oking down the C1—C2 bond
the equatorial conformation.
otice that the methyl group

anti to C3.

N\

fauche

CH-‘ .j:lllt.l?(.,
H 2 Cu2
H CH,

Newman pm_]ectmn
(a)

gi ;uuhc__ 'CH3
H 4 (,Hz
H CH2

Newman pmJechcm

(b)

atoms in the axial and equatorial positions of your cyclohexane model, and notice that the

chair—chair interconversion changes axial to equatorial and equatorial to axial
The two chair conformations of methylcyclohexane interconvert at room tem
perature, so the one that is lower in energy predominates. Careful measurements have

.:;howr: that the chair with the methyl group in an equatorial position is the most stable
conformation. It is about 7.6 kJ/mol (1.8 kcal/mol) lower in energy than the conforma-

tion with the methyl group in an axial position. Both of these chair conformations are
lower in energy than any boat conformation. We can show how the 7.6 kJ energy dif-
ference between the axial and equatorial positions arises by examining molecular
models and Newman projections of the two conformations. First, make a model of
methylcyclohexane and use it to follow this discussion.

Consider a Newman projection looking along the armrest bonds of the conforma-
tion with the methyl group axial (Figure 3-24a): The methyl group is on CI, and we are
looking from C1 toward C2. There is a 60° angle between the bond to the methyl group
and the bond from C2 to C3, and the methy] substituent and C3 are in a gauche relation-
ship. In our analysis of torsional strain in butane, we saw that a gauche interaction raises
the energy of a conformation by 3.8 kJ/mol (0.9 kcal/mol) relative to the anti conforma-
tion. This axial methyl group is also gauche to C5, as you will see if you look along the
C1—C6 bond in your model. Figure 3-24b shows this second gauche relationship.

The Newman projection for the conformation with the methyl group equatorial
shows that the methyl group has an anti relationship to both C3 and CS. Figure 3-25
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praw a Newman projection, similar to Figure 3-25, down the C1 —C6 bond in the equatori-
o nformation of methylf:yclohexanc. Show that the equatorial methyl group is also anti to
5. (Using your models will help.)

The axial methylcyclohexane COnforma_tion has two gauche interactions, each
epresenting about 3.8 kJ (0.9 keal) of additional energy. The equatorial methyl
up has no gauche interactions. Therefore, we predict that the axial conformation
is higher in energy b).’ 7.6 kJ (1.8 kcal) per mole, in good agreement with the
experimental value. Figure 3-26 shows that the gauche relationship of the axial
methyl group with C3 and C5 places the methyl hydrogens close to the axial
hydrogens on these carbons, and their electron clouds begin to interfere. This form
of steric hindrance is called a 1,3-diaxial interaction because it involves sub-
dituents on the carbon atom that would be numbered C3 if the carbon bearing tl?e
methyl group was numbered C1. These 1,3-diaxial interactions are not present 1n
the equatorial conformation. -

A larger group usually has a larger energy difference betwe_en the ax1al_ and equa-
torial positions, because the 1,3-diaxial interaction shown in Figure 3-2_6 is stronger
for larger groups. Table 3-6 shows the energy diffefences between the a}_ual anc_l equa-
torial positions for several alkyl groups and functional groups. The axial position 18
higher in energy in each case.

TABLE 3-6 Energy Differences Between the Axial and Equatorial
Conformations of Monosubstituted Cyclohexanes

o AsHDsULuted Cyclohexanes

AG (axial-equatorial)
X (kJ/mol) (kcal/mol)
-..-_-____
—F 0.8 g%
—CN 0.8 /
H —‘gl 2.1 0.5
—Br 2.5 0.6
—_ X —OH 4.1 1.0
2 - —COOH 59 1.4
—CH;, 1.6 ;-g
X —CH,CH; 19 2: 4
anial cquamriul —CH(CH3)2 8.8

54
i T U —C(CHs)s 23 s
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4 Figure 3-26
The axial substituent interferes

with the axial hydrogens on C3 and
CS. This interference is called
a 1,3-diaxial interaction.
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A larger group usually has a larger energy difference betweel tie aAlal e ==
torial positions, because the 1,3-diaxial interaction shown in Figure 3-26 is stronger
for larger groups. Table 3-6 shows the energy differences betwe
torial positions for several alkyl groups and functional groups.

higher in energy in each case.

en the axial and equa-
The axial position is

TABLE 3-6 Energy Differences Between the Axial and Equatorial
Conformations of Monosubstituted Cyclohexanes

