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Foreword

As the author of what was probably the first modern textbook on stereo-
chemistry (Eliel, “Stereochemistry of Carbon Compounds” McGraw-Hill,
1962) and the co-author or “godfather” of three recent texts on the subject
(refs. 1–3 in the Appendix/Bibliography) it gives me great pleasure that this
comprehensive problem bookon the subject has finally appeared in English.
Many times over the last 44 years I have been asked where students could
find exercise problems to help with the study of the above texts, and the
answer has always been that the teachers would have to make up their own
problem sets. No longer! Having made up many such problem sets myself,
I am well aware that they have been nowhere as extensive (nor usually as
comprehensively stimulating) in covering the subject matter as this book is.

The 191 problems in this book cover most of the area of stereochem-
istry, including nomenclature, stereogenic elements (centers, axes, planes)
and their descriptors, symmetry, inorganic stereochemistry, determination
of enantiomer excess, conformation of acyclic and cyclic compounds, and
more. The answers, in addition to providing solutions to the problems, fre-
quently include additional explanations of the underlying principles. The
problems are ordered more or less in order of increasing difficulty. (I had a
hard time with some of the problems toward the end myself!)

A number of the questions asked relate to natural and/or pharmaceutical
products. This should help stimulate and maintain the interest of future
pharmacists, pharmacologists and physicians to study these problems, and
not just that of future chemists and molecular biologists.

I mentioned that this book relieves teachers of making up their own
problems. But this makes the role of the teacher in no way redundant. First,
since the problems are not keyed to any particular book, they may not be in
the order in which the subject matter is presented in a course; so they need
to be assigned as the course proceeds. By the same token the total number
of problems is probably too large for most students to handle, so a selection
in the assignment might be advisable.



x Foreword

The answers to many of the problems can and should give rise to stim-
ulating discussions. A possible way to handle this also, in view of the fact,
that all the answers are in the book and thus there is no point for them to
be graded may be to place the students in discussion groups and let them
argue over the answers (preferably with sets of simple, inexpensive molec-
ular models). In the end the teacher may have to enter these discussions to
resolve the most difficult questions! Which is also a good way to judge the
students’ thinking and reasoning power.

And now I invite you to dig into the problems!

Ernest L. Eliel

University of North Carolina at Chapel Hill
July 2006
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Introduction

The idea for this workbookwas born out of experience.During several years
of assistantship in teaching organic chemistry to pharmacy students and
subsequent employment in editing and publishing chemical and pharma-
ceutical information, the problem of unambiguous descriptions for three-
dimensional structures of chemical compounds often arose and it became
apparent that it is not enough just to acquire mere textbook knowledge
but it is of particular importance to be able to reproduce spatially correct
stereoformulae using examples of actual compounds. In this stereochem-
istry workbook the authors draw on their wealth of knowledge to meet this
demand. Since the book is not intended as a substitute for a textbook, the
reader is recommended to refer to the literature cited in the appendix for
detailed accounts of all the various aspects of stereochemistry.

The book starts by asking the reader to define some basic terms used
in stereochemistry. The answers listed in the second part of the book not
only give the solutions to the problems, but in addition provide some of
the tools required to tackle subsequent problems which are arranged in
increasing order of difficulty and complexity. After the questions on def-
initions mentioned above, there are some simple exercises to determine
relative and absolute configuration and to recognise their significance. It
soon becomes apparent to the reader that it is still not common practice to
view molecules in three dimensions, even although the basic principles have
been known since the 19th century. Next the reader is introduced to more
complicated problems involving stereoselective and stereospecific chemical
reactions and the determination of symmetry point groups. The answers to
all these questions are accompanied with precise representations of chem-
ical structures and in depth explanations to assist and train the reader to
approach each new problem with a high degree of preparedness for more
challenging problems.

The authors have carefully selected their examples not only to pro-
vide practice in addressing a broad range of stereochemical problems and



2 Introduction

analysing stereochemical relevant reactionsbut which nearly always are also
representative of actual pharmaceutical compounds and molecules of bio-
chemical importance. Since receptors and enzymes in most cases show ste-
reoselective recognition of ligand and substrate, respectively, to understand
the effect of a compound on an organism the precise spatial description
of the pharmaceutical/medicinal agent employed must obviously be taken
into account. It is unfortunately, that even nowadays the demands for the
complete characterisation of molecules are often not met either by chemists
or by pharmacologists despite the fact that compounds can be synthesised
essentially free of isomers and that mixtures of stereoisomers can be sep-
arated into their components. However, many drugs with chirality centres
are marketed as mixtures of enantiomers or diastereomers. In many such
cases one isomer is ineffective but sometimes the undesired isomer is the
reason for adverse side effects of the finished drug and the organism must,
in most instances, eliminate an unnecessary xenobiotic. Thus, it remains a
mystery why many pharmaceutical textbooks still neglect stereochemistry
and the stereochemical representation of drugs, although there are numer-
ous stereochemistry textbooks available on the subject. As a result, there
are often incomplete and hence incorrect descriptions of molecules in the
former.

The broad range of potential applications illustrated clearly demon-
strates that this is not niche science and that an appreciation of stereo-
chemistry is a fundamental requirement for a profound understanding of
biological processes. For this reason this book is strongly recommended
for molecular pharmacologists and physicians in addition to students of
natural sciences.The authors hope that their choice of compounds in the ex-
ercises in this book will reflect the interdisciplinary nature and importance
of stereochemistry.
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Questions 1–5 5

1
Explain briefly (in one or two short sentences) the meaning of the following
basic stereochemical terms.
a) chirality
b) constitution
c) configuration
d) conformation
e) stereoisomers

2
Draw formulae of all possible isomers which have the empirical formula
C3H6O.

3
What is meant by the term absolute configuration and how is it specified?

4
Determine the configuration of the isomer of 2-hydroxysuccinicacid shown
below.

5
Define clearly the following terms.In each case give one example to illustrate
your answer.
a) enantiomerism
b) diastereomers
c) racemate
d) epimer



6 Questions 6–8

6
Which of the following properties or methods can be used to distinguish
between (R)-carvone and (S)-carvone?

a) boiling point
b) UV spectroscopy
c) refractive index
d) melting point
e) smell
f) optical rotation
g) dipole moment
h) circular dichroism
i) NMR spectroscopy
j) IR spectroscopy

7
Determine the configuration of the isomer of the amino acid alanine shown
below.

8
What is meant by the terms
a) symmetry element,
b) meso compound?



Questions 9–13 7

9
Mark all the chirality centres in the formula of the lipid-lowering drug
lovastatin shown below with an asterisk (*). How many chirality centres are
present?

10
Explain clearly and succinctly the following terms.
a) mutarotation
b) enantioselective
c) retention
d) stereogenic unit

11
When is a molecule chiral?

12
Explain briefly and unambiguously the meaning of the following terms.
a) atropisomers
b) anomers
Which stereodescriptors are used to describe them?

13
Define the following terms.
a) stereoselectivity
b) stereospecific



8 Questions 14–20

14
Deduce the absolute configuration of l-cysteine according to the R/S
nomenclature.

15
Explain clearly and succinctly the following stereochemical terms.
a) inversion
b) prochiral
c) topicity

16
How many prochirality centres has butanone? Where are they in the mole-
cule?

17
Explain in a few short sentences what is meant by the term relative con-
figuration. Which stereodescriptors can be used to describe the relative
configuration?

18
Draw as Newman projections the different conformationsof ethylene glycol
(HO–CH2–CH2–OH) and label each clearly.

19
What is a pseudochirality centre?

20
What is the difference between the descriptor pairs Re/Si and re/si? Which
of these two stereodescriptor pairs can be used to describe the two faces of
the planar part of the structures of the following compounds?



Questions 20–25 9

a) (R)-3-chlorobutan-2-one
b) (2R,4S)-2,4-dichloropentan-3-one

21
The psychostimulant adrafinil is a racemate. Draw the structural formulae
of both compounds.

22
The chromatographic purification of 1 g of (−)-ethyl lactate with an enan-
tiomeric excess (ee) of 85 % yields,without any loss of material, the optically
pure (−)-enantiomer. How many g of the (+)-enantiomer were separated?

23
Draw the formulae of all the possible isomeric butenes and determine their
symmetry elements and point groups. Use the flow chart in the appendix to
assist you.

24
Draw the formulae of all possible isomers of 2-methylcyclohexan-1-ol.What
relationship do these isomers have to one another?

25
The antiseptic debropol is used as the racemate.Which enantiomer is shown
below?



10 Questions 26–30

26
Draw the structural formula of (Z)-2-cyano-3,4-dimethylpent-2-enoic acid
methyl ester.

27
Which enantiomer of the mucolytic fudosteine is shown below?

28
Draw the structural formula of (Z)-1-bromopenta-1,2,3-triene.

29
Which of the following isomers differ in constitution and which in config-
uration?
a) (E)-1-bromopropene and (Z)-1-bromopropene
b l-alanine and �-alanine
c) lactic acid and 3-hydroxybutanoic acid
d) (−)-lactic acid and (+)-lactic acid
e) 1-chloropropene and 2-chloropropene
f) cis-2-chlorocyclohexanol and trans-2-chlorocyclohexanol

30
Determine the configuration of the double bonds in the cytostatic retinoid
alitretinoin. How many stereoisomers are possible?



Questions 31–33 11

31
How many configurational isomers are there correlatedwith the constitution
expressed in the following names? In those cases where two isomers exist
state their relationship to each other.
a) ethanol
b) butan-2-ol
c) glycerol
d) 2,3-dibromobutane
e) acetone oxime
f) pent-3-en-2-ol
g) pentane-2,3-diol
h) pentane-2,4-diol
i) 3-bromobutan-2-ol
j) but-2-enoic acid
k) 4-ethylhepta-2,5-diene
l) hexa-2,3,4-triene

32
Convert the formula of galactose shown below into a Fischer projection
formula and state whether it is the � or the � anomer.

33
Are there compounds with a constitution where
a) enantiomers but no diastereomers are possible,
b) both enantiomers as well as diastereomers exist,
c) diastereomers but no enantiomers are possible?
Give examples where appropriate.



12 Questions 34–37

34
Draw the formulae of all possible isomers of difluorocyclobutaneand deter-
mine their symmetry elements and point groups. Assume that the cyclobu-
tane ring is planar. Indicate which isomers are chiral. Use the flow chart in
the appendix to assist you.

35
Draw the structural formulae of all the epimers of (2R,3S)-bicyclo[2.2.1]-
heptane-2,3-diol.

36
Determine the absolute configuration of the following compounds.

a) b)

c) d)

37
What is the relationship between the following pairs of compounds?

a)

b)



Questions 37–39 13

c)

d)

38
Are the following compounds enantiomers or diastereomers?
a) (E)-1,2-dichloroethene and (Z)-1,2-dichloroethene
b) (+)-tartaric acid and meso-tartaric acid
c) (1R,2S)-cyclohexane-1,2-diamineand(1R,2R)-cyclohexane-1,2-diamine
d) (1S,2S)-cyclohexane-1,2-diamineand (1R,2R)-cyclohexane-1,2-diamine
e) �-d-glucopyranose and �-d-glucopyranose
f) �-d-mannopyranose and �-l-mannopyranose

39
In order to determine the absolute configuration or the enantiomeric excess
of a compound containing a hydroxy group, it is often esterified with a pure
enantiomer of Mosher’s acid (3,3,3-trifluoro-2-methoxy-2-phenylpropanoic
acid, MTPA). Which configuration has the ester derived from (S)-1-phenyl-
propan-1-ol and (R)-Mosher’s acid chloride?



14 Questions 40–42

40
Determine the symmetry point groups of the following compounds. In each
case show the symmetry elements in the structural formula. Use the flow
chart in the appendix to assist you.
a) acetylene (ethyne)
b) hydrogen peroxide (H2O2)
c) white phosphorus (P4)
d) ferrocene

e) twistane

41
What is the absolute configuration of the analgesic drug vedaclidine?

42
The antibiotic linezolid is the pure S enantiomer. Draw the structural for-
mula of the molecule with this configuration.



Questions 43–44 15

43
Give precise names for the following compounds.

a) b)

c) d)

44
What relationship do the following pairs of compounds have to each other?

a)

b)

c)

d)



16 Questions 45–48

45
Draw unambiguous structural formulae for the following compounds.
a) l-erythro-2-amino-3-hydroxybutanoic acid (as a Newman projection

viewed along the C2-C3 bond)
b) d-glyceraldehyde (sawhorse projection)
c) (Z)-4-bromo-3-(methoxymethyl)but-2-enoyl chloride
d) u-3-bromopentan-2-ol (zigzag projection)
e) (R,R)-tartaric acid (2,3-dihydroxybutanedioic acid) as a Fischer projec-

tion formula
f) (S)-(1-2H1)ethanol

46
Nateglinide is an orally administered antidiabetic.Assign suitable stereode-
scriptors to describe the structure and determine the amino acid from which
it is derived.

47
Describe a non-chromatographic method for the separation of the enan-
tiomers of rac-1-phenylethanamine.

48
Insert at the appropriate place a stereodescriptor endo, exo, syn or anti into
the systematic name 7-.....-ethyl-5-.....-isopropyl-6-.....-methyl-7-.....-propyl-
bicyclo[2.2.1]hept-2-ene of the compound shown below. Explain why this
name cannot describe the compound completely.



Questions 49–52 17

49
How many isomers are there of diamminedichloridoplatinum(II),
[PtCl2NH3)2]? Determine the symmetry elements and point groups for all
isomers and assign appropriate stereodescriptors.

50
How many stereoisomers are there of 1,4-dimethylbicyclo[2.2.1]heptan-2-ol
(theoretical possible number and actual number)?

51
Draw the structural formula of l-1,2-dichlorocyclobutane.

52
The potassium channel activator cromakalim is a mixture of trans-con-
figured compounds. What relationship do these two stereoisomers have to
each other?



18 Questions 53–54

53
What relationship do the following pairs of compounds have to each other?

a)

b)

c)

d)

54
Describe precisely and completely the configuration of the following com-
pound. How many stereoisomers are there of the compound?



Questions 55–60 19

55
Draw the structural formula of 1-bromo-4t-chloro-4-methylcyclohexane-
1r-carboxylic acid.

56
Draw the structural formula of (R)-1-bromobuta-1,2-diene.

57
Deduce the symmetry point groups of all the isomers of [CrCl2(NH3)4]+ and
assign a precise stereodescriptor for each isomer.

58
The diuretic cyclothiazide is used as a mixture of stereoisomers. How many
stereoisomers can exist?

59
What other stereodescriptor can be used to describe the configuration of
(Ra)-1,3-dichloroallene unambiguously?

60
The proton pump inhibitor nepaprazole is a racemate. Draw the structural
formulae of both u-configured isomers.



20 Questions 61–63

61
Are the two faces of the double bonds in the following compounds ho-
motopic, enantiotopic or diastereotopic? Give, where possible, a suitable
descriptor for the face oriented towards you.

a) b)

c) d)

62
What products are formed when
a) maleic acid and
b) fumaric acid
is treated with bromine in the cold and in the absence of light? Justify your
answer from a consideration of the reaction mechanism.

63
Mark the stereogenic units in lumefantrine (an antimalarial drug) and
state how many compounds can be represented by this formula. How many
stereoisomers in principle are possible with this constitution?



Questions 64–69 21

64
How many epimers of trans-1,2-dibromocyclopentane exist?

65
Draw as a Newman projection (R)-2-methylbutane-1-thiolwith an antiperi-
planar conformation along the C1-C2 bond.

66
Draw the structure of meso-tartaric acid (2,3-dihydroxybutanedioic acid)
with an anticlinal conformation in a sawhorse projection.

67
How many stereoisomers are there of 4-sec-butylcyclohexanol? Give a rea-
son.

68
Determine all the stereoisomers of the coordinationentity shown below and
assign appropriate stereodescriptors.

69
Determine the conformation of the following compound and convert the
representation into a Fischer projection formula.



22 Questions 70–74

70
Draw the following biphenyl derivative in a projection which corresponds
to it being viewed along an axis passing through atoms 4, 1, 1’ and 4’ and
predict whether the compound is chiral.

71
Determine the priority order of the groups at position 4 of the 1,4-dihydro-
pyridine ring in the calcium antagonist amlodipine and state whether the
compound is chiral.

72
Draw the structural formulae of both enantiomers of 2t,3c-dichlorocyclo-
hexan-1r-ol and deduce the configuration at all of the chirality centres.

73
To which symmetry point group does 2-methylhex-3-yne belong?

74
Draw an unambiguous formula for (Sa)-6-aminospiro[3.3]heptan-2-ol.



Questions 75–81 23

75
Draw the products from the reaction of trans-2-bromo-4-chlorocyclobutan-
one with LiAlH4 by attack from the Re and from the Si sides. Deduce the
absolute configuration of the reaction products.

76
How many stereoisomers are there of bis(2-aminoethanethiolato-N ,S)-
nickel(II)? Give appropriate stereodescriptors for all the isomers.

77
Draw the structural formula for (2R,3R,4R)-3-chloro-4-isopropyl-2-methyl-
cyclohexanone in its chair form with the lowest energy.

78
In the hydrogenation of (E)-pent-2-ene and (Z)-pent-2-ene, which iso-
mer produces the larger exotherm? In the hydrogenation of (E)- and (Z)-
cyclooctene, which isomer liberates the most heat?

79
Draw an unambiguous structural formula for the cytostatic (SP-4-3)-
amminedichlorido(2-methylpyridine)platinum.

80
Draw the structural formulae for both (RS,RS)- and (RS,SR)-2-phenyl-
2-(piperidin-2-yl)acetic acid methyl ester.

81
Determine the absolute configuration of the chirality centres in the anti-
biotic tazobactam.



24 Questions 82–85

82
The reaction of (S)-1-methylheptyl tosylate with sodium azide yields a
product with an enantiomeric excess (ee) of 99 %. What is the configura-
tion of both the major and minor product? What is the probable cause for
the small amount of contamination of the major product by the other enan-
tiomer?

83
Specify the configuration of the stereogenic units in the anti-ulcer agent
trimoprostil.

84
Determine the configuration of the gyrase inhibitor trovafloxacin. Is the
compound chiral?

85
Draw the structural formulae of the products from the reaction of bicy-
clo[2.2.2]octene with
a) a peracid and
b) with potassium permanganate.
Show whether the products are chiral or achiral.



Questions 86–89 25

86
Deduce the symmetry point group of (S,S)-tartaric acid in the +synclinal
conformation.

87
Assign the configuration of the stereogenic units in ataprost, an inhibitor of
platelet aggregation.

88
How many peaks would be expected in the chromatogram of the compound
shown below when it is analysed on a chiral stationary phase? Give a reason.

89
Determine the configuration of the chirality centres and double bonds in
the vitamin D derivative maxacalcitol, and indicate whether the structural
formula represents the s-cis or the s-trans isomer.



26 Questions 90–94

90
What is the product obtained from the reduction of (2S,3R)-2,3-dichloro-
cyclobutanone with LiAlH4 by attack from the Re side?

91
Draw the structural formula of (R)-2-bromopentan-3-one and describe the
topicity of the methylene and methyl hydrogen atoms.

92
Draw the structural formulae of both threo forms of the appetite depressant
cathin and determine the absolute configuration of each isomer.

93
Draw the structural formula of the Ra-configured muscle relaxant aflo-
qualone.

94
Draw the structural formulae of the products from the aldol reaction of
acetaldehyde and propiophenone and determine the configuration of the
chirality centres.Assume that on the addition of base propiophenone attacks
the acetaldehyde.



Questions 95–97 27

95
Label the hydrogen atoms at the prochirality centres in the following formu-
lae with pro-R or pro-S.

a) b)

c) d) e)

96
In the N-oxide of loperamide (an antidiarrheal) the hydroxy group and the
oxide oxygen have a trans relationship. Draw the structure in a chair form
and determine whether the molecule is chiral.Which stereodescriptors must
be added to the systematic name to exactly describe the configuration?

97
What products are obtained from the bromination of cinnamic acid [(E)-
3-phenylpropenoic acid]? Draw the structural formulae of the products as
Fischer projection formulae.What relationship do the products have to one
another?



28 Questions 98–101

98
Determine the configuration of the pseudochirality centre in the 5-HT3

antagonist tropisetron whose structure is shown in the formula below.

99
Deduce the topicity of the methyl groups of the calcium antagonist daro-
dipine by replacing one hydrogen atom in one of the methyl groups by a
deuterium atom. Determine the relationship of the resulting compounds.

100
Draw as Haworth projections the products from the addition of bromine to
(R)-4-chlorocyclohex-1-ene.

101
Determine the absolute configuration of the chirality centres in the anticon-
vulsant dizocilpine.



Questions 102–104 29

102
Different cyclic products are formed in the double Michael addition of
malonic acid ethyl methyl ester to (E,E)-1,5-diphenylpenta-1,4-dien-3-one
under basic conditions. Label the stereogenic units in the reaction products
with the appropriate stereodescriptors.

