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PREFACE

With the advent of modularisation and an ever-increasing number of
examinations, there is a growing need for concise revision notes that
encapsulate the key points of a subject in a meaningful fashion. This
keynote revision guide provides concise organic chemistry notes for
first year students studying chemistry and related courses (including
biochemistry) in the UK. The text will also be appropriate for students
on similar courses in other countries.

An emphasis is placed on presenting the material pictorially
(pictures speak louder than words), and hence, there are relatively few
paragraphs of text but many diagrams. These are annotated with key
phrases that summarise important concepts/key information, and bullet
points are included to concisely highlight key principles and definitions.

The material is organised to provide a structured programme of revi-
sion. Fundamental concepts, such as structure and bonding, functional
group identification and stereochemistry, are introduced in the first
three chapters. An important chapter on reactivity and mechanism is
included to provide a short overview of the basic principles of organic
reactions. The aim here is to provide the reader with a summary of the ‘key
tools” which are necessary for understanding the following chapters,
and an emphasis is placed on the organisation of material based on
reaction mechanism. Thus, an overview of general reaction pathways/
mechanisms (such as substitution and addition) is included, and these
mechanisms are revisited in more detail in the following chapters.
Chapters 5-10 are treated as essentially ‘case studies’, reviewing the
chemistry of the most important functional groups. Alkyl halides are
discussed first, and as these compounds undergo elimination reactions
this is followed by the (electrophilic addition) reactions of alkenes.
This leads on to the contrasting (electrophilic substitution) reactivity
of benzene and derivatives in Chapter 7, while the rich chemistry of
carbonyl compounds is divided into Chapters 8 and 9. This division is
made on the basis of the different reactivity (addition versus substitution)
of aldehydes/ketones and carboxylic acid derivatives to nucleophiles.
A chapter is included to revise the importance of spectroscopy in structure
elucidation, and finally, the structure and reactivity of a number of
important natural products and synthetic polymers is highlighted in
Chapter 11. Questions are included at the end of each chapter to test
the reader’s understanding, and outline answers are provided for all of
the questions. Tables of useful physical data are included in the appen-
dices at the back of the book.

There are numerous people whom I would like to thank for their
help with this project. They include many students and colleagues at
York, including Richard Taylor, Peter O’Brien, Bruce Gilbert, John
Holman and especially David Smith. Their constructive comments
were invaluable. I would also like to thank Sue and Thomas for their
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support and patience throughout this project. Finally, I would like to
thank Anne Stanford for getting the project started and Paul Sayer,
from Blackwell Publishing, for all his help in moving the project
forward.

Dr Andrew F. Parsons
2002
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1. STRUCTURE AND BONDING

Key point.  Organic chemistry is the study of carbon compounds. lonic
bonds involve elements gaining or losing electrons, but the carbon atom
1s able to form four covalent bonds by sharing the four electrons in its
outer shell. Single, double or triple bonds to carbon are possible. When
carbon is bonded to a different element, the electrons are not shared
equally as electronegative atoms (or groups) attract the electron density,
whereas electropositive atoms (or groups) repel the electron density.
An understanding of the electron-withdrawing or -donating ability of
atoms, or a group of atoms, can be used to predict if an organic com-
pound is a good acid or base. It is also helpful in understanding organic
reactivity (see Chapter 4).

1.1 Ionic, covalent, coordinate and hydrogen bonds

e Jonic bonds are formed between molecules or between atoms with
opposite charges. The negatively charged anion will electrostatically
attract the positively charged cation. This is present in salts.

Cation rsmnssn eAnion e.g. Na® eCl

e Covalent bonds are formed when a pair of electrons is shared
between two atoms. Each atom donates one electron, and a single
line represents the two-electron bond.

(e o) (e o)
o o
Atom Atom eg Cl=—Cl == 4, a 4, a g
(e o) (e o)

e Coordinate (or dative) bonds are formed when a pair of electrons
is shared between two atoms. One atom donates both electrons, and
a single line or an arrow represents the two-electron bond.

- electron acceptor
® ©
O~ BH, or O— BI;,

electron donor
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e Hydrogen bonds are formed when the partially positive (&+) hydrogen
of one molecule interacts with the partially negative (8—) heteroatom
(e.g. oxygen or nitrogen) of another molecule.

8+ 8- S+ S—
Molecule—H:+ Heteroatom—Molecule  €.8. HO-—H w»n OH,

1.2 The octet rule

To form organic compounds, the carbon atom shares electrons to give
a stable ‘full shell” electron configuration of eight valence electrons.

Methane (CHy)
H 8 valence electrons H
o X o ’
°oCe + 4 HX HyCyH == H—C—H
° xo |
H H
Lewis structure Kekulé structure

(a line = 2 electrons)
C is in group 14 and hence has 4 valence electrons

H is in group 1 and hence has 1 valence electron

A single bond contains two electrons, a double bond contains four
electrons and a triple bond contains six electrons. A lone (or non-bonding)
pair of electrons is represented by two dots.

Carbon dioxide (CO») Hydrogen cyanide (HCN)
<+ + . .
o%%cé’%oj = 0=C=0: HYCRIENE = H-C=N:
A * : :

1.3 Formal charge

Formal positive or negative charges are assigned to atoms, which have
an apparent ‘abnormal’ number of bonds.

Atom(s) C N,P 0.$ F, Cl, Br,

Group number 14 15 16 17
Normal number

of 2 electron bonds 4 3 2 !
group number number number of
Formal charge = in — ofbonds — unshared - 10

periodic table to atom electrons
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Example: nitric acid (HNO3)

@y Nitrogen with 4 covalent bonds has a formal charge of +1
No® Formal charge: 15 —4 -0 =10 = +1

The nitrogen atom donates a pair of electrons to make this bond

Carbon forms four covalent bonds. When only three covalent bonds
are present, the carbon atom can have either a formal negative charge or
a formal positive charge.

e Carbanions — three covalent bonds to carbon and a formal negative
charge.

R o R § outer electrons:
Formal charge on C: \'C'/ R 3 two-electron bonds
14-3-2-10=-1 | and 2 non-bonding
R electrons

The negative charge is used to show the 2 non-bonding electrons

e Carbocations — three covalent bonds to carbon and a formal positive
charge.

6 outer electrons:

c e 3 two-electron bonds
14-3-0-10=+1 I

Formal charge on C:

The positive charge is used to show the absence of 2 electrons

1.4 Sigma (c-) and pi (%n-) bonds

The electrons shared in a covalent bond result from an overlap of
atomic orbitals to give a new molecular orbital. Electrons in the 1s- and
2s-orbitals combine to give sigma (0-) bonds.

When two l1s-orbitals combine in-phase, this produces a bonding
molecular orbital.

o - 0 — <5

s-orbital s-orbital bonding molecular orbital
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When two 1s-orbitals combine out-of-phase, this produces an anti-
bonding molecular orbital.

© - @ — COCe
s-orbital s-orbital antibonding molecular orbital

Electrons in the p-orbitals can combine to give G- or m-bonds.

e Sigma (0-) bonds are strong bonds formed by head-on overlap of
two atomic orbitals.

(o o & o CEEBT

p-orbital p-orbital bonding p—p o-orbital
Ca - Ca® — O--@
p-orbital p-orbital antibonding p—p G*-orbital

e Pi (n-) bonds are weaker bonds formed by side-on overlap of two
p-orbitals.

+ — . .
p-orbital p-orbital bonding p—p 7-orbital
p-orbital p-orbital antibonding p—p 7#-orbital

Only o- or m-bonds are present in organic compounds. All single
bonds are 6-bonds, while all multiple (double or triple) bonds are com-
posed of one ¢-bond and one or two m-bonds.

1.5 Hpybridisation

The ground-state electronic configuration of carbon is 1s*2s*2p,'2p,".
The six electrons fill up lower energy orbitals before entering
higher energy orbitals (Aufbau principle).

e Each orbital is allowed a maximum of two electrons (Pauli exclusion
principle).

e The two 2p electrons occupy separate orbitals before pairing up
(Hund’s rule).
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-%-2m -%— 2py  ——— 2p;
T —ﬁ— 2s

Energy
Is
S

The carbon atom can mix the 2s and 2p atomic orbitals to form new
hybrid orbitals in a process known as hybridisation.

e sp’ Hybridisation. For four single o-bonds — carbon is sp® hybridised
(e.g. in methane, CH,). The orbitals move as far apart as possible,
and the lobes point to the corners of a tetrahedron (109.5° bond

angle).

H
109.59 oX
Hy C yH
oX
H
sp® hybridisation
methane: 4 x C-H ¢-bonds

e sp? Hybridisation. For three single 6-bonds and one m-bond — the
t-bond requires one p-orbital, and hence the carbon is sp> hybridised
(e.g. in ethene, H,C=CH,). The three sp*-orbitals point to the corners
of a triangle (120° bond angle), and the remaining p-orbital is
perpendicular to the sp” plane.

" p-orbital
H
120°{ Ho oo o
0, © XX G-
H H

sp? hybridisation C-C ¢-bond

ethene: 4 x C-H s-bonds, 1 x C-C ¢-bond, 1 x C-C w-bond

e sp Hybridisation. For two single 6-bonds and two m-bonds — the
two m-bonds require two p-orbitals, and hence the carbon is sp
hybridised (e.g. in ethyne, HC=CH). The two sp-orbitals point in
the opposite directions (180° bond angle), and the two p-orbitals
are perpendicular to the sp plane.
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180° s~ p orbitals
S, AP
Wé 2 NS
LA W i
sp hybridisation C-C ¢-bond

ethyne: 2 x C-H ¢-bonds, 1 x C-C ¢-bond, 2 x C—C %-bonds

e For a single C—C or C-O bond, the atoms are sp® hybridised and
the carbon atom(s) is tetrahedral.

e Foradouble C=C or C=0 bond, the atoms are sp® hybridised and the
carbon atom(s) is trigonal planar.

e For a triple C=C or C=N bond, the atoms are sp hybridised and

the carbon atom(s) is linear.

‘02 0 H .
(3 Pal 1,/11\1 10052 11 1205 1802 N
H 3 2y, 2, % wC. Cc_ (c*
~C” ¢ et H utvC 3
H™ ) iy | 109.5° IC 120° E 120° (131120"
H. C, .C_2C- SH LCeHC
0527C; "¢y 2 H o ¢ Q20°
i I i
H H H H H H
3=gp? 2=sp?> l=sp

The shape of organic molecules is therefore determined by the
hybridisation of the atoms.

Functional groups (see Section 2.1) which contain ©-bonds are gen-
erally more reactive as the m-bond is weaker than the ¢-bond. The ©-bond
in an alkene or alkyne is around 210-230kJ mol™', while the 6-bond is
around 350 kJ mol™".

Bond Bond strength (kJ mol’l) Bond length (nm)
C—C 350 0.15
C=C 560 0.13
C=cC 810 0.12

The shorter the bond length, the stronger the bond. For C—H bonds, the
greater the ‘s’ character of the carbon orbitals, the shorter the bond
length, because the electrons are held closer to the nucleus.

sp’ sp? p
HiC—CH7H > HC=CH—H > HCE=C-H

longest shortest
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A single C—C o-bond can undergo free rotation at room temperature,
but a w-bond prevents free rotation around a C=C bond. For the max-
imum orbital overlap in a -bond, the two p-orbitals need to be parallel to
one another. Any rotation around the C=C bond will break the m-bond.

1.6 Inductive effects, hyperconjugation and mesomeric effects
1.6.1 Inductive effects

In a covalent bond between two different atoms, the electrons in the
o-bond are not shared equally. The electrons are attracted towards the
most electronegative atom. An arrow drawn above the line representing
the covalent bond can show this. (Sometimes an arrow is drawn on the
line.) Electrons are pulled in the direction of the arrow.

When the atom (X) is more When the atom (Z) is less
electronegative than carbon electronegative than carbon
electrons attracted to X electrons attracted to C

\ 8+ - \ S— 8+
—C—X —C—2Z
/ 4 / 4
negative inductive positive inductive
effect. -1 effect. +1
—I groups +I groups
X =Br, Cl, NO,, OH, OR, SH, Z =R (alkyl or aryl),
SR, NH;, NHR, NR;, CN, CO,H, metals (e.g. Li or Mg)
CHO, C(O)R
The more electronegative the The more electropositive the
atom (X), the stronger the I effect atom (Z), the stronger the +1 effect
Pauling electronegativity scale The inductive effect of the atom rapidly
K=08 I=25 diminishes as the chain length increases
C=25 Br=28 885+ 88+ 6+ 5—
N=3.0 Cl=3.0 Hs?_CHz”CHz'CAHz‘“Cl
0=35 F=4.0 j i
The higher the value, the more experiences a experiences a
electronegative the atom negligible -I effect  strong —I effect

The overall polarity of a molecule is determined by the individual
bond polarities, formal charges and lone pair contributions, and this can
be measured by the dipole moment (|1). The higher the dipole moment
(measured in debyes (D)), the more polar the compound.

1.6.2 Hyperconjugation

A o-bond can stabilise a neighbouring carbocation (or positively charged
carbon) by donating electrons to the vacant p-orbital. The positive charge
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is delocalised or ‘spread out’, and this stabilising effect is known as
resonance.

C-H .
5-bond The electrons in the 5-bond
spend some of the time in

the vacant p-orbital

vacant p-orbital

1.6.3 Mesomeric effects

Whilst inductive effects pull electrons through the ¢-bond framework,
electrons can also move through the m-bond network. A 7-bond can
stabilise a negative charge, a positive charge, a lone pair of electrons or
an adjacent bond by resonance (i.e. delocalisation or ‘spreading out’ of
the electrons). Curly arrows (see Section 4.1) are used to represent
the movement of 7- or non-bonding electrons to give different resonance
forms. It is only the electrons, not the nuclei, that move in the resonance
forms, and a double-headed arrow is used to show their relationship.

Positive mesomeric effect

e When a m-system donates electrons, the m-system has a positive
mesomeric effect, +M.

&
\c LN \C:CH—(gHR

—= CH=== CHR

7 i 7

donates electrons:
+M group

e When a lone pair of electrons is donated, the group donating the
electrons has a positive mesomeric effect, +M.

\@ (o \ ®

C ———OR - C==== OR

e i e

donates electrons:
+M group

Negative mesomeric effect

e When a m-system accepts electrons, the m-system has a negative
mesomeric effect, —M.

\9\ I \ ©
C~— CH== CHR I —— Cz= CH~— CHR
7 [} ~

accepts electrons:
-M group
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The actual structures of the cations or anions lie somewhere between
the two resonance forms. All resonance forms must have the same
overall charge and obey the same rules of valency.

—M groups generally contain an electronegative atom(s) and/or a %-bond(s):

CHO, C(O)R, CO,H, CO,Me, NO,, CN, aromatics, alkenes

+M groups generally contain a lone pair of electrons or a n-bond(s):

61, iS;r, 6H, 6R, ‘S.H, gR, i\.IHz, NHR, NRZ, aromatics, alkenes

Aromatic {or aryl) groups and alkenes can be both +M and -M

In neutral compounds, there will always be a +M and —M group(s):
one group donates (+M) the electrons and the other group(s) accepts
the electrons (—M).

. D o
R‘O/l CH QCHR ROz== CH— CHR

] 4

+M group -M group

All resonance forms are not of the same energy. In phenol, for example,
the resonance form with the intact aromatic benzene ring (see Section 7.1)
is expected to predominate.

o ® ® @©
OH~- +Mgroup oy OH OH
SN
Sy S
— S e T —
=
oM group < VS
aromatic

ring is intact

As a rule of thumb, the more resonance structures an anion, cation or
neutral m-system can have, the more stable it is.

Inductive versus mesomeric effects

Mesomeric effects are generally stronger than inductive effects. A +M
group is likely to stabilise an anion more effectively than a +I group.

Mesomeric effects can be effective over much longer distances than
inductive effects, provided that conjugation is present (i.e. alternating
single and double bonds). Whereas inductive effects are determined by
distance, mesomeric effects are determined by the relative positions of
+M and —M groups in a molecule (see Section 1.7).
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1.7 Acidity and basicity
1.7.1 Acids

An acid is a substance that donates a proton (Brgnsted—Lowry). Acidic
compounds have low pK,-values and are good proton donors, as the anions
(or conjugate bases), formed on deprotonation, are relatively stable.

Inwater: acidity constant
/ A
e Ka @ &3
HA + H;0 H;0 + A
Acid Base conjugate conjugate

acid base

The more stable the conjugate base the stronger the acid

[H;0%[a%) K, = -log oK,
a = [HA] The higher the value of K,, the
lower the pK,-value and the
As HyO is in excess more acidic is HA

The pK,-value equals the pH of the acid when it is half dissociated.
At pHs above the pK, the acid exists predominantly as the conjugate
base in water. At pHs below the pK,, it exists predominantly as HA.

pH =0, strongly acidic
pH =7, neutral
pH = 14, strongly basic

The pK,-values are influenced by the solvent. Polar solvents will
stabilise cations and/or anions by solvation, in which the charge is
delocalised over the solvent (e.g. by hydrogen-bonding in water).

H

S+ o 3+ §— l@ S—
HO — H e A- v H— OH HZOHIIIH/O\IIIIIIIOHZ

H H

The more electronegative the atom bearing the negative charge, the
more stable the conjugate base (which is negatively charged).

pKa 3 16 33 48

most acidic HF > H,0 > NH; > CH,

increasing electronegativity

Therefore, F~ is more stable than H;C".
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The conjugate base can also be stabilised by —I and —M groups which
can delocalise the negative charge. (The more ‘spread out’ the negative
charge, the more stable it is.)

—I and -M groups therefore lower the pK,, while
+1 and +M groups raise the pK,

Inductive effects and carboxylic acids

The carboxylate anion is formed on deprotonation of carboxylic acids.
The anion is stabilised by resonance (i.e. the charge is spread over both
oxygen atoms) but can also be stabilised by the R group if this has a —I
effect.

0o Base gO 0

R C/ R C/
R— C\ e \,g% N

o4 (-BaseH)

The greater the —I effect, the more stable the carboxylate anion and
the more acidic the carboxylic acid.

F -~ CH, -~ COH Br — CH, ~ CO;H H;C— CO,H
pPK. 2.7 2.9 4.8
Most acidic as F is more Least acidic as the CHjy
electronegative than Br and group is a +I group

hence has a greater —I effect

Inductive and mesomeric effects and phenols

Mesomeric effects can also stabilise positive and negative charges.

The negative charge needs to be on an adjacent carbon atom
for a —-M group to stabilise it

The positive charge needs to be on an adjacent carbon atom
for a +M group to stabilise it

On deprotonation of phenol the phenoxide anion is formed. This is
stabilised by the delocalisation of the negative charge onto the 2-, 4- and
6-positions of the benzene ring.

OH Oi (0] (6] (0]
Base
6 2 =) (2]
—_— — @,} — g@ — @
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If -M groups are introduced at the 2-, 4- and/or 6-positions, the
anion can be further stabilised by delocalisation through the 7-system,
as the negative charge can be spread onto the —M group. We can use
double-headed curly arrows to show this process (see Section 4.3).
If —-M groups are introduced at the 3- and/or 5-positions, the anion
cannot be stabilised by delocalisation, as the negative charge cannot
be spread onto the —M group. There is no way of using curly arrows
to delocalise the charge onto the —M group.

If —I groups are introduced on the benzene ring, the effect will depend
on their distance from the negative charge. The closer the —I group is
to the negative charge, the greater the stabilising effect will be. The
order of —I stabilisation is therefore 2-position>>3-position > 4-position.
The —M effects are much stronger than —I effects (see Section 1.6.3).

Examples

The NO, group is strongly electron-withdrawing; —I and -M

OH
OH OH OH NO,
6 2 = NO;
=
¥ NO, NO,
pK, 99 8.4 72 4.0
Least acidicas no  The NOj can only  The NO, can stabilise ~ Most acidic as both
—Lor-M groups stabilise the anion  the anion inductively NO, groups can
on the ring inductively and by resonance stabilise the anion

inductively and by
resonance

& (<] (=] ]
o) o) o o)
o 9 o o 9 o 9
SIN? N7 N® No
(;O I i %EH I i 0 — Q/ (]
R e /
g
N N NO N
o o o To° YRENe 90" “oP

1.7.2 Bases

A base is a substance that accepts a proton (Brgnsted—Lowry). Basic
compounds have high pK,-values and are good proton acceptors, as the
cations (or conjugate acids), formed on protonation, are relatively stable.

In water basici
asicity constant
/
. Kb @ O
B + H,O0 - BH + HO
base acid conjugate conjugate

acid base
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The strength of bases is usually described by the K,- and pK,-values
of the conjugate acid.

@ Ka oo ®
BH + H,0 B + H;0
®.
X [B][H;07]
a = e
(©BH)
As H,O is in excess

e [IfB is a strong base, then BH" will be relatively stable and not easily
deprotonated. BH* will therefore have a high pK,-value.

e If B is a weak base, then BH' will be relatively unstable and easily
deprotonated. BH" will therefore have a low pK,-value.

The cation can be stabilised by +I and +M groups, which can delocal-
ise the positive charge. (The more ‘spread out’ the positive charge, the
more stable it is.)

Inductive effects and aliphatic (or alkyl) amines

On protonation of amines, ammonium salts are formed.

/‘\\ (‘« ® .

R—NH,  + H-—X g R—NH; X

The greater the + effect of the R group, the greater the electron density
at nitrogen and the more basic the amine. The greater the +I effect, the
more stable the ammonium cation and the more basic the amine.

q Bt % Et<\ Eté
H H H Et }1
pK, 93 10.7 10.9 10.9

The pK,-values should increase steadily as more +I alkyl groups are
introduced on nitrogen. However, the pK,-values are determined in water,
and the more hydrogen atoms on the positively charged nitrogen, the
greater the extent of hydrogen-bonding between water and the cation. This
solvation leads to the stabilisation of the cations containing N—H bonds.

In organic solvents (which cannot solvate the cation), the order of
pK.s is expected to be as follows.

R3N > R;NH > RNH, > NH;j (R = 41 alkyl group)

most basic least basic
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The presence of —I and/or —M groups on nitrogen reduces the basicity,
and hence, for example, amides are poor bases.

Ethanamide has a pK,, of 0.5

0 0° .
(“ I The C=0 group stabilises
_C. O —— _c N the lone pair on nitrogen by
H;C™ + NH, H;C NH, resonance. This reduces the
Ml I electron density on nitrogen

Mesomeric effects and aryl (or aromatic) amines

The lone pair of electrons on the nitrogen atom of aminobenzene (or
aniline) can be stabilised by the delocalisation of the electrons onto the
2-, 4- and 6-positions of the benzene ring. Aromatic amines are therefore
less basic than aliphatic amines.