AG (axial-equatorial}

-

X (kJ/mol) (kcal/mol}
—F 0.8 0.2
g  —CN 0.8 0.2
—Cl 2.1 0.5
H - = —OH 4.1 1.0
—COOH 5.9 1.4
X —CH; 7.6 1.8
_ —CH,CH; 7.9 1.9
axial equatorial —CH(CH3), 8.8 2.1

—C(CH3); 23 54




3: Structure and Stercochemistry of Alkanes

PROBLEM 3- 23

Table 3-6 shows that the axia
groups increases grm.hmlly:_?.ﬁ.
group jumps (o an cnergy fhﬁ‘crcncc 0
isopropyl group. Draw pictures of the
r-butyleyclohexane, and explain why the t-but
in axial energy over the isopropyl group.
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PROBLEM 3-24
Draw the most stable con formation of © ;_butylcyclohexanc
k(a} ethylcyclohexane (h) isopropylcyclohexane
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The steric interference between substituents

3-15
. severe when there are large groups on (wo carbon : T
Conformations relationship (cis on ClI anﬁ C%, ofCl and C5), as in the twg]zhz:)rn‘;g:;f:';itnc;]ns
of Disubstituted of cis-1.3-dimethylcyclohexane shown here. The les;l Staonformation - ]b e
Cvclohexanes both methyl groups in axial positions. The more stable € Eassealite | 3:-;_ Olth
y methyl groups in equatorial positions. Note the stron_gly unfavorat ,3-daxial
s in the diaxial conformation. The mole-

interaction between the two methyl group
cule can relieve this 1,3-diaxial interference by flip
mation. Use your models to compare the diaxi
cis-1,3-dimethylcyclohexane.

ping to the diequatorial confor-
al and diequatorial forms of

1,3-diaxial interaction H
H.., ’ /equatorial
H ‘
H \C\v"H H\Cw‘ e H
o[ TH ~H —— [ equatorial

axia axial Cu
H H | "'H

H H H
diaxial —very unfavorable diequatorial—much more stable

. ]linhgr o_f the ch.air copi_’onnations of trans-1,3-dimethylcyclohexane has one
; )r; group in an axial position and one in an equatorial position. These conforma-
ions have equal energies, and they are present in equal amounts .

Chair conformations of trans- 1 ,3-dimethylcyclohexane

axial
CH, H equatorial
CH
HM\ CHy  same energy )
equatorial H
|
H
CH,
axial

Now we can ¢
. ompare the relati a5 o
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e cis isomer has

one methyl group in an axial posit:
than the cis isome axial position. The trans isomer is g, . bor in encrs)
axial and equatgﬁ;bg]agoﬂt 7.6 kJ/mol (1.8 kcal/mol), the enz;efoﬁf?lghg:;eswefﬂ |
€thyl groups. Remember that the cis andg¥ 1 f;remers cant® |
rans iso

rs. k



;p PROBLEM 3-3

() Rlﬂ:jeicl which isomer (CIS OF trans) is more gtapy1q

rerconvert at room temperature, Each o

ions in <ial and one equatorial, giving them 4
up &
axial CH,

H
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7 “UNlormations of Disubstituteq Cyclohexanes
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g0LV=" b chair conformations of €151 2-dimethyleyetone, PROBLEM-SOLVING /
) D;awnn;r ;s more stable. ane, anq determine which 7 Z
@ _nfo s isomer.
con the tran
at for

Ring-flips change the axial or
€quatorial position; ng of groups, but
they cannot change their cis-trans
relationships, Converting cis into

trans would require breaking and
re-forming bonds,

PROBLEM-SOLVING /7 /-

If you number the carbons in a
cyclohexane, the odd-numbered
carbons are similar, as are the
even-numbered carbons, If the
odd-numbered carbons all have their
up bond axial and their down bond
equatorial, the even-numbered
carbons will all have their dowr
bond axial and their up bond
equatorial. For example, cis-1.3 (5oth
up, both odd) will be both axiz| »-
both equatorial: cis-1,2 (both up, orz
odd, one even) will be cna axial, one
equatorial. This tip allows you o
predict the answers befcre you
draw them.

=
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The trans isomer is more stable. The most stable conformation of the trans isomer is
© diequatorial and therefore about 7.6 kJ/mol (1.8 kcal/mol) lower in energy than either

conformation of the cis isomer, each having one methyl axial and one equatorial.
Remember that cis and trans are distinct isomers and cannot interconvert.