103
Determine the absolute configuration of the beta-lactam antibiotic sulo-
penem.

104
Are the two faces of the double bonds in the compounds represented by the
following formulae homotopic, enantiotopic or diastereotopic? Give, where
appropriate, a suitable descriptor for the face oriented towards you.

a) b)

c) d)



30 Questions 105–107

105
Which stereogenic units are present in the cephalosporin antibiotic cef-
matilen? Determine their configuration.

106
Maleic anhydride is subjected to a cycloaddition reaction with cyclopenta-
1,3-diene. What products would be produced and which stereodescriptors
could be used to completely describe these compounds? Are the products
chiral?
The material obtained from the above reaction is hydrolysed and then re-
duced to yield the corresponding alcohols.Howmany isomeric products are
obtained? What type of isomerism exists between them and how could these
products be separated?

107
Draw the structural formula of the Ra-configured atropisomer of the com-
pound represented by the formula below.



Questions 108–111 31

108
Assign suitable stereodescriptors to the dopamine reuptake inhibitor
brasofensine.

109
Draw (2R,3s,4S)-2,3,4-trichloropentanedioic acidas a Fischer projection for-
mula.

110
Determine the configuration of the chirality centres in the HMG-CoA
reductase inhibitor lovastatin.

111
Which stereogenic unit is present in the compound the formula of which is
shown below and which configuration can be assigned?



32 Questions 112–115

112
Draw the structural formulae of the products which are obtained when the
bromonium ion obtained from
a) maleic acid and
b) fumaric acid,
and bromine is treated with methanolate. Use Fischer projection formulae
to compare the structures of the products.

113
Draw the structural formula oftheproduct obtainedwhen (1S,2R)-1-bromo-
2-fluoro-1,2-diphenylethaneundergoes �-elimination of HBr.What product
is obtained when the substrate is the R,R or the S,S isomer?

114
Determine the configuration of the stereogenic units in the depicted form
of the 5-HT3 antagonist eplivanserin.

115
Deduce the absolute configuration of the compounds represented by the
following formulae.

a) b)
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c) d)

116
The naturally occurring substance besigomsin has an Ra-configured chiral-
ity axis. Draw the structural formula of this isomer.

117
Latanoprost is a prodrug used in the treatment of glaucoma. The 15S iso-
mer of the acid is only about 10 % as active as the 15R isomer of the acid.
Draw the structural formula of the more active epimer and determine the
configuration of the remaining stereogenic units present.
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118
Draw the Fischer projection formula for the sympathomimetic oxilofrine
(erythro configuration) and then convert this formula into a zigzag projec-
tion. As a check determine the absolute configuration at each step.

119
Given its systematic name 5-[(3aS,4S,6aR)-2-oxohexahydrothieno[3,4-d]-
imidazol-4-yl]pentanoic acid, draw a structural formula with complete spe-
cification of the configuration for biotin (vitamin H).
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120
In the formula shown below for rodorubicin (a cytostatic agent) convert
the groups shown in the Haworth projection into a planar projection of the
rings in which the substituents are shown with wedged bonds.

121
From the constitutional formulae given below, first of all draw formulae for
all the possible configurational isomers and then deduce how many sets
of chemically equivalent hydrogen atoms are present in the represented
compounds.

a) b) c)

122
What products are obtained from the reaction between benzaldehyde and
butanone in the presence of base (NaH,room temperature)? Draw the struc-
tural formulae of all of the reaction products in spatially correct Newman
projections. Chose the conformation in which the phenyl and carbonyl
groups are antiperiplanar to one another.
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123
Which stereogenic unit is present in 1-(bromomethyl)-4-[chloro(methoxy)-
methylidene]cyclohexanol? Determine the absolute configuration of the iso-
mer shown below.

124
Deduce the symmetry point group of [Fe2(CO)9].

125
Describe the base induced elimination reactions of the deuterated com-
pounds representedby the following formulae andassign appropriate stereo-
descriptors to the resulting olefins. (Note that as well as the hydrogen atom
the deuterium atom can also be abstracted from these compounds.)

126
Draw the formulae (sawhorse projection) of all the chiral conformations of
2-chloroethanol and name them.
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127
Specify the configuration of the chirality centres in the antimalarial drug
cinchonine.

128
The roomtemperature 1 H NMRspectrumof thiophene-3-carboxamide con-
tains five signals. Give a reason for this observation.

129
What products are obtained when 1-methylcyclopenta-1,3-diene reacts as a
diene with the dienophile maleic anhydride?

130
(1RS,2RS,4RS)-1,7,7-Trimethylbicyclo[2.2.1]heptan-2-yl acetate is a hyper-
aemic agent. Draw the structural formula(e).

131
Draw the structural formula of cis-1-[(R)-sec-butyl]-2-methylcyclohexane
in its lowest energy chair conformation. How many isomers of this com-
pound are there?

132
Which stereogenic unit is present in the following adamantane derivative?
Determine its configuration.
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133
Draw the structural formula of (SP-4-1)-bis(glycinato-N,O)platinum(II).
(Glycinate is the anion of the amino acid glycine [aminoacetic acid].)

134
(S)-Pentan-2-amine is required for a reaction. However, only the enantio-
pure alkanols, (R)- and (S)-pentan-2-ol, are available.How could the desired
amine be prepared using either one of these?

135
Draw theantiperiplanar conformation of erythro-3-chloro-2-hydroxybutan-
oic acid in Newman projection.

136
Draw the structural formula of 2,2-dichloro-1,1-difluoro-4,4-dimethylcyclo-
hexane as a Newman projection formula viewed along the C1-C2 and C5-C4
bonds. Assume that the compound adopts a chair conformation.

137
Which are the epimers of (2R,4aR,8aR)-decahydronaphthalen-2-ol? Draw
their structural formulae in the chair conformation.

138
Show that the ethylenediaminetetraacetate complex of Ca2+ belongs to the
symmetry point group C2 and assign a suitable stereodescriptor to the com-
pound.

139
Which configuration has sn-glycerol-3-phosphate in the R/S system?

140
The vasopeptidase inhibitor omapatrilat is a pure stereoisomer and its sys-
tematic name is (4S,7S,10aS)-5-oxo-4-{[(2S)-3-phenyl-2-sulfanylpropan-
oyl]amino}octahydropyrido[2,1-b][1,3]thiazepine-7-carboxylic acid. Draw
the structural formula of this compound with complete specification of the
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configuration. Which amino acid residue is present in the molecular struc-
ture of this compound?

141
Draw the structure of (R,R)-3-chloro-4-fluoro-1,1-dimethylcyclohexane as
a Newman projection formula viewed along the C6-C1 and C4-C3 bonds.
(The chlorine and fluorine atoms should be drawn antiperiplanar to each
other.)

142
Give an unambiguous stereodescriptor for the anion of the compound
shown below.

143
Deduce the configuration of the molecule represented by the formulabelow.
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144
It has been shown that coupling of the ethyl phosphinate A with 5’-azido-
2’-methoxy-5’-deoxythymidine B to afford the corresponding phosphon-
amidate proceeds with retention of configuration at the phosphorus atom.
Determine the configuration of reactants and product.

145
What is the configuration of the compound represented by the following
formula?

146
Renzapride used in the treatment of irritable bowel syndrome is a racemate
of the endo substituted compound. Draw the structural formulae of both
isomers.
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147
Deduce whether enniatin B (a compound with antiretroviral activity) is
chiral and determine its symmetry point group.

148
Which diastereomer of 1,3-dichlorocyclopentane has a 1H NMR spectrum
which contains four signals with relative intensities 1:1:1:1?

149
Deduce whether the appetite depressant levofacetoperane has the threo or
erythro configuration.
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150
Determine the configuration of the stereogenic units in rifaximin, a rifa-
mycin antibiotic used in encephalopathy.

151
Explain why the 1H NMR spectrum of the 1,3-thiazolidine derivative of
clofibric acid (300 MHz, CDCl3, room temperature) contains, in addition to
two doublets for the aromatic protons and a sharp singlet at 1.61 ppm for
the methyl groups, the complex signal splitting pattern (shown below) in
the region between 2 and 5 ppm.
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152
What products would be expected from the reaction of the compound
the formula of which is shown below with lithium [dimethyl(phenyl)silyl]-
iodidocuprate(I)? Determine their configuration.

153
Determine the configuration of the chirality centres in the ACE inhibitor
fosinopril.

154
Draw formulae for all the isomers of dichlorocyclopropane and predict the
relative signal intensities in their 1H NMR spectra. Compare your answer
with results obtained from a determination of the symmetry elements and
point groups.
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155
Identify the stereogenic units in the molecules represented by the following
formulae, assign appropriate stereodescriptors and indicate what type of
isomerism is possible in these compounds.

a)

b)

c)

d)

e)
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156
Determine the configuration of the chirality centres in the compound rep-
resented by the formula shown below. To which symmetry point group does
the compound belong? Use the flow chart in the appendix to assist you.

157
Describe the configuration of the molecule shown below by means of the
appropriate stereodescriptors.

158
Draw the structural formula of 2-methyl-2-(3-oxobutyl)cyclopentane-1,3-
dione and determine the prochirality centres and the topicities of the
hydrogen atoms.

159
Cyanohydrins were obtained from the reaction of racemic 2-methylbutanal
with hydrogen cyanide. What products are obtained preferentially?
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160
Determine the configuration of the chirality centres in the compound shown
below. To which symmetry point group does it belong? Use the flow chart in
the appendix to assist you.

161
By means of a chiral base the compound shown below can be converted
enantioselectively into its lithium enolate which can be transformed into
an �,�-unsaturated ketone in two subsequent steps. If deprotonation of the
initial ketone occurs preferentially at the pro-R group to the extent of 92 %,
what is the configuration and the enantiomeric excess of the resulting �,�-
unsaturated ketone?

162
Draw the structural formula of (S)-2-methoxytetrahydropyran in its most
energetically favourable chair form and give the reason for your answer.
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163
How many stereoisomers result from the non-selective reduction of the
following substitutedcyclobutanedionewith LiAlH4? What are the topicities
of the hydrogen atoms at positions 1 and 3 in the reaction products?

164
Determine the symmetry point group of [Co4(CO)12].

165
How many products would be expected from the reaction between (2E,4Z)-
hexa-2,4-diene and 2-methoxycyclohexa-2,5-diene-1,4-dione? What iso-
meric relationships do the resulting products have to one another?

166
Determine the absolute configuration and the number of possible isomers
of the compound shown below.
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167
Does the methoxy group in the compound shown below occupy an axial or
an equatorial position? Use the configuration of the compound to deduce
your answer.

168
What compound would be expected as the major product from a Grig-
nard reaction between (S)-2,3,3-trimethylbutanal and propylmagnesium
bromide?

169
Deduce the configuration of the stereogenic units of the antipsoriatic
calcipotriol and the number of theoretically possible stereoisomers with
this constitution.

170
What product is obtained from the reaction of 1-methylcyclopentene with
NaBH4 in the presence of acetic acid and subsequent oxidation with an
alkaline solution of hydrogen peroxide? Determine also the configuration
of the intermediate product.
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171
Identify the stereogenic units of the molecules represented by the following
formulae and assign appropriate stereodescriptors.

a) b)

c) d)

e) f)

172
The reaction of the tetrabutylammonium salt of cAMP with 4-(bromo-
methyl)-2H-chromen-2-one yields two products which result from axial and
equatorial attack of the phosphate group. What is the isomeric relationship
between the two products? Determine the configuration of all the chirality
centres in both products.
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173
Which symmetry elements are present in meso-tartaric acid?

174
Is the NMDA antagonist memantine chiral?

175
The two diastereomers of 1,3,5-trichlorocyclohexane have relative signal
intensities of 1:1:1 and 2:2:2:1:1:1 in their 1H NMR spectra, respectively.
Which set of signals corresponds to which isomer?

176
Is tropatepine, a drug used in the treatment of Parkinson’s disease, chiral?

177
Determine the symmetry elements present in the following boranes and
hence assign their symmetry point groups. The numbered circles in the
polyhedra represent the boron atoms with the corresponding number of
attached hydrogen atoms.

a) B5H9 b) B4H10
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c) B6H10 d) B5H11

178
Kinetic data indicate that the alkaline hydrolysis of the compound repre-
sented by the formula shown below proceeds by an Sn2 mechanism.What is
the configuration of the starting material and of the resulting sulfoximine?

179
Deduce the symmetry point group of [(PdCl2)6].

180
Determine the absolute configuration of the chirality centres in the anti-
biotic doxycycline.
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181
Draw the structural formulae of both pyranose forms which would result
fromring closure (hemiacetal formation) ofd-idose.What is the relationship
between these structures and the corresponding pyranose forms derived
from l-idose? Check your answer by determining the configuration of the
chirality centres according to the R/S nomenclature.

182
Show that [CoCl2(en)2] (en = ethane-1,2-diamine) can be racemic. Deter-
mine the symmetry point groups of each isomer and assign suitable stereo-
descriptors.

183
Which pyranoses react with phenylhydrazine to yield the osazone the for-
mula of which is shown below?



Questions 184–185 53

184
The muscle relaxant mivacurium chloride is a mixture of stereoisomers.
Calculate how many isomers are theoretically possible with the constitution
shown below.

185
Deduce the symmetry point group of the following idealised representation
of the structure of copper(I) benzoate. (Assume that the plane of the phenyl
rings lies parallel to the carboxylate groups.)
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186
Determine unequivocally the configuration of 1,6-dibromo-3,6-dichloro-
adamantane. How many stereoisomers of this compound exist and to which
symmetry point groups do they belong?

187
Identify the stereogenic units in the antibiotic vancomycin and determine
their configuration.



Questions 188–191 55

188
Compound A can be converted into compound B in five steps by standard
reactions. Show all the steps in the reaction sequence, deduce the absolute
configuration of all the intermediate compounds and indicate whether the
reactions proceed with retention or inversion of configuration.

189
Devise a synthesis for the pure enantiomers of (R)- and (S)-methyloxirane.

190
Devise a synthesis for the monoamine oxidase inhibitor tranylcypromine
(rac-A).

191
The �-receptor blocker propranolol is still used as a racemate, although the
S enantiomer is the active compound.Devise a synthesis for this enantiomer.
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1
a) Chirality is the property of an object (e.g. a molecule) of being non-
superimposable on a mirror image like object.
b) The constitution of a compound is the number and types of atoms con-
tained in the compound along with information about how the atoms are
connected to each other, and their bond order. It does not convey any infor-
mation regarding their spatial arrangement.
c) The configuration of a molecule is the spatial arrangement of atoms or
groups of atoms in the molecule and is independent of rotation about any
single bond.
d) The conformationof a molecule is the precise spatial arrangement of the
atoms or groups of atoms in a molecule as a result of rotation about single
bonds. There are an infinite number of possible conformations. However,
only those conformational isomers possessing energy minima are referred
to as conformers.
e) Stereoisomers are isomers with the same constitution but with different
spatial arrangements of their atoms or groups. Stereoisomers may be sub-
divided into configurational isomers and conformational isomers. In both
types the isomers are either enantiomers or diastereomers.
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2
There are nine constitutional isomers with the empirical formula C3H6O.
However, since two of the compounds exist as pairs of stereoisomers, the
total number of isomers equals eleven.The two methyloxiranes,A and B, are
enantiomers, they are stable and very volatile.Acetone (C) is in equilibrium
with its enol tautomer (propen-2-ol, D). Similarly, the two diastereomeric
enols (E)- and (Z)-prop-1-en-1-ol (E and F) are in equilibrium with their
tautomer propanal (or propionaldehyde, G). The other isomers are (last
group of compounds from left to right): methoxyethene, prop-2-en-1-ol
(commonly known as allyl alcohol), oxetane and cyclopropanol.

3
The absolute configuration is the actual spatial arrangement of the atoms
or groups at a stereogenic unit of a chiral compound or substructure and is
unambiguously described by means of appropriate stereodescriptors. The
stereodescriptors used to denote the absolute configuration depend upon
both the structure and the type of compound. In general, for tetrahedrally
or trigonal pyramidally coordinated chirality centres, the two possibilities
are described by the stereodescriptors R and S, whilst for compounds with
other coordination geometry the stereodescriptors A and C are employed.
For compounds possessing chirality axes or chirality planes, the stereode-
scriptors Ra and Sa, and Rp and Sp are used, respectively. Helical chirality
is denoted by the descriptors M and P, and in the case of coordination
compounds by � and  . The absolute configuration of amino acids and
carbohydrates is invariably described by the small capital letters d and l.
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For steroid ring systems and some other classes of natural products the
non-italicised stereodescriptors � and � are most frequently encountered.

4
By application of the CIP rules the order of priority of the atoms directly
attached to the chirality centre is O > C(O,O,(O)) > C(C,H,H) > H. The atom
or group of lowest priority, hydrogen in this case, is already oriented away
from the observer. Therefore the sequence of the remaining three groups
can be directly deduced from the formula, and these are easily seen to be
arranged in a counter-clockwise sense to the observer. It therefore follows
that the formula represents (S)-2-hydroxysuccinic acid (formerly known
as l-malic acid). The compound is produced in the citric acid cycle from
fumaric acid by fumarate-hydratase (fumarase).

5
a) Enantiomerism is the phenomenon that two non-superimposable ob-
jects (e.g. molecules) are related like mirror images. Two such non-super-
imposable mirror image like molecules are referred to as enantiomers (or
mirror image isomers). Examples include (+)- and (−)-tartaric acid, and
d- and l-alanine. For the determination of the configuration of one of the
isomers of alanine see question 7.
b) Diastereomers are isomers which are constitutionally the same but are
not related like mirror images (i.e. they are not enantiomers). Examples
include fumaric acid and maleic acid,glucose and mannose, and (OC-6-21)-
and (OC-6-22)-triamminetrinitrocobalt(III).
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c) A racemate is an equimolar, and consequently an optically inactive, mix-
ture of enantiomers. Examples include (RS)-methyloxirane, rac-1-phenyl-
ethanol, dl-alanine, the pharmaceutical debropol (see question 25) and
racemic acid [a 1:1 mixture of (+)- and (−)-tartaric acids].
d) Epimers are diastereomers which have the opposite absolute configu-
ration at just one chirality centre. One example is the inhibitor of platelet
aggregation iloprost which is used clinically as a mixture of both epimers.

6
(R)-Carvone and (S)-carvone are enantiomers and can be distinguished
from each other by their optical rotations, by circular dichroism and by
smell. Laevorotatory (R)-carvone has a spearmint smell (spearmint = Men-
tha spicata), whilst (S)-(+)-carvone has a caraway odor.

7
The order of priority of the atoms and groups attached to the chirality
centre by application of the CIP rules is N > C(O,O,(O)) > C(H,H,H) > H.
The isomer depicted is therefore the unnatural amino acid (R)-alanine,
more usually referred to as d-alanine.
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8
a) Symmetry elements are sub-groups of the symmetry group of an object
(e.g. a molecule). Every symmetry element comprises a certain type and
number of symmetry operations which converts the object into a congru-
ent (superimposable) arrangement. The internal symmetry elements which
occur in a molecule are proper axes of symmetry (rotation axes) as well
as symmetry elements of the second kind, i.e., planes of symmetry (mir-
ror planes), centres of symmetry (inversion centres) and alternating axes of
symmetry (rotation-reflection axes). The total of the symmetry elements of
a molecule is its point group.
b) A meso compound is an achiral diastereomer in a group of stereoiso-
mers which also contains chiral isomers. It contains at least one symmetry
element of the second kind (often a plane of symmetry) which transforms
enantiomorphic parts of the molecule into each other.

9
Lovastatin has eight chirality centres. The configuration of this compound
is the subject of question 110.

10
a) Mutarotation is the change in optical rotation of a compound with time
at a constant wavelength of plane polarised light. The cause of this phe-
nomenon is a partial or complete change of one chiral compound into an-
other compound of different configuration and/or constitution.
b) A reaction is said to be enantioselective if one of the two possible enan-
tiomers is formed preferentially or exclusively.
c) The term retention indicates that the spatial arrangement of atoms or
groups at a chirality centre remains unaltered relative to a reference group.
For example, in a nucleophilic substitution reaction the group undergoing
substitution serves as the reference group.
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d) A stereogenic unit is a structural unit in a molecule responsible for the
occurrence of stereoisomers. The most frequently encountered stereogenic
units are chirality centres and chirality axes. In addition, there are chirality
planes and pseudochirality centres. Double bonds and rings with suitably
arranged prochirality centres can also be stereogenic units.

11
A molecule is chiral when it cannot be superimposed on the mirror image
like molecule. The prerequisite is that the molecule contains no symmetry
elements of the second kind.