- @ @
(NHZ NH, NH, NH,
6

2 D % i He

y (&)

e If —M groups are introduced at the 2-, 4- and/or 6-positions (but not
at the 3- or 5-position), the anion can be further stabilised by delo-
calisation, as the negative charge can be spread onto the —M group.
This reduces the basicity of the amine.

e [If —I groups are introduced on the benzene ring, the order of —I
stabilisation 1s 2-position > 3-position >4-position. This reduces the
basicity of the amine.

NH, NH, NH,
N NO,
NO, 7
pK. 4.6 245 -0.28
Most basic as no The NO, can Least basic. The NO, can
—I or -M groups stabilise the lone stabilise the lone pair
on the ring pair inductively  inductively and by resonance

e If +M groups (e.g. OMe) are introduced at the 2-, 4- or 6-position
of aminobenzene, then the basicity is increased. This is because the
+M group donates electron density to the carbon atom bearing the
amine group.
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The OMe group is -1 but +M

. . NH,
NH, NH,
OMe
OMe :OMe
Pk, 42 4.5 5.3
Least basic. The OMe  The OMe group can Most basic. The OMe

group cannot donate  donate electron density ~ group can donate electron

electron density to the  to the nitrogen butit  density to the nitrogen and it

carbon atom bearing has a strong —I effect  has a weak —I effect (as well
the nitrogen as it is in the 2-position apart from the nitrogen)

Curly arrows can be used to show the delocalisation of electrons
onto the carbon atom bearing the nitrogen.

NH; NH, NH, electron density
adjacent to the
nitrogen increases
Sy Sy the basicity

:0Me ©0OMe DOMe

1.7.3 Lewis acids and bases

e A Lewis acid is any substance that accepts an electron pair in forming
a coordinate bond (see Section 1.1). Examples include H*, BF;,
AICl;, TiCly, ZnCl, and SnCly,. They have unfilled valence shells
and hence can accept electron pairs.

e A Lewis base 1s any substance that donates an electron pair in
forming a coordinate bond. Examples include H,O, ROH, RCHO,
R,CO, R;N and R,S. They all have a lone pair(s) of electrons on
the heteroatom (O, N or S).

R Cl R Cl
~ . [ - ~._ @ o
C:O./’\AI—CI e Cz==0— Al—Cl
/ * / -a
R | R |
Cl Cl
Lewis base Lewis acid

1.7.4 Basicity and hybridisation

The greater the ‘s’ character of an orbital, the lower in energy the elec-
trons and the more tightly the electrons are held to the nucleus. The
electrons In an sp-orbital are therefore less available for protonation
than those in an sp*- or sp*-orbital, and hence the compounds are less
basic.
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most basic R3f\f > R,C =NH > RC= N least basic
) ® 2 © )
most basic  R;C > R,C=CH > RC=C  least basic
sp sp? sp
(25% s) (33%s) (50% s)

1.7.5 Acidity and aromaticity

Aromatic compounds are planar, conjugated systems which have
4n+ 2 electrons (Hiickel’s rule) (see Section 7.1). If, on deprotonation,
the anion is part of an aromatic T-system, then the negative charge will
be stabilised. Aromaticity will therefore increase the acidity of the
compound.

H H cH,

fluorene . toluene
pK, =228 pK, =40

Each ring contributes

6 m-electrons
. S] .
i Although the anion
: ani ; CH, 8
¥ @ The ‘H{Ifm can : can be stabilised by
S be stabilised by resonance it does not
O‘ r.es.ondnce dfld contribute to the
7 “(1? aromat[llc aromaticity. (This
planar an would give
more stable . less stable g
14 m-electrons) 8 n-electrons)

If a lone pair of electrons on a heteroatom is part of an aromatic
m-system, then these electrons will not be available for protonation.
Aromaticity will therefore decrease the basicity of the compound.

Each doubl
AR Ao 7N The lone pair of electrons contributes to the
bond contributes . [

. 6 m-electrons in the aromatic ring. Pyrrole

2m-electrons E is therefore not basic (pK, —4)
Pyrrole
Each double I = The lone pair of electrons does not
bond contributes ~ "R, contribute to the 6 n-electrons in the
2 n-electrons N aromatic ring. Pyridine is therefore
Pyridine basic (pK, 5)

1.7.6 Acid-base reactions

The pK,-values can be used to predict if an acid—base reaction can take
place. An acid will donate a proton to the conjugate base of any acid
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with a higher pK,-value. This means that the product acid and base will
be more stable than the starting acid and base.

HC==C—H + °NH, —=—— Hc=c® + NH,

pK, 25 Ammonia has a higher pK, value than ethyne pK, ~33
and hence the equilibrium lies to the right

Problems

(1) Using the I and M notations, identify the electronic effects of the
following substituents.

(a) Me (by €1 (c) —NH, (d)-OH
(e) Br () COMe  (g) NO, (hy CN

(2) (a) Use curly arrows to show how cations A, B and C (shown
below) are stabilised by resonance, and draw the alternative
resonance structure(s).

(b Would you expect A, B or C to be the more stable? Briefly
explain your reasoning.

/\‘%Hz H,C \/\\%Hz HCO. @

CH,
A B C

(3) Provide explanations for the following statements.

(a) The carbocation CH;OCH3 is more stable than CH;CH3.

(b) 4-Nitrophenol is a much stronger acid than phenol (C¢HsOH).

(c) The pK, of CH;COCHj; is much lower than that of CH;CHj.

(d) The C-C single bond in CH;CN 1is longer than that in
CH,=CH-CN.

(¢) The cation CH,=CHCH3 is resonance stabilised, whereas
the cation CH,=CHNMe] is not.

(4) Why is cyclopentadiene (pK, 15.5) a stronger acid than cyclohepta-
triene (pK, ~36)?

(5) Which hydrogen atom would you expect to be the most acidic in
each of the following compounds?
(a) 4-Methylphenol (or p-cresol, 4-HOC,H,CH;)
(by 4-Hydroxybenzoic acid (4-HOC.H,CO,H)
(¢) H,C=CHCH,CH,C=CH
(dy HOCH,CH,CH,C=CH

(6) Arrange the following sets of compounds in order of decreasing
basicity. Briefly explain your reasoning.
(a) 1-Aminopropane, ethanamide (CH;CONH,), guanidine
[HN=C(NH,),], aniline (C4HsNH,).
(b)  Aniline (C¢HsNH,), 4-nitroaniline, 4-methoxyaniline, 4-methyl-
aniline.



2. FUNCTIONAL GROUPS, NOMENCLATURE
AND DRAWING ORGANIC COMPOUNDS

Key point.  Organic compounds are classified by functional groups
which determine their chemistry. The names of organic compounds are
derived from the functional group (or groups) and the main carbon chain.
From the name, the structure of organic compounds can be drawn using
Kekulé, condensed or skeletal structures.

2.1 Functional groups

A functional group is made up of an atom or atoms with characteristic
chemical properties. The chemistry of organic compounds is determined
by the functional groups that are present.

Hydrocarbons (only H and C present)

H
H
H, .C_ .H
I TS
N 4 1] H
H-C—C—H C=C -C=C- .C. =C.
I 7 ~ H H H C H
H H H H ]
H
ethane ethene ethyne benzene
(an alkane) (an alkene) (an alkyne) (an arene)
single CCbond  double CCbond  triple CC bond single /double
CC bonds

Alkanes are saturated as they contain the maximum number of
hydrogen atoms per carbon (C,H,,,,). Alkenes, alkynes and arenes are
unsaturated.

Carbon bonded to an electronegative atom(s)

e single bond (R =alkyl groups; see Section 2.2)

R X R—OH R—O0O—R Amines .
Halide  Alcohol Ether R—NH,  primary amine
X=Br,CL 1 R~ NHR secondary amine

R—NO, R—SH R—S—R R-—NR, tertiary amine

Nitro Thiol  Sulfide (thicether) | p— g, guaternary
3 ammonium ion
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e double bond to oxygen (these are known as carbonyl com-
pounds)

o} O (e} O
| I I I
C .C C .C
R Tm R™ R R x R oH
Aldehyde Ketone Acid halide Carboxylic acid
X =Br, Cl
O o) 0 O
I il il g
C C C
R'/ \OR R/ \O/ \R R/ \NHZ
Ester Acid anhydride Amide

e triple bond to nitrogen

R—C=N
Nitrile

2.2 Alkyl and aryl groups

When a hydrogen atom is removed from an alkane, this is an alkyl
group. The symbol R is used to represent a general alkyl group (i.e.
a methyl, ethyl, propyl, etc. group).

name (symbol) [ structire name (symbol) i structire

methyl (Me) — CH; propyl (Pr) - CHyCH;CH3
ethyl (Et) — CH,CHj3 butyl (Bu) — CH,CH,CH,CHj3

When a hydrogen atom is removed from a benzene ring, this is
a phenyl group. The symbol Ph is used to represent this.

al =

phenyl (C¢Hs), Ph aryl, Ar
X = various
functional group(s)

Do not confuse Ph with pH (see Section 1.7) or with phenol (CsH;OH).
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2.3 Alkyl substitution

H R R R

| | | |
R—C~—H R~ C-—H R—C—R R—C—R

| 1 | |

H H H R

A primary (or 1°) A secondary (or 2°) A tertiary (or 3°) A quaternary (or 4°)
carbon is bonded to  carbon is bonded to  carbon is bonded to  carbon is bonded to
another carbon two other carbons  three other carbons four other carbons

2.4 Naming carbon chains

The IUPAC name of an organic compound is composed of three parts.

Prefix —— Parent — Suffix

‘What substituents (e.g./ T ™~ What is the major
minor functional groups) What is the length functional group?
are on the main chain of the main carbon chain?

and where are they?

There are four key steps in naming organic compounds.

(1) Find the longest carbon chain and name this as an alkane. This is
the parent name.

No. of carbons | Alkane name No. of carbons | Alkane name
1 methane 6 hexane
2 ethane 7 heptane
3 propane 8 octane
4 butane 9 nonane
5 pentane 10 decane

(2) Identify the major functional group. Replace -ane (in the alkane)
with a suffix.

Functional group priorities
carboxylic acid > acid chloride > aldehyde > nitrile >
ketone > alcohol > amine > halide

major major
functional group | suffix functional group | suffix
alkene -ene aldehyde -anal
alkyne -yne ketone -anone
alcohol -anol carboxylic acid | -anoic acid
amine -ylamine acid chloride | -anoyl chloride
nitrile -anenitrile

(3) Number the atoms in the main chain. Begin at the end nearer
the major functional group and give this the lowest number. For
alkanes, begin at the end nearer the first branch point.
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(4) Identify the substituents (e.g. minor functional groups) on the main
chain and their number. Two substituents on the same carbon are
given the same number. The substituent name and position is the
prefix. The names of two or more different substituents should
be included in alphabetical order in the prefix (e.g. hydroxy before

methyl).
minor minor
functional group | prefix functional group prefix

chloride chloro- aldehyde formyl-

bromide bromo- ketone 0XO0-
iodide iodo- nitro nitro-
alcohol hydroxy- amine amino-
ether alkoxy- nitrile cyano-

Di- or tri- is used in the prefix or suffix to indicate the presence of two or
three of the minor or major functional groups (or substituents), respectively.

Examples

CH; 0 ’Cl
| il
H;C - CH,~CH—CH,—- C~- OH H;C — CH— CH,C1
5 4 3 2 1 3 2 1
3-methylpentanoic acid 1,2-dichloropropane
main functional main functional
OH —=--  group ?H O ==~ group
| i
H;C — CH — CH,NH, H;C— C—CH,— C—CHj;
3 2 1 5 |4 3 2
. CH;
1-amino-2-propanol 4-hydroxy-4-methyl-2-pentanone

Special cases
Alkenes and alkynes

The position of the double or triple bond is indicated by the number of
the lowest carbon atom in the alkene or alkyne.

(lle CH;
I
H;C—CH— CH==CH—CHj; H,C==C~— CH==CH,
5 4 3 2 1 1 2 3 4
4-methyl-2-pentene 2-methyl-1,3-butadiene
major ... = HO

functional |
group H;C—~C—C==CH 2-methyl-3-butyn-2-ol
i | 3
CH;
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Aromatics

Monosubstituted derivatives are usually named after benzene (CgHy),
although some non-systematic or ‘trivial’ names (in brackets) are still
used.

X | Name X i Name
X H benzene CHj methylbenzene (toluene)
Br bromobenzene CH=CH, ethenylbenzene (styrene)
Cl chlorobenzene OH hydroxybenzene (phenol)
NO, | nitrobenzene NH, aminobenzene (aniline)
CN cyanobenzene (benzonitrile)
The word benzene comes X [ Name

first when functional
groups of higher priority CHO | benzenecarboxaldehyde (benzaldehyde )

(than benzene) are on CO,H | benzenecarboxylic acid (benzoic acid)
the ring

Disubstituted derivatives are sometimes named using the prefixes
ortho (or positions 2- and 6-), meta (or positions 3- and 5-) and para
(or position 4-).

For trisubstituted derivatives, the lowest possible numbers are used
and the prefixes are arranged alphabetically.

X OH COH CH;
)\1 (ipso)
ortho (0)- =6 I Sy 2 -01tho (0) S ON
25N L
meta (m) 4 meta (m) a
4 Br OH NO,
para (p) p-bromophenol  3-chloro- 2 .4-dinitrotoluene
4-hydroxy-

benzoic acid

Esters

These are named in two parts. The first part represents the R' group
attached to oxygen. The second represents the R*CO, portion which is
named as an alkanoate (i.e. the suffix is -anoate; an exception is -oate
in benzoate). A space separates the two parts of the name.

0
il

HyC ~CH, — C — 0 — CH;
3 1

Feen ) methyl propanoate
1R b --FiTst
part Bemmmesomsss Leed o pgrt (I?

\ /\_C-—O~CH2-—CH3

ethyl benzoate
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Amides

The R' group is the prefix, and N— is written before this to show that
the group is on nitrogen.

premmm - - o)

: o : i
e Il H;C—CH,~C~N~-CH;4
iﬁﬁiﬂae =R C-NH#3R! = -prefix 3 /I H

N-methylpropanamide

bmmmmn -

2.5 Drawing organic structures

In Kekulé structures, every carbon atom and every C—H bond are
shown.

In condensed structures, the C—H bonds, and often the C—C bonds,
are omitted.

In skeletal structures, the carbon and hydrogen atoms are not shown,
and the bonds to hydrogen are usually also not shown (although the
hydrogen atoms within the functional groups, e.g. alcohols, amines,
aldehydes and carboxylic acids, are shown). All other atoms are
written. These structures are the most useful (and recommended for
use by the reader) because they are uncluttered and quickly drawn,
whilst showing all of the important parts of the molecule. Skeletal
structures are usually drawn to indicate the approximate shape of
the molecule, which is determined by the hybridisation of the atoms
(see Section 1.5).

H ﬁ H o
1 I {
H-C~C—C—0~C~H = CHCH,COCH; == \/Lo/
o ]
H H H
Kekulé condensed skeletal
H H H
1 I i
H-C~C=C—C-~O0OH = CH;CH=CHCH,OH == /\\/\\OH
1 i 1
H H H
Kekulé condensed skeletal

Benzene can be written with a circle within the ring to show the

delocalisation of electrons (see Section 7.1). However, this does not
show the six m-electrons, which makes drawing reaction mechanisms
impossible. A single resonance form, showing the three C=C bonds, is
therefore most often used.

o U-—-0
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Problems

(1) Draw structures for each of the following compounds.
(a) 1-Bromo-4-chloro-2-nitrobenzene
(b) Methyl-3-bromobutanoate
(c) N-Methylphenylethanamide
(d) 2-(3-Oxobutyl)cyclohexanone
(e) 4-Hexen-2-one
(fy 2-Buten-1-ol
(g 6-Chloro-2,3-dimethyl-2-hexene
(hy 1.2,3-Trimethoxypropane
(1)  2,3-Dihydroxybutanedioic acid (tartaric acid)
(j) 5-Methyl-4-hexenal

(2) Name the following compounds.

OH O H
\/‘\rk - H,N —@— CO,EBt
(a)
CN

\

O

a (b) (©)

(0]
HO HO
Br

(d) (e) ()

o cl
\)J\ N /k /JQY\
H 0
(g (h)

QN]\/@ D

)

o



3. STEREOCHEMISTRY

Key point. The spatial arrangement of atoms determines the stereo-
chemistry, or shape, of organic molecules. When different shapes of
the same molecule are interconvertible on rotating a bond, they are
known as conformational isomers. In contrast, configurational isomers
cannot be Interconverted without breaking a bond, and examples
include alkenes and optical isomers, which rotate plane-polarised
light.

3.1 Isomerism

Isomers are compounds that have the same numbers and the same
kinds of atoms, but they differ in the way the atoms are arranged.

e Constitutional isomers are compounds which have the same
molecular formula but have the atoms joined together in a different
way. They have different physical and chemical properties.

Examples
CH,
! Both C4H , but
H;C~C=CHy and  H,C—CH;~CHy—CHi gifferent carbon
I—!I butane skeleton

2-methylpropane (straight chain)

(branched chain)
(,)H Both C;HgO
H;C—C—CH; and H;C — CH,~CH,— OH but different
i position of the
H 1-propanol functional
2-propanol (primary alcohol) group
(secondary alcohol)
(|)H Both C4H,,0
H;C—C—CH; and H;C~CH,—O— CH,—CH; but different
1 . functional
CH; diethyl ether groups

(ether)
2-methyl-2-propanol
(tertiary alcohol)

e Conformational isomers are different shapes of the same mole-
cule resulting from rotation around a single C—C bond. They are
not different compounds (i.e. they have the same physical and
chemical properties) and are readily interconvertible (see
Section 3.2).



26 Keynotes in Organic Chemistry

e Configurational isomers have the same molecular formula, and
although the atoms are joined together in the same way, they are
arranged differently in space (with respect to each other). They are
not readily interconvertible (see Section 3.3).

3.2 Conformational isomers

The different arrangements of atoms caused by rotation about a single
bond are called conformations. A conformer (or conformational iso-
mer) is a compound with a particular conformation. Conformational
1somers can be represented by Sawhorse representations or Newman
projections.

3.2.1 Conformations of ethane (CH;CH;)

Rotation around the C—C bond produces two distinctive conformations.

e [Eclipsed conformation. C—H bonds on each carbon atom are as
close as possible.

H
H H H H 1" H
H_ A\ / P H \C/H H
S C == ] \\C’ == or
| | H | 7
H H H @I
Sawhorse projection Newman projection

(view the C—C bond from  (view the C—C bond directly on,
an oblique angle and show  show the front carbon atom by
all C-H bonds) a small black circle and the back
carbon by a much larger circle.
Show all C-H bonds)

e Staggered conformation. C—H bonds on each carbon atom are as
far apart as possible.

H H u H H i H
0\ I \C/ H 'Y
~C—C - = AN (!: =
| \ H H -~ H H
H u H H u
Sawhorse projection Newman projection

The staggered conformation is more stable as the C—H bonds are
further apart. The energy difference between them (12kJmol™) is
known as the rorsional strain. This energy difference is relatively
small, and hence there is free rotation about the C—C bond at room
temperature.
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S = staggered conformer
E = eclipsed conformer
T = torsional energy

rotate rear
carbon atom

SN T -------------- -
H i H tati ﬁl >
dihedral( rotation & T
angle u u - ]
H H1 CEH VIRV s
H
low energy high energy 0 60 120 180 240 300 360

Dihedral angle—

The angle between the C—H bonds on the front and back carbon is
known as the dihedral (or torsional) angle.

3.2.2 Conformations of butane (CH;CH,CH,CH,)

In butane, the staggered conformations do not all have the same
energy.

e The anti- (or antiperiplanar) conformation is the most stable as the
two methyl groups are as far apart as possible (180° separation).

e The gauche (or synclinal) conformation is higher in energy (by
4kImol™") as the two methyl groups are near one another (60°
separation), resulting in steric strain. Steric strain is the repulsive
interaction between two groups, which are closer to one another
than their atomic radii allow.

,\steric strain

H N ’HCH H CHs H  rotation H I CH; H CHj
|C ~ : == S E— = |C \!CH3
me G H H H H H C
H H CH, H H H
anti- conformation  gauche conformation
(more stable) (less stable)

The most stable conformation for a straight-chain alkane is a zigzag
shape, as the alkyl groups are as far apart as possible. (This is why we
draw alkyl chains with a zigzag structure.)

AN zigzag shape
of butane

It should be noted that when the methyl groups in butane are
eclipsed and are in the same plane (0° separation), this is known as the
synperiplanar conformation.

3.2.3 Conformations of cycloalkanes

The shape of cycloalkanes is determined by torsional strain, steric
strain and angle strain.
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e Angle strain. For an sp® hybridised carbon atom, the ideal bond
angle is 109.5° (tetrahedral). Angle strain is the extra energy that a
compound has because of non-ideal bond angles (i.e. angles above
or below 109.5°).

3 4 35 6 7 % 0 1o 11
Ring size —=

= Angle strain --~--  =Total strain
(angle + steric + torsional strain)
A 3-ring has the highest and a
planar 5-ring has the lowest angle
strain. After 5, the angle strain
increases as the ring gets larger

A 3-ring has the highest total
strain which reaches a minimum
for a 6-ring. The strain increases
from 6 to 9 and then decreases

Cyclopentane (5-membered) and cyclohexane (6-membered) rings are
therefore the most stable and, consequently, the most easily formed.

Cycloalkanes can adopt different conformations (or shapes): cyclo-
propane is flat, cyclobutane can form a butterfly shape, while
cyclopentane can form an open-envelope shape.

H
cyclopropane
(lrnteina_l (():0_? cyclobutane cyclopentane
angle = (butterfly) (open-envelope)

Cyclopropane has to be planar and therefore has very strained bond
angles of 60° and a great deal of torsional energy. However, cyclo-
butane and cyclopentane can adopt non-planar (puckered) shapes
which decrease the torsional strain by staggering the C—H bonds.
However, this is at the expense of angle strain, and the butterfly and
open-envelope shapes represent the best compromise between the two
opposing effects.

3.2.4 Cyclohexane

Cyclohexane adopts the chair or boat conformations, which are both
free of angle strain. However, the boat conformation is less stable
because of steric strain between the C-1 and C-4 (or flagstaft)) hydrogens.
The two chair forms can interconvert via the boat form in a process
known as ring-flipping.
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H>———-—<H SH
== \H
H1H T
H H

steric strain Chalr
Boat

Chair
(strain-free)

(strain-free)

Newman projections

Chair

Boat Chair

The chair conformation has six axial and six equatorial hydrogens

On ring-flipping, the axial hydrogens become equatorial and the equa-
torial hydrogens become axial.