PROBLEM 3-25

(a) Draw both chair conformations of cis-1,4-dimethylcyclohexane, and determine which
conformer is more stable.

(b) Repeat for the trans isomer. _
(¢) Predict which isomer (cis or trans) is more stable.

PROBLEM 3-26

Use your results from Problem 3-25 to complete the following table. E;aCh engnzh;\:f;dl;:
positions of two groups arranged as shown. For example, IEO g_f:lU(I;Sa) at are
ent carbons (trans-1,2) must be both equatorial (e.e) or both axial (a,a).

i trans
Positions as
12 © (e.a) or (ae) (e.e) or (a.a)
1,3

K 1.4
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tlargey o - 113), the energy difference between the aﬁﬂeﬁfﬁqﬁﬁﬁg&ps "
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: [arger group equatort
Sm:l?uatonal' the most stable conformation has the

Up axial,
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I"‘a ; ISl S "hlt con i r yl" i‘ y IOhexane

SOLUTION
First, we draw the two conformations.
axial
H H,CH,
o - H% CH,CH,
equatorial
CH, CH, s
equatorial ;.
less stable more stable
55

Both of these conformations require one group to be axial wiilo tho other 1y Sduatori)
ethyl group is bulkier than the methyl group, so the conft:'}l.'miilllOﬂ with the ethy] gy, P equay,
rial is more stable. These chair conformations are in equilibrium at room lemperature and the

one with the equatorial ethyl group predominates.

PROBLEM 3-27

Draw the two chair conformations of .cach of the following substituted cyclohexar. 5 In eagy
case, label the more stable conformation.

(@) cis-1-ethyl-2-methylcyclohexane (b) rrans-l-ethy1-2-methylcyclohe-xane
@ cis- l-ethyl—4-isopropylcyclohexanc (d) trans- l-ethyl-4—methylcyclo'r-:.xane
T —

PROBLEM-SOLVING STRATEGY
Recognizing Cis and trans Isomers

down H

trans-1 ,2-dimethylcyclohcxane

This ambiguity jg fesolved by feCognizing that each of the ring carbons has two avai

able bonds, one Upward and ope d i :
’ ow i s
the downwarg bond, and (e methy] onward. ki S o b

: z N C2 is on the y ward bond, B se one is down
one is up, thejr relationghj is t i sy § e w
UPWard or both (o b i £md. fans, A cjg relatxonshlp would require both groups 10

PROBLEM 3.5

Name the fo!lowing

com ar
Cis; one up bong A Pounds, Rememper that two up bongs are cis; two down bonds

one doyy bond are trapg,
H H

H CH,

CH
(a) 3 (b ) H3C (c) H
H,C H H

CH, CH,
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3-15B Extremely Bulky Groups

Some groups, such as tertiary-butyl groups, are so bulky that they are extremely
strained in axial positions. Regardless of the other groups present, cyclohexanes with
r-butyl substituents are most stable when the #-butyl group is in an equatorial position.
The following figure shows the severe steric interactions in a chair conformation with
a t-butyl group axial.

i g (o
CH

H H
| T O
HH Cig; CH, = \“CH,
o’ cH CH,

extremely crowded 7 " H _
H H strongly preferred conformation

If two z-butyl groups are attached to the ring, both of them are much less
strained in equatorial positions. When neither chair conformation allows both
bulky groups to be equatorial, they may force the ring into a twist boat conforma-
tion. For example, either chair conformation of cis-1,4-di-z-butylcyclohexane re-
quires one of the bulky #-butyl groups to occupy an axial position. This compound
is more stable in a twist boat conformation that allows both bulky groups to avoid
axial positions.

. CH
.\C 3 H H
CH;"/ S ot
CHj 34 \"CH,
CH;4 CH,
t-butyl group moves out of the axial position twist boat

PROBLEM 3-29

Draw the most stable conformation of

(a) cis-1-t-butyl-3-ethylcyclohexane

(b) trans-1-t-butyl-2-methylcyclohexane

(¢) trans-1-t-butyl-3-(1,1-dimethylpropyl)cyclohexane

3-16 Bicyclic Molecules

117

Two or more rings can be joined into bicyclic or polycyclic systems. There are thr'ee
ways that two rings may be joined. Fused rings are most common, sharing two adja-
cent carbon atoms and the bond between them. Bridged rings are also common, shar-
Ing two nonadjacent carbon atoms (the bridgehead carbons) and one or more carlbon
atoms (the bridge) between them. Spirocyclic compounds, in which the two rings
share only one carbon atom, are relatively rare.
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