12
a) Atropisomers are conformers which, due to restricted rotation around
a single bond, are capable of being separated. They possess a chirality axis
the configuration of which is denoted by the stereodescriptors Ra (less fre-
quently M) or Sa (less frequently P).
b) Anomers are epimers (diastereomers) which differ in absolute config-
uration at the anomeric centre, i.e., the chirality centre produced from the
carbonyl carbon atom during the formation of a cyclic hemiacetal of a car-
bohydrate or an analogous compound. The configuration of the anomeric
centre is denoted by the non-italicised stereodescriptors � or � relative
to the anomeric reference atom. For simple cases (trioses to hexoses) the
anomeric reference atom is the same as the configurational reference atom
which determines whether the sugar belongs to the d or l series.

13
a) Stereoselectivity means that in a chemical reaction one stereoisomer or
a small group of stereoisomers of several possible stereoisomers is prefer-
entially or even exclusively produced.
b) A reaction is termed stereospecific if the stereoisomeric starting mate-
rials are converted into stereoisomeric products. If the configuration of the
starting materials is known, then the product of a stereospecific reaction
can be predicted.
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14
In the determination of the absolute configuration of cysteine it is important
to note that the sulfur atom has a higher priority than the oxygen atom. The
priority order of the atoms and groups directly attached to the chirality
centre by application of the CIP rules is N > C(S,H,H)) > C(O,O,(O)) > H.
Thus l-cysteine has the R configuration in contrast to other l-amino acids
which have the S configuration.

15
a) The term inversion – depending on the context – has several meanings.
It is most frequently used to describe the steric course of a substitution
reaction when the arrangement of atoms or groups at a chirality centre is
reversed relative to the substituted group.
Inversion is also used to describe the mutual interconversion of six-mem-
bered ring chair conformations.
Inversion is also used to describe the oscillation of the central atom of
a trigonal pyramidal structure through the plane formed by the groups
attached to this atom.
b) An achiral molecule is termed prochiral if it can be converted in a single
transformation (chemical reaction) to a chiral molecule.
c) The topicity is the spatial relationship between constitutionally and
configurationally identical (homomorphic) atoms or groups of atoms in
a molecule. The groups or faces in a molecule are classified as either homo-
topic or heterotopic.The heterotopic groups or faces are further sub-divided
into enantiotopic and diastereotopic groups or faces, and the topicity is
denoted by the stereodescriptors pro-R, pro-S, Re, Si, pro-E and pro-Z.

16
There are two prochirality centres in butanone at carbon atoms 2 and 3.
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17
The relative configuration of a molecule is the spatial arrangement of the
atoms or groups in relation to other groups in the molecule. In contrast to
the absolute configuration it is unchanged on reflection. A series of stereo-
descriptors exist to describe the relative configuration, most of which can
be applied to describe either pure enantiomers or racemates. For cyclic
systems possessing two substituents the stereodescriptors cis and trans are
used, while r, c and t are used if three or more substituents are attached
to a ring. The orientation of substituents in bicyclic systems is denoted by
the stereodescriptors syn, anti, exo and endo. For compounds with only two
chirality centres the stereodescriptors l and u indicate the same and opposite
absolute configuration of the chirality centres in the molecule, respectively.
When the orientation of two groups, each attached to a chirality centre, in a
molecule can be unequivocally represented in terms of a Fischer projection
formula, the stereodescriptors erythro and threo can be used. For a pure
enantiomer of unknown absolute configuration, the stereodescriptors R*,
S* or rel are employed.
The term relative configuration is also used in the comparison of various
types of compounds which differ only by one substituent at a stereogenic
unit, e.g. the starting material and the product in a nucleophilic substitution
reaction. In this instance relative configuration refers to either the group
being exchanged or to the remaining groups.

18
The eclipsed conformation in which the two hydroxy groups are coincident
at either end of the bond joining the two centres is referred to as synperi-
planar (sp). If the group at the back of the C-C bond is rotated in a clockwise
manner with respect to the observer, the staggered +synclinal (+sc) con-
former is reached. Further rotation leads to the eclipsed anticlinal (+ac)
conformation and then to the staggered antiperiplanar (ap) conformer. If
the rotation is continued, then the –anticlinal and –synclinal conformations,
respectively, are produced. Synclinal conformations are also called gauche
conformations. All conformations in between eclipsed and staggered are
known as skew or skewed conformations. A skewed conformation has the
descriptor of the eclipsed or staggered conformation next to it.
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19
A pseudochirality centre exists on a tetrahedrally coordinated atom when
two of the substituents are constitutionally identical but have the opposite
chirality sense, i.e. they are enantiomorphic. An R-configured group has
priority over an S-configured group. Thus it is possible to determine the
configuration of a pseudochirality centre by application of the sequence
rules. To distinguish a pseudochirality centre from a chirality centre the
stereodescriptors r and s are used.

20
a) The descriptors Re and Si are used to describe the relationship of the
two heterotopic faces of a trigonal planar prochirality centre with three
constitutionally different groups. Accordingly, in (R)-3-chlorobutan-2-one
these descriptors must be used. In the formula shown below the view is
from the Si side.
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b) The descriptors re and si are used to describe the two faces of a prochi-
rality centre when two of the three coordinated groups are enantiomorphic.
Thus thesemust beused for (2R,4S)-2,4-dichloropentan-3-one,shown below
looking from the re side.

21
Adrafinil has a chirality centre since the sulfur atom of the sulfinyl group still
possesses an unshared electron pair and consequently can exist with either
an R or S configuration.Fromthe sequence rules, the unshared electron pair,
which in the S enantiomer shown below is pointing towards the observer,
has the lowest priority. The priority order of the groups attached to the
sulfur atom is O > C(C,C,H) > C(C,H,H) > e−. The mirror image of this
formula represents the R isomer. Note that sulfoxides with two different
groups attached always have a chirality centre, since the sulfur atom cannot
oscillate through the plane (i.e. there is no pyramidal inversion).

22
Since the original compound has an enantiomeric excess of 85 %, it contains
85 % of the pure enantiomer and 15 % of the racemate. Thus for a 1 g
sample there is 150 mg of the racemate which must contain 75 mg of each
enantiomer. Therefore 75 mg = 0.075 g of the (+)-enantiomer must have
been separated. The same result can also be obtained using the following
equation.

% ee =
|[E1] − [E2]|
|[E1] + [E2]| · 100
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Although this equation has two unknowns, it is solvable because of the
limiting condition

[E1] + [E2] = 1

and this can be used as a second equation. In the solution shown below the
units have been omitted for simplicity and it is assumed that E1 represents
the isomer in excess [i.e. the (−)-isomer in this instance] in order that the
signs for the absolute values can be ignored.

85 =
E1 − E2

E1 + E2
· 100

85
100

=
E1 − E2

1

0,85 = E1 − E2

E2 + 0,85 = E1

E2 = E1 − 0,85

E2 = 1 − E1 (limiting condition)

2E2 = 1 − 0,85

E2 =
1 − 0,85

2
= 0,075

The last line of this method of solving the problem corresponds to the
equation

[E2] =
1 − ee

2

which is a mathematical formulation of the rationale used to solve the prob-
lem given in words in the opening paragraph.
(−)-Ethyl lactate is the ethyl ester of (+)-lactic acid.
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23
The isomers of butene are but-1-ene (with only a plane of symmetry, sym-
metry point group Cs), (E)-but-2-ene (with a horizontal plane of symmetry,
a twofold axis of symmetry perpendicular to it, and a centre of symme-
try, symmetry point group C2h), (Z)-but-2-ene (with a twofold proper axis
of symmetry and two planes of symmetry containing this axis, symme-
try point group C2v) and isobutene (2-methylpropene) with two mutually
perpendicular planes of symmetry and on the line of intersection of these
two planes there is a twofold axis of symmetry. The symmetry point group
is therefore C2v. These results can be verified using the flow chart in the
appendix.

24
2-Methylcyclohexan-1-ol has two chirality centres and therefore 22 = 4
stereoisomers are possible. A and B are the isomers with a trans config-
uration, and C and D are the cis-configured isomers. Isomers A and B are
enantiomers as are C and D, while A and B are diastereomers of both C
and D.

25
The formula is that of the R isomer of debropol. The priority order of the
groups attached to the chirality centre is Br > NO2 > CH2OH > CH3.Since the
methyl group is already directed away from the observer, the configuration
is readily deduced.
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26
The groups of higher priority at each end of the double bond (the ester
and isopropyl groups in this example) must lie on the same side, when the
double bond in 2-cyano-3,4-dimethylpent-2-enoic acid methyl ester has the
Z configuration.

27
Fudosteine is a derivative of l-cysteine (see question 14) and therefore has
the R configuration. The order of priority of the atoms and groups attached
to the chirality centre by application of the CIP rules is N > C(S,H,H) >
C(O,O,(O)) > H.

28
1-Bromopenta-1,2,3-triene is a cumulene with an odd number of double
bonds and consequently E and Z isomers are possible, if at each end of the
unsaturated system there are two different groups (one of which can be hy-
drogen). Since the Z configuration is specified in the question, the bromine
atom and the methyl group must lie on the same side of the planar un-
saturated system. Therefore (Z)-1-bromopenta-1,2,3-triene has the formula
shown below.
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29
a) (E)-1-Bromopropene and (Z)-1-bromopropene are configurational iso-
mers (diastereomers).
b) l-Alanine [(S)-2-aminopropanoic acid] and�-alanine (3-aminopropanoic
acid) are constitutional isomers.
c) Lactic acid (2-hydroxypropanoic acid) and3-hydroxybutanoic aciddiffer
in constitution but are not isomers.
d) (−)-Lactic acid and (+)-lactic acid are configurational isomers (enan-
tiomers).
e) 1-Chloropropene and 2-chloropropene are constitutional isomers.
f) cis-2-Chlorocyclohexanol and trans-2-chlorocyclohexanol are configu-
rational isomers (diastereomers).

30
According to the formula for the calculation of the theoretical number of
stereoisomers (configurational isomers), x = 2n, 24 = 16 (where n = 4 =
the number of stereogenic units) stereoisomers are possible for alitretinoin.
Although the molecule contains five double bonds only those in the side
chain can be considered, since because of ring strain the double bond in the
six-membered ring can only have the Z configuration.
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31
a) Ethanol: no configurational isomers
b) Butan-2-ol: two enantiomers
c) Glycerol: no configurational isomers
d) 2,3-Dibromobutane: three configurational isomers
e) Acetone oxime: no configurational isomers
f) Pent-3-en-2-ol: four configurational isomers
g) Pentane-2,3-diol: four configurational isomers
h) Pentane-2,4-diol: three configurational isomers
i) 3-Bromobutan-2-ol: four configurational isomers
j) But-2-enoic acid: two diastereomers
k) 4-Ethylhepta-2,5-diene: four configurational isomers; Bothdoublebonds
here can have the same configuration (E,E or Z,Z) or may have a different
configuration. In the latter case carbon atom 4 will be a chirality centre and
therefore two enantiomers exist. For the determination of the appropriate
stereodescriptor by the CIP rules, the Z-configured group is ranked higher
than the E-configured group.

l) Hexa-2,3,4-triene: two diastereomers (E and Z isomers)
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32
In the chair form shown, the numbering of the ring atoms is clockwise.
To transfer the formula into a Fischer projection formula is a relatively
simple task. All groups in the ring which are below the plane of the ring are
located on the right hand side in the Fischer projection formula. Thus the
hydroxy group at the anomeric centre is also on the right hand side. Since
it is on the same side of the oxygen atom as the anomeric reference atom,
which in galactose as in most other carbohydrates is the same as that which
determines whether it belongs to the d or l series, the compound in the
current example has the � configuration. The formula therefore represents
�-d-galactopyranose.

33
a) Examples are compoundswitha chirality centre andno other stereogenic
units, e.g. lactic acid.
b) Examples here include almost all compounds with more than one chiral-
ity centre, e.g. tartaric acid, cholesterol and octahedral coordination com-
pounds with more than three different ligands.
c) Examples include 1,4-dichlorocyclohexane and all compounds with
stereogenic units not generating chirality such as double bonds, e.g. maleic
acid and square planar coordination compounds without chiral ligands.
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34
There are six isomers of difluorocyclobutane (see below). The vicinal di-
substituted isomers B and C (both with a twofold proper axis of symmetry,
symmetry point group C2) are chiral and are enantiomers of each other.The
cis-configured compound D (with a plane of symmetry, symmetry point
group Cs) is achiral and is a meso compound.The compoundsA and F (both
with two planes of symmetry and on the line of intersection of both planes
a twofold axis of symmetry, symmetry point group C2v) and E (with a plane
of symmetry, a twofold axis of symmetry perpendicular to it and a centre of
symmetry, symmetry point group C2h) are all achiral. These results can be
verified from the flow chart given in the appendix.

35
The epimers of (2R,3S)-bicyclo[2.2.1]heptane-2,3-diol are (2R,3R)-bicyclo-
[2.2.1]heptane-2,3-diol and (2S,3S)-bicyclo[2.2.1]heptane-2,3-diol. Note
that epimers differ in the absolute configuration at only one chirality centre.
As a consequence of structural constraints, only two epimers are possible
since the bridge can only be formed by a cis linkage.
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36
a)

b)

c) d)

37
a) The simplest approach is to first of all determine the absolute configura-
tion from both formulae. The chirality centre in the compound drawn as a
Fischer projection formula has the S configuration, whilst the absolute con-
figuration of the second compound is R. The two compounds are therefore
enantiomers of each other and are l- and d-alanine, respectively. Alterna-
tively, it would also be possible to transform the Fischer projection formula
of the first compound into a formula with wedged bonds and then rotate
one of the formulae until it is obvious that they are mirror images.
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b) In this example the best approach is to rotate one of the formulae given
through120◦ andcheck whether it is superimposablewith the other formula.
This is not the case. The next check is to see whether one of the formulae
can be converted into the other by reflection. This is possible and therefore
the two compounds represented by the formulae are enantiomers of each
other. As a final check, the configuration of the chirality centres should be
determined since these must be inverted on reflection.

c) Since it is relatively time consuming to rotate each single bond in the
Fischer projection formula to arrive at a zigzag projection, the simplest
approach is – after a check of the constitution – to determine the config-
uration of all the chirality centres and then compare the results. The two
structures are diastereomers of one another, and are the epimers d-xylose
and l-arabinose whose structures differ at carbon atom 4 only.

d) The two coordination compounds differ in the positions of the bromine
atoms and the carbonyl ligands, and therefore are diastereomers.
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38
a) (E)-1,2-Dichloroethene and (Z)-1,2-dichloroethene are diastereomers.
b) (+)-Tartaric acid and meso-tartaric acid are diastereomers.
c) (1R,2S)-Cyclohexane-1,2-diamine and (1R,2R)-cyclohexane-1,2-
diamine are diastereomers.
d) (1S,2S)-Cyclohexane-1,2-diamine and (1R,2R)-cyclohexane-1,2-
diamine are enantiomers.
e) �-d-Glucopyranose and �-d-glucopyranose are diastereomers. They are
also epimers and anomers.

f) �-d-Mannopyranose and �-l-mannopyranose are enantiomers.

39
The reaction with Mosher’s acid chloride is a normal esterification reaction
with retention of configuration of the chirality centres of both reactants.
Since, however, the chlorine atom in the acid chloride is replaced, neverthe-
less the descriptor for the Mosher’s acid part of the product will change.
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40
a) Acetylene has a linear structure. It possesses an infinite axis of sym-
metry along the molecular axis and an infinite number of perpendicular
twofold axes of symmetry intersecting in the centre of the molecule where
there is also a centre of symmetry. In addition, there is a plane of symmetry
perpendicular to the main rotational axis and there are innumerable (ver-
tical) planes of symmetry containing the molecular axis. These symmetry
elements lead to the point group D∞h.

b) Hydrogen peroxide is not a flat molecule but angular with a dihedral
angle slightly greater than 90◦. It possesses a single symmetry element, i.e.,
a C2 axis, and therefore belongs to the point group C2. This is easier to
visualise when the molecule is viewed in the Newman projection.

c) White phosphorus consists of discrete P4 molecules. Sets of three phos-
phorus atoms in the P4 molecule form equilateral triangles. A structural
formula is most easily drawn if the phosphorus atoms occupy the corner
positions of opposing diagonals in the faces of a cube. This tetrahedral
arrangement leads to the symmetry point group Td. The symmetry ele-
ments comprise of four C3 axes passing through each phosphorus atom and
through the centre of the opposite face (for simplicity only one is shown in
the diagram) and six planes of symmetry which lie in the planes containing
the threefold axes of symmetry. The planes of symmetry each contain two
corners of the tetrahedron and bisect the opposite edge (P-P bond). There
are three twofoldaxes of symmetry which occupy the same position as three
S4 axes and pass through the centres of opposing edges of the tetrahedron.
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The two C2 and S4 axes not shown (for clarity) are perpendicular to the one
indicated in the diagram.

d) Ferrocene belongs to the symmetry point group D5d. The symmetry ele-
ments present are a fivefold main axis of symmetry C5, perpendicular to
which are five C2 axes, five vertical planes of symmetry �d which each bisect
the angle between two neighbouring C2 axes, and an S10 alternating axis of
symmetry. The S10 axis is parallel to the principal C5 axis and consists of
a C10 symmetry operation (rotation through 36◦) followed by reflection in
a perpendicular plane. Since both cyclopentadienide rings are skewed (the
carbon atoms in the two rings are staggered), there is no horizontal plane of
symmetry, there is, however, a centre of symmetry at the iron atom.
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e) Twistane belongs to the symmetry point group D2. It has apart from
three mutually perpendicular twofoldaxes of symmetry,no other symmetry
elements. It is therefore chiral and exists in two enantiomeric forms.

41
The chirality centre at position 3 in the bicyclic system of vedaclidine has
an S configuration. The order of priority of the atoms and groups by ap-
plication of the CIP rules is C(N,(N),C) > C(N,H,H) > C(C,C,H) > H. As
the hydrogen atom is directed downwards, the observer must determine the
sequence of the remaining groups by viewing the molecule from above. In
the projection shown it is possible to determine the sequence directly. Note
that the bridgehead atoms 1 and 4 of the quinuclidine ring are not chirality
centres since both are attached to two identical groups.
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42
Linezolid contains a chirality centre in the oxazolidine ring.The ring oxygen
atom has the highest priorityand the methylene group attached to the nitro-
gen atom with two neighbouring carbon atoms has a higher priority than the
methylene group attached to the nitrogen atom with only one neighbouring
carbon atom. However, since the sequence is clockwise in the formula given,
the hydrogen atom must be drawn with a bold (forward projecting) wedged
bond to produce the S configuration.

43
a) (Z)-1,2-dibromo-1-chloro-2-iodoethene
b) (Ra)-1,3-dichloroallene [(R)-1,3-Dichloroallene is also a possibility.
However, it is not recommended to omit the index a, which indicates that
the stereodescriptor describes the configuration of a chirality axis.]
c) (4S)-4-chloro-2-methyloctane
d) (3S,4R)-4-hydroxy-3-methylpentanoic acid
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44
a) In order to establish the relationship between the isomers, the absolute
configuration must be determined. In molecule B this is immediately obvi-
ous since the atom of lowest priority (the hydrogen atom) is directed away
from the observer. In order to determine the configuration of molecule A,
the molecule must first of all be rotated in a clockwise direction about a
vertical axis until the hydrogen atom is directed away from the observer. By
application of the sequence rules,both compounds have the R configuration
and are therefore identical.

b) Structure A, with both methyl groups in axial positions, must first of all
be ring flipped to the conformer in which these groups occupy equatorial
positions. This operation does not change the configuration of the chirality
centres. The resulting formula can be transformed to formula B by rotating
it through 180◦. Finally determination of the configuration of the chirality
centres proves that all three formulae represent the same molecule.

c) Both Haworth projections represent the same molecule. Clockwise rota-
tion of the first formula through 120◦ leads to the second formula.
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d) The first formula must be converted into the corresponding chair form.
Care is necessary to bring the methyl groups into the correct positions in
order to end up with the same configuration. If necessary, the ring is then
flipped. Comparison with the chair form which was given in the question
shows that the molecules are enantiomers. (This method is the shortest way
to solve the problem but not the only one.Another approach is, for example,
to compare directly the absolute configuration of all the chirality centres
determined from both formulae.)
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45

a)

b)

c)

d)

e) f)
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46
Nateglinide has an R-configured chirality centre and is derived from
d-phenyl-alanine. The substituted trans-configured cyclohexyl residue is
achiral since it has a plane of symmetry.

47
One possibility to separate the enantiomers of rac-1-phenylethanamine is
to form diastereomeric salts with an enantiomerically pure chiral acid, e.g.
(R,R)-tartaric acid or (S)-2-hydroxysuccinic acid. These can be separated
from each other by recrystallisation as a consequence of their different sol-
ubilities. Note, however, that the separation process is not complete at this
stage since the amines are now present as salts. The separated salts must be
treated with a strong base, e.g. aqueous sodium hydroxide, to convert them
back to the free amines which can then be extracted into an organic solvent.
After drying the extract distillation of the solvent leaves the pure amine.