H, = axial hydrogen (point up and down)

H, = equatorial hydrogen (point sideways)

If a substituent (X) is present, then this prefers to sit in an equatorial
position. The equatorial conformer is lower in energy because steric
strain (or 1,3-diaxial interactions) raises the energy of the axial con-

former. As the size of the X group increases, so does the proportion of
the equatorial conformer at equilibrium.

X H X %eq.: % ax.
H ==~ "X |Me 95 5
[ T
Bu >99 «1I
axial conformer equatorial 1,3-diaxial interactions
conformer

(unfavourable)

For disubstituted cyclohexanes, both groups should sit in an equatorial
position. When this is not possible, then the largest group (e.g. a ‘Bu
group rather than a Me group) will sit in the equatorial position.

X

[ — e T

diaxial conformer diequatorial conformer The bulkier ‘Bu group

prefers the equatorial
position
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When the two substituents on the ring are both pointing up (or both
pointing down), these cyclic compounds are designated cis-stereo-
isomers. When one substituent is pointing up and the other down,
these cyclic compounds are designated trans-stereoisomers (see
Section 3.3).

Br ~«--- up H
E:/) il
Br—=--- down
H H
cis-1-bromo-2-methylcyclohexane trans-1-bromo-2-methylcyclohexane

3.3 Configurational isomers

The spatial arrangement of atoms or groups in molecules is known as
configuration. Compounds with the same molecular formula and the
same types of bond, which cannot be interconverted without breaking
a bond, have different configurations (and are configurational isomers).

3.3.1 Alkenes

Alkenes with two different substituents (A, B, D or E) at each end of
the double bond can exist as two configurational isomers because there
is no rotation around the C=C bond.

can have configurational isomers

3.3.1.1 (is- and trans-isomerism
For disubstituted alkenes (with two substituents on the double bond),
alkenes can be named using the cis—trans nomenclature:

e cis-isomers have the substituents on the same side
e rrans-isomers have the substituents on the opposite side.

H H H CH, H Cl
AN e ~ 7 ~
C==C C==C Cz==C
e N 7 AN e N
H,C CH, H,C H Cl H
cis-2-butene trans-2-butene trans-1,2-dichloroethene

Cis- and trans-isomers are also called geometric isomers because
they have different shapes.

There are no rigid rules for deciding whether a variety of substituted
double bonds are cis- or trans-, and hence the more systematic £/Z
nomenclature is generally preferred (see Section 3.3.1.2).
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3.3.1.2 E and Z nomenclature

For di-, tri- and tetra-substituted alkenes (with two, three and four
substituents, respectively, on the double bond), alkenes can be named
using the £,Z nomenclature. The groups on the double bond are assigned
priorities based on a series of sequence rules.

e [E-alkenes have the groups of highest priority on the opposite sides
e Z-alkenes have the groups of highest priority on the same sides.

Sequence rules

(1) Rank the atoms directly attached to the double bond carbons in
the order of decreasing atomic number. The highest atomic number
is ranked first.

Atom=Br>Cl>0>N>C>H
Atomic number=35>17>8>7>6>1

(2) If the atoms directly linked to the double bond are the same, then
the second, third, fourth, etc. atoms (away from the double bond)
are ranked until a difference is found.

—E—CHZ-CHg > 'é"CH; -§—0~CH3 > —§~0H
ethyl methyl methoxy hydroxy

(3) Multiple (double or triple) bonds are assumed to have the same
number of single-bonded atoms.

H aldehyde no ¢ nitrile ITI (‘f
cmo = Desb -ieEN = onie
gz/ k"Lj/ 2 Bl I i
s s N C

Assume carbon is bonded to two oxygens  Assume carbon is bonded to three nitrogens
Assume oxygen is bonded to two carbons  Assume nitrogen is bonded to three carbons

Examples (numbers on each carbon are given in italic to indicate priorities)

N

a CH,CH N2 -
N7 21 C\ _CHOH
2,77 N2 I
HyC CH; B CH,CH,
(Z)-2-chloro-3-methyl-2-pentene (E)-2-bromo-3-hydroxymethyl-
2-pentenenitrile
O
i 2 ! !
. IC\ /CH3 HOZC\ /CHO
HC | Cc=cC , C=C_,
NS / N
H;C CgHs Ph CH,0OH
(E)-3-methyl-4-phenyl-3-penten-2-one (Z)-3-hydroxymethyl-4-oxo-

2-phenylbut-2-enoic acid
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3.3.2 Optical isomers

e Optical isomers are configurational isomers with the same chemical
and physical properties, which are able to rotate plane-polarised
light clockwise or anticlockwise.

e Asymmetrical molecules, which are non-identical with their mirror
images, are known as chiral molecules, and these can rotate plane-
polarised light. If a molecule has a plane of symmetry, it cannot be
chiral, and it is known as an achiral molecule.

e Molecules with a (asymmetric) tetrahedral carbon atom bearing
four different groups are chiral. The 3-dimensional structure of the
molecule, showing the position of the groups attached to the tetra-
hedral carbon atom, can be represented using solid/dashed wedges
in flying wedge formulae.

solid wedge, the bond
R! points toward the reader
dashed wedge, the bond
points away from the reader

e
R R? single line, shows the (two)
bonds in the plane of the
paper.

3.3.2.1 Enantiomers

The tetrahedral asymmetric carbon atom is known as a chiral or stereo-
genic centre. These molecules, which are non-identical (not super-
imposable) with their mirror images, are called enantiomers.

mirror
plane
R! i R! When R! # R2 % R # R?,
1 5 f these two mirror images
_Cou, R : R3S C. are not superimposable — they
R2 \R 1 R4 g R2 are enantiomers

Enantiomers rotate plane-polarised light in the opposite directions. The
(+)-enantiomer (or dextrorotatory enantiomer) rotates the light to the
right, while the (—)-enantiomer (or laevorotatory enantiomer) rotates
the light to the left. The amount of rotation is called the specific rotation,
[a]p. and this is measured using a polarimeter. (By convention, the units
of [a],, are often not quoted.)

observed rotation (degrees) x 100 a X 100

lp =

(107" degree cm? g™!) path length (dm) x concentration (g per 100 cm®)  Ixc

(where D = sodium D line, i.e. light of 5 =589 nm; T = temperature in °C)
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A 1:1 mixture of two enantiomers is known as a racemate or racemic
mixture, and this does not rotate plane-polarised light. The separation
of a racemic mixture into its two enantiomers is called resolution.

Example: 2-hydroxypropanoic acid (lactic acid)

mirror
plane
H : H
Cim, s C
rd \"CH3 : H3C‘/ ~.
HO,C OH ; HO CO,H
(+)-enantiomer (—)-enantiomer
(] 5 =+3.82 el =-3.82

The optical purity of a compound is a measure of the enantiomeric
purity, and this is described as the enantiomeric excess (ee).

_ . ) : observed [a]p
ee = per cent of one enantiomer — per cent of the other enantiomer = —————— x 100
[0] b of pure

enantiomer

For example, a 50% ee corresponds to a mixture of 75% of one enantio-
mer and 25% of the other enantiomer.

3.3.2.2 The Cahn-Ingold—Prelog (R and S) nomenclature

The 3-dimensional arrangement of atoms attached to a stereogenic (or
asymmetric) carbon centre is known as the configuration. The
configuration can be assigned R or § using the following Cahn—
Ingold—Prelog sequence rules. This uses the same rules as for £ and Z
nomenclature (see Section 3.3.1.2)

(1) Rank the atoms directly attached to the stereogenic carbon atom
in the order of decreasing atomic number. The highest atomic
number is ranked first.

(2) If the atoms directly linked to the stereogenic centre are the same,
then the second, third, fourth, etc. atoms (away from the stereo-
genic centre) are ranked until a difference is found.

(3) Multiple (double or triple) bonds are assumed to have the same
number of single-bonded atoms.

(4) The molecule is then orientated so that the group of the lowest
(fourth) priority is drawn pointing away from the reader. (Be
careful not to swap the relative positions of the groups around.)
The lowest priority group can now be ignored. A curved arrow is
drawn from the highest priority group to the second and then to
the third highest priority group. (If you have to draw a certain
stereoisomer, always start with the lowest priority group pointing
away from you.)
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R! R! ignore R!
IfR'>R?>R*>R* I rotate ! R! !
. Co ety Couypg === C
Y I - :RS 3 N R e

) \ 2 ~
highest lowest R R* R R2 R® R?

priority priority

(5) If the arrow is clockwise, then the stereogenic centre has the
R configuration. If the arrow is anticlockwise, then the stereogenic
centre has the § configuration. (The assighment of R may be
remembered by analogy to a car steering wheel making a right turn.)

m (goes to /\
R the right) S

Examples (numbers on each carbon are given in italic to indicate priorities)

3 3 3
CH,OH CH,OH CH,OH
| i |
C, | MO Coon? = C
4 - v 2 - 5 EEE 2 .- \[
H,CH,C \CI\(I)PZI;I HO.C \Nfl?zcm HO,C NH,
2 1 clockwise = R

(R)-2-amino-2-hydroxymethyl-butanoic acid

4 1
H OH ?H
I rotate I
Con, 2 —_— Co ? == 2.,.C 3
2~ G"CH 2. w'H ~
HO,CT Yorp HO,C™ Ve, HO,C" "CH;
3

] anticlockwise = §

(S)-2-hydroxypropanoic acid or (S)-lactic acid

It just so happens that (S)-lactic acid is the same as (+)-lactic acid
(see Section 3.3.2.1). However, the + or — sign of the optical rotation is
not related to the R,S nomenclature (i.e. a (+)-enantiomer could be
either an R-enantiomer or an S-enantiomer).

3.3.2.3 The D and L nomenclature

This old-fashioned nomenclature uses glyceraldehyde (or 2,3-dihy-
droxypropanal) as the standard. The (+)-enantiomer is given the label D
(from dextrorotatory), and the (—)-enantiomer is given the label L (from
laevorotatory).

CH,OH CH,OH
! !
/C{u, o] o] .,\;C\
OHC OH HO CHO
D-(+)-glyceraldehyde L~(—)-glyceraldehyde

Any enantiomerically pure compound that is prepared from, for
example, D-glyceraldehyde is given the label D. Any enantiomerically
pure compound that can be converted to, for example, D-glyceral-
dehyde is given the label D.
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D-Glyceraldehyde is the same as (R)-glyceraldehyde. However, the
D or L label is not related to the R,S nomenclature (i.e. a D-enantiomer
could be either an R-enantiomer or an S-enantiomer). This nomenclat-
ure is still used to assign natural products including sugars and amino
acids (see Sections 11.1 and 11.3).

3.3.2.4 Diastereoisomers (or diastereomers)

For compounds with two stereogenic centres, four stereoisomers are
possible, as there are four possible combinations of R and S.

o Diastereoisomers (or diastereomers) are stereoisomers that are not
mirror images of each other. This means that diastereoisomers
must have a different (R or §) configuration at one of the two chiral
centres.

e FEnantiomers must have a different (R or §) configuration at both
chiral centres.

o

9

two enantiomer pairs linked by solid lines
\\ four diastereoisomer pairs linked by dashed lines

)
5]~

Example (the numbers represent the numbering of the carbon backbone)

enantiomers enantiomers
. mi}“ror q | L on mill“ror Ho |
HO,C_ +,O0H: HO,. _CoO,H HO,C | « . % .COH
pl C) : \C L0, pl e H : Hule pl
[l 1l ] ] ‘ H
4/C"'H H HNC\4 4/C'n : Hmc\4
MeO:C~ “og ' go® COMe MeO,C~ Yo ! HO® COMe
2S, 3R 2R, 3§ 2R, 3R 28, 38
I 4. diastereoisomers__ 44 I

For a compound containing #» chiral centres, the total number of
stereoisomers will be 2" and the number of pairs of enantiomers will
be 277,

3.3.2.5 Diastereoisomers versus enantiomers

e Enantiomers have identical chemical and physical properties, except
for their biological activity (i.e. they interact differently with other
chiral molecules) and their effects on plane-polarised light.
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e Diastereoisomers can have different physical (e.g. melting point,
polarity) and chemical properties.
Enantiomers are always chiral.
Diastereoisomers can be chiral or achiral. If a diastereomer con-
tains a plane of symmetry, it will be achiral. These compounds,
which contain stereogenic centres but are achiral, are called meso
compounds. In effect, the plane of symmetry divides the molecule
into halves, which contribute equally but opposite to the rotation of
plane-polarised light (i.e. they cancel each other out).

same compound

HOC +,OH H The plane of symmetry
planeof Foeone : means that the (25, 3R)
symmetry Con : and the (2R, 39) structures
o 024C/ \(')I—I}I § are the same compound.

25, 3R : 2R, 3§

meso-tartaric acid

3.3.2.6 Fischer projections

Molecules with asymmetric carbons can be represented by Fischer
projections, in which a tetrahedral carbon atom is represented by two
crossed lines. The vertical lines represent the bonds pointing into the
page (away from the reader), and the horizontal lines represent the
bonds pointing out of the page (towards the reader).

look in this direction and draw
a flattened-out picture

above R, R, R, R; R

~ 7 ~ /2
page  =------- C oo = C, == R, R;
below R4/ "Ry RS R, R,

The compound is usually drawn so that the main carbon skeleton is
vertical and the highest priority functional group is at the top of the
vertical line.

H OH COH H OH CHO
N /7 ~ 7
. == H—}'—OH S, = H—+— OH
H,CW “COH CH, HOH,C  CHO CH,0H
(R)-lactic acid D-glyceraldehyde

This old-fashioned nomenclature is generally only used to show
amino acids and sugars, which can contain several asymmetric centres
(see Sections 11.1 and 11.3).
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Example: D-erythrose or (2R, 3R)-trihydroxybutanal

hydroxy group pointing to the right
on the lowest asymmetric carbon as
for D-glyceraldehyde
CHO
Hg O H (it H,_ OH H— OH

H g, OH oHC. »I oH D
. H2E- oH
CHO . 3
> H OH CH,OH

CH,OH CHO
Sawhorse Newman Flying wedge Fischer

The R,S nomenclature can be assigned to Fischer projections by
drawing the substituent of lowest priority in a vertical position (i.e. at
the top). Although Fischer projections can be rotated in the plane of the
paper by 180°, changing the position of substituents by 90° requires
‘double exchanges’.

Examples (numbers on each carbon are given in italic to indicate priorities)

lowest priority group ro.tation by 180°
(i.e. H)is vertical4 gives the same N
H stereoisomer CH 3
1 2 2 31 CH3
HO —}— CHO === OHC—+— OH = { )J\ ;
CH;  priorities 1, 2 and H oHC OH
3 3 are clockwise 4 2 R
R in both cases R
2 . ° . 4
CHO rotation by 90° requires a H
3 4 double exchange of groups 7 2
H;C ‘—}' H HO + CHO
H and CHO swap places;
(I)H HO and CH; swap places §H3
lowest priority group R

(i.e. H) needs to be vertical

Problems

(1) Consider the stereochemical priorities of the following groups
using the Cahn—Ingold—Prelog system.
—CONH,, -CH;, -CO,H, -CH,Br, -1, -CCl,, -OCH,;

(a)  Which group has the highest and which has the lowest priority?
(b) Which group ranks between —CCl; and -CONH,?
(c) Assign prefixes (Z) and (E) as appropriate to compounds A,

Band C.
H,C CH,Br H CH,Br H;CO CH,Br
H OCH,4 H,CO cH; H;C H

A B C
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(2) Assign the configuration (R or ) to the compounds (D-F) shown

below.
cl Ph OH
/J‘QCH3 )V"COZH /L\ Me
H cocl HLN H OHC COH
D E F

(3) The Fischer projection of meso-2,3-dihydroxybutane (G) is shown
below.
(a) Why is this a meso compound?
(b) Draw Newman and Sawhorse projections of the antiperi-
planar conformation of G.

CH;
H——O0H
H——O0H
CH;
G

(c) Draw a Fischer projection of a diastereoisomer of G.

(4) Draw the preferred chair conformation of (1R,25,5R)-(—)-menthol (H).

OH

H

(5) What are the stereochemical relations (identical, enantiomers,
diastereoisomers) of the following four molecules (I-L)? Assign
absolute configurations at each stereogenic centre.

H ,OH H_,OH
M i TCOM Me”  TCOM
H Me H Me
| J
HO, H H, .OH
Me/g/\ “COH HOZC% Me
H Me H Me
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(6) What are the stereochemical relations (identical, enantiomers,
diastereoisomers) of the following four molecules (M—P)? Assign
absolute configurations at each stereogenic centre.

Br
H Br
H _CHO
Br
CHO H CH;
H CH, Br
M N
CHO H Br
— oHc 3
Br H 7"') . o,
Br——H H Br
CH,
P



4. REACTIVITY AND MECHANISM

Key point. Organic reactions can take place by radical or, more
commonly, by ionic mechanisms. The particular pathway of a reaction
is influenced by the stability of the intermediate radicals or ions, which
can be determined from an understanding of electronic and steric
effects. For ionic reactions, nucleophiles (electron-rich molecules)
form bonds to electrophiles (electron-deficient molecules), and this can
be represented using curly arrows. The energy changes that occur during
a reaction can be described by the equilibria (i.e. how much of the
reaction occurs) and also by the rate (i.e. how fast the reaction occurs).
The position of the equilibrium is determined by the size of the Gibbs
free energy change, while the rate of a reaction is determined by the
activation energy.

4.1 Reactive intermediates: ions versus radicals

There are two ways of breaking a covalent bond. The unsymmetrical
cleavage 1s called heterolytic cleavage (or heterolysis), and this leads
to the formation of ions (cations and anions). The symmetrical cleavage
1s called homolytic cleavage (or homolysis), and this leads to the
formation of radicals.

Curly arrows can be used to represent bond cleavage. A double-headed
arrow represents the movement of two electrons (and is used in ionic
mechanisms). A single-headed arrow (or fishhook) is used to represent
the movement of a single electron (and is used in radical mechanisms).
Curly arrows therefore always depict the movement of electrons.

Heterolysis (use one double-headed arrow)

- @ ] Both electrons in the
A B A + B two-electron bond move
cation anion to only one atom

Tons contain an even number of electrons

Homolysis (use two single-headed arrows)

The two-electron bond
A'DE;B — A* + B is split evenly and one
radical radical electron moves to
each of the atoms

Radicals contain an odd number of electrons, and a dot is used to
represent the unpaired electron.

Processes that involve unsymmetrical bond cleavage or bond forma-
tion are known as ionic (or polar) reactions. Processes that involve
symmetrical bond cleavage or bond formation are known as radical
reactions.
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Heterolytic bond formation (the reverse of heterolysis)

A two-electron arrow goes
from the anion/lone pair to
the cation. The arrow points
from the electron-rich centre
to the electron-deficient centre

@ 7 e

cation anion

A—B

Homolytic bond formation (the reverse of homolysis)

The one-electron arrows point

SN towards one another to make a
A B =  A-—B new two-electron bond. The
radical radical arrow points away from the
dot and finishes midway
between A and B

Formally, the two-electron arrow should point to where the new bond
will be formed if the electrons are being used to form the bond. If the
electrons end up as a lone pair, then they point to the atom. (Many text-
books show arrows drawn directly onto the atom in both cases.)

When more than one two-electron arrow is used In a reaction
scheme, the arrows must always point in the same direction.

H®%Avw

For any reaction, the overall charge of the starting materials should be
the same as that of the product(s).

4.2 Nucleophiles and electrophiles

® Nucleophiles are electron-rich species that can form a covalent
bond by donating two electrons to an electron-deficient site. Nucleo-
philes are negatively charged (anions) or neutral molecules that
contain a lone pair of electrons.

e [Electrophiles are electron-deficient species that can form a covalent
bond by accepting two electrons from an electron-rich site. Elec-
trophiles are often positively charged (cations), although they can
also be neutral.

® P
Nucleophile  + Electrophile Nucleophile + Electrophile
(electron-rich) (electron-deficient) {electron-rich) (electron-deficient)

The nucleophilic or electrophilic sites within a neutral organic mol-
ecule can be determined by: (i) the presence of lone pairs of electrons;
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(ii) the type of bonding (sp, sp® or sp’); and/or (iii) the polarity of the
bonds.

(1) An atom (such as nitrogen, oxygen or sulfur) bearing an electron
pair will be a nucleophilic site.

(2) Double or triple carbon—carbon bonds in alkenes, alkynes and
aromatics are of high electron density and hence are nucleophilic
sites. (Single C—C bonds in alkanes are not nucleophilic.)

(3) Inapolar bond (see Section 1.6.1), the electrons are held closer to
the more electronegative atom. The electronegative atom will be
a nucleophilic site, and the less electronegative atom will be an
electrophilic site.

Single bonds
Y is more electronegative than carbon Y is less electronegative than carbon
“sr o %o o
Ny Y=CLBroN C—Y Y=MgLi
/ g
electrophilic site nucleophilic site

Double and triple bonds

3+ 85— S+ 5—

C==Y Y =0,NR —C N

A A
electrophilic site electrophilic site

4.2.1 Relative strength
4.2.1.1 Nucleophiles

A nucleophile with a negative charge is always a more powerful nucleo-
phile than its conjugate acid (which is neutral).

Nucleophilic strength HOe > H26

The relative nucleophilic strength (or nucleophilicity) of an anion, or
a nucleophilic site within a neutral molecule, depends on the avail-
ability of the two electrons. The more electronegative the atom, the less
nucleophilic the atom will be, because the electrons are held tighter to
the nucleus.

The nucleophilic strength of anions, within the same row of the peri-
odic table, follows the same order as basicity: the more electronegative



Reactivity and Mechanism 43

the atom bearing the negative charge, the weaker the nucleophile and
the weaker the base.

Nucleophilic strength R3C® > RZNe > ROG > F®
(or basicity)
Electronegativity c < N << 0 < F

Nucleophilic strength .. o ..
R—NH, > R—OH > R—F

(or basicity)
Basicity = donation of a pair Nucleophilicity = donation of a pair
of electrons to H (or HY) of electrons to an atom other than H

The pK,-values can therefore be used to estimate the nucleophilicity
of atoms within the same row. It is not exact because the nucleophilicity
1s strongly affected by steric factors (see Section 4.4), while, the bas-
icity is not.

The nucleophilic strength of anions and neutral atoms increases on
going down a group of the periodic table. The electrons are held less
tightly to the nucleus as the atom size increases, and hence they are more
available for forming bonds. Larger atoms, with more loosely held
electrons (than smaller atoms), are said to have a higher polarisability.

LS > IO
Nucleophilic strength

© > B> > P

The nucleophilic strength of anions depends on the solvent.

e Anions are generally more nucleophilic in aprotic solvents (these
contain polar groups but no O—H or N-H bonds), such as dimethyl
sulfoxide (Me,SO), than in protic solvents.

e In protic solvents (these contain polar groups and O-H or N-H
bonds), such as methanol (MeOH), the solvent can form hydrogen
bonds to the anion. This lowers the nucleophilicity because a
solvent shell surrounds the anion, and this hinders attack on the
electrophile. Large anions are less solvated and hence are stronger
nucleophiles than small anions in protic solvents. For example,
the smaller F~ ion is more heavily solvated than I" and hence is
a weaker nucleophile.

4.2.1.2 Electrophiles

An electrophile with a positive charge is always a more powerful
electrophile than its conjugate base (which is neutral).
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@ 5
OH OH O
Electrophilic strength |(|: e (|:@ > 2 S+
TN PN TN

The relative electrophilic strength (or electrophilicity) of a cation depends
on the stability of the positive charge. Inductive (+I), mesomeric (+M)
and/or steric effects (see Section 4.4) can all lower the reactivity of the
cation.

The relative electrophilic strength of an electrophilic site within
a neutral molecule depends on the size of the partial positive charge
(0+). Hydrogen or carbon atoms are electrophilic when attached to
electronegative atoms (—I groups). The more electronegative the atom(s),
the more electrophilic the hydrogen or carbon atom.

R The hydrogen atom in
Electrophilic ot 5 ot b= water is more electrophilic
H-—OH > H-—NH, e -
strength as oxygen is more
electronegative than nitrogen
0% 0% The (carbonyl) carbon atom
Electrophilic il s I of the acid chloride is more
: Cc% s > C&+ ili aus
strength PNy P electrophilic because both

R a R R oxygen and chlorine atoms

acid chloride ketone are electronegative

4.3 Carbocations, carbanions and carbon radicals

Carbocations, which include carbenium and carbonium ions, contain
a positive charge on carbon. Carbenium ions have three bonds to the
positively charged carbon (e.g. Me;C"), while carbonium ions contain
five bonds (e.g. HsC"). (Carbenium ions are the most important.)

e Carbenium ions (R;C") are generally planar and contain an empty
p-orbital. They are stabilised by electron-donating groups (R=+1,
+M) which delocalise the positive charge; +M groups are generally
more effective than +I groups.

planar (sp?) planar (sp?) pyramidal (sp*)
&) o 1) v 1Y)
e —— C“\ R— C‘“\ — ¢ .
O™ O~ O
R

carbocation carbanion

o Carbanions have three bonds on the carbon atom, which bears the
negative charge. Carbanions (R;C") can be planar (sp®) or pyramidal
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(sp3) (or something in between). They are stabilised by: (i) electron-
withdrawing groups (R=-I, —M); (ii) an increase in ‘s’ character
of the carbon bearing the negative charge; and (iii) aromatisation,
which delocalises the negative charge (see Section 1.7).

o Carbon radicals have three bonds on the carbon atom, which contains
the unpaired electron. Carbon radicals (R;C*) are generally planar
(sp?). Like carbenium ions, they are stabilised by electron-donating
groups (R=+I, +M) which delocalise the unpaired electron; +M
groups are generally more effective than +I groups.

anar (sp2
planar (sp~) R 7 valence R 6 valence
O R | .+ clectrons | .- electrons
R—Cl‘: c” e/
O R VAR 7N
R R R R

carbon radical

Carbon radicals are similar to carbenium ions because both contain
an electron-deficient carbon atom. For carbenium ions, the carbon atom
is deficient of two electrons, and for carbon radicals, the carbon atom is
deficient of one electron.

4.3.1 Order of stability

The order of stability of carbocations, carbanions and radicals bearing
electron-donating (+I) alkyl groups is as follows.

Tertiary Secondary Primary Methyl
w50 Lo
iy €2 > 0 > &2 > c®

i | | | PII
iy €2 S e < e < el
i | lI2 lI2 |
Sabiy I T S

Carbanions can be stabilised by electron-withdrawing groups (=L, -M),
whereas carbocations can be stabilised by electron-donating groups
(+L, +M).
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Anion s | Lo
stability MeOZC/C\COZMe > Me/C?COZMe > Me” Me
two -, =M groups one =, -M group no -1, =M groups
. Y ; H
S > ke > e
o0 oo o
three +1, +M groups two +1, +M groups one +1, +M group

4.4 Steric effects

The size as well as the electronic properties (i.e. inductive and mesomeric
effects) of the surrounding groups affects the stability of carbocations,
carbanions and radicals. When bulky substituents surround a cation,
for example, this reduces the reactivity of the cation to nucleophilic
attack by steric effects. This is because the bulky groups hinder the
approach of a nucleophile.

When the size of groups is responsible for reducing the reactivity at
a site within a molecule, this is attributed to steric hindrance. When the
size of groups is responsible for increasing the reactivity at a site
within a molecule, this is attributed to steric acceleration.

Electronic and/or steric effects can explain the particular pathway
for any given reaction.

4.5 Ocxidation levels

e An organic oxidation reaction involves either (i) a decrease in the
hydrogen content or (ii) an increase in the oxygen, nitrogen or
halogen content of a molecule. Electrons are lost in oxidation
reactions.

e Anorganic reduction reaction involves either (1) an increase in the
hydrogen content or (ii) a decrease in the oxygen, nitrogen or halo-
gen content of a molecule. Electrons are gained in reductions.

We can classify different functional groups by the oxidation level of
the carbon atom within the functional group, using the following
guidelines.

(1) The greater the number of heteroatoms (e.g. O, N, halogen)
attached to the carbon, the higher the oxidation level. Each bond
to a heteroatom increases the oxidation level by +1.

(2) The higher the degree of multiple bonding, the higher the oxida-
tion level of the carbon.
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Oxidation 0 1 2 3 4
level
Functional | R4C RHC= CHR RC=CR
groups alkane alkene alkyne
RCH-X RCHX, RCX; CX,
monohalide dihalide trihalide tetrahalide
RCH,OR RCH(OR)»
ether acetal
(o] (o]
i ]
RCH-,OH R~ C-—R R—C—OH
primary alcohol ketone carboxylic acid
RCH,NH, RCH==NH RC=EN
primary amine imine nitrile

Carbon atoms (within functional groups) which are at the same
oxidation level can be interconverted without oxidation or reduction.

Example (the numbers on each carbon are given in italic to indicate
oxidation levels)

No oxidation
or reduction
required

(6] (6]
i B
RC=N -— R~C-~OH — R—C-OR
3 3 3
e Carbon atoms (within functional groups) which are at different
oxidation levels are interconverted by oxidation (to increase the
oxidation level) or reduction (to decrease the oxidation level).

Example (the numbers on each carbon are given in italic to indicate
oxidation levels)

m—e- ()X (10N
RH,C —— CH,R RHC == CHR RC=—=CR
0 0 1 1 2 2
RCH,OH RCHO — RCOH
1 2 3
~etiffemeiei  FeAUCTION

4.6 General types of reaction
4.6.1 Polar reactions (involving ionic intermediates)
4.6.1.1 Addition reactions

Addition reactions occur when two starting materials add together to
form only one product.
A

+ B
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The mechanism of these reactions can involve an initial electrophilic
or nucleophilic attack on the key functional group.

Electrophilic addition to alkenes (see Section 6.2.2)

H Br
H ~ p H S+ 6 I
C=C + H - Br H—C~C—H
e ~
H + H 4 [
nucleophilic site electrophilic site H H

Nucleophilic addition to aldehydes and ketones (see Section 8.3)

S
i HO OH
Il . /
C + H-—OH C
/4\ [} VRN
R 7 R R R

o nucleophilic site
electrophilic site

4.6.1.2 Elimination reactions

Elimination reactions are the opposite of addition reactions. One starting
material is converted into two products.

A—B A + B

The mechanism of these reactions can involve a loss of a cation or
anion to form ionic reaction intermediates.

Elimination of alkyl halides (see Section 5.3.2)

H
jas
jas

s
\C:C + H-—Br
s/ N

=
l
m—0—m
|
T—0—
!
=

4.6.1.3 Substitution reactions

Substitution reactions occur when two starting materials exchange
groups to form two new products.

The mechanism of these reactions can involve an initial electrophilic
or nucleophilic attack on the key functional group.
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Nucleophilic substitution of alkyl halides (see Section 5.3.1)

o+ & o
H;C 1 + H--OH H,C~—~OH  + H—1
4 4
electrophilic site nucleophilic site

Electrophilic substitution of benzene (see Section 7.2)

H Br

FeBr; catalyst
+ Br—Br _— + H—Br

4

acts as an electrophile by forming a
complex with FeBr; (a Lewis acid)

4

nucléophile
® ©
Br— Br— FeBrs

4.6.1.4 Rearrangement reactions

Rearrangement reactions occur when one starting material forms one
product with a different arrangement of atoms and bonds (i.e. the product
is an isomer of the starting material).

A

B

The mechanism of these reactions often involves carbocation inter-
mediates, and the first-formed cation (e.g. primary or secondary) can
rearrange to a more stable cation (e.g. tertiary).

these groups
.- swap positions

5t k CH,
| ' |
C CH
D P I LS
H;C CH, H;C CH,
secondary carbocation tertiary carbocation
(two +I groups) (three +I groups)

4.6.2 Radical reactions

Radicals, like ions, can undergo addition, elimination, substitution and
rearrangement reactions. A radical reaction comprises a number of steps.

(1) Initiation — the formation of radicals by homolytic bond cleavage
(this generally requires heat or light).

/\ (‘\‘ initiation . R
Cl Cl Cl + Cl
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(2) Propagation — the reaction of a radical to produce a new product
radical. This may involve an addition, elimination, substitution or
rearrangement reaction.

propagation reactions

./\\ /_\_Q substitution .
Cl H CH; HCl1 + CHj

./\\ substitution
HAC q Co

CH,Cl + Cl

(3) Termination — the coupling of two radicals to form only non-radical
products.

termination reactions

dimerisation

TN N (homocoupling)

Cl Cl B Cl - 1

heterocoupling
(reaction of

- TN /\. different radicals)
H,C Cl B H,C——Cl1

The chlorination of alkanes, such as methane, leads to the substitution
of hydrogen atoms for chlorine atoms in a radical chain reaction (see
Section 5.2.1).

4.6.3 Pericyclic reactions

Pericyclic reactions take place in a single step without (ionic or
radical) intermediates and involve a cyclic redistribution of bonding
electrons.

The Diels—Alder cycloaddition reaction (see Section 6.2.2.11)

2 new ¢-bonds
4 m-electrons 2 m-electrons

+ and 1 ©-bond
e
N - —
R
diene alkene cyclic transition cyclohexene

(or dienophile) state (6 delocalised
n-electrons)
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4.7 TIons versus radicals

Heterolytic cleavage of bonds occurs at room temperature in polar
solvents. The ions which are formed are solvated (i.e. a solvent
shell surrounds them) and stabilised by polar solvents.

Homolytic cleavage of bonds occurs at high temperature in the
absence of polar solvents. When a compound is heated in a non-polar
solvent, radicals are formed. Radicals are uncharged and hence have
little interaction with the solvent. The energy required to cleave
a bond homolytically, to give radicals, is called the bond dissoci-
ation energy or the bond strength. The lower the bond dissociation
energy, the more stable the radicals (as they are easier to form).
Ionic reactions occur because of electrostatic attraction; a positive
or &+ charge attracts a negative or 6— charge. Electron-rich sites
react with electron-deficient sites.

Radical reactions occur because radicals, which have an odd
number of electrons in the outer shell, need to ‘pair’ the electron to
produce a filled outer shell.

4.8 Reaction selectivity

Chemoselectivity — reaction at one functional group in preference
to another functional group(s).

Example: reduction of a ketoester (see Section 8.3.3.1)

secondary
ketone ester alcohol ester
O (e} OH O
)WL Akl W
OM OMe

€ then H,O

selective reduction of the ketone to the secondary alcohol

Regioselectivity — reaction at one position within a molecule in
preference to others. This leads to the selective formation of one
regioisomer.

Example: addition of HCI to an unsymmetrical alkene (see Section
6.2.2.1)

Ccl H
Me [ |

AN H-CI
/C:CHZ Me —- C— CH,
Me

Me

regioselective addition of the H atom onto the carbon at the end of the double
bond and the Cl atom onto the carbon with the most alky] substituents

Stereoselectivity — the formation of one enantiomer, one diastereo-
isomer or one double bond isomer in preference to others.
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Example: catalytic hydrogenation of an alkyne (see Section 6.3.2.4)

H, Et
Bt — C=C—Ft ~ -

Lindlar catalyst H H

(Pd/CaCO3/PbO) cis- or Z-alkene

formation of a Z- rather than an E-alkene

4.9 Reaction thermodynamics and kinetics

The thermodynamics of a reaction tells us in what direction the
reaction proceeds (and how much energy will be consumed or
released). The kinetics of a reaction tells us whether the reaction is
fast or slow.

4.9.1 Thermodynamics
4.9.1.1 Equilibria

All chemical reactions can be written as equilibrium processes, in
which forward and backward reactions occur concurrently to give an
equilibrium position. Drawing arrows pointing in the opposite directions
denotes the equilibrium, and the position of the equilibrium is expressed
by the equilibrium constant (K). For simplicity, this is defined below in
terms of concentration rather than activity (as activity is approximately
equal to concentration in dilute solution).

concentration of product(s) at equilibrium [Bleg
A === B K = =

concentration of reactant(s) at equilibrium  [Aleg

If K is larger than 1, then the concentration of B will be larger than
the concentration of A at equilibrium.

The size of K is related to the free energy difference between the
starting materials and products. For the efficient conversion of A to B,
a high value of X is required. This means that the free energy of the
products (in kJ mol™") must be lower than the free energy of the starting
materials. The total free energy change (under standard conditions)
during a reaction is called the standard Gibbs free energy change — AG®
(kJ mol™).

AG® = free energy of products — free energy of reactants
R = gas constant (8.314 J K~! mol™)
AG® = -RThK .
T = absolute temperature (in K)

The standard free energy change for a reaction is a reliable guide to
the extent of a reaction, provided that equilibrium is reached.
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e if AG® is negative, then the products, will be favoured at equilib-
rium (K> 1);

o it AG® is positive, then the reactants will be favoured at equilibrium
(K<1);

e if AG®is zero, then K= 1, and hence there will be the same concen-
tration of reactants and products.

At a particular temperature, K is constant.

Remember that K and AG® say nothing about the rate of a reaction.
The sign and magnitude of AG® decide whether an equilibrium lies in
one direction or another.

4.9.1.2 Enthalpy and entropy

The standard Gibbs free energy change of reaction, AG® is related to
the enthalpy change of reaction (AH®) and the entropy change of reaction
(AS®). The change in free energy for a reaction at a given temperature
has contributions from both the change in enthalpy and the change in
entropy.

AG® = AH®° — TAS® T = absolute temperature (in K)

Enthalpy

The enthalpy change of reaction is the heat exchanged with the sur-
roundings (at constant pressure) in a chemical reaction. This represents
the difference in stability (bond strength) of the reagents and products.

e if AH® is negative, then the bonds in the product(s) are stronger
overall than those in the starting material. Heat is released in an
exothermic reaction;

e if AH® is positive, then the bonds in the product(s) are weaker over-
all than those in the starting material. Heat is absorbed in an endo-
thermic reaction.

Entropy

The entropy change of reaction provides a measure of the change in
molecular disorder or randomness caused by a reaction.

e AS°is negative when the reaction leads to less disorder. This occurs
when two reactants are converted to one product.

e AS° is positive when the reaction leads to more disorder. This
occurs when one reactant is converted to two products.

Gibbs free energy

For a negative value of AG® (in which products are favoured over react-
ants at equilibrium), we require low positive, or high negative, values
of AH® and high positive values of TAS®.
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e if the reaction is exothermic, then AH® will be negative, and hence
AG° will be negative, provided AS® is not large and negative;

e if the reaction is endothermic, then AH ° will be positive and
the —TAS® term will need to be larger than this for AG® to be negative.
This will require a large, positive entropy change (AS®) and/or
a high reaction temperature (7).

4.9.2 Kinetics
4.9.2.1 Reaction rate

Although a negative value of AG® is required for a reaction to occur,
the rate at which it occurs is determined by the activation energy, AG*
or E,. This is the energy difference between the reactants and the tran-
sition state. A transition state is a structure that represents an energy
maximum on converting starting materials to products, and it cannot be
isolated. It is often drawn in square brackets with a superscript double-
dagger (%). (This is not the same as a reaction intermediate, which
occurs at a local energy minimum and can be detected and sometimes
isolated (see below).)

We can show the energy changes that occur during a reaction by
an energy diagram.

Transition state

Energy| etcccnaetaan
Reactants

Products

Extent of reaction -~

The higher the activation energy, the slower the reaction. Reactions
having activation energies above 20kJImol™' generally require heating,
so that reactants can be converted into products. An increase in tempera-
ture therefore increases the rate of the reaction. Most organic reactions
have activation energies of between 40 and 150kJ mol™".

The activation energy can be determined experimentally by measuring
the rate constant of the reaction at different temperatures using the
Arrhenius equation.

- —E,/RT k = rate constant R = gas constant (J K~! mol™)
=Ae

A and e = constants T = temperature (K)

e The rate constant, £, can be determined by monitoring the rate
at which starting materials disappear/products appear (at constant
temperature), by varying the concentration of the reactant or reactants.
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A + B (¢} + D
For a second-order reaction Rate = k[A][B] Rate depends on the
concentration of both reactants
For a first-order reaction Rate = k[A] Rate depends on the
or concentration of only one
Rate = [B] of the reactants

Organic reactions generally consist of a number of successive steps.
The slowest step (which leads to the highest energy transition state) is
called the rate-determining step, and this is the reaction rate that can be
determined experimentally.

Organic reactions with a number of steps will have intermediates.
These represent a localised minimum energy in the reaction profile. An
energy barrier must be overcome before the intermediate forms a more
stable product(s) or a second intermediate.

Intermediate 1

TS 2 Intermediate 2

TS = transition state

o —\;fT§ 3 AG* = activation energy
E S TN The conversion of the
Nergy | eakwemen Joun

Reactants reactants to Intermediate 1
is the rate-determining step

Products

Extent of reaction ——s-

The structure of the intermediates can give us an idea of the structure
of the transition states. The Hammond postulate states that the structure
of a transition state resembles the structure of the nearest stable species.

e For an exothermic reaction (or step of a reaction), the transition
state resembles the structure of the reactant. This is because the
energy level of the transition state is closer to the reactant, than to
the product.

Early transition state
-
Te

Exothermic reaction

The H is closer to C
than F in the

transition state, i.e.
N\ more ‘reactant-like’

H,Ce + HF

Enthalpy

Extent of reaction —=
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e For an endothermic reaction (or step of a reaction), the transition
state resembles the structure of the product. This is because the
energy level of the transition state is closer to the product, than to
the reactant.

Late transition state

‘e

Endothermic reaction

H;Ce + HI The H is closer to I

T than C in the
, / transition state, i.e.
Enthalpy CH, +Is more ‘product-like’

Extent of reaction ——s-

Catalysts increase the rate of a reaction by allowing the reaction to
proceed by a different pathway, which has a lower energy transition
state. Although the catalyst affects the rate at which an equilibrium is
established, it does not alter the position of the equilibrium. The add-
ition of a catalyst, which is not chemically changed during the reaction,
allows many reactions to take place more quickly and at lower tempera-
tures.