48
7-syn-Ethyl-5-endo-isopropyl-6-exo-methyl-7-anti-propylbicyclo[2.2.1]-
hept-2-ene

Since it is impossible to derive the absolute configuration from the stereo-
descriptors endo, exo, syn and anti, the name can be used for the pure
enantiomers as well as the racemate.
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49
Diamminedichloridoplatinum(II) can exist as the two isomers shown below.
Isomer A is the cytostatic agent cisplatin and usually describedby the stereo-
descriptor cis, whilst its cytostatically inactive diastereomer B is assigned
the stereodescriptor trans.
More generally applicable are the systematic descriptors for inorganic coor-
dination compounds based on the CIP system. These consist of a polyhedral
symbol, SP-4 in the current example (SP for square planar and 4 for the
coordination number), and a symbol for the configuration index. In square
planar compounds the latter is a one digit number. This gives the priority
number for the coordinating atom (ligand) which is trans to the highest
ranking coordinating atom (ligand). Thus isomer A has the descriptor SP-
4-2. It has two planes of symmetry and a twofold axis of symmetry formed
by the intersection of the two planes of symmetry and belongs therefore to
the point group C2v. Isomer B is (SP-4-1)-diamminedichloridoplatinum(II)
and belongs to the point group D2h. There are three mutually perpendicular
twofold axes of symmetry, three mutually perpendicular planes of symme-
try, and a centre of symmetry which is equivalent to a twofold alternating
axis of symmetry.
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50
1,4-Dimethylbicyclo[2.2.1]heptan-2-ol contains three chirality centres.
Therefore the total number of isomers which is theoretically possible (x)
can be calculated using the formula x = 2n: 23 = 8. However, since the bridge
can only be formed by cis fusion due to geometrical constraints, both the
bridgehead methyl groups must be cis to each other. This halves the number
of stereoisomers to two pairs of diastereomeric enantiomers, i.e.1 and ent-1
and 2 and ent-2. Compound 1 is a diastereomer of both 2 and ent-2; ent-1
is diastereomeric with both 2 and ent-2; 2 is a diastereomer of both 1 and
ent-1; and ent-2 is diastereomeric with both 1 and ent-1. Compounds 1 and
2 are epimers as are ent-1 and ent-2.

51
The stereodescriptor l indicates that the configuration of both chirality cen-
tres in a molecule with only two chirality centres is the same. However,
this does not give any information about the absolute configuration. Thus
l-1,2-dichlorocyclobutane can mean a mixture of the enantiomers (R,R)-
and (S,S)-1,2-dichlorocyclobutane but can also be used for just one of the
pure enantiomers. The priority order of the atoms attached to the chirality
centres is Cl > C(Cl,C,H) > C(C,H,H) > H.
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52
The first step here is to draw formulae of both isomers of cromakalim and
then to determine the absolute configuration of both compounds using
the CIP rules. The two compounds are the 3S,4R isomer and the 3R,4S
isomer, and are enantiomers. The INN for the pure 3S,4R enantiomer is
levcromakalim.

53
a) Both formulae represent the same compound which has the S config-
uration. If the compound represented by the formula on the left is viewed
from the right hand side along the molecular axis, then the projection shown
on the right is produced. Please note, however, that the Newman projection
formula on the right, in the absence of additional information, could simi-
larly represent a different structure because the number and type of atoms
located on the axis are not indicated.



90 Answer 53

b) The first step here is to convert the Haworth projection into a chair form.
Two chair conformations are possible, i.e., 1C4 and 4C1 and these must both
have the identical absolute configuration.Inorder to avoid any errors during
the transformation of formulae it is best to determine the configuration at
both chirality centres.
Comparison of the 4C1 configuration with the chair form given in the ques-
tion leads to the conclusion that the compounds are anomers and hence
diastereomers. The anomeric centres have the R and S configuration, re-
spectively.

c) Both complexes differ in the positions of the nitrito and ammine lig-
ands. The remaining ligands lie in the same plane, thus the compounds
are enantiomers. The same result can also be obtained by determining the
stereodescriptors for the complexes. This is accomplished by examining the
four ligands in the plane perpendicular to the axis containing the ligand
of highest priority, and viewing from the ligand of highest priority, to see
whether their arrangement according to the priority order derived from the
CIP system is clockwise (C) or anticlockwise (A).

d) Both coordinationcompounds contain three identical ligands in the same
plane. If either of the formulae is rotated each time through 90◦ around two
mutually perpendicular axes, the other formula is produced, i.e., both for-
mulae represent the same compound. The same solution can be obtained by
determining the stereodescriptors for the complexes. The stereodescriptor
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comprises the polyhedral symbol OC-6 and the configuration index. For
both complexes this is the digit 2 twice, i.e., the stereodescriptor is OC-6-22
since all three groups of higher priority lie opposite a group with the prior-
ity number of 2. (The stereodescriptor fac was previously used to describe
such complexes since both groups of three similar ligands each occupy the
corners of a face of the octahedron.)

54
The compound shown has an R-configured chirality centre [the priority
order of the groups attached to the chirality centre is C(P,H,H) > C(C,C,(C))
> C(C,H,H) > H] and a Z-configured double bond.There are therefore three
stereoisomers which have the opposite configuration either at one or both
stereogenic units. Thus, including the isomer shown there are a total of four
stereoisomers with this constitution, i.e., the R,Z-, R,E-, S,Z- and the S,E-
configured molecules. (Compounds of this type have been synthesised as
potential antiviral nucleotide analogues and it has emerged that only the Z
isomers show any antiviral activity [1].)

55
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56
(R)-1-Bromobuta-1,2-diene is a cumulene with an even number of double
bonds and, if (as is the case in this example) there are two different groups
attached at both ends of the cumulene system, it will possess a chirality axis.
The absolute configuration can be determined, if the molecule is viewed
like in a Newman projection along the chirality axis which coincides with
the axis of the double bonds. The viewing direction is chosen at random.
The substituents at one end will lie in a vertical direction and at the other
end in a horizontal direction. Next the substituents closer to the viewer
are connected with a clockwise curve, since an R configuration is required,
starting from the higher ranked substituent (the bromine atomor the methyl
group depending on which end the molecule is viewed from) and the curve
continued by another 90◦ where the other substituent is placed.
To denote a stereodescriptor for a chirality axis a subscript a is used (not ital-
icised). Thus in this example the compound is (Ra)-1-bromobuta-1,2-diene.
Although it has been common practice to omit the a in the stereodescriptor,
for clarity this is not recommended and should not be done.

57
Both diastereomers of [CrCl2(NH3)4]+ are shown below, these are usually
differentiated by the stereodescriptors cis and trans. The trans isomer be-
longs to the symmetry point group D4h. The symmetry elements are the
main fourfold axis of symmetry C4, a horizontal plane of symmetry �h (per-
pendicular to the C4 axis), four C2 axes also perpendicular to the C4 axis
and four planes of symmetry �v the intersection of which is the main axis
of symmetry. The cis isomer belongs to the symmetry point group C2v . The
associated symmetry elements are a C2 axis and two vertical planes of sym-
metry �v intersecting at the C2 axis. Verify this using the flow chart in the
appendix.
Since thedescriptors cis and trans arenot generally applicable for octahedral
coordination compounds, systematic descriptors based on the CIP system
should be used in their place. These consist of the polyhedral symbol, in
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this example OC-6 (OC for octahedral and 6 for the coordination number),
together with the configuration index. For octahedral compounds the latter
consists of two digits. The first indicates the priority number of the coordi-
nated atom (ligand) trans to the highest ranking coordinated atom (ligand).
In the cis isomer this is 2, and 1 in the trans isomer. The second digit is de-
termined in the same way for the plane perpendicular to the reference axis
(main axis) of the octahedron. The cis isomer has thus the descriptor OC-6-
22. The trans isomer is (OC-6-12)-tetraamminedichloridochromium(III).

58
There are 23 = 8 possible isomers with the cyclothiazide constitution. The
compound has in fact four chirality centres and therefore 16 isomers might
have been imagined. However, since the configuration at the bridgehead
atoms 1 and 4, for reasons of geometrical constraints (the bridge can only be
formed by cis-fusion), cannot be independently varied, there are only eight
isomers.Cyclothiazide, although now almost obsolete,was used as a mixture
of isomers.
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59
If (Ra)-1,3-dichloroallene is viewed along the axis of the double bonds, then
the groups 1, 2 and 3 in the priority order according to the CIP rules are
arranged in a clockwise sense to the observer.Alternatively,only the chlorine
atoms need to be considered (the groups of higher priority at either end of
the compound). The curve from the chlorine atom closer to the observer to
the other chlorine atom has a counter-clockwise sense.The resultinghelicity
is described by the stereodescriptor M. Therefore (Ra)-1,3-dichloroallene is
identical with (M)-1,3-dichloroallene. In either approach it is irrelevant to
the observer from which end the molecule is viewed.

60
The stereodescriptor u denotes that two chirality centres are present the
configuration of which is unlike. One of these chirality centres is due to
the unshared electron pair on the substituted pyramidal sulfur atom. The
unshared electron pair is given the lowest priority in determining the con-
figuration.
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61
a) The two faces of the double bond of butanone are enantiotopic.The view
onto the formula shown is from the Re side.

b) Since the compound already possesses a chirality centre (at position 2
of the 2-chloropropanoic acid residue), both faces of the carbonyl group are
diastereotopic. The view onto the formula shown is from the Re side.

c) Since both faces of acetone are identical, they are homotopic.
d) The two ends of the double bond of bromoethene must be considered
separately. At the bromine-substituted end, the two faces are enantiotopic.
The view onto the formula shown is from the Si side.At the other end of the
double bond the two groups are identical (hydrogen atoms), the two faces at
this carbon atom are therefore homotopic.
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62
a) Maleic acid reacts first with molecular bromine with loss of a bromide
ion and the formation of a cyclic bromonium ion. In a second step the
nucleophilic bromide ion can attack the cyclic bromonium ion. This at-
tack proceeds as in a normal SN2 reaction stereospecifically with inversion.
Since there is equal probability of attack by the bromide ion at C2 and C3
of the meso-bromonium ion, the product is the racemate of (2R,3R)- and
(2S,3S)-dibromosuccinic acid. It should be noted that the above reaction
only proceeds in this manner in the absence of light and in the cold.

b) Under analogous conditions, fumaric acid yields two enantiomeric cyclic
bromonium ions which have the R,R and S,S configuration, respectively.
The subsequent ring opening of the three-membered ring by the nucle-
ophilic attack of the bromide ion is independent on which of the bromonium
ions is attacked. In either case the same product, (2R,3S)-dibromosuccinic
acid (meso-2,3-dibromosuccinic acid), is produced, since nucleophilic at-
tack always leads to inversion at one of the chirality centres. The two sepa-
rate formulae shown below for the product are interconvertible by rotation
through 180◦.
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63
Lumefantrine contains two stereogenic units, i.e., a Z-configured double
bond and a chirality centre whose configuration in the formula given is un-
specified. As a result the formula represents two compounds (enantiomers)
with R,Z and S,Z configuration, respectively.Bothare present in the racemic
pharmaceutical. There are formally 22 = 4 isomers possible with this consti-
tution; in addition to the isomers of lumefantrine there are also two others
with an E-configured double bond.

64
Although there are two enantiomers of trans-1,2-dibromocyclopentane,
there is only one epimer of it. Inversion of one chirality centre in either
of the two enantiomers always leads to the same cis-configured compound.
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65
It is initially best to draw the structure of (R)-2-methylbutane-1-thiol as
a zigzag projection. The hydrogen atoms can then be added (this can be
done either imaginary or actually). The reference group at position 1 is the
sulfanyl group.At position 2 there are three different groups and the highest
prioritygroup here is the reference group.By looking along the C1-C2 bond,
the Newman projection shown is obtained.

66
meso-Tartaric acid is initially best drawn as a Fischer projection formula
which represents the synperiplanar conformation. This is then easily con-
verted into a sawhorse projection. The desired anticlinal conformation is
then obtained by rotating one half of the molecule through 120◦ about the
central carbon-carbon bond.Note that there are two enantiomeric anticlinal
conformations.
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67
There are four stereoisomers of 4-sec-butylcyclohexanol. A chirality centre
is present in the molecule and, in addition, cis/trans isomerism is possible
in the ring. The four isomers are hence (R)-trans-, (S)-trans-, (R)-cis- and
(S)-cis-4-sec-butylcyclohexanol.

68
Although there are formally six possible stereoisomers of an octahedral
complex of general formula Ma2b2c2, for dichlorido(diazane)bis(triphenyl-
phosphane)cobalt(1+) only four isomers occur, since an arrangement of the
two nitrogen atoms of the hydrazine trans to each other in the complex is
not possible. The two OC-6-32 isomers are chiral, they are enantiomers and
have the A and C configuration, respectively. Both the other two isomers are
achiral diastereomers.
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69
In order to determine the conformation, the substitution pattern at carbon
atoms C2 and C3 must first of all be established. Three different groups are
attached to each. Hence, the groups of highest priority on each are taken as
the reference groups (shown bold in the diagram below), thus this must be
the antiperiplanar conformation. In order to transform the formula into a
Fischer projection formula, the part of the formula which is closer to the
observer is rotated until an eclipsed conformation is obtained in which the
groups forming the main chain are oriented synperiplanar to each other.

70
6,6’-Dibromobiphenyl-2,2’-dicarboxylic acid has a chirality axis, since there
is restricted rotation due to the substitution pattern in thephenyl rings.Thus,
depending on the orientation of the two rings, the plane of linear polarised
light will either be rotated to the left or the right. In order to determine the
configuration of the chirality axis, the molecule is viewed in a projection
along this axis from either of the two sides. The atoms or groups of atoms
in the ring closer to the observer are first considered, then those in the ring
behind. In this case the compound has the Ra configuration.
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71
Amlodipine is chiral.Both halves of the heterocycle contain different substi-
tutents,and consequently C4 is a chirality centre.Therefore two enantiomers
exist, which differ in configuration at this centre in the 1,4-dihydropyridine
ring. In determining the priority order according to the CIP system it soon
becomes evident that in the first sphere the three groups to be considered
are all carbon atoms attached to which are again three carbon atoms each,
and only in the third sphere is it possible to determine the substituent of
highest priority, i.e., the 2-chlorophenyl group. The priorityorder of the two
remaining groups can only be determined in the fourth sphere, where the
oxygen atom of the substituent in position 2 has precedence over the hy-
drogen atom of the methyl group in position 6. Note that the difference in
the two ester groups plays no role in determining the priorityorder,because
although they appear in the higher ranking branches of the digraph, the dif-
ference would only be decisive in the fifth sphere. The configuration would
also be unaltered, if the positions of the two ester groups were interchanged,
although in this instance constitutional isomers would result.
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72
In 2t,3c-dichlorocyclohexan-1r-olonly the relative configuration of the sub-
stituents is known. Two enantiomers (shown below) exist with the absolute
configuration 1R,2S,3S and 1S,2R,3R.

73
Only a plane of symmetry � is present in 2-methylhex-3-yne, thus it belongs
to the point group Cs. The methyl group on carbon 5 has free rotation and
can lie in the plane of symmetry.

74
(Sa)-6-Aminospiro[3.3]heptan-1-ol possesses a chirality axis. The substit-
uents at positions 2 and 6 lie in planes perpendicular to each other. The
absolute configuration can bedetermined by viewing the molecule along the
axis containing atoms 2, 4 and 6. The molecule can be viewed along this axis
from either side. The substituents at one end will lie in a vertical direction
and at the other end in a horizontal direction.Next the substituents closer to
the viewer are connected with a counter-clockwise curve starting from the
higher ranked substituent (the amino or the hydroxy group depending on
which end the molecule is viewed from) and the curve continued by another
90◦ where the other substituent is placed.
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75
Since trans-2-bromo-4-chlorocyclobutanone is chiral, the reaction of both
enantiomers must be considered.For both enantiomers hydride attack from
the Re side leads to a product with an S configuration at C1, whilst if attack
takes place from the Si side a product with an R configuration at C1 is
obtained.

76
There are two stereoisomers of bis(2-aminoethanethiolato-N,S)nickel(II).
These have the stereodescriptors (SP-4-1) and (SP-4-2). (The descriptors
trans and cis are equally unambiguous here. Their use is, however, not rec-
ommended, since there are other square planar coordination compounds
where these descriptors cannot be used.)
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77
(2R,3R,4R)-3-Chloro-4-isopropyl-2-methylcyclohexanone can adopt two
chair conformations of completely different energy contents. In one con-
former all the substituents occupy equatorial positions, whilst in the other
they are all situated in axial positions. Due to unfavourable 1,3-diaxial inter-
actions, especially between the isopropyl and methyl group, the energy con-
tent of the latter conformer is raised significantly. In the conformer with the
substituents in equatorial positions, only the gauche interactions of the sub-
stituents need be considered. These are however, much smaller by compari-
son and are of the same order as the gauche interactionsof axial substituents
with ring atoms. The conformer with the substituent groups equatorial will
therefore have the lower energy content.

78
(Z)-Pent-2-ene is less stable than (E)-pent-2-ene and therefore has a higher
energy content. Consequently, a higher exotherm is observed during its
hydrogenation. In general, E-configured alkenes are more stable than the
corresponding Z isomers. The situation in cyclooctenes is reversed. As a
result of greater ring strain, (E)-cyclooctene has the higher energy content
and consequently releases more heat during hydrogenation.
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79
The structural formula of this new cytostatic (picoplatin) is shown below. In
determining the stereodescriptor, the situation arises here that the highest
ranking ligand occurs twice. In such cases the prioritynumber of the ligand
coordinated trans to it with the lowest priority (i.e. with the highest priority
number) is used as the configuration index (principle of trans maximum
difference).

80
(RS,RS)-2-Phenyl-2-(piperidin-2-yl)acetic acid methyl ester (INN: methyl-
phenidate) is a centrally acting sympathomimetic used in the treatment of
attention-deficit/hyperactivity disorder in children. Dexmethylphenidate is
the pure (and significantly more active) enantiomer with the R,R configu-
ration available in the USA. The diastereomeric racemate with the RS,SR
configuration whilst a commercially available chemical is not used as a phar-
maceutical. (Note the small structural difference between these compounds
and levofacetoperane, question 149).
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81
The absolute configuration of tazobactam is given in the formula shown
below. At position 2 the priority order is N > C(S,C,C) > C(O,O,(O)) > H.
The hydrogen atom is directed away from the observer and the S configu-
ration results. At position 3 the priority order is S > C(N,C,H) > C(N,H,H)
> C(H,H,H). The priority order at position 5 can be determined in the first
sphere: S > N > C > H. The hydrogen atom is directed towards the observer,
thus the R configuration results. Note that the nitrogen atom is also a chiral-
ity centre since it is, on account of the high ring strain, fixed in a pyramidal
arrangement. Its configuration, although usually not given since it is a di-
rect consequence of the configuration at position 5, is S. It is derived from
the priority order C(S,C,H) > C(O,(O),C) > C(C,C,H) > e−. The unshared
electron pair in the formula shown is directed towards the observer.

82
The reaction of (S)-1-methylheptyl tosylate with sodium azide is an SN2
process and affords (R)-2-azidooctane due to inversion. An enantiomeric
excess of ee = 99 % indicates that the product is contaminated with 0.5 %
of the S isomer. This could theoretically arise as a consequence of a small
degree of racemisation during the reaction, due to the reaction having some
SN1 character, although this is improbable. The most likely reason is that
the original tosylate had only an ee of 99 % (it is readily prepared from
octan-2-ol which is available with an ee of 99 %).
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83
Trimoprostil contains six stereogenic units. The double bonds in positions
5 and 13 have Z and E configuration, respectively. At the chirality centre
at position 8 the priority order of the groups is C(O,(O),C) > C(C,C,H) >
C(C,H,H) > H and, since the hydrogen atom is directed towards the observer,
it has the R configuration. At position 11 it is only necessary to deduce the
number of carbon atoms attached to each of the neighbouring carbon atoms
to determine the configuration and thus it has also the R configuration. Po-
sition 12 likewise has the R configuration. In the first and second spheres no
decision can be made since all the neighbouring carbon atoms (C8, C11 and
C13) are attached to two carbon atoms, since at C13 a duplicate represen-
tation of the carbon atom C14 must be considered as a consequence of the
double bond. In the third sphere a decision can,however,be made due to the
priority order C9(O,(O),C) > C14(C,(C),H) > C10(C,H,H). The carbon atom
at position 15 has the R configuration, since after the hydroxy group (which
has the highest priority), the quaternary carbon atom C16 has precedence
over the tertiary carbon atom C14. The hydrogen atom (lowest priority) is
directed towards the observer.
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84
Trovafloxacin contains two mirror symmetric bicyclic systems which can
be so arranged that both planes of symmetry coincide. The compound is
therefore achiral. The saturated ring system contains three stereogenic cen-
tres. The absolute configuration at the two chirality centres C1 and C5 of
the bicyclic ring system can be determined by application of the CIP rules.
The R-configured carbon atom is C1 since it takes precedence over the S-
configured centre, which is hence C5. A pseudochirality centre is present at
C6, which is the reason for the existence of two achiral diastereomers. The
amino group has highest priority, followed by the R-configured branch and
then by the S-configured branch. The pseudochirality centre is therefore
s-configured.