________ Transition state of uncatalysed reaction
~~~~~~~~ Transition state of catalysed reaction

T

Energy
Reactants

Products

Extent of reaction —=

A homogeneous catalyst is in the same phase as the starting materials
of the reaction that it is catalysing.

A heterogeneous catalyst is in a different phase from the starting
materials of the reaction that it is catalysing.

4.9.3 Kinetic versus thermodynamic control

For a reaction that can give rise to more than one product, the amount
of each of the different products can depend on the reaction temperature.
This is because, although all reactions are reversible, it can be difficult
to reach equilibrium, and a non-equilibrium ratio of products can be
obtained.
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e At low temperatures, reactions are more likely to be irreversible
and equilibrium is less likely to be reached. Under these conditions,
the product that is formed at the fastest rate predominates. This is
kinetic control. The kinetic product is therefore formed at the fastest
rate (i.e. this product has the lowest activation energy barrier).

e At high temperatures, reactions are more likely to be reversible and
an equilibrium is likely to be reached. Under these conditions, the
energetically more stable product predominates. This is thermo-
dynamic control. The thermodynamic product is therefore the most
stable product (i.e. this product has the lowest energy).

Thermodynamic control

Kinetic control

Energy

Reactants AN Kinetic product

AY
S Thermodynamic product

Extent of reaction —

4.10 Orbital overlap and energy

Two atomic orbitals can combine to give two molecular orbitals — one
bonding molecular orbital (lower in energy than the atomic orbitals)
and one antibonding molecular orbital (higher in energy than the
atomic orbitals) (see Section 1.4). Orbitals that combine in-phase form
a bonding molecular orbital, and for the best orbital overlap, the orbitals
should be of the same size.

The orbitals can overlap end-on (as for ¢-bonds) or side-on (as for
n-bonds). The empty orbital of an electrophile (which accepts electrons)
and the filled orbital of a nucleophile (which donates electrons) will
point in certain directions in space. For the two to react, the filled and
empty orbital must be correctly aligned; for end-on overlap, the filled
orbital should point directly at the empty orbital.

®wT ) Or@® — ®NTOE@

Nucleophile Electrophile

The orbitals must also have a similar energy. For the greatest inter-
action, the two orbitals should have the same energy. Only the highest
energy occupied orbitals (or HOMOs) of the nucleophile are likely to
be similar in energy to the lowest energy unoccupied orbitals (or
LUMOs) of the electrophile.
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New molecular
orbitals

N ")--— Electrophile
Nucleophile ﬁ—#—( <LUMO
HOMO',

\ i
. 1 i

The two electrons enter a lower energy molecular orbital. There is
therefore a gain in energy and a new bond is formed. The further
apart the HOMO and LUMO, the lower the gain in energy

Energy

The HOMO of a nucleophile is usually a (non-bonding) lone pair
or a (bonding) m-orbital. (These are higher in energy than a G-orbital.)
The LUMO of an electrophile is usually a (antibonding) w*-orbital.
(This 1s lower in energy than a ¢*-orbital.)

Example: addition of water to a ketone

H—

H H
4 %
Ob HOMO = lone pair H-— (.):
O ' 1 % 107° (the Biirgi-Dunitz
R! R k angl
s gle)
DA, e,

-8 0 o
L For maximum orbital overlap attack at 90° is
LUMO = w*-orbital required. However, attack at ~107° is observed
because of the greater electron density on the

carbonyl oxygen atom, which repels the lone
pair on H,O

4.11 Guidelines for drawing reaction mechanisms

€y
2

3)

Draw the structure of the reactants, and include lone pairs on any
heteroatoms. Show bond polarities by &+ and &-.

Choose which reactant is the nucleophile and which is the elec-
trophile, and identify the nucleophilic atom in the nucleophile
and the electrophilic atom in the electrophile.

Draw a curly arrow from the nucleophilic atom to the electrophilic
atom to make a new bond. The arrow can start from a negative
charge, a lone pair of electrons or a multiple bond. If a new bond
is made to an uncharged H, C, N or O atom in the electrophile,
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then one of the existing bonds should be broken and a second curly
arrow should be drawn (pointing in the same direction as the first).
The overall charge of the reactants should be the same as that of

the products. Try to end up with a negative charge on an electro-
negative atom.

If the nucleophilic atom is neutral, then the atom will gain a positive
charge. If it is negatively charged, then it will become neutral.

If the electrophilic atom is neutral, then one of the existing bonds must
be broken, and a negative charge will reside on the most electro-
negative atom. If it is positively charged, then it will become neutral.

Nucleophile Electrophile Immediate product

R R
Bre/—\ ®(II |

—— Br—C-—R
7N E
negatively R R R
charged positively neutral
charged
i o I
7 @
R— OH ®c 0—C—R
/N 7
neutral R R R R
positively positively
charged charged

/\lj T T
% N8+ ™8 I@
R— NH, C-CBr

— % R—N-—C=R + B

’e
neutral R R/ IlI IEQ negatively
neutral positively charged
charged
/“\R‘ R
4 o+ (s I
R— NH, ey . RN P
neutral | |
R H R
neutral neutral

(zwitterion — contains both a
positive and a negative charge)

1|2 R R R
NE+ (s ! |
AN s
R

— R—C—C—0
& r Lo
R R
negatively neutral X
charged negatively

charged
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Problems

(1) Use oxidation levels to help deduce if the following reactions
involve reduction or oxidation? If so, state if the reaction involves
oxidation or reduction of the organic starting materials.

H Br H OH
N ~
¢} g ¢}
N ~
Me Me Me Me
MeO OMe
N7 il
C\
Me Me ME/ “Me
NH H,N H
il § C/
Co N
Me Me Me Me
i ] I
Me”  TOMe Me” TEt
H OH
N4 R il
/S Me” T NHM
Me H € €

(2) For the following reactions, state which starting material can act
as the nucleophile and which can act as the electrophile. Draw the
likely product from each of the reactions and show its formation
by using curly arrows.

H\ /Br
Me-0°  + c .
VRN
H H
I H Me,N H
N7 S
C + C e
e N AN
H H P’ H
l + SN e
Me”  TEt
0
i
+ BF; —_—
/C\
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(3) Classify the following reactions as addition, elimination, substitution
or rearrangement reactions.

hv(light)
@  Br, + R +  HBr
or heat

Br

dark
() Br, + e
room o,
temperature Br
Br
© (S]
(©) O/ + 2Me;CO ——> © + 2Me;COH + 2Br
B

g
NOH H
®, N
(d)

(4) Classify the following reactions as chemoselective, regioselective
or stereoselective reactions.

O

OH @
1 e Y
(a) }\/
Ph Heat Ph
Br

]
Me;CO
®) )\/ ° Y

i
(©) 0O O
oS
o)
LiAlH,

(d)

@
then H




5. ALKYL HALIDES

Key point.  Alkyl halides are composed of an alkyl group bonded to
a halogen atom (X=F, Cl, Br, I). As halogen atoms are more elec-
tronegative than carbon, the C—X bond is polar and nucleophiles can
attack the slightly positive carbon atom. This leads to the halogen
atom being replaced by the nucleophile in a nucleophilic substitution
reaction, and this can occur by either an Sy1 (two-step) mechanism or
an SN2 (concerted or one-step) mechanism. In competition with
substitution is elimination, which results in the loss of HX from alkyl
halides to form alkenes. This can occur by either an E1 (two-step)
mechanism or an E2 (concerted) mechanism. The mechanism of the
substitution or elimination reaction depends on the alkyl halide, the
solvent and the nucleophile/base.

5.1 Structure

Alkyl halides have an alkyl group joined to a halogen atom by a single
bond. The larger the size of the halogen atom (X=I>Br>Cl), the
weaker the C—X bond (Appendix 1). The C—X bond is polar, and the
carbon atom bears a slight positive charge and the electronegative
halogen atom bears a slight negative charge.

S+ S5 R =alkylor H

T . sp® hybridisation
R:C—X C

B (tetrahedral)
X=F, ClLBr,1 N
T / \ X

Alkyl halides have an sp* carbon atom and hence have a tetrahedral
shape.

e An aliphatic alkyl halide has the carbon atoms in a chain and not
a closed ring, e.g. 1-bromohexane, CH;(CH,)sBr.

e Analicyclic alkyl halide has the carbon atoms in a closed ring, but
the ring is not aromatic, e.g. bromocyclohexane, C¢H,,Br.

e An aromatic alkyl halide has the carbon atoms in a closed ring, and
the ring is aromatic, e.g. bromobenzene, C¢HsBr.

5.2 Preparation
5.2.1 Halogenation of alkanes

Alkyl chlorides or bromides can be obtained from alkanes by reaction
with chlorine or bromine gas, respectively, in the presence of UV light.
The reaction involves a radical chain mechanism.
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UV light N
Initiation Xth;( _g-' 2 X X =ClorBr

reactant | CH, X product

Propagation

HX X,

CH;

This is a substitution reaction, as a hydrogen atom on the carbon is
substituted for a Cl or Br atom. A mixture of halogenated products is
usually obtained if further substitution reactions can take place.

X, HX X, HX X, HX X, HX
CH;X N CHX, —> CHX; N Xy

The ease of halogenation depends on whether the hydrogen atom is
bonded to a primary, secondary or tertiary carbon atom. A tertiary hydro-
gen atom is more reactive because reaction with a halogen atom (X°) pro-
duces an intermediate tertiary radical, which is more stable (and therefore
more readily formed) than a secondary or primary radical (see Section 4.3).

Order of reactivity

roward X° R«C—H > R,CH-——H > RCH,~H

Order of radical R,C > RCH > RCH,
stability . .
tertiary secondary primary

5.2.2 Halogenation of alcohols

Alcohols are converted to alkyl halides using a number of methods. All
methods involve ‘activating’ the OH group to make this into a better
leaving group (see Section 5.3.1.4).

Xm rR—C0H ~> x—Rr + “oH
The hydroxide ion is relatively unstable and hence is a bad leaving group

The mechanism of these reactions depends on whether a primary, second-
ary or tertiary alcohol is used. (Section 5.3.1 discusses the mechanisms.)

Reaction with HX (X=Cl, Br, I)

The OH group can be converted into a better leaving group, namely
water, by protonation. As water is neutral, it is more stable than the
hydroxide ion and hence is a better leaving group.
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e Primary alcohol. This proceeds via nucleophilic attack on an
alkyloxonium ion (Sy2 mechanism).

concerted mechanism
H
. [OM
RCH,OH + H—CX — Xe/‘hl;‘CHz-CO\ —=  X-CH,R + H,O
H

alkyloxonium ion
e Tertiary alcohol. This proceeds via the loss of water from the

alkyloxonium ion (to give a relatively stable tertiary carbocation)
before nucleophilic attack can take place (Sy1 mechanism).

o7 step 1 ®, o
R;C—OH +ypLx R3C£O\ + X

step 2

RsC—X

e Secondary alcohol. This can proceed via either an Syl mechanism
or an Sy2 mechanism.

Reaction with phosphorus trihalides (PBr;, PCl;)

The OH group is converted into a neutral HOPX,-leaving group (by an
initial SN2 reaction at phosphorus).

S5

X X
../'\\ X =Cl Br ®
ROH -+ p-Lx : X®/+\\‘ RLO—P\

X/ 3+ & (SN2) IEI X
5
Oxygen forms a strong bond with phosphorus
The HOPX; can react with two further /X
moles of alcohol to form P(OH), X—R + HO~— P\
X

Reaction with thionyl chloride (SOCI,)

Alkyl chlorides can be prepared by the reaction of alcohols with thionyl
chloride (SOCl,) in the presence of a nitrogen base (e.g. triethylamine
or pyridine). An intermediate alkyl chlorosulfite (ROSOCI) is formed
by nucleophilic attack of ROH on the sulfur atom of thionyl chloride.
The OH group is converted to an OSOCI-leaving group, which is
displaced on reaction with the chloride anion (e.g. in an Sy2 mechanism
when R is a primary alkyl group).
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The intermediate alkyl chlorosulfite could be formed via an intermediate

dichloride
o>

"/~+\«(ﬂ8+
R~-OH s oS

a’ ot

R —

Or alternatively, via a concerted (Sy2) reaction at

the tetrahedral sulfur atom: 5

W 18
R—OQ 58t

[ N

Cl Cl

oI

[©]
R—-0—S—Cl

|
0o

o}
@ H
R—0~-S-Cl
b (o]
H + ¢
"
Et;N

The base ‘mops up

65

s

0 / the HCI byproduct
il
Cl-R + 50, + c° < RLoYs Loy
The evolution of SO, (gas) +
helps drive the reaction ®
Et;N—H

to completion

The mechanism changes to Syi in the absence of a nitrogen base (see

Section 5.3.1.7).

Reaction with p-toluenesulfonyl chloride

Alkyl chlorides, bromides and iodides can be formed by the reaction of
alcohols with p-toluenesulfonyl chloride (or tosyl chloride, abbreviated
as TsCl) in the presence of a nitrogen base (e.g. triethylamine or pyridine).
The OH group is converted into a tosylate (abbreviated as ROTs),
which can be displaced on reaction with CI", Bt~ or I'. The stable
tosylate anion is an excellent leaving group (Syl or Sx2 mechanism
depending on the nature of the alkyl group, R).

067

q sy /=
R-OH + 01—s+\ )~ CH;

s
Oék

tosyl chloride

85
R— O\

g
&
0

O O
® o~ I @ i
BuN-H + R OwS@-CH; .— R—O—S—QCH;
I AT
0 (O e
alkyl tosylate Et;N
(I)i e The tosylate anion is an excellent
Ccl—R + S0-% _<j_>_ CH, leaving group because the negative
i \_/ charge can be stabilised by resonance.
O

tosylate anion

The charge is spread over the three
electronegative oxygen atoms
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5.2.3 Halogenation of alkenes

The electrophilic addition of HX or X, to alkenes generates alkyl
halides with one or two halogen atoms, respectively (see Section 6.2.2
for a detailed discussion of the mechanisms).

Electrophilic addition of Br,

The electron-rich alkene double bond repels the electrons in the
bromine molecule to create a partial positive charge on the bromine
atom near the double bond. An intermediate bromonium ion is formed,
which reacts to give the frans-dibromide derived from anti- addition
(i.e. the two Br groups add to the alkene from the opposite sides).

H R

H
\C/ C "o R
[N AN e
H/\-;\ Br £Br ®]‘3\r)\(l: + Br
R H R
cyclic bromonium ion

Overall anti- addition as the C

two bromine atoms land up |

on the opposite sides of the R““)C ~
planar alkene H Br

As the product with the anti- stereochemistry is formed in excess
over the syn- addition product (in which the two Br groups add to the
alkene from the same side), the reaction is stereoselective (i.e. one
particular stereoisomer of the product is formed in excess).

Electrophilic addition of HX

The electron-rich alkene double bond reacts with a proton so as to
make the most stable intermediate carbocation. The addition is regio-
selective, and the so-called Markovnikov (also spelt Markownikoff)
product is formed. If a peroxide is added, the reaction proceeds via
radical intermediates to give the anti-Markovnikov product.

R R R
¢’ b R—C—X
RECE | |
¢ TH/X — yg-c-u *X T H-C-H
2N | |

R H R R

The most stable
carbocation is formed
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5.3 Reactions

Alkyl halides react with nucleophiles in substitution reactions and with
bases in elimination reactions.

Substitution Elimination
l|2 Nucleophile 112 I;I ) Base R R
R—C~X R-C-Nu | | R=C-C-R SC=C]
1 _ i -HX R R
R X R R X

5.3.1 Nucleophilic substitution

The two main mechanisms for nucleophilic substitution of alkyl
halides are Sy1 and Sy2. These represent the extreme mechanisms of
nucleophilic substitution, and some reactions involve mechanisms
which lie somewhere in between the two.

In both Sy1 and Sy2 reactions, the mechanisms involve the loss of
the halide anion (X") from RX. The halide anion that is expelled is
called the leaving group.

5.3.1.1 The S\2 (substitution, nucleophilic, bimolecular) reaction

This is a concerted (one-step) mechanism in which the nucleophile forms
a new bond to carbon at the same time as the bond to the halogen is
broken. The reaction is second order or bimolecular, as the rate depends
on the concentration of both the nucleophile and the alkyl halide.

Reaction rate = k\[Nu][RX]

The reaction leads to an inversion (or change) of stereochemistry at a
chiral centre (i.e. an R-enantiomer will be converted to an S-enantiomer).
This is known as a Walden inversion.

1 R T R!
E/“\R‘RE 5 R\ :R S_ S,R
“ §8 e IS}
Nu~™ + C-—~X — | Nu--C---X — Nu—C_ + X
/8¢ & | R2
R? R?
Nucleophile approaches at  Transition state (TS) Inversion of
an angle of 180° to the C—X configuration

bond which is broken

The charge is spread from the nucleophile to the leaving group.
The carbon atom in the TS is partially bonded to Nu and X

The nucleophile approaches the C—X bond at an angle of 180°. This
maximises the interaction of the filled orbital of the nucleophile with
the empty c*-orbital of the C—X bond.

R! P—
R empty G*-orbital

YOS @5% |

R2?
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Alkyl halides with bulky alkyl substituents react more slowly than
those with small alkyl substituents on the central carbon atom. Bulky
substituents prevent the nucleophile from approaching the central
carbon atom. Sy2 reactions can therefore only occur at relatively
unhindered sites.

Order of SN2 reactivity
e‘ least hindered most hindered
O/\ o~ carbon carbon
Nu C—X
CH;X > RCH,X > R,CHX > R;CX
methyl primary secondary tertiary
Bulky R groups hinder halide halide halide halide
nucleophilic attack most reactive least reactive

The presence of many +I alkyl groups on the central carbon atom
also reduces the partial positive charge, which reduces the rate at which
the nucleophile attacks the carbon atom.

5.3.1.2 The Sy\1 (substitution, nucleophilic, unimolecular) reaction

This is a stepwise mechanism involving initial cleavage of the carbon—
halogen bond to form an intermediate carbocation. The reaction is first
order, or unimolecular, as the rate depends on the concentration of only
the alkyl halide (and not the nucleophile).

Reaction rate = k[RX]

The reaction leads to the racemisation of a stereogenic centre in the
starting material (i.e. an R-enantiomer will be converted to a 50:50
mixture of R- and S-enantiomers). This is because the nucleophile can
equally attack either side of the planar carbocation.

R ! a R R! Intermediate
AP X \ ,\ planar carbocation
C—X P S
/ Slow // ’ E \\\
R2 / R2 \
Initial C—X bond N N
cleavage in a slow, / Fast Fast
rate-determining step
g R Ry
< >
C—Nu No—C
2 4 2
R R

Equal amounts of enantiomers (racemate)

The more stable the carbocation intermediate, the faster the Syl
reaction (i.e. the easier it is to break the C—X bond). Tertiary halides
will therefore react faster than primary halides by this mechanism,
because a tertiary carbocation is more stable than a primary carbocation.
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Order of Sx1 reactivity

produces most produces least
stable carbocation stable carbocation
R;CX > R,CHX > RCH;X >  CHzX
tertiary secondary primary methyl
halide halide halide halide
most reactive least reactive

Primary benzylic and allylic halides can undergo Syl reactions
because the carbocations are stabilised by resonance. These carbocations
have stability similar to that of secondary alkyl carbocations.

@ ®
_ e {x _.® CH, _CH,
Benzylic X SU— = elC
halide ’
benzylic cation

) r _XS @ @
2111}:1;1: N CHhEX R 8 CH e IC 2
alide
allylic cation

5.3.1.3 S\2 reactions versus Sy1 reactions

The mechanism of a nucleophilic substitution reaction is influenced by
the nature of the alkyl halide, the nucleophile and the solvent.

The alkyl halide

Primary alkyl halides are likely to react by an Sx2 mechanism.
Secondary alkyl halides are likely to react by either an Sy1 mechanism
or an Sy2 mechanism (or an intermediate pathway with both Syl
and Sy2 character).

e Tertiary alkyl halides are likely to react by an Sy1 mechanism.

The nucleophile

e Increasing the nucleophilic strength of the nucleophile will
increase the rate of an Sy2 reaction.

e Increasing the nucleophilic strength of the nucleophile will not
increase the rate of an Sy1 reaction.

The mechanism can shift from Syl to Sy2 on changing to a more
powerful nucleophile.

The solvent

e Increasing the polarity (1.e. the dielectric constant, ¢) of the solvent
will result in a slight decrease in the rate of an Sx2 reaction. This is
because the charge is more spread out in the transition state than in
the reactants.

e Increasing the polarity of the solvent will result in a significant
increase in the rate of an Syl reaction. This is because polar solv-
ents, with high dielectric constants (e.g. water and methanol), can
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stabilise the carbocation intermediate (formed in an Syl reaction)
by solvation. In an Sy2 reaction, solvation is likely to stabilise the
attacking nucleophile (which has a more concentrated negative
charge) rather than the transition state (which has a less concentrated
charge). The mechanism can therefore shift from Sy2 to Syl on
changing to a more polar solvent.

e In addition, the nucleophilic strength of a nucleophile depends on
whether a polar protic solvent or a polar non-protic (or aprotic)
solvent is used. This is because polar protic solvents (e.g. methanol)
can stabilise and therefore lower the reactivity of the attacking
nucleophile, by hydrogen bonding. The nucleophilic strength is
increased in polar non-protic solvents (e.g. dimethylsulfoxide,
Me,SO), because these are not as effective at solvating the nucleo-
phile (i.e. they are not able to hydrogen bond to a negatively
charged nucleophile). The mechanism can therefore shift from Sy1
to Sy2 on changing from a polar protic solvent to a polar non-protic
solvent.

5.3.1.4 The leaving group

The better the leaving group, the faster the rate of hoth Syl and Sy2
reactions (as C—X bond cleavage is involved in both of the rate-
determining steps). The best leaving groups are those that form stable
neutral molecules or stable anions, which are weakly basic. The less
basic the anion, the more stable (or less reactive) the anion.

H0 > HO6
Leaving group
ability 1© > B° > a® > r°
weak base strong base

Amongst the halogens, the iodide anion (I") is the best leaving
group, as it forms a weak bond to carbon. The C—I bond is therefore
relatively easily broken to give I'. I is a weak base, and weak bases are
best able to accommodate the negative charge (i.e. weak bases are the
best leaving groups).

5.3.1.5 Nucleophilic catalysis

The iodide anion (I") is a good nucleophile and a good leaving group. It
can be used as a catalyst to speed up the rate of a slow Sy2 reaction.

o slow
R e X + NuH

R~ Nu + XH

I ) fast fast o)
I 1 M MY
(nucleophile) (Ieaving group) The iodide is
© .

R—1 . regenerated and hence
X NuH acts as a catalyst