85
a) The reaction of bicyclo[2.2.2]octene with a peracid leads in the first in-
stance to an epoxide which undergoes subsequent hydrolysis in the aqueous
acidic solution. Attack by water proceeds by an SN2 mechanism. Since the
original epoxide possesses chirality centres but is achiral, attack by a water
molecule can proceed with equal probability at either chirality centre with
the result that two enantiomeric trans-configured diols are produced.
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b) Treatment of bicyclo[2.2.2]octene with dilute aqueous potassium per-
manganate solution initially affords, with concomitant reduction of the
manganese, a cyclic manganic(V) ester, which is then hydrolysed to the
meso product, i.e. the cis-diol. Note that attack of permanganate from the
other side of the double bond leads to exactly the same product since both
bridgehead atoms are not chirality centres.

86
(S,S)-Tartaric acid has a single symmetry element, a C2 axis, and therefore
belongs to the symmetry point group C2. On rotation through 180◦ the pairs
of carbon centres 1 and 4, and 2 and 3 are transformed into each other. This
is also the case if the molecule adopts another conformation as illustrated
by the two examples shown below.
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87
Ataprost contains seven stereogenic units.Both double bonds have E config-
uration. The chirality centres at both ring fusion positions are S-configured
and their relative configuration is cis. The two other chirality centres in the
ring system are R-configured. The chirality centre in the side chain has the
S configuration. It is important to note that the double bond has precedence
over the cyclopentyl residue, since a duplicate representation of each doubly
bonded atom must be considered in the digraph, i.e., bothends of the double
bond are considered as attached to two carbon atoms.

88
Since this compound possesses a chirality centre at the sulfur atom, two
enantiomers can exist which can be separated on a suitable chiral stationary
phase (e.g. on silica gel modified with substituted 1,2,3,4-tetrahydrophen-
anthren-4-amine). If it is not enantiopure, two peaks will be observed in the
chromatogram.
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89
Maxacalcitol contains nine stereogenic units. These are six chirality centres
and two double bonds whose configuration is given in the formula shown
below.There is also the single bond between the E and Z double bonds which
has partial double bond character. In the formula shown, the conformation
of the double bond system is described as s-trans.

90
In (2S,3R)-2,3-dichlorocyclobutanone both chlorine atoms are cis. The Re
face of the carbonyl group is the less sterically crowded side trans to the
chlorine atoms. Attack from this side by hydride ion yields (1S,2S,3R)-
2,3-dichlorocyclobutan-1-ol in which the hydroxy group is also cis to the
chlorine atoms.
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91
(R)-2-Bromopentan-3-one is a chiral compound which, in addition, also
contains two prochirality centres at carbon atoms 3 and 4. All three hydro-
gen atoms of each methyl group are homotopic, since substitution of one
hydrogen atom by another group, e.g. with deuterium, does not produce a
chirality centre. It is also of no consequence which hydrogen atom is sub-
stituted, since homotopic groups can be transformed into one another by
rotation. The two hydrogen atoms of the methylene group would, by apply-
ing the above substitution test, lead to diastereomers, therefore these are
diastereotopic. Depending on which hydrogen atom is replaced either an R
or an S configuration will be produced and, thus these hydrogen atoms have
the descriptors pro-R and pro-S, respectively.

92
In order to derive the structure of the threo forms, it is best to start with a
Fischer projection formula which should be drawn with the carbon chain
vertically oriented and with carbon atom 1 at the top. The substituents at
both chirality centres, the amino and the hydroxy groups, for a threo config-
uration must be located on opposite sides of the main chain. In the Fischer
projection formula these are directed towards the observer. So, to avoid er-
rors being introduced in transforming this into a zigzag projection, it is best
to check the absolute configuration before and after the transformation.
Since the descriptor threo does not infer the absolute configuration, two
enantiomers with the R,R and S,S configuration are possible. Cathine is the
S,S isomer. It is important to note that rotation around a single bond does
not alter the absolute configuration.
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93
The Ra rotamer of afloqualone can be best represented as a projection cor-
responding to a view along the chirality axis. If the observer looks through
the heterocycle for example, along the nitrogen-phenyl bond, then the flu-
oromethyl residue appears up and the carbonyl group appears down. The
methyl group and the hydrogen atom in the phenyl ring can now be consid-
ered. Since the priority order is CO > C(N)CH2F > CH3 > H, then in order to
obtain the Ra configuration, the methyl group must be located on the right
hand side.
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94
In the crossed aldol reaction between acetaldehyde and propiophenone,
two chirality centres are created and consequently, four stereoisomers will
be produced.Compounds A and B are enantiomers of each other and can be
described with the stereodescriptor u. Similarly, C and D are enantiomers
and are l-configured. Since both starting materials are achiral, without the
use of a chiral base or chiral auxiliary, racemates will be produced. Likewise
the choice of base, the addition of a Lewis acid and the reaction conditions
used to form the enolate can control which diastereomer is preferentially
formed. If the Z enolate is formed, the u product is the preferred product,
whilst the E enolate yields predominately the l product.

95
The hydrogen atoms (some of which have been added to the formulae shown
in the question) at the prochirality centres in the following formulae have
been labelled pro-R and pro-S. These can be easily confirmed by firstly
imagining that the pro-R hydrogen atom has a slightly higher priority than
the other hydrogen atom and secondly, by determining the configuration
of this hypothetical chirality centre. The result would be that the centre
is R-configured. Note that the central carbon atom in example d) is not a
prochirality centre. It could however, be considered as a propseudochirality
centre, since substitution of a hydrogen atom leads to a pseudochirality
centre. Consequently, the hydrogen atoms can be distinguished as pro-r and
pro-s.
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a) b)

c) d)

e)

96
The N-oxide of loperamide is an achiral compound. If a plane of symmetry
is passed through positions 1 and 4 of the piperidine ring, the same groups
now appear on each side. Since there are four substituents attached to the
piperidine ring, then according to the IUPAC rules the descriptors cis and
trans cannot beused in thename of the compound.They can only beused for
rings with two substituents or in general formulation – as in the question –
with a precise reference to describe the relative orientation of two defined
groups. Here the descriptors r, c and t should be used in the name. (It
should, however, be pointed out that Chemical Abstracts does not employ
the descriptors r, c and t, but uses cis and trans instead. For their index cis
and trans are defined to refer to the higher ranking groups according to the
CIP rules.)
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97
The bromination of cinnamic acid leads to two intermediate enantiomeric
cyclic bromonium ions which are subsequently attacked by a nucleophilic
bromide ion. Since this attack can occur both at positions 2 and 3, and be-
cause the reaction proceeds stereospecifically with inversion, both bromo-
nium ions will give rise to mutually identical pairs of enantiomeric products.
This is easier to see from the Fischer projection formulae, which are readily
obtained from the zigzag projections by rotation around the C2-C3 bond.

98
Since the aliphatic ring system of tropisetron is mirror symmetric, both
bridgehead atoms (positions 1 and 5) have opposite configuration. Thus po-
sition 3 is a pseudochirality centre which is attached to two enantiomorphic
residues. Of these enantiomorphic residues, the R-configured branch has
priority over the S-configured branch. Therefore C3 has the r configura-
tion. The reader may test this with the mirror image molecule. The pseu-
dochirality centre is still r-configured and thus fulfils the conditions for
pseudochirality.
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99
Darodipine is prochiral. Replacement of a hydrogen atom on one of the
methyl groups by a deuterium atom would result in enantiomers, i.e., the
methyl groups are enantiotopic.The ester ethyl groups are also enantiotopic.
Note that in determining the topicity and the isomeric relationships of the
resulting compounds, the wedged bond in the formula could also be drawn
as a hatched wedged bond.

100
The addition of bromine to (R)-4-chlorocyclohex-1-ene yields initially two
diastereomeric cyclic bromonium ions, which then undergo a ring opening
reaction with bromide ion. The attack of bromide ion is an SN2 process
and the reaction is stereospecific with inversion. Consequently, the bromo
substituents in both diastereomeric products will have a trans relationship.
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101
Dizocilpine is a chiral compound with two chirality centres. The methyl-
ated centre has the S configuration, whilst the other bridgehead atom is
R-configured.Forclarification it is helpful to add hydrogen atomsor wedged
bonds. Two other possible formulae for the structure are shown below, the
last one of which, however, although frequently used is not recommended.

102
Four stereoisomers can be produced in the reaction. All reaction products
have chirality centres at C2 and C6, the absolute configuration of which
can be specified by R and S. Compounds A and B additionally possess a
pseudochirality centre at C1 since there are two constitutionally identical but
enantiomorphic groups attached to this position. By applying the CIP rules,
C1 in A has the stereodescriptor r, whilst C1 in B has the stereodescriptor s.
The groups attached to C1 in C and D are homomorphic, therefore C1 in
these compounds is a prochirality centre.
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103
Sulopenem contains six chirality centres (at one of the sulfur atoms, at the
nitrogen atom and at four of the carbon atoms). The hydroxyethyl group
has the R configuration. The carbon atom to which it is attached has the S
configuration since the priority order of the groups attached to it is C(S,N,H)
> C(O,(O),C) > C(O,C,H) > H. At the adjacent carbon atom the priority
order is S > N > C > H and this centre is R-configured since the atom of
lowest priority is directed towards the observer. The thiolane ring has an S-
configured carbon atom and an R-configuredsulfoxide. (Note the difference
here between a sulfinyl and a sulfonyl group.) Finally, the S configuration
can be assigned to the nitrogen atom since the priority order is C(S,C,H) >
C(O,(O),C) > C(C,C,(C)) > e−, and the unshared electron pair in the formula
shown is directed towards the observer.

104
a) Both faces of the double bond in (E)-1-bromopropene are enantiotopic.
At the bromine substitutedend of the formula shown below the view is from
the Si side and at the other end of the double bond from the Re side.



120 Answer 104

b) At the methyl substituted end of the ethylidene group both faces of the
C-C double bond are enantiotopic.The view onto the formula shown below
is from the Re side. At the other end of the double bond both groups are
the same (acetyl groups), and therefore both faces here are homotopic. Both
faces of each of the acetyl groups are enantiotopic (the acetyl groups are
diastereotopic to one another). In the formula shown below the view is from
the Si side of the carbonyl group on the right and from the Re side of the
carbonyl group on the left.

c) In this compoundboth facesof the carbon atoms2 and3 are enantiotopic,
whereas at position 4, where both substituents are methyl groups, they are
homotopic. In the formula shown below at position 3 the view is from the Si
side and from the Re side at position 2.Two enantiotopic faces formally exist
at the nitrogen atom, viewed here from the Re side. However, since the trig-
onal pyramidal structure of hydroxylamines is configurationally unstable,
this is in reality only a formal view.

d) The faces of both ends of the double bond are diastereotopic. The hy-
pothetical addition of a group not yet present, e.g. a bromine atom, would
produce at the methyl substituted end of the double bond a further chirality
centre, whilst at the other end a pseudochirality centre would be formed. In
the formula shown below the view at the methyl substituted end is from the
Si side and at the other end from the re side.
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105
Cefmatilen contains chirality centres at positions 6 and 7 as well as at the
�-lactam nitrogen atom. In addition, there is an oxime group. The absolute
configuration at C6 isR since thepriority order ofthe atomsdirectly attached
to this chirality centre is S > N > C > H. At C7 the priority order is N >
C(S,N,H) > C(O,(O),N) > H and therefore it also has the R configuration.
The nitrogen atom has the S configuration since the lone pair of electrons
to be considered here is directed towards the observer. The hydroxyimino
group is Z-configured,because the higher ranked substituent [C(O,(O),N) >
C(C,(C),N)] lies on the same side as the hydroxy group.The configuration of
an oxime is relatively stable in contrast to that of a nitrogen atom attached
by a single bond.
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106
Maleic anhydride reacts with cyclopenta-1,3-diene in a Diels-Alder reaction.
Since there is a plane of symmetry, the reaction can lead to two achiral com-
pounds, which are diastereomers of each other, containing an endo- or exo-
oriented dicarboxylic anhydride group. These differ in absolute and relative
configuration at the bond shared by both rings. Under normal conditions
the Diels-Alder reaction proceeds stereospecifically to yield preferentially
the endo product. Note that in the tricyclic product no trans fusion in the
ring system is possible as a consequence of the reaction mechanism. Subse-
quent reduction of the products therefore affords two diols, which are also
diastereomers of each other. These may be separated by chromatography on
an achiral stationary phase.

107
The Ra isomer has the conformation shown in the following formula. The
bromo substituent in position 2 of the phenyl ring effectively prevents the
two ring systems from being coplanar. The energy required to force the
bromo substituted phenyl ring to adopt a torsion angle of 0◦ has been cal-
culated to be 30.8 kcal/mol. By contrast the equivalent energy required for
the compound with an unsubstituted phenyl ring is only 9.1 kcal/mol [2].
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108
The bridgehead atom at position 1 has R configuration. The priority order
of the groups attached to this position is N > C(C,C,H) > C(C,H,H) > H.
At position 2 the priority order of the attached groups is C(N,(N),H) >
C(N,C,H) > C(C,C,H) > H. It is important to note here that the doubly
bonded nitrogen atom is because of the duplicate representation regarded
as two nitrogen atoms. At C3 the arrangement according to the priority
order is in counter-clockwise direction to the observer, and therefore this
has the S configuration. The second bridgehead atom is S-configured. Here
the lowest priority substituent, the hydrogen atom,can only be directed away
from the observer. The configuration of the double bond is E, because the
substituents lie on opposite sides of the double bond.As well as the absolute
configuration, it is also possible to determine the relative configuration at
C2 and C3. The substituent at position 2 is on the opposite side of the
main bridge (the nitrogen atom) and therefore is endo-oriented whilst the
dichlorophenyl ring is exo-oriented.
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109
(2R,3s,4S)-2,3,4-Trichloropentanedioic acid is a meso compound. Position
3 is a pseudochirality centre since two enantiomorphic groups are bonded
here. The s configuration is assigned, because the R-configured group has
priority over the S-configured group in the CIP rules.

110
The configuration of all the chirality centres is given in the formula shown
below. For the chirality centre at position 7 in the ring, the digraph indicates
how the priority order is determined.

111
The compound possesses a chirality plane. Before establishing the configu-
ration, it is necessary to determine the pilot atom.This is the atom of highest
priorityaccording to the CIP rules outside the chirality plane that is directly
bonded to an atom in the plane. This is indicated in the formula below with
an arrow.A view from this atom onto the chirality plane shows that the atoms
on the way to the cyano group will be reached by a counter-clockwise curve.
The configuration is therefore Sp.
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112
a) The cyclic bromoniumion produced from maleic acid ismirror symmet-
rical. Since there is equal probability that subsequent nucleophilic attack by
methanolate can take place at either carbon atom, the product is a race-
mate. The reaction is not enantioselective but it is stereoselective since the
u-configured racemate is formed exclusively as a product because the ring
opening reaction proceeds with Walden inversion.

b) The cyclic bromonium ion produced from fumaric acid has only a two-
foldproper axis of symmetry.Thus it will exist as apair of enantiomers.Since
there is equal probability that subsequent nucleophilic attack by methanolate
can takeplace at either C2 andC3 of either enantiomer,the same l-configured
product will be obtained in either case and consequently, overall a racemate
will be obtained. The reaction is not enantioselective but is stereoselective.
Since maleic acid and fumaric acid are stereoisomers and since the prod-
uct obtained here is stereoisomeric to that obtained from maleic acid, the
reaction is therefore also stereospecific.
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113
For a �-elimination of HBr from (1S,2R)-1-bromo-2-fluoro-1,2-diphenyl-
ethane, a base is required to abstract a hydron from the position � to the
bromine atom. The reaction has an E2 mechanism. Attack by the base, for-
mation of the double bond and elimination of bromide ion take place in
a concerted process. A prerequisite is that both the groups eliminated are
arranged antiperiplanar to each other. Consequently, the resulting olefin is
E-configured. The Z-configured olefin is the reaction product from both
the R,R- or the S,S-configured isomers for the same reason. This is there-
fore a stereospecific reaction since the absolute configuration of the starting
material dictates the configuration in the product.

114
Eplivanserin contains three stereogenic units. In addition to the E-config-
ured alkene double bond there is a Z-configured substituted oxime. The
single bond between both double bonds has partial double bond character.
The formula shown below represents the s-trans isomer. This means that it
represents an antiperiplanar conformation.
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115
a) In this phosphane the unshared electron pair on phosphorus has the
lowest priority. The compound has therefore the S configuration.

b) This phosphinate has also the S configuration.It is important to note here
that the contribution of the d-orbitals to the double bonds is, in general, ig-
nored.As a consequence, at the P-O double bond no duplicate representation
is considered in the determination of the absolute configuration. Therefore
the methoxy group has precedence over the doubly bonded oxygen atom.

c) The lone pair of electrons on the sulfur atom, that is responsible for the
pyramidal structure, has the lowest priority of the groups attached to the
chirality centre. This is directed away from the observer and therefore the
sulfoxide represented by this formula has the S configuration.

d) The absolute configuration of this coordination compound can be de-
scribed by the stereodescriptor A. To determine this, the observer must look
from the ligand of highest priority to the four ligands lying in the plane
below it and deduce whether these ligands according to the priority order
derived from the CIP rules have a clockwise or counter-clockwise arrange-
ment. Since the order is bromide, pyridine, nitrite and ammonia (pyridine
has a higher priority than ammonia), the arrangement viewed from the
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iodine atom is anticlockwise and therefore the compound has the A config-
uration.

116
In order to deduce the structure of the desired diastereomer, the observer
must view the molecule from the side and move one of the two benzene rings
in a clockwise direction. This leads to a torsion angle at the chirality axis
between the two aromatic rings. This twisting is caused by the mutual steric
hindranceof themethoxy groups in the two benzene rings and the resistance
of the eight membered ring to adopt a planar conformation.Although this is
an idealiseddescription,the rotamer can be shown as a projection akin to the
Newman projection. From this it is clear that the compound can be viewed
from either side. At both ends of the chirality axis there is a methoxy group
(priority numbers 1 and 3) which has a higher priority than the methylene
groups (priority numbers 2 and 4).
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117

118
Oxilofrine must first be drawn as a Fischer projection formula since the
stereodescriptor erythro indicates the relative orientation of the heteroatom
groups in a Fischer projection formula of the molecule. Because the stereo-
descriptor erythro only defines a relative configuration, two enantiomers
must be considered.Next the Fischer projection formulae are converted into
zigzag projections. It is advisable as a check to determine the configuration
at the chirality centres in all the formulae, as it cannot change during the
change from one projection to the other.
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119
At all three chirality centres the hydrogen atoms must be indicated by a
bold wedged bond. The priority order at both ring fusion positions is N >
C(S,...,H) >C(N,C,H) >H andat position 4 it is S >C(N,C,H) >C(C,H,H) >H.

120
In changing from one method of drawing the formula to another, it is impor-
tant that not only constitution remains unaltered but also that the configu-
ration of all the stereogenic units remains the same. Errors can be avoided
by checking the absolute configuration of the chirality centres in the orig-
inal formula given (in this case the Haworth projection) with those in the
required formula.
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121
The chemically equivalent hydrogen atoms are those with the same numbers
in the following formulae.

a)

b)

c)
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122
In the aldol reaction between butanone and benzaldehyde it is important
to note that butanone can form more than one enolate. Under the reaction
conditions given, formation of the more substituted and thermodynami-
cally more stable enolate will be produced, and this can be either E- or
Z-configured. Moreover, nucleophilic attack at the aldehyde group of the
planar benzaldehyde can take place both from the Re or Si sides. Four prod-
ucts are thereforeobtained.FromtheZ enolate the l-configuredenantiomers
A and B are the preferred products,whilst the E enolate gives predominately
the u-configured enantiomers C and D.

123
The compound possesses a chirality axis that passes through the double
bond and carbon atom 1. In order to determine the absolute configuration
the observer looks along this axis, for example from C1 where the hydroxy
and bromomethyl groups are arranged vertically. The substituents at the
methylidene group on C4 are horizontally oriented. The priority order of
these four groups can then be determined, which leads (in this example)
to an Sa configuration. The compound is therefore (Sa)-1-(bromomethyl)-
4-[chloro(methoxy)methylidene]cyclohexanol.
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124
The symmetry elements are three C2 axes each passing through a bridg-
ing carbonyl group and the centre of the molecule, three vertical planes of
symmetry �v each containing both iron atoms and a bridging ligand, and a
horizontal plane of symmetry �h at right angles to the main C3 axis of sym-
metry and contains all the bridging ligands. These results can be verified
by using the flow chart in the appendix. [Fe2(CO)9] therefore belongs to the
symmetry point group D3h. It should be noted that the actual structure of
this binuclear iron complex in the crystalline state differs marginally from
this ideal symmetry [3].
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125
The first step is to convert the Fischer projection formulae into sawhorse
projections. Note that for a base-induced elimination reaction of the E2
type, the tosyl group must be antiperiplanar to the proton or deutron being
abstracted from the neighbouring carbon atom. As a consequence of this
reaction mechanism, the configuration of the resulting double bond can be
predicted. Because of the higher steric hindrance in the transition states
leading to the Z isomers, in both cases the E isomer should be expected as
the major product.