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5.3.1.6 Tight ion pairs

In practice, few Syl reactions lead to complete racemisation because
of the formation of tight (or intimate) ion pairs. The carbocation and
negatively charged leaving group interact so that the negatively charged
nucleophile enters predominantly from the side opposite to the depart-
ing leaving group. This results in a greater proportion of inversion.

rR RO R
4% I 4 o Attack occurs from
C-X /“ c® Ox the side opposite the
/ | N departing leaving group
R? NE R

tight ion pair

5.3.1.7 The Syi reaction (substitution, nucleophilic, internal
reaction)

The formation of a tight (or intimate) ion pair can also lead to the reten-
tion of configuration. This is observed when alcohols with asymmetric
centres react with thionyl chloride (SOCL,) in the absence of a nitrogen
base. The intermediate alkyl chlorosulfite (ROSOCI) breaks down to
form a tight ion pair (R* “OSOCI) within a solvent cage. The “OSOCI
anion then collapses to give SO, and CI', which attack the carbocation
from the same side that “OSOCI departs.

R! o) R!
R R : 0
& ./\(H) —HCI 3 Vi
C—OH + S C e Q = §
4 s Xy % N
R2 Cl Cl R2 Cl
Attack by c®occurs .
R R! %1 the same side as R Rl :
S OSOCI departs ; H
A NS A
co® (\901 : c® é(/)l S <y
| l : ! o
R2 : R2 H
SO, 2 :

Solvent shell surrounds the ions

e In the absence of a nitrogen base, HCI is formed, and this cannot
act as a nucleophile and attack the alkyl chlorosulfite in an Sy2
reaction. Therefore, an Syi mechanism operates.

e An Sy2 reaction is observed in the presence of a nitrogen base (B)
because the HCI is converted to BH* CI™. The CI” can then act as
a nucleophile and attack the alkyl chlorosulfite in an Sx2 reaction
(see Section 5.2.2).
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5.3.1.8 Neighbouring group participation (or anchimeric
assistance)

Two consecutive Sy2 reactions will lead to a retention of configuration
(1.e. two inversions=retention). This can occur when a neighbouring
group acts as a nucleophile in the first of two SN2 reactions.

e The first Sx2 reaction is an intramolecular reaction (i.e. a reaction
within the same molecule).

e The second SN2 reaction is an intermolecular reaction (i.e. a reaction
between two different molecules).

HO R, , 0 R,
,R Base” \ Y ,R
R,C—C —C
2 (- BaseH) RoC C\f\
v
X
XU First SN2
- (intramolecular)
Second Sp2
HO R R! (intermolecular) o)
. . epoxide
R,C~—C then H™ RL Qoo
AN
Nu O R
Nu

The presence of neighbouring groups, including R,N and RS, can
increase the rate of substitution reactions.

R
R’S’ R 1 ®SI4\ R§ R R!
v OVLR Riese W SecondSn2  \ e
R,C = C R,C—C,,, \ R,C—C
Xy ( XG) % R \
X 2 o~ R Nu
Nu

5.3.1.9 The SN2’ and Sy1’ reactions

Allylic halides can undergo substitution with an allylic rearrangement
(i.e. change in the position of the double bond) in one of the two ways.

Sy2" mechanism: by nucleophilic attack on the double bond
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Syl” mechanism: by nucleophilic attack on a carbocation resonance
structure

@ PN Nu
IS} CH, @ ©
R/\W i R/\\Q — R/\/ ﬁl, R Vi
primary secondary
carbocation carbocation

5.3.2 Elimination

The two main mechanisms for elimination reactions of alkyl halides
are E1 and E2. In both cases, the mechanism involves the loss of HX
from RX to give an alkene.

5.3.2.1 The E2 (elimination, bimolecular) reaction

This is a concerted (one-step) mechanism. The C=C bond begins to
form at the same time as the C—H and C—X bonds begin to break. The
reaction is second order (or bimolecular), as the rate depends on the
concentration of the base and the alkyl halide.

Reaction rate= k[Base][RX]

The elimination requires the alkyl halide to adopt an antiperiplanar
shape (or conformation), in which the H and X groups are on the opposite
sides of the molecule. (Synperiplanar conformation is when the H and
X groups are on the same side of the molecule.) The antiperiplanar
arrangement is lower in energy than the synperiplanar arrangement, as
this has a staggered, rather than an eclipsed, conformation.

— A .
TR R2 3
\_)/ H\/’ \} ip : Base---H BZRS
Base + 1”C_ _ —— e
RIS vy
R4 .
R X I R x38- |
The H-C-C-X atoms Transition state
are in the same plane
(i.e. periplanar)
NG R R
[a ] Amimp gy« Se=cl 4 X0
R TR R R R®
X

The elimination is stereospecific, as different stereoisomers of the
alkyl halide give different stereoisomers of the alkene. This is because
the new m-bond is formed by the overlap of the C—H o-bond with the
C—X o*-bond. These orbitals must be in the same plane for the best
overlap, and they become p-orbitals in the m-bond of the alkene.
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new 7t-bond

carbon atoms sp3 carbon atoms sp2

The antiperiplanar conformation is responsible for:

(1) the stereospecific formation of substituted alkenes (i.e. £ or Z
configuration);

(2) the different rates of elimination of HX from cyclohexyl halide
conformers.

Elimination reactions of alkyl halide diastereoisomers

A different alkene stereoisomer is obtained from each diastereoisomer
of the alkyl halide.

(1S, 2R) diastereomer (18, 25) diastereomer
pho gBr Moo Cr
~ N 7

ﬁ C\ Ph /\C/_ Cmeppy
H H H H

OH (- HBr) OH (- HBr)
Me Ph Ph Ph
AN s . s
/ Cm== C\ / Co== C\
Ph H Me H
E-isomer Z-isomer

Elimination reactions of cyclohexyl halide conformers

For elimination in cyclohexanes, both the C—H and C—X bonds must be axial.

H
PP H ring-flip Bas
No elimination H ase
from this m Br —== H @

- HB
conformer H u ¢ v
H Br
The bulky bromine atom prefers When the bromine atom sits
to sit equatorial but it is not axial it is antiperiplanar to two
antiperiplanar to a C—H bond C-H bonds (only one is shown)

Regioselectivity

The regioselectivity (i.e. the position of the double bond in the alkene)
of the E2 reaction depends on the nature of the leaving group (X).
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If Fhﬁ?lct—)X Eondhis nrot If the C—X bond is easily
re;?l y r(l).ken t, Cl"l.‘} Hg I—II P Ha | broken then an alkene-like
Cd{ rdmor'll_] 11 i;rdﬂSIIIUOU \C —_—C—C, transition state will lead to
stdtle Wi tet;ll t(O the RIY I " H the most stable (or
east stable (or R H substituted) alk
substituted) alkene X substited) alkene

Base /" —HxX - HpX Base
]
X =NMej X=Br

5 8-
.-Base Base\\
W BoH g,
N e | e
l;'C—C-———-C—H R—'C—C—C,\,,,
R lg | | . ‘H
R MeN~ H R BS H
carbanion-like transition state alkene-like transition state
H, H R! H
B N Ve N 4 A
l\:‘"C—CH:C\ /C=CH_C’\":,H
R H R H
least substituted alkene most substituted alkene
Hofmann elimination Saytzev elimination

When X=Br. The elimination reaction forms predominantly the
most highly substituted alkene in a Saytzev (or Zaitsev) elimination.
The H-C bond is broken at the same time as the C—Br bond, and
the transition state resembles the alkene product. As a result, the
more highly substituted alkene is formed faster, because this is the
more stable alkene product (see Section 6.1).

When X="NMe;. The elimination reaction forms predominantly the
least highly substituted alkene in a Hofinann elimination. The H-C bond
is broken before the C—"NMe; bond, and the transition state resembles
a carbanion product. As a result, the base removes H* to form a more
stable carbanion (i.e. the &— is situated on a carbon bearing the least
number of electron-donating alkyl groups). The Hofmann elimination
is also normally expected when using bulky bases. This is because H*
is more accessible (i.e. less hindered and more easily attacked) than HE.

5.3.2.2 The E1 (elimination, unimolecular) reaction

This is a stepwise mechanism involving an initial cleavage of the
carbon—halogen bond to form an intermediate carbocation. The reaction
is first order, or unimolecular, as the rate depends on the concentration
of only the alkyl halide (and not the base).

Reaction rate = k[RX]

The reaction does not require a particular geometry; the intermediate
carbocation can lose any proton from an adjacent position.
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F@B ase

H RZ; &1 | R2
\ s R* x© V) @ W R? OBase R N s
l‘“C—C E— l\\\C—CL,,'R3 e /C=C\
R B . slow R R‘f fast R . R3
Intermediate carbocation Base - H

Tertiary halides react more rapidly than primary halides, because the
intermediate carbocation is more stable and therefore more readily formed.

Order of E1 reactivity = tertiary > secondary > primary
E1 reactions can be regio- and stereoselective.
Regioselectivity

E1 eliminations give predominantly the more stable (or more substituted)
alkene. The transition state (for the loss of a proton from the intermediate
carbocation) leading to the more substituted alkene will be lower in energy.

Stereoselectivity

El eliminations give predominantly the FE-alkene rather than the
Z-alkene. The E-alkene is more stable than the Z-alkene for steric reasons
(i.e. the bulky substituents are further apart in E-alkenes). The transition
state leading to E-alkenes will therefore be lower in energy.

H X H
~ g - X6 \ @ «Ph
2C—C., LC—CY,
Et4 %" Ph Et'4 CH;
H CH;, H
C—C bond removal of a proton
rotation from this carbon
major product = most substituted .~ would give a
alkene with the F configuration " disubstituted alkene
H ¥
o No= C/CH3 Base 9 ©.+CH; | Bulky Etand Ph
TN (-BaseH) ) = pp groups are on the
H Ph H opposite sides

trisubstituted FE-alkene

5.3.2.3 E2 reactions versus El reactions

The mechanism of an elimination reaction is influenced by the nature
of the alkyl halide, the base and the solvent.

The alkyl halide

e Primary, secondary and tertiary alkyl halides can all undergo an E2
mechanism (hence, this is more common than E1).
Tertiary alkyl halides can react by an E1 mechanism.
The better the leaving group, the faster the rate of both E1 and E2
reactions (as C—X bond cleavage is involved in both of the rate-
determining steps).
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The base

e Increasing the strength of the base will increase the rate of an E2
elimination. Strong bases such as HO™ and RO™ will favour an E2
elimination.

e Increasing the strength of the base will not increase the rate of an
E1 reaction.

e The mechanism can shift from El to E2 on changing to a more
powerful base.

The solvent

e Increasing the polarity (1.e. the dielectric constant, ¢) of the solvent
will result in a slight decrease in the rate of an E2 reaction.

e Increasing the polarity of the solvent will result in a significant
increase in the rate of an E1 reaction.

This is because polar solvents, with high dielectric constants
(e.g. water and methanol), can stabilise the carbocation intermedi-
ate (formed in an El reaction) by solvation. For an E2 reaction,
solvation is likely to stabilise the attacking base (which has a more
concentrated negative charge) rather than the transition state (which
has a less concentrated charge). The mechanism can therefore shift
from E2 to E1 on changing to a more polar solvent.

e The strength of a base depends on whether a polar protic solvent or
a polar non-protic (or aprotic) solvent is used. This is because polar
protic solvents (e.g. methanol) can stabilise and therefore lower the
reactivity of the attacking base, by hydrogen bonding. The basic
strength is increased in polar non-protic solvents (e.g. dimethylsulf-
oxide, Me,SO), because these are not as effective at solvating the
base (i.e. they are not able to hydrogen bond to a negatively
charged base). The mechanism can therefore shift from E1 to E2
on changing from a polar protic solvent to a polar non-protic
solvent.

5.3.24 The ElcB (elimination, unimolecular, conjugate base)
reaction

This is a stepwise mechanism involving an initial deprotonation of the
alkyl halide to form an intermediate carbanion. The carbanion (or the
conjugate base of the starting material) then loses the leaving group in
a slow (rate-determining) step.

Base
H R% 53 R% 5 e) | 2
Ty 5)R CBase R'.,9™y :’)R -X R\ /R
Rete weXc — c=cC
RlRl B a\X BaseH R \;V slow R/ \R3

fast
Intermediate carbanion



78 Keynotes in Organic Chemistry

The reaction is favoured by the presence of electron-withdrawing (-1,
—M) groups on the B-carbon atom (i.e. R and R' = electron withdrawing).
Suitable groups include RC=0 and RSO,, which can stabilise the
intermediate carbanion. These groups therefore increase the acidity of
the B-hydrogen atoms, leading to an initial deprotonation.

5.3.3 Substitution versus elimination

Alkyl halides undergo competitive substitution and elimination reac-
tions. The ratio of products derived from substitution and elimination
depends on the nature of the alkyl halide, the base/nucleophile, the solv-
ent and the temperature. Sy2 reactions are normally in competition
with E2 reactions, while Syl reactions are normally in competition
with E1 reactions.

Sn2 versus E2

Primary and secondary alkyl halides can undergo Sx2 reactions, while
primary, secondary and tertiary alkyl halides can undergo E2 reactions.

For primary and secondary halides

e Sy2 reactions are favoured over E2 reactions when using strong
nucleophiles in polar aprotic solvents.

e E2 reactions are favoured over Sy2 reactions by using strong bulky
bases (which are poor nucleophiles).

In general, large nucleophiles are good bases and promote elimination.
This is because the bulky anion cannot attack the hindered carbon atom
in an Sy2 reaction. It is much easier for the anion to attack a f-hydrogen
atom because this is more accessible.

With a large anion, this is more likely to

) u act as a base and react with the hydrogen
nucleophile H,," /CAX on the B-carbon because this is more exposed
Ca than the ci-carbon atom
el

a> O~ ® CH;

= Order of e (S}

base R basicity H3C (|3~O > H;C-0

CH,

E2 reactions are favoured over Sy2 reactions by using high tempera-
tures. In general, increasing the reaction temperature leads to more
elimination. This is because the elimination reaction has a higher acti-
vation energy (than the substitution reaction), as more bonds need to be
broken in order to form the alkene product.

It should also be noted that in an elimination reaction, two molecules
react to give three new molecules. In contrast, for a substitution reaction,
two molecules react to form two new molecules. The change in entropy
(AS°) is therefore greater for an elimination reaction. From the Gibbs
free energy equation (see Section 4.9.1), AS® is multiplied by the tem-
perature (7'), and the larger the TAS® term, the more favourable AG®.
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Sn1 versus E1

Secondary and tertiary alkyl halides can undergo Syl or E1 reactions.
Allylic and benzylic halides can also undergo Syl or El reactions.
(Tertiary halides usually undergo E2 elimination in the presence of
strong bases.) Both Sy1 and E1 reactions can occur when using weakly
basic or non-basic nucleophiles in protic solvents.

E1 reactions are favoured over Syl reactions by using high tempera-
tures. E1 reactions are also favoured as the size of the alkyl groups (on
the o-carbon atom) increases. The bigger these groups are, the harder it
is for the nucleophile to attack the ¢-carbon atom.

nucleophile@
Ca
| the more likely the anion
will attack the hydrogen

\/ u e 9 atom on the B-carbon
(&)

The bigger the alkyl groups

Sn2/E2 versus Sy1/E1

e Sy1/El reactions are favoured over Sy2/E2 reactions by using polar
protic solvents (which can solvate the carbocation intermediates).

e Sy2/E2 reactions are favoured over Sy1/E1 reactions by using strong
nucleophiles or bases.

e Sy2/E2 reactions are favoured over Sy1/E1l reactions by using high
concentrations of the nucleophile/base (as the rate of these bimo-
lecular reactions depends on the concentration of the nucleophile

or base).
Halide Mechanism
X In italic = favoured when using
Primary: RCH,X SN2, E2 a strong base
Secondary: RyCHX | Sy1, Sx2, E1, £2 In bold = favoured when using
F d nucleophil
Tertiary: RyCX S1,El, E2 a good cieopire
Problems

(1) For the reaction of compound A with bromide ion in propanone
(acetone):

Et

H‘}"C\
Me
A

I
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(a) Draw the product of an Sy2 reaction.

(b) Predict what other substitution product might be formed if
the reaction is carried out in ethanol instead of propanone.

(c) Explain why, if A is reacted with hydroxide ion rather than
bromide ion, little substitution product results.

(d) Explain why, in an Syl reaction, compound A reacts less
rapidly than does (1-iodoethyl)benzene, Ph\CH(I)CHj.

Hydrolysis of 2-bromopentane (B) can occur by either an Syl
pathway or an Sy2 pathway, depending on the solvent and conditions
employed.

Br

)\/\ + H,0

B

oH
)\M\ * o HBr
C

(a) Draw the structure of the (R)-isomer of B.

(b) Write down the Sy1 and Sy2 mechanism of the above reaction,
starting from the (R)-isomer of B.

(c) Suggest, giving your reasons, conditions under which the
reaction might be expected to proceed by an Sy2 route.

(d) Explain why the addition of catalytic amounts of sodium
iodide accelerates the formation of C from B under Sy2 but
not Sy1 conditions.

(e) What product(s) would you expect from the reaction of B
with sodium fert-butoxide, Me;C—O™ Na™?

(f) Explain why C is stable in ethanol, but if a small amount of
sulfuric acid is added, it is slowly converted to 2-ethoxy-
pentane.

When the solvent acts as the nucleophile in a substitution reaction,
this is known as solvolysis. What products would you expect from
the solvolysis of PhCH,Br in (a) methanol and (b) ethanoic acid?

When (R)-butan-2-ol is reacted with excess SOCI,, the main
product is (R)-2-chlorobutane. However, if the same is carried out
in the presence of pyridine, the major product is (5)-2-chlorobutane.
Why do the two reactions give different products?

What product would be formed on E2 elimination of (1S5,25)-1,2-
dichloro-1,2-diphenylethane?

Reaction of bromide D in hot ethanol gave a number of products
including E and F. Suggest reaction mechanisms to explain the
formation of E and F.



6. ALKENES AND ALKYNES

Key point.  Alkenes and alkynes are unsaturated hydrocarbons, which
possess a C=C double bond and a C=C triple bond, respectively. As
(weak) m-bonds are more reactive than (strong) ¢-bonds, alkenes and
alkynes are more reactive than alkanes. The electron-rich double or
triple bond can act as a nucleophile, and most reactions of alkenes/
alkynes involve electrophilic addition reactions. In these reactions, the
m-bond attacks an electrophile to generate a carbocation, which then
reacts with a nucleophile. Overall, these reactions lead to the addition
of two new substituents at the expense of the w-bond.

6.1 Structure

Alkenes have a C=C double bond. The two carbon atoms in a double
bond are sp? hydridised, and the C=C bond contains one (strong)
o-bond and one (weaker) m-bond.

Alkynes have a C=C triple bond. The two carbon atoms in a triple
bond are sp hybridised, and the C=C bond contains one ¢-bond and
two m-bonds.

Alkene (planar shape) Alkyne (linear shape)
R? 180°
BN / Y
120° ( Cz==C R C—C R!
NN N4
R! oo R3 K
p? )

The greater the number of m-bonds, the shorter and stronger the
carbon—carbon bond becomes.

HC=CH H,C=CH, H3C—CH;
CC bond strength (kJ mol ™) 837 > 636 > 368
CC bond length A) 1.20 < 1.33 < 134

As there is no free rotation around a C=C double bond, alkenes can
have E- and Z-stereoisomers (see Section 3.3.1). Z-Isomers are less
stable than E-isomers because of the steric interactions between the
two bulky groups on the same side of the molecule.
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steric strain

@ X® ORI
STN G

Z-isomer E-isomer

less stable more stable

An alkene is stabilised by alkyl substituents on the double bond.
When the stability of alkene isomers is compared, it is found that the
greater the number of alkyl substituents on the C=C double bond, the
more stable the alkene is. As an approximation, it is the number of
alkyl substituents rather than their identities that govern the stability of
an alkene. This can be explained by hyperconjugation which involves
the donation of electrons from a filled C—H c-orbital to an empty C=C
m*-orbital.

‘u,, O @ @* ---C—H c-orbital Overlap between these orbitals

leads to the stabilisation of the double
bond. The more alkyl substituents on
the double bond, the greater the number
; of C—H bonds which can interact, and
C—-C r*-orbital hence the more stable the alkene is

most stable least stable
R ,RR R R R H R H
e=c > Je=cl > e > Ce=c
tetrasubstituted trisubstituted disubstituted monosubstituted

It should be emphasised that both alkenes and alkynes have electron-
rich 1-bonds and hence they react as nucleophiles.

6.2 Alkenes
6.2.1 Preparation

An important method for preparing alkenes involves the elimination
(E1 or E2) of HX from alkyl halides (see Section 5.3.2). Alcohols can
also be converted to alkenes by activating the OH group (e.g. by pro-
tonation or conversion to a tosylate) to make this into a better leaving
group (see Section 5.2.2).

H R? H R?
Base N v Acid [

C R~ C—C—R?
| | —HX < AN -H,0 ] ]
R' X R' OH
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Tertiary amine oxides and xanthates can also undergo elimination to
form alkenes on heating. These Ei eliminations (elimination, intra-
molecular) proceed via cyclic transition states, which require a synperi-
planar arrangement of the leaving groups (i.e. the leaving groups lie in the
same plane on the same side of the molecule). This can be compared to
an E2 elimination, which requires an antiperiplanar arrangement of
leaving groups (see Section 5.3.2.1).

The Cope elimination

}
R Ry R Ry RO R
43 D z b d C=C
C C Heat CrrC - N
I\j A . : H H
He ?NR2 H. NR, +
5 .
0 0 HO - NR,
Tertiary amine oxide 5-membered transition state

The Chugaev elimination

R JR
C=C
R R R N
H RH He DL H , H
C C Heat Core N
IJ (\ H Ke) (0]
H / 7 1
sxc s=C, €.
N sMe SMe HS SMe
Xanthate 6-membered transition state

O0=C=S + MeSH

Alkenes can also be prepared using the Wittig reaction (see Section
8.3.4.3), and Z-alkenes can be prepared by the hydrogenation of
alkynes in the presence of a Lindlar catalyst (see Section 6.3.2.4).

6.2.2 Reactions

Alkenes are nucleophiles and react with electrophiles in electrophilic
addition reactions. These reactions lead to the introduction of two new
substituents at the expense of the m-bond. (Some of these reactions
were introduced in Section 5.2.3.)

For unsymmetrical alkenes, with different substituents at either end
of the double bond, the electrophile adds regioselectively, so as to form
the more substituted (and therefore the more stable) carbocation.

First step is the

R R addition of an R\ ; R R
N 7 i