It should also be noted that base catalysed elimination could also occur by
the abstraction of a hydron from the methyl group.However, the E2 reaction
leads predominately to afford the thermodynamically more stable product,
i.e., that with the higher substituted double bond.

126
The synclinal and anticlinal conformations of 2-chloroethanol are chiral,
which are designated as +sc and –sc, and +ac and –ac depending upon the
direction of rotation. In addition, with the exception of the synperiplanar
and antiperiplanar forms,all other conformationsare chiral, i.e. there are an
infinite number of chiral conformations.
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127
Cinchonine contains five chirality centres. Note that because of the rigid
structure of the molecule, the nitrogen atom in the quinuclidine ring is also
a chirality centre and has the S configuration because the group of lowest
priority (the unshared electron pair) is directed towards the observer.

128
Because the amide C-N bond has partial double bond character, there is
restricted rotation around this bond. Therefore, in addition to the three
signals expected for the thiophene protons in the 1H NMR spectrum, there
are two broad singulets for the two amide protons since these are both
chemically and magnetically non-equivalent. The amide hydrogen atoms
are diastereotopic and therefore can be distinguished by the descriptors
pro-Z and pro-E.
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129
1-Methylcyclopenta-1,3-diene reacts as a diene with maleic anhydride as
dienophile in a Diels-Alder reaction to yield four stereoisomers which are
diastereomeric pairs of enantiomers. Enantiomers are the two compounds
with the endo-oriented dicarboxylic anhydride group and the two com-
pounds in which this group has the exo orientation.

130
This compound is isobornylacetate which has an exo-orientedacetate group
and therefore the compound will exist as two enantiomers, i.e., the R,R,R
isomer and its non-superimposable mirror image S,S,S isomer. The name
given in the question designates the racemate.

131
Because the stereodescriptor cis indicates only a relative configuration of
the two chirality centres in the ring, there will be two isomers of cis-1-
[(R)-sec-butyl]-2-methylcycohexane. Since the sec-butyl side chain of both
isomers must be R-configured, the two compounds will be diastereomers.
Each diastereomer can exist in two possible chair conformations. The more
energetically favourable conformations will be those where the sec-butyl
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group occupies an equatorial position, since in these the more bulkier ethyl
group will be at its maximum possible distance from the ring system.

132
The compound has a chirality axis with the Sa configuration. In order to
determine the configuration, the four substituents in the two perpendicular
planes at the forward and rear quaternary centres are drawn in a projection
corresponding to a view along the chirality axis. The groups nearer to the
observer have priority over the groups further away. A curve drawn from
the closer situated ethyl group to the closer situated methyl group and then
towards the other ethyl group will be counter-clockwise.

133
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134
Theconversion of pentan-2-ol to pentan-2-amine involves the formal substi-
tution of the hydroxy group by an amino group. For the reaction to proceed
in a stereospecific manner, the hydroxy group must first be converted into a
better leaving group such as the acetate by esterification with acetic acid or
better by preparing the tosylate by treating the alcohol with tosyl chloride.
The reaction of the tosylate with sodium azide in an SN2 reaction affords
2-azidopentane which can then be reduced to the amine by treatment with
lithium aluminium hydride or with triphenylphosphane. Since substitution
of the tosylate involves inversion, the starting material for the preparation
of (S)-pentan-2-amine as outlined above is (R)-pentan-2-ol.

Note that alkyl azides are potentially explosive. This and the simpler reac-
tion conditions involved is one reason why the reaction described above is
mainly carried out as a Mitsunobu reaction. In this method the alkanol is
reacted with diethyl diazenedicarboxylate, triphenylphosphane and hydra-
zoic acid in a “one-pot” reaction. The reaction also proceeds with inversion
and affords the amine directly because the intermediate azide is reduced by
excess triphenylphosphane in situ.

135
The stereodescriptor erythro indicates that the chlorine atom and the hy-
droxy group lie on the same side of the main chain in a Fischer projection
formula.Since it does not define an absolute configuration, twoenantiomers
must be considered. The Fischer projection formula, which represents an
eclipsed conformation, is simplest first converted into a sawhorse projec-
tion (also in its eclipsed conformation) and then one side of the molecule
rotated until both the reference groups, the chlorine atom and the hydroxy
group, adopt an antiperiplanar arrangement. The required Newman projec-
tion formula can then be derived from these formulae.
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136

137
The epimers of (2R,4aR,8aR)-decahydronaphthalen-2-ol are (2S,4aR,8aR)-
decahydronaphthalen-2-ol, (2R,4aS,8aR)-decahydronaphthalen-2-ol and
(2R,4aR,8aS)-decahydronaphthalen-2-ol. Note that epimers differ only at
one chirality centre in their absolute configuration.
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138
[Ca(EDTA)]2− hasonly a C2 axis andno planeof symmetry andconsequently
belongs to the symmetry point groupC2 .The complex is therefore chiral.The
enantiomers have the descriptors OC-6-2’1’-C and OC-6-2’1’-A. The prime
symbols added to some of the priority numbers are used to distinguish
between the two nitrogen atoms and the carboxymethyl groups attached
to them. Priority numbers without the prime symbol have precedence over
the same priority numbers with the prime symbols. In determining the
configuration as well as the absolute configuration (denoted by the chirality
symbols A and C), it is irrelevant which nitrogen atom becomes primed.

139
The stereodescriptor sn indicates that the name results from the convention
of stereospecific numbering of the atoms of glycerol. The structure must
therefore be drawn as a Fischer projection formula with the l configuration.
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140
The structure of omapatrilat contains an l-homocysteine residue, which is
highlighted in the formula shown below. In a published synthesis of this
compound, the first step is the separation of enantiomers of a homocysteine
derivative [4].

141

142
The stereodescriptor for the anion of this compound is TBPY-5-11 and
placed in round brackets (and in this example – in the absence of the cation
– at the beginning of the name): (TBPY-5-11)-Bis(tert-butyldiphenylsilyl)-
tris(dimethylamido)hafnate(1–). The polyhedral symbol TBPY-5 indicates
a trigonal bipyramidal structure with the coordination number 5 and the
configuration index specifies the priority numbers (in ascending order),
determined according to the CIP rules, of the two apical ligands.
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143
The compound contains an S-configured chirality centre in the 4,5-dihydro-
1,3-oxazole ring as well as a chirality plane, i.e., the benzene ring with the
locant 1 in the cyclohexaphane skeleton. The pilot atom for determining the
configuration is atom 5, since of the two atoms 3 and 5, which might be
used to determine the configuration, it has the higher priority according to
the CIP system because of the two otherwise identical pathways that from
atom 5 reaches the selenium atom first.A view from the pilot atom onto the
chirality plane shows that atoms 6, 14, 13 and selenium are arranged on a
counter-clockwise curve. The compound therefore has the Sp configuration.

144
Although the reaction proceeds with retention of configuration, thedescrip-
tor for the configuration at the phosphorus atom changes since there is a
new priority order for the substituents attached to it. Note that the ethoxy
group attached to the phosphorus atom has a higher priority than the dou-
bly bonded oxygen atom because the P-O double bond is not considered
and accordingly, there is no duplicate representation of atoms to be added.
(It has been shown from the incorporation of such compounds in oligonu-
cleotides, that the stabilising effect of such fragments in DNA-duplexes with
complementary RNA is much more pronounced in the case of epimers with
R-configured phosphorus atoms than it is with the S-configured diastereo-
mers [5].)
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145
The compound has the R configuration. Note that the unshared electron
pair on the sulfur atom in the formula shown below is oriented towards
the observer. Contributions of the sulfur d-orbitals to the S-O double bond
are not considered in the determination of the priority order of the groups
attached to the chirality centre. Thus the decyloxy residue has precedence
over the doubly bonded oxygen atom. This compound has been used in the
synthesis of liquid crystalline substances [6].

146
As can be seen in the formulae of both endo-substituted enantiomers of
renzapride shown below, if only the relative configuration is considered
then the formulae are reflection invariant, whilst the absolute configuration
is inverted by a mirror reflection.
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147
The first step is to determine the configuration of the chirality centres of the
compound in the formula shown and then in its mirror image. Comparison
of the two formulae indicates that these are enantiomeric to each other and
therefore enniatin B is chiral.With the aid of the flow chart in the appendix,
the symmetry point group can be determined by a series of questions. Does
the compound possess an infinite proper axis of symmetry? The answer is
no.Does the compound possess a finite axis of symmetry? The answer is yes.
The highest order axis of symmetry is a C3 axis. Is there more than one C3

axis? The answer is no. Are there any C2 axes perpendicular to the C3 axis?
Again the answer is no. There are also no horizontal or vertical planes of
symmetry. Finally it must be established whether a six-fold alternating axis
of symmetry parallel to the C3 axis exists. There is none and therefore the
symmetry point group to which enniatin B belongs is C3.

148
trans-1,3-Dichlorocyclopentane (A and/or ent-A) has signals with an inten-
sity ratio 1:1:1:1 in its 1H NMR spectrum, because there are four pairs of
homotopic hydrogen atoms.These chemically equivalent atoms (each group
has the same chemical environment) are those which have the same num-
bers in the formula given below. The cis-configured compound B gives rise
to an integral ratio of 2:2:1:1:2. The chemically equivalent hydrogen atoms,
which in this case are enantiotopic, have the same numbers in the following
formulae.
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149
The first step is to expand the zigzag projection given by including the
groups directed towards the observer and to determine the configuration
of the chirality centres. This must not alter in the subsequent transforma-
tion. Since the formula already represents the same conformation as the
required Fischer projection formula, the perspective representation can be
transformed into the Fischer projection formula in only one intermediate
step. It should be noted that the stereodescriptors threo and erythro only
indicate the relative configuration of the heteroatom groups in the Fischer
projection formula. Levofacetoperane is threo-configured, since in this case
they lie on opposite sides of the vertically oriented carbon chain. (Note the
slight structural difference between this compound and methylphenidate in
question 80.)
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150
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151
The compound is an amide and the amide C-N bond due to partial double
bond character has restricted rotation. The signals of the resulting E and
Z isomers which are, on the NMR time scale, sufficiently long lived are
therefore distinguishable in the spectrum.
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152
Lithium cuprates react with �,�-unsaturated carbonyl compounds by 1,4-
addition. The diastereomers A and B will be the expected products whose
relative proportions will depend upon the precise reaction conditions. On
theassumption that stabilisation of the starting material in the conformation
shown occurs through complexation with metal ions a preferential attack
of the silyl group will take place from the side nearest the reader, i.e. from
the least hindered side, and hence a preponderance of A in the product
mixture will be expected. It was actually observed that not only the yield
but also the diastereomeric ratio was strongly dependent upon the amount
of dimethylsulfane in the reaction mixture (or complexed to the cuprate).
In the presence of 0.75 mol% dimethylsulfane with respect to the added
cuprate, the ratio of A to B is dramatically increased (diastereomeric ratio
97 : 3), whilst in the absence of dimethylsulfane it is approximately 1 : 1 [7].

153
Fosinopril is a pharmaceutical that, in addition to other chirality centres in
the molecule, has a chirality centre at the phosphorus atom. In the deter-
mination of the absolute configuration at the phosphorus atom it should
be noted that contributions of the phosphorus d-orbitals to the P-O double
bond are not considered. The doubly bonded oxygen atom has therefore a
lower priority than the substituted oxygen atom. Note also that fosinopril
is a pro-drug whose actual active form, fosinoprilat, results from hydrolysis
of the acylal function in the body. It possesses only two chirality centres
since the free phosphinic acid is as a consequence of tautomerism configu-
rationally unstable.
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154
There are three vicinal dichlorinated stereoisomersof dichlorocyclopropane
and one geminal dichlorinated isomer A (with a two-fold axis of symmetry
and two vertical planes of symmetry containing this axis; symmetry point
group C2v). Since all the hydrogen atoms in the molecule can be transformed
into one another by symmetry operations, all are equivalent and the 1H
NMR spectrum contains only one signal. The cis-configured compound B is
achiral and is a meso compound (with a plane of symmetry; symmetry point
group Cs). Those hydrogen atoms which are reflections of one another in
the plane of symmetry are equivalent and yield a signal of double intensity.
Therefore a spectrum with the intensity ratio of 2:1:1 will be expected. C
and D are trans-configured, chiral and consequently enantiomers of each
other. Each of these isomers only possesses a two-foldaxis of symmetry and
belongs to the symmetry point group C2. The hydrogen atoms will appear
at two positions in the spectrum, since those hydrogen atoms which can be
transformed into each other by a C2 operation will be equivalent.Chemically
equivalent hydrogen atomsare thosewith the samenumbers in the formulae.
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155
a) The compound is unambiguously characterised by indicating the con-
figuration of the pseudochirality centre. In order to determine this config-
uration, however, it is first necessary to determine the configuration of the
chirality centres. Since the compound is achiral, it is also unambiguously
characterised, if one specifies that the indol-3-yl substituent occupies an
exo position. Two diastereomers are possible, which can be distinguished
between from the position of this group and consequently by the configura-
tion of the pseudochirality centre.

b) In this compound E/Z isomerism at the double bond is possible. The
R-configured branch of the bicyclic ring system has precedence over the
S-configured branch. The two possible isomers are enantiomers.

c) The compound contains two chirality centres. Therefore enantiomerism
and diastereomerism are possible (there is a total of three stereoisomers be-
cause a meso compound exists). Note that in determining the configuration
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the tert-butyl group is the lowest ranked group. The methylene group, since
it is attached to a silicon atom, has precedence over the phenyl group.

d) The compound is unambiguously characterised by indicating the con-
figuration of the double bond between the two ring systems. Since there
are two enantiomorphic groups attached to one end, the E/Z isomers are
enantiomers.

e) There is an enantiomer and diastereomers of this compound. The enan-
tiomer is the E isomer.
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156
After determining the configuration ofthe chloroethyl groups,the symmetry
point group can be deduced with the aid of the flow chart given in the
appendix. Since the molecule is non-linear and therefore cannot have an
infinite axis of symmetry, the n-fold axis of symmetry of the highest order
must be determined. This is a single C2 axis. It is therefore unnecessary to
pose the question whether this is perpendicular to other C2 axes. Neither
a horizontal plane of symmetry nor a vertical plane of symmetry exist,
therefore it is now only necessary to find out whether the C2 axis is also an
S4 axis.This is the case because a rotation through 90◦ followed by reflection
at a perpendicular plane produces the same molecule. The symmetry point
group is therefore S4 with the two symmetry elements C2 and S4.

157
The compound has an S-configured chirality centre in the side chain. In ad-
dition, there are two chirality planes as both benzene rings are unsymmetri-
cally substituted. The pilot atom for the determination of the configuration
must be deduced separately for each of the chirality planes. For the chirality
plane closer to the observer (the bromo-substituted ring) it is atom 2, whilst
for the other chirality plane it is atom 3. Thus for the benzene ring with
the locant 1 the Sp configuration results and for the other benzene ring the
Rp configuration. This compound has been synthesised enantiomerically
pure [8].
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158
The compound has a total of eight prochirality centres, one at every carbon
atom with the exception of the methyl groups. Of special significance for
the topicity of the hydrogen atoms is the prochirality centre at position 2 in
the ring. In the side chain each of the hydrogen atoms at both methylene
groups are enantiotopic. By contrast, the hydrogen atoms at both the ring
methylene groups are diastereotopic. This is because the methylene groups
are themselves already enantiotopic groups of the prochirality centre at
position 2 which will become a chirality centre if a hydrogen atom in the ring
is substituted. It is especially worth noting that for each of the ring hydrogen
atoms another enantiotopic hydrogen atom exists, i.e., the hydrogen on the
neighbouring methylene group that is cis to it.

159
According to Cram’s rule, the u-configured pair of enantiomers (the 2R,3S
and2S,3R isomers) will be thepreferredproductswhen rac-2-methylbutanal
reacts with hydrogen cyanide. The byproduct will be the l-configured race-
mate (2RS,3RS)-2-hydroxy-3-methylpentanenitrile.
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In order to determine the product distributionby Cram’s rule, the structural
formula is drawn such that the oxygen atom is antiperiplanar to the largest
group of the neighbouring chirality centre, the ethyl group in this example.
The nucleophile (CN−) then attacks from the less hindered side. This is
shown below for one of the enantiomers.

160
The observation that all neighbouring sec-butyl groups are mutually trans
to one another with alternating R and S configuration, simplifies the de-
termination of the symmetry point group using the flow chart given in the
appendix. Since the molecule is non-linear, there is no infinite axis of sym-
metry. The n-fold axis of symmetry of the highest order present is a C3 axis.
There are no C2 axes perpendicular to the C3 axis,neither is there a horizon-
tal plane of symmetry nor a vertical plane of symmetry. The only remaining
question is whether the C3 axis is also an S6 axis.This is the case because a ro-
tation through 60◦ followed by reflection at a perpendicular plane produces
the same molecule. The symmetry point group is therefore S6. In addition
to the symmetry elements C3 and S6, the molecule also contains a centre of
symmetry.
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161
The base will abstract a proton from one of the methylene groups � to
the carbonyl group. These methylene groups are enantiotopic groups of the
prochirality centre at the spiro atom. The pro-R group is that which during
the course of the reaction will actually become the higher ranking. The R
product is therefore obtained. Since enolate formation with a strong base
at low temperature is irreversible, if 92 % of base attack occurs at the pro-R
group then 92 % of the R product will be produced. In the reaction mixture
there will hence be 8 % of the S enantiomer.The amount of racemate, formed
from the latter with the same quantity of the R enantiomer, will therefore be
16 % and the enantiomeric excess of the R product over the racemate will
be 84 %. The reaction, as described here using base A, has been reported in
the literature [9].
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162
In the determination of the most favourable chair conformation of (S)-
2-methoxytetrahydropyran the anomeric effect must be considered. This
means that a substituent with an unshared electron pair (e.g. a chlorine
atom or a methoxy group) in position 2 of a pyran ring prefers to occupy an
axial position rather than an equatorial one. The effect can be explained by
the repulsion resulting from the dipole-dipole interaction of the unshared
electron pairs of the ring oxygen atom with the lone pair electrons of the
oxygen atom in the substituent at the anomeric centre. This commonly used
simple explanation neglects,however, a vital observation, i.e. that the energy
difference between the conformers with substituents in axial and equatorial
positions is essentially greater than that which might be expected due to
the dipole-dipole repulsion. In actual fact the anomeric effect also causes a
shortening of the carbon-oxygen bond. It can be concluded that this bond
has partial double bond character which may be explained by hyperconju-
gation. An unshared electron pair on the ring oxygen atom overlaps with
the antibonding orbital of the exocyclic carbon-oxygen bond which is only
possible if these two are antiperiplanar to each other. The same effect also
operates along the exocyclic C-O bond and as a consequence the methyl
group is not antiperiplanar to the C-O bond in the ring.
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163
Non-selective reduction of the ketone groups with LiAlH4 gives rise to a
mixture of cis- and trans-diols. The simplest method to deduce whether
the hydrogen atoms in positions 1 and 3 are homotopic, enantiotopic or
diastereotopic is the substitution test in which first one, and then the other,
hydrogen atom is replaced by another group which is not present in the
molecule. An examination of the resulting products from this test leads
to the conclusion that the substances are enantiomers and therefore both
hydrogen atoms must also be enantiotopic. This result can be confirmed by
an inspection of the symmetry of the two diols. In compound A there is a
centre of symmetry (i = S2) which transforms the two hydrogen atoms into
one another. In compound B there is a plane of symmetry in which the two
hydrogen atoms are reflections of each other.
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164
With the aid of the flow chart in the appendix, the symmetry point group
can be determined by a series of questions. Does the compound possess an
infinite axis of symmetry? The answer is no. Does the compound possess a
finite axis of symmetry and if so, which is the n-fold axis of symmetry of
the highest order? The cobalt carbonyl compound has a three-fold axis of
symmetry that passes through the apex of the trigonal pyramidal structure.
There are no further three-fold axes of symmetry because of the bridging
ligands.Are there any C2 axes perpendicular to the C3 axis? Again the answer
is no. There is no horizontal plane of symmetry but there are three vertical
planes of symmetry which each pass through two cobalt atoms and the �-
carbonyl ligands bridging the opposite edge. There is no S6 axis running
parallel to the C3 axis. Therefore the symmetry point group of [Co4(CO)12]
is C3v and the symmetry elements are C3 and 3 �v.

165
The Diels-Alder reaction between (2E,4Z)-hexa-2,4-diene with the dieno-
phile 2-methoxycyclohexa-2,5-diene-1,4-dione yields four stereoisomers.
The Diels-Alder reaction is a stereospecific reaction, therefore the configu-
ration of both the starting materials is relocated in the product. Since the
reaction is a concerted [4 + 2] cycloaddition, all the products here have
always cis-fused rings and because the configuration of (2E,4Z)-hexa-2,4-
diene remains unaltered, both methyl groups in the product will be trans
to each other. The various stereoisomers result because the diene and the
dienophile may approach each other from both sides and in two distinct
orientations. Note that the reaction occurs almost exclusively at the electron
poor double bond of the dienophile. In order to deduce the relationships the
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products have with one another, the configuration of the chirality centres
should be determined. Thus B and C are enantiomers as are A and D; A and
D are diastereomers of both B and C since the configuration differs at two
chirality centres.

166
Including the stereoisomer shown, the number of possible stereoisomers is
x = 27 = 128 since there are six chirality centres and one double bond which
can be either E- or Z-configured. The absolute configuration of the carbon
atom at position 4 cannot be determined until the third sphere. In the first
sphere there are three carbon atoms, in the second all carbon atoms are
attached to two carbon atoms and one hydrogen atom. In the third sphere
the priority order is O,C,C > C,C,(C) > C,C,H and therefore this chirality
centre is S-configured.
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167
From the formula it is obvious that all the six-membered rings are trans-
fused. This compels them to adopt a chair conformation and hence all the
substituents at the ring fusion sites to occupy axial positions.Thus by know-
ing that the methyl group at position 19 is trans to the methoxy group it
follows that the methoxy group must occupy an equatorial position.

168
By application of Cram’s rule, attack of the Grignard reagent should take
place preferentially from the Si side since there is less steric hindrance at this
side. In order to predict the major product by this rule, the starting material
is drawn in the conformation with the carbonyl group antiperiplanar to the
largest group on the neighbouringchirality centre, in this case the tert-butyl
group. After the addition of the propyl group to the structure, the major
product is predicted to be (3S,4S)-2,2,3-trimethylheptan-4-ol.
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169
Calcipotriol contains seven chirality centres and three double bonds where
isomerism is possible. Since there are two possibilities for the configuration
at each of the stereogenic units, there are in theory 27 · 23 = 210 = 1024
possible isomers. In addition, the C6-C7 bond has partial double bond char-
acter, thus for every isomer there will be an s-cis and an s-trans conformer.
The configuration of the double bonds, determined from the priority order
of the substituents, is indicated in the formula shown below. The absolute
configuration at C13 is R; the priority order of the attached groups can be
determined only in the third sphere. For C14 the digraph for determining
the priority order is shown below. Again the priority order can only be de-
termined in the third sphere, in particular in the branch of lowest priority.
Here the hydrogen atom of the methyl group has priority over the phantom
atom (indicator for non-existent groups) at the duplicate representation of
the carbon atom. It is possible to deduce the priority order for C17 in the
second sphere, i.e. C(C,C,C) > C(C,C,H) > C(C,H,H) > H. The configuration
according to the CIP rules of the chirality centres in the side chains attached
to C8 and C17 is given in the formula shown below.
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170
Fromthe reaction conditionsgiven onecan easily deduce that hydroboration
of the double bond takes place by the addition of the B2H6 produced in
situ. The reaction is a stereospecific cis addition reaction in which the
hydride ion adds to the more substituted end of the double bond and the
boron atom to the other end (anti-Markovnikov addition). Since attack
can take place from either side of the double bond, the product (trans-2-
methylcyclopentyl)borane is a racemate. In the determination of the abso-
lute configuration it should be remembered that a boron atom has a lower
priority than a carbon atom when these are attached to the same chirality
centre. As the reaction proceeds further addition of the alkene to the re-
maining B-H bonds occurs to afford a trialkylborane. On adding alkaline
hydrogen peroxide to the trialkylborane addition of hydroperoxide anion
to the boron atom occurs which is then followed by migration of the alkyl
substituent from boron to oxygen with concomitant splitting of a hydroxide
ion to afford a trialkyl borate. It is important to note here that the oxida-
tive migration process occurs with retention of configuration. Hydrolysisof
the boric ester leads to the racemate of the two possible trans-configured
alcohols, i.e., (R,R)- and (S,S)-2-methylcyclopentanol.
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171
The stereogenic centres are defined using the CIP rules by R and S as well
as by r and s depending on whether they are chirality or pseudochirality
centres, respectively.
a) The compound has in addition to two chirality centres an s-configured
pseudochirality centre. The compound is however, achiral.

b) The compound contains five chirality centres. In order to determine
the configuration at the methyl-substituted ring atom it is important to
remember a CIP sub-rule that of two constitutionally similar groups the one
with an l configuration (i.e. with R,R or S,S configuration) has priority over
the group with a u configuration.

c) In addition to the two chirality centres in the side chains, this achiral
compound contains a pseudochirality centre in the ring.
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d) At position 4 the compound contains a prochirality centre because the
absolute configuration of both chirality centres is identical.

e) As a result of the priorityorder of the four groups attached to the quater-
nary carbon atom the absolute configuration of the molecule shown is S. In
this example it is important to note that the carbon atom of the chirality cen-
tre is considered as a duplicate representation (i.e. without attached actual
substituents) when during the process of determining the priority order the
chirality centre itself is encountered as a substituent. Thus the ring segment
has preference over the ethoxymethyl side chain – C((C),H,H > C(H,H,H) –
whilst the ethoxyethyl side chain has priority over the analogous ring seg-
ment since C(H,H,H) > (C). For clarity the digraph required to arrive at
the correct stereodescriptor is best considered as two separate digraphs as
shown below, i.e. one for the two highest ranking substituents and another
for the two substituents of lowest priority.

f) The absolute configuration of this coordinationcompound is denoted by
the descriptor A. In order to arrive at this result it is necessary to first of all
establish the configuration index.The highest ranking ligand is bromine and
this occupies two different sites in the molecule. One of these two atoms lies
directly opposite an ammine ligand whilst the other is located trans to one
of the amino groups of the ethylenediamine ligand. The priority number of
the lowest ranking one of these is taken as the first digit of the configuration
index. This ligand and the bromine atom thus form the reference axis of the
octahedron. If the four ligands in the plane perpendicular to the reference
axis are viewed from the direction of the higher ranking atom in the refer-
ence axis (the bromine atom) these are clearly seen to be – in the order of
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decreasing priority – arranged in a counter-clockwise sense. Therefore the
descriptor is A.

172
Since the phosphate anion is resonance stabilised, nucleophilic substitution
of the bromine atom of the coumarin derivative can occur by either of the
two free oxygen atoms. Thus two diastereomers will be produced, which
may be distinguished between merely by considering the configuration at
thephosphorus atom.In a publication it was shown that using the tetrabutyl-
ammonium salt of cyclic AMP (cAMP) in acetonitrile the diastereoisomeric
ratio was85 : 15 in favour of the compoundwithan S-configuredphosphorus
atom [10].
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173
In order to ascertain which symmetry elements are present in meso-tartaric
acid, it is necessary to look at the various conformations of the molecule.
The symmetrical highest energy conformer, i.e. the synperiplanar conformer
(sp), has a plane of symmetry in which both enantiomorphic halves of the
molecule are reflections of each other. No other symmetry elements are
present in this conformation (point group Cs). In the ap conformation of
meso-tartaric acid the only symmetry element present is a centre of sym-
metry (disregarding the fact that the centre of symmetry is equivalent to
any of the infinite number of S2 axes). The symmetry point group is there-
fore Ci . All other conformations, e.g. the +synclinal conformation (+sc) of
meso-tartaric acid shown below,are chiral and do not possess any symmetry
elements and therefore belong to the point group C1.

174
Memantine is achiral. The molecule has a plane of symmetry in which the
enantiomorphic halves of the molecule are reflections of each other. Both
the carbon atom attached to the amino group and the tertiary carbon atom
are pseudochirality centres and both are r-configured. Note that the con-
figuration of the pseudochirality centres remains unaltered on mirror re-
flection. Although there are four stereogenic centres in the molecule, it is
unnecessary to use any stereodescriptor to describe the configuration of the
molecule since there are no stereoisomers.
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175
The compound with the ratio of signal intensities 1:1:1 in its 1H NMR spec-
trum is in accord with structure A (point group C3v). The compound with
the ratio of signal intensities 2:2:2:1:1:1 in its 1H NMR spectrum is in ac-
cord with structure B (point group Cs). The chemically equivalent protons
are those with the same numbers in the formulae given below. These are
homotopic in A and enantiotopic in B.

176
Tropatepine exhibits a very interesting structural feature. Normally, com-
pounds with differently configured double bonds are diastereomers of each
other. However, in this instance, since two enantiomorphic groups are at-
tached to one end of the double bond, they are in fact enantiomers. It is
quite easy to see that both formulae can be transformed into one another by
mirror reflection. Tropatepine is therefore chiral. It is used clinically as the
racemate.
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177
a) B5H9 has a square pyramidal structure. The compound belongs to the
symmetry point group C4v. It has one C4 axis and four planes of symmetry
�v two of which pass through opposite corners and two of which bisect
opposite edges of the square plane.

b) B4H10 belongs to the symmetry point group C2v. It has one C2 axis and
two planes of symmetry �v.

c) B6H10 has a pentagonal pyramidal structure. The compound belongs to
the symmetry point group C5v. It has one C5 axis of symmetry and five
vertical planes of symmetry �v whose line of intersection is the C5 axis.
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d) B5H11 possesses only a plane of symmetry � and therefore belongs to
the symmetry point group Cs.

178
From the priority order of the groups attached to the sulfur atom (F > N
> chlorophenyl > phenyl) the starting material is S-configured. On the as-
sumption that an SN2 reaction at the sulfur atom also proceeds with Walden
inversion, the reaction intermediate will have a trigonal bipyramidal struc-
ture with the fluorine atom and hydroxy group occupying apical positions.
After tautomerisation of the initially formed product, the resulting sulfox-
imine will have an R configuration. Such a mechanism is inferred from the
results of a detailed kinetic investigation reported in reference [11].
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179
By means of the flow chart given in the appendix the symmetry point group
can be easily established. As the molecule is not linear, the first question
to be answered is what is the order of the axis of symmetry of the highest
order? This is a four-fold axis. Next we must determine whether this is the
only C4 axis or if other C4 axes are present. In this case there are two other C4

axes which each pass through two oppositely positioned palladium atoms.
Since there is no C5 axis, the structure must be inspected to see whether
there are any C3 axes. It is now meaningful to look at the chlorine atoms in
the molecule. A total of four three-fold axes of symmetry pass through the
middle of triangles formed from three chlorine atoms or three palladium
atoms, respectively. Since the question of four-fold axes has already been
answered, it only remains to see whether a centre of symmetry is present.
This is the case and therefore [(PdCl2)6] has the symmetry point group Oh.
There are, in addition to the symmetry elements already established above,
six C2 axes passing through opposite pairs of chlorine atoms. There are also
three planes of symmetry each containing four palladium atoms and six
planes of symmetry diagonal to these planes each containing two palladium
atoms and two chlorine atoms. There are also three S4 axes coinciding with
the C4 axes and four S6 axes coinciding with the C3 axes. Note that the
palladium atoms are located at the corners of an octahedron the edges of
which have a bridging chlorine atom.
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180
Doxycycline contains six chirality centres whose configuration is indicated
in the structural formula shown below. The chirality centre at position 12a
requires careful consideration since the priority order of the groups at-
tached to this atom may be dependent upon which tautomer is present. As
an illustration, if one of the possible tautomers is considered (right hand for-
mula) then the priority order can only be established in the fourth sphere
as indicated in the digraph depicted below.
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181
�-l-Idopyranose is the enantiomer of �-d-idopyranose. Similarly, �-l-ido-
pyranose is the enantiomer of �-d-idopyranose. �-d-Idopyranose is an
epimer of �-d-idopyranose since they are distinguishable solely in the abso-
lute configuration at C1.�-l-Idopyranose and �-l-idopyranose are similarly
epimers. �-d-Idopyranose and �-l-idopyranose are diastereomers of each
other since they have different absolute configuration at C2, C3, C4 and C5.
Likewise �-d-idopyranose and �-l-idopyranose are diastereomers.

182
The complex can exist with both a cis and a trans configuration. Since the
compoundhas two bidentate ethylenediamine ligands,the isomerswithboth
chlorine atoms in the cis configuration will exist as a pair of enantiomers.
These will have the descriptors OC-6-2’2-� and OC-6-2’2- , respectively,
and belong to the symmetry point group C2. The trans isomer has a plane of
symmetry and three mutually perpendicular C2 axes and therefore belongs
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to the point group D2h and has the descriptor OC-6-12’.

183
Osazones are bis-phenylhydrazones of carbohydrates formed when aldoses
are treated with an excess of phenylhydrazine. During the course of the re-
action the hydroxy group at position 2 is oxidised to an oxo group (with
simultaneous release of aniline and ammonia). Subsequent reaction of the
intermediate ketone with phenylhydrazine yields the osazone. Therefore
sugars which are epimers at position 2 form the same osazone. Similarly,
2-ketoses can produce this osazone. In this case oxidation of the primary
hydroxy group (adjacent to the original keto group) occurs during the re-
action. The osazone shown can be obtained from d-galactose, d-talose and
d-tagatose irrespective of whether these are the � or � anomers since the
reaction proceeds via the open chain tautomer of the sugar.
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184
Because the double bond has an E configuration, the total number of con-
figurational isomers which are theoretically possible is 24 = 16 (four chiral-
ity centres). However, as a result of constitutional symmetry twelve of the
theoretically possible isomers are in fact six pairs of identical compounds.
Therefore only ten stereoisomers are possible:
1R,1‘R,2R,2‘R;
1R,1‘R,2S,2‘S;
1R,1‘R,2R,2‘S ≡ 1R,1‘R,2S,2‘R;
1S,1‘S,2R,2‘R;
1S,1‘S,2S,2‘S;
1R,1‘S,2R,2‘R ≡ 1S,1‘R,2R,2‘R;
1R,1‘S,2S,2‘S ≡ 1S,1‘R,2S,2‘S;
1R,1‘S,2R,2‘S ≡ 1S,1‘R,2S,2‘R;
1R,1‘S,2S,2‘R ≡ 1S,1‘R,2R,2‘S;
1S,1‘S,2R,2‘S ≡ 1S,1‘S,2S,2‘R.
According to the pharmaceutical literature however, both positions 1 and 1‘
have an R configuration in the finished drug and hence only the first three of
the isomers listed above are components. The formula of the second isomer
in the list is shown below.

185
On the basis of the idealised structure depicted, copper(I) benzoate belongs
to the symmetry point group D2d. The symmetry elements present are three
C2 axes, an S4 axis and two dihedral planes of symmetry �d (these are
referred to as dihedral because they are vertical planes of symmetry which
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each bisect the angle between two of the horizontal C2 axes). The result can
be checked by referring to the flow chart given in the appendix. In reality
the copper atoms in this compound are not arranged in a square but in the
form of a parallelogram. Moreover, the benzoate groups are not actually
perpendicular to the plane containing the four copper atoms [12].

186
The compound has two chirality centres and three pseudochirality centres.
There is however,only one (achiral) diastereomer of the compound shown in
the question. The two isomers can be distinguished from one another solely
on the relative position of the chlorine or bromine atoms which lie in a plane
which also happens to be the plane of symmetry of the molecule (this is the
only symmetry element present, therefore the symmetry point group is Cs).
It is possible in this instance to specify the configuration unequivocally using
the descriptors E and Z. However, in systematic nomenclature the complete
configuration of all the stereogenic centres is specified. Thus the (so-called)
“Z”isomer is (1s,3r,5R,6r,7S)-1,6-dibromo-3,6-dichloroadamantaneand the
“E” isomer is (1s,3r,5R,6s,7S)-1,6-dibromo-3,6-dichloroadamantane, i.e. the
two isomers can be distinguished simply by the descriptor used for posi-
tion 6.
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187
Vancomycin contains eighteen chirality centres: nine in the carbohydrate
side chain and nine in the aglycone moiety. The configuration of all these
chirality centres is shown in the structural formula given below. In addition
the biphenyl group in the aglycone also contains an Sa-configured chirality
axis and there are two chirality planes. Determination of the configuration
is possible since rotation of the chlorine substituted benzene rings at room
temperature is highly hindered. The pilot atoms required for the determina-
tion of the configuration of the chirality planes are marked in the formula
with stars. The sugar carbohydrate side chain is an �-l-vancosamine substi-
tuted �-d-glucopyranosyl unit. Details regarding the structural properties,
strategies for the total synthesis [13] and biosynthesis [14] of vancomycin
and analogous glycopeptide antibiotics can be found in the latest reviews.
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188
In order to be able to decide which transformations must be carried out
at which groups in the starting molecule it is first of all best to convert
the Fischer projection formula of the target molecule to a zigzag projection
which corresponds to the orientation of the substituents in the starting
material. Once this has been accomplished it is a relatively simple task to
identify the necessary reaction steps.

Thus benzylation of the hydroxy group with retention of the configuration
and subsequent oxidative cleavage of the double bond, e.g., by ozonolysis
followed by a reductive work-up is the most obvious entry. (Dihydroxyla-
tion of the double bond followed by cleavage of the intermediate glycol is
also a valid alternative to the ozonolysis step. Subsequent reduction of the
product would be required in this case, too.) The integrity of all chirality
centres is unaffected by these steps. However, since both the newly formed
hydroxymethyl groups have higher priority in the CIP system than a nitro-
gen substituted carbon atom, the stereodescriptors at both outer chirality
centres will change. After removal of the tert-butyldimethylsilyl (TBDMS)
group with tetrabutylammonium fluoride (TBAF) – also with retention of
the configuration – the priority order of the groups at the central chiral-
ity centre is reversed. Conversion of the 1,2-diol moiety to its acetonide
proceeds with retention but leads to a further change in the priority order
at this chirality centre. Finally, Swern oxidation of the primary hydroxy
group to yield the desired aldehyde once more changes the priority order
of groups at the central chirality centre. (Details regarding the synthesis of B
outlined here can be found in the original literature [15].)
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189
There are two possible strategies for devising a synthesis of methyloxirane.
The first possibility is the disconnection approach, i.e., to analyse the target
molecule forwhat a potential precursor might look like.At first glance direct
epoxidation of propene in the presence of a chiral catalyst might appear at-
tractive. However, handling of gaseous propene is problematic and propene
does not contain any directing groups. Moreover, methyloxirane is reactive
and very volatile (b.p. 34 ◦C) and both these factors would make separation
of the enantiomers difficult. Taking into account the above noted problems
identified in the direct approach a reaction involving ring closure must now
be considered.The requirement here is to have an intermediate alcohol with
a leaving group on a vicinal carbon atom. If the alcohol is a primary alcohol
then a ring closure step involving displacement of the leaving group at posi-
tion 2 will proceed with inversion whilst if the alcohol is secondary a similar
reaction step will proceed with retention of the configuration.
The second approach is to look for a suitable naturally occurringcompound
with a three carbon chain and a chirality centre as the starting material.
The obvious candidates are lactic acid and alanine or one of their deriva-
tives. The scheme shown on the right outlines two of the possible synthetic
routes starting from (S)-lactic acid ethyl ester, which is both cheap and
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commercially available, as the precursor to both the desired enantiomers
based on the synthetic strategy discussed above. Mesylation of the hydroxy
group followed by reduction of the ester function affords the primary al-
cohol. Treatment of this alcohol with base proceeds with inversion to yield
(R)-methyloxirane. Protection of the hydroxy group in the original ester as
its tetrahydropyran-2-yl (THP) ether using 3,4-dihydro-2H-pyran (DHP),
followed by reduction of the ester yields the primary alcohol which can then
be transformed into a leaving group by tosylation.Removal of the THP ether
by treatment with acid furnishes a secondary alcohol which cyclises in the
presence of base with retention of configuration to give (S)-methyloxirane.
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190
Tranylcypromine contains a cyclopropane ring and constructionof this unit
must be the overriding consideration in planning a synthesis for the com-
pound. On the basis of the constitution given for the compound a ring
closure reaction appears to be rather impracticable. Consequently, cyclo-
addition reactions must be considered for which three possibilities exist as
shown by the disconnections a, b, or c in the formula below.