C @  clectrophile ?@ /—\\\ R—~C-Nu
I+ N E H-c-g T Noo - :
/C\ electrophile ; H- (II -E
R H R R
nucleophile The most stable (tertiary)

carbocation is formed
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The more alkyl groups on the double bond, the faster the rate of
electrophilic addition. This is because the electron-donating (+I) alkyl
groups make the double bond more nucleophilic (e.g. Me,C=CMe, is
much more reactive to electrophiles than H,C=CH,). Conversely, the
introduction of electron-withdrawing (I, —M) substituents reduces the
rate (e.g. H,C=CH-CHj; is much more reactive to electrophiles than
H,C=CH-CF;).

6.2.2.1 Addition of hydrogen halides

The addition of HX (X=Cl, Br, I) to an alkene, to form alkyl halides,
occurs in two steps. The first step involves the addition of a proton (i.e.
the electrophile) to the double bond to make the most stable intermediate
carbocation. The second step involves nucleophilic attack by the halide
anion. This gives a racemic alkyl halide product because the carbocation
is planar and hence can be attacked equally from either face. (These
addition reactions are the reverse of alkyl halide elimination reactions.)

R R R
c® /\\e R-C-X
. . | + X — 1
The proton adds e e
to the less substituted H ? H H {C H
carbon atom R R
R R
S / tertiary carbocation
C B 5
|C +Y HA—X
N R The tertiary rather than
R/ H *& | secondary carbocation
R—C~H is formed because this
| is more stable
c®
PN
R H

secondary carbocation

The regioselective addition of HX to alkenes produces the more sub-
stituted alkyl halide, which is known as the Markovnikov (Markovnikoff)
product. Markovnikov’s rule states that: ‘on addition of HX to an alkene,
H attaches to the carbon with fewest alkyl groups and X attaches to the
carbon with most alkyl groups’. This can be explained by the formation
of the most stable intermediate carbocation.

Occasionally, the intermediate carbocations can also undergo struc-
tural rearrangements to form more stable carbocations. A hydrogen atom
(with its pair of electrons) can migrate onto an adjacent carbon atom in
a ‘hydride shift’. This will only occur if the resultant cation is more stable
than the initial cation.

R R
\C s \C
H CHR H H ~
ol ’ o \C@g‘/\H hydride \Ci e R
I /\ 5+ r& -X ] shift ) H\
+ H-~X —— f{g-C-yg ~—> H-C-H
G l i x©
regioselective addition of This produces
a proton to give the secondary, a more stable
rather than primary, carbocation tertiary carbocation
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Alkyl groups can also migrate to a carbocation centre in Wagner—
Meerwein rearrangements (ot shifts).

R R
H  CR H ¢’ C-
N e \ < =R
(5]
IC}/‘\\ 8+ w5 =X ?Q‘)R R migration (,: R \
¢ vt HTX /= pg_c-n H-C-H x°
N | 1
H n H H
secondary carbocation tertiary carbocation

Addition of HBr to alkenes in the presence of a peroxide

Although HBr usually adds to alkenes to give the Markovnikov product,
in the presence of a peroxide (ROOR), HBr adds to alkenes to give the
alternative regioisomer. This is known as the anti-Markovnikov product.
The change in regioselectivity occurs because the mechanism of the
reaction changes from an ionic (polar) mechanism in the absence of
peroxides to a radical mechanism in the presence of peroxides. Initi-
ation by peroxide leads to the formation of bromine radicals (or atoms)
which add to the less hindered end of the alkene. This gives the more
substituted radical, which in turn produces the less substituted alkyl
halide. (It should be remembered that radical stability follows the same
order as cation stability — see Section 4.3.)

heat or light
ROYOR —— 28 RO + OR (nitiation step)

N .
o) +®fBr RO—H + ’Br

A strong O—H bond is formed at the expense of a weaker H-Br bond

The bromine atom adds to 1

the less hindered carbon atom R—C - Br The bromine atom is regenerated
because this is more accessible é and reacts with another molecule
R/ v \H of alkene in a chain reaction
R R .
~ Ci % secondary radical
|Cf¥\ /‘\ ‘Br
s
R H ™~ R
R R Br A
cr {. R—-C-H
The tertiary radical i ! Vi '
e tertiary radical is L H-C-Br
more stable than the H ? Br t
secondary radical R R
tertiary radical Anti-Markovnikov

product
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6.2.2.2 Addition of bromine

The electrophilic addition of bromine produces 1,2-dibromide (or vicinal
dibromide). The addition is stereospecific because of the formation of
an intermediate bromonium ion. This ensures that the bromine atoms
add to the opposite sides of the alkene in an anti- addition.

H
H \C/ R C:‘ R
5+ (5 @ - /\e
”/.+\‘ Br Br B Pi’\r_j\ | + Br
/C\‘\,/ C’;‘ H
R H R
cyclic bromonium ion
The bromine molecule becomes polarised as it
approaches the alkene. The bromine atom nearest (cf. SN2 reaction)
the double bond becomes electrophilic (as the
electrons in the Br—Br bond are repelled away a
from the electron-rich double bond) Br SR
NP
C
!
Overall anti- addition as the two bromine atoms R™y C\
end up on opposite sides of the planar alkene H Br

The anti- addition explains the formation of different diastereo-
isomers when using E- or Z-alkenes.

racemic mixture of
enantiomers (no
plane of symmetry)

®
H
Nem o B, BT Br $aMe
== 0 (¢} C\.,,, o o ¢} C\
Me Me Me (1 Me e Br
Z-but-2-ene
B !
diastereoisomers
¥
@
H e BrY) Br Me
~N /s Br, RS AN Sb.H
C==C T s C e C oy, —— wC—C
~ H »"Me H 4 AN
Me H Me H Me Br
E-but-2-ene Br meso compound — achiral

(has a plane of symmetry)

As Br can attack either carbon atom of the bromonium ion, reaction
with Z-but-2-ene produces a 1:1 mixture of enantiomers (only the
2R.3R isomer is shown above). For E-but-2-ene, the attack of Br™ at either
carbon atom of the bromonium ion produces the same compound. This
compound has a plane of symmetry and hence is an achiral meso
compound.

N-Bromosuccinimide or NBS (a stable, easily handled solid), rather than
hazardous liquid bromine, is often used in these bromination reactions,
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as this produces bromine (at a controlled rate) on reaction with HBr
(which is usually present in trace amounts in NBS).

O

0
N~Br + HBr ——= ‘)LN—H +  Bn

O O
NBS

6.2.2.3 Addition of bromine in the presence of water

The addition of bromine to an alkene in the presence of water can lead
to the formation of a 1,2-bromo-alcohol (or bromohydrin) in addition
to a 1,2-dibromide. This is because water can act as a nucleophile and
compete with the bromide ion for ring-opening of the bromonium ion.
Even though Br™ is a better nucleophile than H,O, if H,O is present in
excess, then the 1,2-bromo-alcohol will be formed.

&}
H Br Me
e’ B e sy2  Br Sl
TN H0 H ‘;C Sy Me H'y \®
Me e (' e Me CO ~H
\., *t Br u
An excess of water will H,O f
produce the bromohydrin / Br
Br \Me
HBr + - ,}C — (5: H Overall anti- addition
Mel OH
bromohydrin

The opening of the bromonium ion is often regioselective. The nucleo-
phile usually attacks the more substituted carbon atom of the ring,
because this carbon atom is more positively polarised. The reaction
proceeds via a ‘loose Sy2 transition state’.

g B > M
T e
C/Br\c AN Br s, Me
o U=y, T i C o C ey B an O
v v Me 1 T e gyt 6 v HBr
H#+ Me H Me OH
Although less hindered, 1,0 The bromine begins to leave to produce

a partial positive charge on the more
substituted carbon. (The carbon
substituents stabilise the 8+ charge)

attack does not occur
at this site
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6.2.2.4 Addition of water (hydration): Markovnikov addition

The addition of water to alkenes, to produce alcohols, requires the
presence of either (i) a strong acid or (ii) mercury(Il) acetate (in an
oxymercuration reaction). In both cases, the reactions involve the
Markovnikov addition of water (i.e. the OH becomes attached to the more
substituted carbon).

Acid catalysis (requires high temperatures)

R R R R ¥
B+ ad- N L - @/
C/\Hﬁcl c® H,0 R—C—OQ
| | — |
C H,0 H—C-—H H-~C-—H
7N | ) ]
H H H + CI H
l S
the most stable carbocation Cl
is formed
R
|
R~ C-—OH
HCI + |
(regenerated) H— CI —H
H
Oxymercuration
5 mercurinium ion R
R R OAc ~R R . 5)R
~ 7 S+1 j: S R d é+c
Cr/\,Hg OAc e € d
| S AcO-Hg | ——n AcO-Hg._
PatN HZO C, C.y
H H “H
H + %oac H Ho .
. H;0
nucleophilic attack at
the most substituted
carbon atom with the
greatest 8+ character
R Reduction of the R R
! C-Hgbondtoa i 1B,
R—C-0OH C-H bond R—-C-0OH R—C-O:)H
i ] e i
H~C~-H NaBH, AcOHg—-C~—H AcOHg~-C~-H )
: (sodium : :
H borohydride) H H A =

Overall anti- addition
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6.2.2.5 Addition of water (hydration): anti-Markovnikov
addition

The anti-Markovnikov addition of water is achieved using borane
(B,Hg, which reacts as BH;) in a hydroboration reaction. The reaction
involves the syn- addition of a boron-hydrogen bond to the alkene via
a 4-membered transition state (i.e. the boron atom and the hydrogen
atom add to the same face of the alkene). Hydroboration is a highly
regioselective reaction, and steric factors are important. The boron atom
adds to the least hindered end of the alkene to give an organoborane
(regioselectively), which is then oxidised to alcohol. Bulkier boranes
such as 9-BBN (9-borabicyclo[3.3.1]nonane) can enhance the regio-
selectivity of hydroboration.

Hydroboration (regioselective and stereoselective)

R R R R H
s Hé- l?sf cr--H R\;'c/
C BH .
H/ \H i /Cs, E’flz H/gc\
borane H H o BH
The boron atom adds to the 4-membered syn- addition: the H and
less hindered carbon atom transition state BH, add to the same face

of the alkene

Electronic factors also play a part. Boron is more electropositive
than hydrogen, and hence the double bond will attack the boron
atom to give a partial positive charge on one of the (alkene) carbon
atoms in the 4-membered transition state. The partial positive charge
will reside on the more substituted carbon atom, as this is more
stable.

In the presence of two further alkene molecules, a trialkylborane is
formed. Two further alkyl groups replace the two hydrogen atoms on
boron (using the same mechanism as shown above).

R R R R
Ay e ~ b
R { [ R g f R g
R& . R& Lo RG s
e H H e H H Ne
I | |
C C C
A P )
H BH 4 % BH 4B

trialkylborane
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The trialkylborane is then oxidised using hydrogen peroxide (H,O,)
in basic solution. This converts the three C—B bonds to C-OH bonds.

structure drawn so as to show

HO— OH the migration of one alkyl
% R § l HOe N R § group from boron to oxygen
a8 /S \'LC e CHR2
I O0—OH | - (‘:}e/CHz-CHRz
Q == 5
v SC ) The boron atom o .:C) B. 2 B ““?)
Hy 4B H 3770
H has an empty H s HO/)
p-orbital which HO
can accept a pair
of electrons A weak O_O
Nucleophilic attack bond is broken
by the hydrogen peroxide
trialkylborate anion followed by
@CHZCHRZ alkyl migration CHR,
is repeated twice !
_B. H,C -
R,CHCH,0"7 “OCH,CHR, 721 B -t CHR,
All C-B bonds are
1) converted to C—O bonds +
HO 2o
H,O l
R,CHCH,O., B OCH,CHR, R,CHCH,0O. _ OCH,CHR,
1 ]? + “mn
OH Lo ol
+ +
R,CHCH,0 HOCH,CHR,
The two remaining
B—OR bonds are HO@ H,0
converted to two ’
R H B—OH bonds
R HO OH
N 7
ic == 3HOCH,CHR, + 1|3
€N OH
H g OH

Overall anti-Markovnikov
addition of water

The migration of the alkyl groups from boron to oxygen occurs with
the retention of configuration.

Rl

| “ou R! a R!
{ i
wC (B 0% N OH
R2 -~ 2wC_ _BR — 2 C
R3 ’ R’ B‘R o 1}23 7707 o 1}23 ¢ oH

The boron group is replaced by an hydroxyl group with the same stereochemistry
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6.2.2.6 Oxidation by peroxycarboxylic acids (RCO;H) and
hydrolysis of epoxides to give anti- dihydroxylation

The reaction of alkenes with peroxycarboxylic acids (or peracids) leads
to the formation of epoxides in a concerted addition reaction. The
peroxycarboxylic acid donates an oxygen atom to the double bond in
a syn- addition reaction.

= H
R 8- R.:
0 R & 0 N R
~
I(\ — | o+ |
C \JH C
A u’
R peroxycarboxylic RH
acid epoxide

The addition is stereospecific, so the cis-epoxide is formed from the cis-alkene.

A trans-alkene would give a frans-epoxide

Epoxides can be hydrolysed under acid- or base-catalysed conditions
to form 1,2-diols. These reactions lead to the opening of the strained
3-membered (epoxide) ring. The formation and hydrolysis of an epoxide
lead to the stereoselective anti- addition of two OH groups.

Base catalysis (aqueous hydroxide and heat)

5 anti- addition
e SN2 attack by @/’\ Lon u

C/ SJ' hydroxide , \C C aR
HY SH SO RN H/ \
R R R OH OH
OH +
G)OH (regenerated)

Even though hydroxide is a poor nucleophile
it will open the strained epoxide ring on heating

Acid catalysis (aqueous acid)

H
1
PN ®, SN2 attack
O/’\ 5 N
7N\ H® / Q by water \ *‘ER
wC—C,, - wC—C,, = __.C—C
H'y SH® HY NH H'y \ @
R R R R R Co\

Protonation makes the OH,
epoxide a better electrophile /

H
N saR

B+ —c”
(regenerated) HRI N
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6.2.2.7 Syn- dihydroxylation and oxidative cleavage of 1,2-diols

to form carbonyls

The reaction of alkenes with potassium permanganate (KMnQOy,) at low
temperature, or osmium tetroxide (OsQy,), leads to the syn- addition of
two OH groups (i.e. the two OH groups add to the same face of the
double bond).

Potassium permanganate (low temperature)

syn- addition

R\ /H (0] 0 low R\ % 0 R\ ‘HOH
C foXY c Yo © c=
] ‘__/ Mn\ K@ temp. | Mn< HO {
’ AN s N
€000 o 0 Tof HO Caop
R a R H K® R H
. +
The two C-O bonds are formed on  €YClic manganate ester MnO,

the same face of the alkene

The formation of the cyclic ester leads to the
reduction of manganese, from Mn(VII) to Mn(V)

Osmium tetroxide

R H O R H

R H < e reducing N <. OH
c O\\’g AP ? N agent ? =
AP 0%

/CG o] Cmo” Yo | e NaHSO)  Cuioy

R H R H R H

cyclic osmate ester +
The two C—-O bonds are formed H,0504

on the same face of the alkene

The formation of the cyclic ester leads to the
reduction of osmium, from Os(VIII) to Os(VI)

1,2-Diols can be oxidised further to form carbonyl compounds.

This results in the cleavage of the C-C bond. When potassium
permanganate is reacted with alkenes at room temperature or above,
the intermediate 1,2-diol can be further oxidised to form carboxylic

acids.
R R
R\ /R KMnO,4 . -
/C:C\ - /C:O + O :C\
H H H,0 HO OH

carboxylic acids
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1,2-Diols can also be oxidised to aldehydes or ketones by reaction
with periodic acid (HIO,).

R H
C
R H
. 0 - 0 i
So=OH i mo | € Jof\n o O
| + O=I-OH —> | >1-OH| —= + 1-OH
Cow il cl 7 ¥
s 4 OH 0 /220 g o O
R H R H 1t
. . /Cs
cyclic periodate ester R H

6.2.2.8 Oxidative cleavage by reaction with ozone (O;)

The reaction of alkenes with ozone at low temperature produces an inter-
mediate molozonide (or primary ozonide) which rapidly rearranges

to form an ozonide. This leads to the cleavage of the C=C double
bond.

R H
R\ ,H OQ low C\:‘O H\C=O
;‘/ E 0P temp | ) \8' R” ]
I s 7 @ /O
PRt
R" H R H H
This is known as a ( n?oloz(')mde ide)
1 3-dipolar addition or primary ozonide i
is a 1,3-dipole) // by
(ozone is a 1,3-dip aldehyde

The rearrangement leads
to formation of two C-O

H R bonds at the expense of (5)7““ 6C+’ H
/\C - a C—C bond and a very {_ "R
0 \O weak O—O bond e
R .- L) @ 0
C-o k={~o
H H
ozonide

The intermediate ozonide can then be reduced to aldehydes/ketones
or be oxidised to carboxylic acids.

(e}
Reductive work-up ]
Me,S, ZnorPPh; 2 C aldehydes
L .-R R/ \H (or ketones)
—~C /
| o
R O/ \ ([)[
I—iI Oxidative work-up 2 ¢ carboxylic

R/ \OH acids
ozonide 1,0,
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6.2.2.9 Reaction with carbenes

A carbene is a neutral, highly reactive molecule containing a divalent
carbon with only six valence electrons. They are usually formed in one
of the two ways.

(1) Reaction of trichloromethane (chloroform) and base. This is
known as an a-elimination reaction, as two groups (i.e. H and Cl)
are eliminated from the same atom.

usual
representation
Cl Cl o Cl Cl
- ¢ “on S N N
Cl—C—-—H o Cl-C? /Ce = /CZ
] _
cl 2 Cl Cl cl

dichlorocarbene

(2) Reaction of diiodomethane and a zinc—copper alloy (in the Simmons—
Smith reaction).

H H
i Zn (Cu) t
I—C—1 {lclzn—l e \C: + Znl,
1 The zinc inserts ! H/
into a C-I bond H
zine carbenoid carbene

As carbenes are electron deficient, they can act as powerful electro-
philes. At the same time, they can also be thought of acting as nucleo-
philes, because they contain an unshared pair of electrons.

Carbenes will add to alkenes to form cyclopropanes. The mechanism
of these insertion reactions depends on whether a singlet carbene (this
contains a pair of reactive electrons in the same orbital) or a triplet
carbene (this contains two unpaired and reactive electrons in different
orbitals) adds to the double bond.

Singlet carbene (concerted mechanism — stereospecific syn- addition)

R\ e i R :I The C—C bond fi d
X Y e onds are forme
lc/\ C/ N C|\CX at the same time and the
Co A Y C/ 2 reaction is stereospecific
PN i X 5 i.e. a Z-alkene gives
R H : R H a cis-cyclopropane

the two electrons have opposite
spins and are in the same orbital
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Triplet carbene (stepwise mechanism — non-stereospecific)

R H R 1
N4 X AN e CXZ
C — X = halogen or H c |
”T/ C [ triplet
c i \X Cel intermediate
/N ' VA
" H ; " H

the two electrons have the same

spins and are in different orbitals

pins and are in different orbitals .o o )
slow spin inversion

C—C bond, the electrons (or spin-flipping)
must have opposite spins or spm-thpping

H H
R R o
S o, e
C -~ C _YT singlet
R/:‘: e intermediate
H R H
The two C—C bonds are
+ formed at different times and +
the reaction is not stereospecific

H
H -
RQ R\‘% —CX5
- C ®
c {
/CXZ i _(T singlet
- C & Co,,' intermediate
H S o 4R

A slow spin inversion means that the
C—C bond can rotate before cyclisation

6.2.2.10 Addition of hydrogen (reduction)

The alkene double bond can be hydrogenated by hydrogen in the
presence of a platinum or palladium catalyst. The hydrogenation
occurs with syn- stereochemistry, as the two hydrogen atoms are added
to the same face of the alkene on the surface of the catalyst.

I 1
R\C C/R
R' R AT R! R!
Pd/C -, :
\c=c R R Rk =R
H H ' <

metal catalyst surface

6.2.2.11 Reaction with dienes

Alkenes bearing an electron-withdrawing substituent(s) can add to
electron-rich conjugated dienes in the Diels—Alder cycloaddition reaction.
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This is a concerted reaction leading to the formation of two new C—C
bonds in one step. It is an important method for making rings, including
cyclohexenes.

L -M)

COCH; '
<8 \f Heat oS COCH; COCH;
— — T —

13-diene The alkene is . .
? known as the cyclic transition state

dienophile

This is a pericyclic reaction, which involves a concerted redistribution
of bonding electrons (i.e. a pericyclic reaction is a concerted reaction
that involves a flow of electrons). The preference for electron-rich
dienes and electron-deficient dienophiles arises from orbital inter-
actions; this combination gives a good overlap of orbitals in the transi-
tion state.

The s-cis (or cisoid) conformation of the diene is required, and the
reaction is stereospecific (i.e. only syn- addition). Groups that are cis in
the (alkene) dienophile will therefore be cis in the product. Conversely,
groups that are trans in the dienophile will be frans in the product.

CO,M CO,M
A N OO
A T CO,Me

CO,Me
s-tramns s-cis cis-alkene cis-product

6.3 Alkynes
6.3.1 Preparation

Alkynes can be prepared from alkyl 1,2-dihalides (or vicinal dihalides)
by the elimination of two molecules of HX using a strong base (e.g.
NaNH,).

H R H R

N s, Br, Brag Y 2NaNH,
C=C e cC—C, -3 R (C=(C-—R
N /7 Nep, -2HBr
R H R '

1,2-dibromide

6.3.2 Reactions

Alkynes, like alkenes, act as nucleophiles and react with electrophiles
in electrophilic addition reactions. The electrophiles generally add in
the same way as they add to alkenes.
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6.3.2.1 Addition of hydrogen halides (HX)

The addition of HX occurs so as to give the most substituted alkyl
halide, following Markovnikov’s rule (see Section 6.2.2.1). One or two
equivalents of HX can be used to form vinyl halides or dihaloalkanes,
respectively.

Br H
mer R P omme Lo
R—-Cz=C—H C=C R—C—C—H
( 7 N [
Br H Br H
H@ l vinylic bromide dibromoalkane
/ﬁ?r;'
® /H
R-—C==C

The addition proceeds via the most stable
H (or substituted) vinylic carbocation
vinylic carbocation

Vinylic carbocations are generally less stable than alkyl carbocations,
as there are fewer +I alkyl groups to stabilise the positive charge. As
a consequence, alkynes (which give vinylic carbocations) generally
react more slowly than alkenes (which give alkyl carbocations) in
electrophilic addition reactions.

6.3.2.2 Addition of water (hydration): Markovnikov addition

Alkynes will react with water in the presence of a mercury(Il) catalyst.
Water adds in a Markovnikov addition to form an enol, which tauto-
merises to give a ketone (see Section 8.4.1).

& R
R OAc R 5
S+ & C ,
ﬁ/\t.HgﬁoAcAo S/! AcO @I—(f’!l
cO—-Hg e cO—
? v\_/ H,0 ~ SN
H +%ac n H
nucleophilic attack H,0
at the most substituted J
carbon atom
H
R _C OH R (OH R %
o ~ ~ C/ \C/ 3 -
AcO H — AcOH
b\il I Y
AcOHg (!3—~H /C\ /C\ o
ol AcOHg H Acong’ H OAc
+AcO
@ \
—HgOAc
R_OH R_,0
\C tautomerism C
] I ! + Hg(OAC)z
. H- CI_ Hk . regenerated
Y
q q o etone

enol keto
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6.3.2.3 Addition of water (hydration): anti-Markovnikov
addition

The hydroboration of alkynes using borane (BH;) produces an inter-
mediate vinylic borane, which then reacts with BH; in a second hydro-
boration; the two boron groups add to the less hindered end of the
triple bond. However, when a bulky dialkylborane (HBR;) is used,
steric hindrance prevents a second hydroboration, and oxidation of the
intermediate vinylic borane produces an enol, which tautomerises to an
aldehyde. (For a related mechanism, see Section 6.2.2.5.)

aldehyde
1
lI2 5 R!' H R!' H H
oy N7 N i
o ¢ H,0, C tautomerism R!~C~H
”l%\ﬁ - S ! = [
(I: §+R ’ 7 C\ HO /C\ /C\\
H H  BR H OH 1 o
vinylic borane enol keto
R =bulky group

This results in the anti-Markovnikov addition of water to the triple bond.

6.3.2.4 Addition of hydrogen (reduction)

Alkynes can be stereoselectively reduced to give Z- or E-alkenes using
H,/Lindlar catalyst or Na/NH; (at low temperature), respectively.

Z-Alkene

The metal catalyst ensures that the two hydrogen atoms add to the
same face of the alkene in a syn- addition.

H, R—C=C~R R N P R
R~C=C~R H H — /C:C\
Lindlar =),
catalyst H H
Z-alkene

metal catalyst surface

The Lindlar catalyst [Pd/CaCO3/PbO] is a poisoned palladium catalyst,