The relative configuration of both substituents (the amino group and the
phenyl ring) appears at first sight to indicate that a is the most attractive
option. This approach corresponds to the addition of carbene generated
from diiodomethane and zinc to a carbon-carbon double bond (Simmons-
Smith reaction). The enamine required in this approach is not readily ac-
cessible and therefore (E)-1-nitro-2-phenylethene, which is easily prepared
by an aldol condensation reaction, would have to be used. Unfortunately,
the Simmons-Smith reaction does not work with electron deficient double
bonds. For broadly similar reasons approach b can be discounted. The re-
maining possibility c raises the question whether a compound containing
a suitable substituent which can be transformed subsequently to an amino
group can be added to styrene (B). The most appropriate compound for
this purpose is ethyl diazoacetate (G). On heating this ester nitrogen is lost
with the formation of a carbene which adds to styrene to yield a mixture of
trans- and cis-2-phenylcyclopropanecarboxylic acid ethyl ester (rac-C and
rac-D) in a 65 : 35 ratio. The amount of the thermodynamically more stable
rac-C in the mixture can be increased to 95 % by epimerisation with sodium
ethanolate. The remaining cis isomer can be removed after hydrolysis of
the ester group by recrystallisation. The carboxylic acid (rac-E) can then
be converted into its amide or its acyl azide and converted to the amine
by a degradation reaction (the Hofmann degradation or the Curtius degra-
dation, respectively). Both these reactions involve a rearrangement to yield
an intermediate isocyanate and during this process the configuration of the
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migrating group (the cyclopropyl ring in this example) is unaltered, i.e., the
trans-acid derivative yields the trans-amine (rac-A).

191
Propranolol contains a 1,2,3-trisubstituted propane unit which can easily
be obtained by the ring opening of an epoxide by a nucleophile, isopropyl-
amine in this instance. The S-configured epoxide C is an essential inter-
mediate in the synthesis and this compound can be envisaged as being
derived from allyl alcohol. This alcohol can be converted by Sharpless epox-
idation depending upon the choice of the chiral reagent employed, (+)- or
(−)-diisopropyl tartrate (DIPT), to either (R)-oxiranylmethanol (A) or its
enantiomer, ent-A. All synthetic steps proceeding from A must be chosen
carefully to avoid changing the configuration of the chirality centre. This
can be achieved by tosylation of the hydroxy group followed by substitution
of the tosylate by 1-naphthol to yield the desired epoxide C. It is also possible
to prepare the S enantiomer of propranolol from ent-A if the naphthyloxy
group is introduced at the other end of the three carbon chain or if the
synthetic sequence contains a step which involves inversion at the chirality
centre. One such possibility is outlined in the scheme shown overleaf where
the epoxide is first reacted with sodium 1-naphtholate. Treatment of the
resulting diol with HBr in glacial acetic acid proceeds with concomitant se-
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lective esterification of the secondary hydroxy group and substitutionof the
primary hydroxy group. Subsequent alkaline hydrolysis of the latter affords
an alkoxide which undergoes direct ring closure to give epoxide C.
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Selected substituent groups listed in the order of
increasing priority according to the CIP system

dimethoxyboryl
methyl
ethyl
propyl
butyl
pentyl
hexyl
isopentyl
isobutyl
allyl (prop-2-enyl)
neopentyl
prop-2-ynyl
benzyl
4-chlorobenzyl
isopropyl
vinyl (ethenyl)
sec-butyl
cyclopropyl
cyclobutyl
cyclopentyl
cyclohexyl
prop-1-enyl
tert-butyl
isopropenyl
ethynyl
phenyl
4-(dihydroxyboryl)phenyl
p-tolyl
4-nitrophenyl
4-methoxyphenyl
m-tolyl
3,5-dimethylphenyl
3-nitrophenyl
3,5-dinitrophenyl
prop-1-ynyl
o-tolyl
2,6-dimethylphenyl
mesityl (2,4,6-trimethylphenyl)
trityl (triphenylmethyl)
2-nitrophenyl
2,4-dinitrophenyl
aminomethyl
hydroxymethyl
formyl
acetyl

propanoyl
benzoyl
carboxy
methoxycarbonyl
ethoxycarbonyl
benzyloxycarbonyl
tert-butoxycarbonyl
amino
methylamino
ethylamino
benzylamino
isopropylamino
tert-butylamino
phenylamino
acetylamino
benzoylamino
(benzyloxycarbonyl)amino
(tert-butoxycarbonyl)amino
dimethylamino
diethylamino
dipropylamino
piperidino
morpholino
phenyldiazenyl
nitroso
nitro
hydroxy
methoxy
ethoxy
benzyloxy
phenoxy
acetoxy
benzoyloxy
mesyloxy (methylsulfonyloxy)
tosyloxy [(4-methylphenyl)sulfonyloxy]
fluoro
dimethyl(phenyl)silyl
diphenylphosphanyl
sulfanyl
methylsulfanyl
methylsulfinyl
mesyl (methylsulfonyl)
chloro
bromo
iodo
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FritzVögtle,Joachim Franke,ArnoAigner,DetlevWorsch:Die Cramsche Regel,Chem.
unserer Zeit 18(6), 203–210 (1984)



Index

The references given in this index are the numbers of the questions and answers, not
page numbers.

The International Nonproprietary Names (INN) or proposed INNs (pINN) of
those drugs discussed in this book are indicated accordingly in the index.

+ 5, 29
− 5, 29
∗ 17
� 3, 12, 32, 38, 181, 183
� 3, 12, 32, 38, 181, 183
� 3, 182
  3, 182
� see plane of symmetry

A
� (alpha) 3, 12, 32, 38, 181, 183
A 3, 53, 68, 115, 138, 171
absolute configuration 3, 5, 7, 12, 14,

17, 25, 35, 36, 37, 44, 52, 53, 56, 70,
74, 75, 81, 84, 111, 115, 123, 138,
153, 157, 171, 187
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aldehyde, addition reaction 94, 159
aldol reaction 94, 122
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C 3, 53, 68, 138
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1C4 53
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131, 136, 137, 162, 167
Chemical Abstracts 96
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173, 176
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70, 74, 93, 116, 123, 132, 187
chirality centre 3, 4, 10, 12, 33, 71
–, inversion 15, 62, 82, 97, 100, 134,

189, 191
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155, 172
–, sulfur atom 21, 60, 88, 103, 115,

145, 178
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60, 81, 88, 103, 105, 115, 127, 145
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187
chirality symbol 138
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cinchonine 127
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71, 96, 102, 109, 111, 115, 142, 143,
171, 188

circular dichroism 6
cis 17, 24, 34, 49, 57, 64, 76, 85, 96,
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citric acid cycle 4
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36, 37, 44, 52, 53, 56, 70, 74, 75, 81,
84, 111, 115, 123, 138, 153, 157, 171,
187

–, inversion 15, 62, 82, 97, 100, 134,
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–, relative 17, 72, 87, 96, 106, 108,
118, 131, 146, 149, 190

–, stability 104, 153
configuration index 49, 53, 57, 79,

142, 171
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conformation 1, 18, 53, 66, 69, 70, 77,
86, 89, 107, 116, 126, 159, 162, 167,
168, 173

–, nomenclature 18, 69
conformer 1, 12, 18, 44, 77, 107, 162
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constitutional isomer 2
coordination compounds 3, 5, 33, 49,

53, 57, 68, 76, 79, 115, 124, 133, 138,
142, 164, 171, 182

coordination number 49, 57, 142
Cram’s rule 159, 168
cromakalim (INN) 52
cumulenes 28, 31, 53, 56
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cyanohydrin 159
cyclic compounds
–, configuration 17, 55, 64, 71, 72,

96, 106, 108, 137, 141, 165, 167
–, conformation 15, 136, 137, 141,

162, 167
cycloaddition 106, 129, 165, 190
cyclooctene 78
cyclopentadiene 106
cyclophanes 111, 143, 157
cyclothiazide (INN) 58
cysteine 14, 27

D
� (delta) 3, 182
d 3, 45
d orbitals 115, 145, 153
darodipine (INN) 99
debropol (pINN) 5, 25
decahydronaphthalene 137
descriptor see stereodescriptor
deuterium atom 99, 125
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diastereoisomer see diastereomer
diastereomer 1, 2, 5, 8, 12, 29, 31, 33,

37, 38, 49, 50, 91, 129, 131, 155, 186
diastereomeric 24, 37
diastereomers, mixtures of 5
diastereotopic 15, 61, 91, 104, 158,

163
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1,3-dichloroallene 43, 59
1,2-dichloroethene 38
Diels-Alder reaction 106, 129, 165
diene 129, 165
dienophil 129, 165
digraph 71, 87, 110, 169, 171, 180
dihedral 185
dihedral angle 40
diisopropyl tartrate 191
diols 85, 106
dizocilpine (INN) 101
DNA 144
double bonds 61, 104
–, configuration 26, 30, 54, 176
–, conjugated 89, 114
–, cumulated 28, 31, 43, 53, 56, 59
–, with d orbitals 115, 144, 145, 153
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115, 144, 169, 171

E
E 28, 83, 151, 186
eclipsed 18, 69, 135
EDTA 138
ee see enantiomer(ic) excess
electron pair, unshared 21, 60, 81,

103, 105, 115, 127, 145, 162
elimination 113, 125
enantiomer (11), 37
enantiomer excess 22, 39, 82, 161
enantiomeric 34
enantiomerically pure 22, 47, 88, 157
enantiomeric excess 22, 39, 82, 161
enantiomeric purity 22, 48
enantiomerism 4, 155, 182
enantiomers 1, 2, 5, 22, 29, 31, 33, 37,

38, 47, 50, 52, 72, 129, 130, 155, 176
–, separation of 47, 140, 189
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109, 155, 173, 174, 176

enantiopure see enantiomerically
pure

enantioselective 10, 112, 161
enantiotopic 15, 61, 99, 104, 148, 158,

161, 163, 175
endo 17, 48, 106, 108, 129, 146
energy barrier 107
energy content 77, 78, 162
energy minimum 1
enniatin B 147
enolate 94, 122
ent- 50, 148
epimer 5, 12, 35, 37, 38, 50, 64, 117,

137, 144, 181, 183
eplivanserin (INN) 114
epoxide 85, 191
equatorial 44, 77, 131, 162, 167
equivalence
–, magnetic 128
–, chemical 121, 128, 148, 154, 175
erythro 17, 118, 135, 149
ester 39
esterification 39
ethylene glycol 18
ethyl lactate 22, 189
exo 17, 48, 106, 108, 129, 130
E/Z isomerism 28, 155
E/Z isomers 29, 30, 31

F
fac 53
ferrocene 40
Fischer projection formula 17, 32, 37,

45, 66, 69, 92, 97, 109, 112, 118, 125,
135, 139, 149, 188

formula
–, Fischer projection 17, 32, 37, 45,

66, 69, 92, 97, 109, 112, 118, 125,
135, 139, 149, 188

–, Haworth projection 44, 53, 100,
120

–, Newman projection 18, 40, 45, 56,
65, 116, 122, 135, 136, 141

–, sawhorse projection 45, 66, 125,
135

–, zigzag projection 37, 65, 92, 97,
118, 149, 188

fosinopril (INN) 153
fosinoprilat (INN) 153
fudosteine (INN) 27
fumarase 4
fumarate-hydratase 4
fumaric acid 4, 5, 62, 112

G
galactopyranose 32
galactose 32, 183
gauche 18
gauche interaction 77
geminal 154
glucopyranose 38, 187
glucose 5
glyceraldehyde 45
glycerol (also INN) 31, 139
glycine 133
Grignard reaction 168

H
Haworth projection 44, 53, 100, 120
helical chirality 3, 182
helicity 59
hemiacetal 12
heterotopic 15, 20
Hofmann degradation 190
homocysteine 140
homomorphic 15, 102
homotopic 15, 61, 91, 104, 148, 163,

175
hydrazones 183
hydroboration 170
hydrocyanic acid 159
hydrogenation 78
hydrogen cyanide 159
hydrogen peroxide 40
hydron 125
hyperconjugation 162
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I
i see centre of symmetry
idose 181
iloprost (INN) 5
inversion 15, 62, 82, 97, 100, 134, 189,

191
inversion centre see centre of sym-

metry
isobornyl acetate 130
isobutene 23
isomer 2
isomeric relationship 24, 29, 31, 37,

38, 44, 52, 53, 97, 99, 106, 165, 172,
181

L
  (lambda) 3, 182
l 3
l 17, 45, 51, 94, 112, 122, 159, 171
lactic acid 22, 29, 33, 189
lactic acid ethyl ester 22, 189
laevorotatory 6, (22)
latanoprost (INN) 117
levcromakalim (INN) 52
levofacetoperane (INN) (80), 149
linezolid (INN) 42
lithium aluminium hydride 90, 163
lone pair 21, 60, 81, 103, 105, 115,

127, 145, 162
loperamide oxide (INN) 96
lovastatin (INN) 9, 110
lumefantrine (INN) 63

M
M 3, 12, 59
maleic acid 5, 33, 62, 112
maleic anhydride 106, 129
malic acid 4
manganic acid ester 85
mannopyranose 38
mannose 5
maxacalcitol (INN) 89
memantine (INN) 174
Mentha spicata 6
meso 38, 62, 66, 173

meso compounds 8, 34, 85, 109, 154,
155

methyloxirane 2, 5, 189
methylphenidate (INN) 80
Michael addition 102
mirror image isomers see enan-

tiomers 5
mirror plane see plane of symmetry
mirror-rotation axis see axis of sym-

metry
Mitsunobu reaction 134
mivacurium chloride (INN) 184
Mosher’s acid 39
Mosher’s acid chloride 39
MTPA 39
mutarotation 10

N
nateglinide (INN) 46
nepaprazole (INN) 60
Newman projection 18, 40, 45, 56, 65,

116, 122, 135, 136, 141
nitrogen atom 81, 103, 105, 127
1H NMR spectrum 6, 128, 148, 151,

154, 175
N-oxide 96
nucleophile 62, 97, 112, 159, 172, 191
number of stereoisomers see

stereoisomers

O
OC 5, 53, 57, 68, 115, 138, 171, 182
octahedron 5, 33, 53, 57, 68, 115, 138,

171, 179, 182
–, reference axis 57, 171
omapatrilat (INN) 140
optical activity 6, 70 (see also optical

rotation)
optical rotation 10 (see also optical

activity)
osazone 183
N-oxide 96
oxidation 188
oxilofrine (INN) 118
oximes 31, 105, 114
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P
P 3, 12
pentagonal pyramidal 177
peracid 85
phantom atom 169
phenylalanine 46
phenylhydrazine 183
phosphane oxides 155
phosphanes 115
phosphinates 115, 144, 153
phosphorus 40
phosphorus atom 115, 144, 153, 172
picoplatin (INN) 79
pilot atom 111, 143, 157, 187
plane of symmetry 8, 84, 96, 106, 112,

174
–, dihedral 40, 185
–, horizontal 40, 124
–, vertical 40, 154, 177, 185
point group 8, 23, 34, 40, 49, 57, 73,

86, 124, 138, 147, 154, 156, 160, 164,
173, 175, 177, 179, 182, 185, 186

–, flow chart for determination
page 186

polarised light 10, 70
polyhedral symbol 49, 53, 57, 142
potassium permanganate 85
priming convention 138
priority number 49, 53, 57, 79, 138,

142, 171
priority order, of groups 4, 7, 14, 19,

21, 25, 27, 41, 51, 54, 71, 81, 83, 87,
93, 103, 105, 108, 110, 115, 119, 123,
144, 145, 155, 166, 169, 170, 171,
180, 188, page 185

prochiral 15, 99
prochirality 15
prochirality centre 10, 16, 20, 91, 95,

102, 158, 161, 171
pro-drug 153
pro-E 15, 128
propanal 2
propionaldehyde 2
propiophenone 94
propranolol (INN) 191

propseudochirality centre 95
pro-R 15, 91, 95, 161
pro-r 95
pro-S 15, 91, 95
pro-s 95
pro-Z 15, 128
prussic acid 159
pseudochirality 98
pseudochirality centre 10, 19, 84, 95,

98, 102, 104, 109, 155, 171, 174, 186
pyranoses 38, 181, 183

Q
quinuclidine ring 41, 127

R
R 3, 171
r 17, 19, 55, 72, 96, 102, 171, 186
R* 17
Ra 3, 12, 59, 70, 93, 107, 116
Rp 3, 157
rac- 5, 47, 159
racemate 5, 17, 22, 48, 60, 62, 63, 80,

94, 112, 130, 159, 161, 170, 176
racemic 63
racemic acid 5
racemisation 82
Re 15, 20, 61, 75, 90, 104, 122
re 20
reduction 85, 90, 106, 163, 188, 189
reference axis, of octahedron 57, 171
rel 17
relative configuration 17, 72, 87, 96,

106, 108, 118, 131, 146, 149, 190
renzapride (INN) 146
resolution see separation of enan-

tiomers 47
retention 10, 39, 144, 170, 188, 189
rifaximin (INN) 150
ring compounds see cyclic com-

pounds
ring inversion 15
ring strain 30, 78, 81
RNA 144
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rodorubicin (INN) 120
rotamer 93, 116
rotation about a single bond 1, 70,

91, 107, 187
rotation axis see axis of symmetry
rotation-reflection axis see axis of

symmetry
rotational barrier 107
Rp 3, 157
RS 5, 80, 130, 159

S
� (sigma) see plane of symmetry
S 3, 171
s 19, 102, 109, 171, 186
S* 17
Sa 3, 12, 74
Sn see axis of symmetry
Sp 3, 111, 143, 157
sawhorse projection 45, 66, 125, 135
sc 18, 126, 173
s-cis 89, 169
separation of enantiomers 47, 140,

189
sequence rule 19, 21 (see also CIP

system)
Sharpless epoxidation 191
Si 15, 20, 61, 75, 104, 122
si 20
silicon atom 155
Simmons-Smith reaction 190
skewed 18
small capital letters 3
smell 6
sn 139
Sn see axis of symmetry
SN reactions
–, SN1 82
–, SN2 (17), 62, 82, 85, 100, 134, 178
sodium borohydride 170
SP 49, 76, 79, 133
sp 18, 173
Sp 3, 111, 143, 157
spearmint 6
spiro atom 161

spiro compounds 74, 161
square planar 33, 49, 76, 79, 133
square pyramidal 37, 177
SR 80
staggered 18
stereodescriptor 3, 12, 15, 17, 19, 43,

48, 51, 53, 56, 60, 76, 94, 102, 118,
131, 135, 138, 139, 142, 149, 182,
186

stereogenic centre 84, 171, 174, 186
stereogenic unit 10, 30, 33, 54, 63, 83,

87, 89, 111, 114, 117, 169, 171
stereoisomers 1, 13
–, classification of 1, 5
–, number of 2, 24, 30, 31, 49, 50,

54, 58, 63, 64, 67, 68, 76, 84, 94, 102,
106, 121, 129, 154, 155, 165, 166,
169, 174, 184

stereoselective reactions 13, 112, 134,
170

stereoselective synthesis 134, (188),
189, 190, 191

stereoselectivity 13
stereospecific 13, 62, 97, 100, 106,

112, 113, 165, 170
stereospecific numbering 139
steroids 3, 167
s-trans 89, 114, 169
substitution reaction 15, 17, 172 (see

SN reactions)
sugars see carbohydrates
sulfinate 145
sulfinyl group 21, 103
sulfoxides 21, 103, 115
sulfoximine 178
sulfur atom 14, 21, 60, 88, 103, 115,

145, 178
sulopenem (INN) 103
symmetry axis see axis of symmetry
symmetry centre see centre of sym-

metry
symmetry elements 8, 173, 177
–, of the first kind (8)
–, of the second kind 8, 11
symmetry group see point group 8
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symmetry operation 8
symmetry plane see plane of sym-

metry
syn 17, 48
synclinal 18, 86, 126, 173
syncoplanar see synperiplanar
synperiplanar 18, 66, 69, 126, 173

T
t 17, 55, 72, 96
tagatose 183
talose 183
tartaric acid 5, 33, 38, 47, 86
meso-tartaric acid 38, 66, 173
tautomerism 2, 153, 178
tautomers 2, 180, 183
tazobactam (INN) 81
TBPY 142
tetracyclines 180
tetrahedral 3, 19
tetrahedron 40
threo 17, 92, 149
topicity 15, 91, (95), 99, 158
torsion angle 107, 116
tosylate 82, 125, 134
trans 17, 24, 46, 49, 52, 57, 64, 75, 76,

85, 96, 100, 148, 163, 170, 182
transition state 178

tranylcypromine (INN) 190
trigonal bipyramidal 142, 178
trigonal planar 20, 104
trigonal pyramidal 3, 15, 60, 81, 104,

115, 164
trimoprostil (INN) 83
tropatepine (INN) 176
tropisetron (INN) 98
trovafloxacin (INN) 84
twistane 40

U
u 17, 45, 60, 94, 112, 122, 159, 171

V
vancomycin (INN) 187
vedaclidine (INN) 41
vicinal 34, 154, 189
vitamin H 119

W
Walden inversion 112, 178

Z
Z 26, 28, 83, 151, 186
zigzag projection 37, 65, 92, 97, 118,

149, 188
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