which ensures that the reduction stops at the alkene (and does not go on
to give an alkane). Reduction to the alkane requires a Pd/C catalyst
(see Section 6.2.2.10).

E-Alkene

The two hydrogen atoms add to the opposite faces of the alkene (i.e. anti-
addition) using sodium in liquid ammonia. This ‘dissolving metal
reduction’ produces a solvated electron, which adds to the alkyne to
produce a radical anion (bearing a negative charge and an unpaired
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electron). The bulky R groups in the radical anion, vinyl radical and
subsequently in the vinyl anion lie as far apart as possible.

vinyl radical

R R H
o '/——\6 temp. “e=c® NH; S
! N i

R + R
radical anion QNHZ
(electron repulsion forces
the R groups to be E-) 2/
R H R H
s NH. piny.
°NH, + c=cC : Se=c Vil
~ IS} N anion
H R R
E-alkene

6.3.2.5 Deprotonation: formation of alkynyl anions

Terminal alkynes contain an acidic proton, which can be deprotonated
by sodium amide (NaNH,). The negative charge of the alkynyl (or
acetylide) anion resides in an sp-orbital. This is more stable than a vinyl
anion (produced on deprotonation of an alkene), because these are sp>
hybridised. The greater the ‘s’ character, the more closely the anion is
held to the positively charged nucleus (which stabilises it).

The alkynyl anion can act as a nucleophile. Reaction with primary
alkyl halides will lead to alkylation (by an Sx2 mechanism) and the
introduction of an alkyl group on the terminal carbon atom of the alkyne.

alkynyl anion

NaNH rR'-CX
R~CZ=C-H ——t R~czc€(/i--~> R—~C=C-R!
_NH, NE  -NH; N
NaX

Terminal alkyne (triple bond is

— R = e ali
at the end of the carbon chain) X =halogen; R" = primary halide

Problems

(1) Give mechanisms for the reaction of HBr with pent-1-ene in (a) the
presence of a peroxide (ROOR) and (b) in the absence of a peroxide.
Explain how your mechanisms account for the regioselectivity of
the reactions.

(2) Give a mechanism for the reaction of Br, with (Z)-hex-3-ene, and
explain how the mechanism accounts for the stereospecificity of
the reaction.

(3) Suggest suitable reagents to accomplish the following trans-
formations. Note that the relative rather than the absolute stereo-
chemistry of the products is shown (i.e. even though just one



100 Keynotes in Organic Chemistry

enantiomer of the product is drawn, the product is racemic, because
the alkene starting material is achiral).

Bt S H
0
(E | L
g NOH
H H

(4) Suggest syntheses of compounds A, B and C starting from the
alkyne CH;CH,CH,C=CH (pent-1-yne).

O
A~ NN NN
A B C

(5) Give the diene and dienophile that would react in a Diels—Alder
reaction to give each of the products D-F.

Me
J\: CO,Et l .COMe
CO,Et a
E

D

(6) Explain why the reaction of buta-1,3-diene (H,C=CH-CH=CH,)
with one equivalent of HCl produces both 3-chlorobut-1-ene
(~80%) and 1-chlorobut-2-ene (~20%}).



7. BENZENES

Key point.  Benzene is an aromatic compound because the six T-electrons
are delocalised over the planar 6-membered ring. The delocalisation
of electrons results in an increase in stability, and benzene is therefore
less reactive than alkenes or alkynes. Benzene generally undergoes
electrophilic substitution reactions, in which a hydrogen atom is sub-
stituted for an electrophile. The electron-rich benzene ring attacks an
electrophile to form a carbocation, which rapidly loses a proton so as to
regenerate the aromatic ring. Electron-donating (+I, +M) substituents
(on the benzene ring) make the ring more reactive towards further
electrophilic substitution and direct the electrophile to the ortho-/para-
positions. In contrast, electron-withdrawing (—I, —-M) substituents (on the
benzene ring) make the ring less reactive towards further electrophilic
substitution and direct the electrophile to the meta- position.

7.1 Structure

e Benzene (CHy) has six sp® carbon atoms and is cyclic, conjugated
and planar. It is symmetrical and all C—C—C bond angles are 120°.
The six C—C bonds are all 1.39 A long, which is in between the
normal values for a C—C and C=C bond.

e Benzene has six m-electrons, which are delocalised around the ring,
and a circle in the centre of a 6-membered ring can represent this.
However, it is generally shown as a ring with three C=C bonds,
because it is easier to draw reaction mechanisms using this repre-
sentation.

2%
H—C ¢ é @\" C—H ==
Oe—e0
- C—C =
O 0 Circle denotes Shown as a
The six p-orbitals overlap to delocalisation single resonance
give ‘rings’ of electron density of electrons form

above and below the six-carbon ring

As benzene has six m-electrons, it obeys Hiickel’s rule and is
aromatic. Hiickel’s rule states that only cyclic planar molecules with
4n+ 2 m-electrons can be aromatic: for benzene n=1. (Systems with 4n
n-electrons are described as anti-aromatic.)

Aromatic compounds can be monocyclic or polycyclic, neutral or
charged. Atoms other than carbon can also be part of the ring, and for
pyridine, the lone pair of electrons on nitrogen is not part of the n-electron
system (see Section 1.7.5).
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Examples (each double bond represents two melectrons)

Naphthalene Cyclopentadienyl Cycloheptatrienyl Pyridine
(10 w-electrons) anion cation (6 m-clectrons)
(6 m-electrons) (6 w-electrons)

For benzene, the molecular orbital theory states that the six p-orbitals
combine to give six molecular orbitals. The three lower-energy molecular
orbitals are bonding molecular orbitals, and these are completely filled
by the six electrons (which are spin-paired). There are no electrons in
the (higher-energy) antibonding orbitals, and hence benzene has a closed
bonding shell of delocalised m-electrons.

Antibonding
L molecular
orbitals

. Bonding
“# molecular
orbitals

The delocalisation of electrons in aromatic compounds gives rise to
characteristic chemical shift values in the '"H NMR spectra (see Section
10.5.1).

7.2 Reactions

The delocalisation of electrons means that benzene is unusually stable.
It has a heat of hydrogenation which is approximately 150kJ mol™" less
than that which would be expected for a cyclic conjugated triene. This
is known as the resonance energy.

The unusual stability of benzene (and other aromatic molecules)
means that it undergoes substitution rather than addition reactions
(cf. alkenes/alkynes). This is because substitution reactions lead to the
formation of products which retain the stable aromatic ring.

As benzene contains six T-electrons, it can act as a nucleophile and
react with electrophiles in electrophilic substitution reactions. These
reactions involve the substitution of a hydrogen atom on the benzene ring
for an electrophile. The initial electrophilic attack on the benzene ring
leads to the formation of a positively charged intermediate (known as
a Wheland intermediate), which is readily deprotonated.
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slow (rate- |gqg |

H E H E
determining)
® step @ ®
@

nucleophile

fast step Non-aromatic carbocation
_AH@J/ stabilised by resonance
E Deprotonation m
. to regain
substituted aromaticity H E
benzene
Wheland
intermediate

7.2.1 Halogenation

The reaction of benzene with bromine or chlorine in the presence of
a Lewis acid catalyst (such as FeBr;, FeCl; or AICl;) leads to the
formation of bromobenzene or chlorobenzene, respectively. The Lewis
acid, which does not have a full outer electron shell, can form a complex
with bromine or chlorine. This polarises the halogen—halogen bond
(making the halogen more electrophilic), and attack occurs at the positive
end of the complex.

S+ d5—
Of\ X ——@- FeX; - ©

The Lewis acid
X =BrorCl can accept a lone

pair of electrons
from the halogen /
X

FeX, + HX +
(regenerated)

No reaction occurs in the absence of a Lewis acid. This contrasts
with the halogenation of alkenes/alkynes, which does not require
activation by a Lewis acid. This is because alkenes/alkynes are not
aromatic, and hence they are more reactive nucleophiles than benzene.

7.2.2 Nitration

Benzene can be nitrated using a mixture of concentrated nitric (HNO;)
and sulfuric (H,SO,) acid. These acids react to form an intermediate
nitronium ion, which acts as the electrophile.
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T Y . @y 1 © Gy
HO-S-0 HO-N = HO-$-0° + H0-N
] \O@ U \OG'
0 0
0
o2 N, === H,0 N®
: +
2 Ty 2 0
O 0

nitronium ion

ON H NO,

nitrobenzene

7.2.3 Sulfonation

The reaction of benzene with fuming sulfuric acid or oleum (a mixture
of sulfuric acid and sulfur trioxide) leads to the formation of benzene-
sulfonic acid. The sulfonation is reversible, and this makes it a useful
tool in organic synthesis for blocking certain positions on a benzene ring
(see Section 7.8). Sulfonation is favoured using strong sulfuric acid,
but desulfonation is favoured in hot, dilute aqueous acid.

®
¥ o 0
o H NV TR, HOL A°
HO-S—-0 IS! === HO-S-0 + IS|
i il
O O O
electrophile
®
HO S HO;S H SO;H

Sulfur trioxide (rather than protonated sulfur trioxide) could also act
as the electrophile in these reactions.

©
8) 5 s, H 503
O (O]
/ e D
O
3

This can then
be protonated
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7.2.4 Alkylation: the Friedel-Crafts alkylation

The reaction of benzene with alkyl bromides or chlorides in the presence
of a Lewis acid catalyst (such as FeBr;, FeCl; or AICL;) leads to the
formation of alkylbenzenes. (Aryl or vinyl halides (ArX, R,C=CHX)
do not react.) The Lewis acid increases the electrophilicity of the carbon
atom attached to the halogen. This can lead to the formation of a carbo-
cation, which then reacts with the electron-rich benzene ring.

I?B:L/‘\‘ 5 R ~@r R S}
R—C—-+X ¥ FeX; C FeX,y

| |

R R

R,C H

R
TN o ) ®
®/c\ FeX4y )
R R FeXy

FeX; + HX +
(regenerated)

Intermediate primary or secondary carbocations may rearrange to
give more stable secondary or tertiary carbocations, before the carbon—
carbon bond formation can take place (see Section 6.2.2.1). In general,
the higher the reaction temperature, the greater the amount of rear-
ranged product.

H hydride
AlCl; NG shift ®
CH;3(CH,);Cl CH;CH,~ CH~ CH, CH;CH,~ CH-CH;
—AICl primary cation secondary cation

The primary carbocation © ©
rearranges to give the
more stable secondary

carbocation

H,C. . CH,CH,
CH2CH2CH2CH3 CH

Carbocation
rearrangements
can also occur by
the migration
of alkyl groups

unrearranged product rearranged product
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7.2.5 Acylation: the Friedel-Crafts acylation

The reaction of benzene with acid chlorides in the presence of a Lewis
acid catalyst (such as FeCl; or AlCl,) leads to the formation of acyl-
benzenes. The Lewis acid increases the electrophilicity of the carbon
atom attached to the chlorine. This leads to the formation of an acylium
1on, which reacts with the electron-rich benzene ring.

0 . @
s, OD O

C 5 Il i
RT “0 AICKL 1C® S cI
R AlCcy, R

Acylium ion

(6]
Il

H
o R 3

ce® AlCl ® o

| AlCly

R

AlCl; + HC +
(regenerated)

Unlike carbocations, the intermediate acylium ion does not rearrange
and is attacked by the benzene ring to give exclusively the unrearranged
product.

The Gattermann—Koch reaction (which uses CO, HCIl and AlCly)
can be used to produce an aromatic aldehyde, rather than a ketone.

5 a4 e @ © ®
CLA+ OO0+ 6=0 == LAl + H-C=0

Benzaldehyde

7.3 Reactivity of substituted benzenes

The introduction of substituents on the benzene ring affects both the
reactivity of the benzene ring and also the regiochemistry of the reaction
(i.e. the position in which the new group is introduced on the benzene ring).
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7.3.1 Reactivity of benzene rings: activating and deactivating

substituents

Substituents that donate electron density towards the benzene ring
are known as the activating groups. These groups, which have
positive inductive (+I) and/or mesomeric effects (+M), make the
substituted benzene ring more reactive to electrophilic substitution
than benzene itself. This is because the activating group can help to
stabilise the carbocation intermediate (by donating electrons).
Substituents that withdraw electron density away from the benzene
ring are known as the deactivating groups. These groups, which
have negative inductive (-I) and/or mesomeric effects (-M), make
the substituted benzene ring less reactive to electrophilic sub-
stitution than benzene itself. This is because the deactivating group
can destabilise the carbocation intermediate (by withdrawing
electrons).

EDG (+1, +M)

EDG
More reactive ®
than benzene E 1
@ Z EDG stabilises the
E i H .
carbocation

EDG = electron-donating group

EWG (-1, -M) EWG

J Less reactive @ g

S @ than benzene L EWG destabilises the
P carbocation

EWG = electron-withdrawing group

The greater the +M and/or +I effect, the more activating the group
and the more reactive the benzene ring is to electrophilic attack.
Note that positive mesomeric effects are generally stronger than
positive inductive effects (see Section 1.6).

The greater the —M and/or -1 effect, the more deactivating the
group and the less reactive the benzene ring is to electrophilic
attack.

Activating groups Deactivating groups

NHR, NH, (+M, -I)  Most reactive  Cl,Br,I  (+M, -I)

OR, 00 (+M,-D) CHO, COR (-M.,-D)
NHCOCH; (+M, -I) CO,H, CO,R (M, -I)
Aryl (AP (+M, +]) SOH  (-M,-D ¥

Alkyl(R)  (+) NO, (M, -I) Least reactive
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7.3.2 Orientation of reactions

Electrophilic substitution can occur at the ortho- (2-/6-), meta- (3-/5-)
or para- (4-) position of the benzene ring (see Section 2.4). The inductive
and/or mesomeric effects of the existing substituent determine which
position the new substituent is introduced on the ring. On introducing
a new substituent, the formation of the carbocation intermediate is the
rate-determining step. If the existing substituent can stabilise the carbo-
cation, then this will lower the activation energy, leading to attack at
this position.

Substituents can be classified as: (1) ortho-/para-directing activators;
(ii) ortho-/para-directing deactivators; or (iil) meta-directing deactivators.

ortho-/para- activators | ortho-/para- deactivators | meta- deactivators
NHR, NH, Cl,Br, I CHO, COR
OR, OH CO,H, CO,R
NHCOCH;
Aryl (A1) SOzH
Alkyl (R) NO,

The relative ease of attack (by an electrophile) at the ortho-/meta-/para-
positions can be determined experimentally from partial rate factors.
These compare the rate of attack at one position in the monosubstituted
benzene with the rate of attack at one position in benzene. The higher the
partial rate factor at a given position, the faster the rate of electrophilic
substitution.

7.3.2.1 Ortho-/para-directing activators

Electron-donating +I and/or +M groups (EDGs), which make the ring
more nucleophilic than benzene, will stabilise the intermediate carbo-
cation most effectively when new substituents are introduced at the
ortho- or para- position. For the meta- isomer, the positive charge in the
carbocation intermediate does not reside adjacent to the EDG in any of
the resonance forms.

EDG i EDG DG EDG
J b e :
: E :
2 ® ; : ©
+ E° — | H + P+ E
; H E
4 : ortho- para- | meia-
EDG = electron- : Most stable : Least stable

donating group
The EDG can stabilise both of these cations more
effectively than the cation derived from meta- attack
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An additional resonance structure can be drawn for intermediate car-
bocations bearing the +M but not +I groups (at the 2- or 4-position).

Examples
ortho- attack ortho- attack para- attack
(inductive (mesomeric (mesomeric
stabilisation) stabilisation) stabilisation)
. ® . )
iMe I (NH, (+M) NH, (on OH
& E & B E )
H | o™ ©<H -~ | |
A ® >
H E H E

7.3.2.2 Ortho-/para-directing deactivators

Halogen groups are unique in that they direct ortho-/para- and yet they
deactivate the benzene ring. The +M effect of Cl, Br and I is weak
because these atoms are all larger than carbon. This means that the
orbitals containing the non-bonding pairs of electrons (e.g. 3p-orbitals
for Cl) do not overlap well with the 2p-orbital of carbon. (This is a
general phenomenon, and mesomeric effects are not transmitted well
between atoms of different rows of the periodic table.) The weak +M
effect does, however, ensure that the halogens are ortho-/para- directing,
but the strong —I effect (which deactivates the ring) is more significant in
terms of the reactivity of halobenzenes.

.. ®
(X X
® E E
3(' ortho_ H < H
attack
+ E®
. ®
T~ QX X
X=ClBrorl {’3("1
attac. o
P
®
H E H E

7.3.2.3 Meta-directing deactivators

Electron-withdrawing —I/~M groups (EWGs), which make the ring less
nucleophilic than benzene, will deactivate the mefa- position less than
the ortho-/para- positions. The carbocation produced from attack at the
meta- position will therefore be the most stable because this does not
reside adjacent to the EWG in any of the resonance forms.
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: EWG |
EWG ¢ EWG ® EWG
By I :
Ry 2 ® ! < H ®
1 + B —— ! | H + Co+ E
4 v ortho- E : meta-
EWG = electron- : para-
withdrawing group L I_J_e_a_s_t_s_tfl_b_l_e_ o Most stable
The EWG can destabilise both of these cations more
effectively than the cation derived from meta- attack
Examples
ortho- attack para- attack
it NO, (-1, -M) CHO (-1, -M) ﬁ CHO
® @
E =
, ) p—
@
unstable H E H E

unstable

7.3.2.4 Steric effects versus electronic effects

With activating groups, we would expect the ratio of attack at the
ortho- and para- positions to be 2:1 (as there are two ortho- positions
to one para- position on the ring). However, attack at the ortho- position
is often less than this because of steric hindrance. The size of the group
on the benzene ring strongly influences the substitution at the adjacent
ortho- position. In general, the larger the size of the group on the ring,
the greater the proportion of para- substitution.

large alkyl
group
E
P o — +
E

The large group shields the ortho-

ortho- positions from attack disfavoured
para- favoured

7.4 Nucleophilic aromatic substitution (the SyAr mechanism)

The reaction of a nucleophile with a benzene ring is very rare. This can
only occur when strongly electron-withdrawing substituents (e.g. NO,)
are at the ortho- and/or para- positions of aryl halides. The reaction
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proceeds by an addition—elimination mechanism, and the EWGs can
stabilise the intermediate carbanion (called a Meisenheimer complex)
by resonance. It should be noted that this is not an Sy2 reaction, as Sy2
reactions cannot take place at an sp? carbon atom (because the nucleo-
phile cannot approach the C—X bond at an angle of 180°).

8 [ J—

X X Nu
EWG .~
Addition EWG
+ Nu 8
X = halogen
G
EWG EWG
Carbanion is
stabilised by
both EWG
groups
j‘lu X3 Nu
EWG. / Elimination EWG ‘3
1o}
X + I
e
oY)
EWG EWG

The order of reactivity of ary/ halides i1s Ar-F>>Ar—Cl~Ar-Br~
Ar—1, which is the reverse order for Sy2/Sy1 reactions of alkyl halides
(see Section 5.3.1). As fluorine is the most electronegative halogen
atom, it strongly polarises the C—F bond. This makes the carbon &+,
and hence it is susceptible to nucleophilic attack. The fluorine atom is
also small, and hence the incoming nucleophile can easily approach the
adjacent carbon atom (as there is little steric hindrance).

Aryl diazonium compounds (Ar-Nj) can also undergo substitution
reactions In the presence of nucleophiles. However, the reactions appear
to involve radical or ionic (Syx1-like) mechanisms. An Sy 1 mechanism
requires the formation of an aryl cation (Ar"), which is highly unstable
because the positive charge cannot be delocalised around the ring. It
appears, however, that these highly reactive cations can be formed (and
trapped by various nucleophiles) because gaseous nitrogen (N,) is an
excellent leaving group (see Section 7.6).

7.5 The formation of benzyne

The reaction of halobenzenes with a strong base (e.g. NaNH, in NH;)
can lead to the elimination of HX and the formation of benzyne (in
a synperiplanar elimination reaction). The new m-bond that is formed
(by the overlap of two sp*-orbitals outside the ring) is very weak, and
benzyne can react with nucleophiles or take part (as the dienophile) in
Diels—Alder reactions (see Section 6.2.2.11). As benzyne is extremely
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unstable, it undergoes nucleophilic attack by "NH, to give a new anion
(this is not typical of ordinary alkynes).

< \H kﬂ\@ —NH;
| + NH, S |)
R X -X

benzyne

Q

NH,

G(‘ H iy NH,

H
- |0
© &
“NH, -NH, " NH,

7.6 Transformation of side chains

Functional groups on a benzene ring can generally be converted to
other functional groups without reacting with the stable aromatic ring.

(1)  Oxidation of alkyl side chains.  Strong oxidising agents (e.g. KMnQO,)
can convert alkyl side chains to carboxylic acids.

KMnO,
CH3 B COzH

(2)  Bromination of alkyl side chains. N-Bromosuccinimide (NBS) can
brominate at the benzylic position via a radical chain mechanism
(i.e. at the carbon atom attached to the benzene ring). It should be
noted that the intermediate benzylic radical is stabilised by reso-
nance (i.e. the radical can interact with the T-electrons of the
benzene ring).

Br

P|I NBS . |
CHR CHR| — CHR
peroxide

initiator

benzylic radical

(3) Reduction of nitro groups. Catalytic hydrogenation or reaction
with iron or tin in acid can achieve this.
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° H,, Pt
</ \/_ NO, - - Q NH;

Fe, HC1

(4) Reduction of ketone groups. Catalytic hydrogenation or reaction
with zinc amalgam in strong acid (in the Clemmensen reduction)

can achieve this.

0 H,, Pd
C CH,R
™~ R or

Zn/Hg, HCI

(5) The preparation and reactions of diazonium salts. The reaction
of aromatic amines with the nitrosonium ion (‘NO), generated
from nitrous acid (HNO,), yields aryl diazonium salts, which can
be converted (on loss of nitrogen) to a range of functional groups.

G/\ H/’\

O~-N=0 O~N=0O
(e.g. HCD (e.g. HCD

sodium nitrite nitrous acid /

® @ e
H,0 + {N =0 = N QO ]
nitrosonium ion

®
HO0XN=0

H_

/\ﬁ@ “
Ot S,
aniline H
&y
== N-—-OH

(o}
23 +H
O g, 2 O
5 N—OH H
- HZO\‘ This process is called

® diazotisation
N=N

aryl diazonium ion

On heating, the aryl diazonium ion can produce nitrogen gas (an
excellent leaving group) and a very unstable aryl cation in an Syl
mechanism, which can react with nucleophiles.
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@i% N Heat @ﬁ NuH /: \>_.~ Nu
- Nz — H® —

very unstable

(empty sp>-orbital)

Functional group transformations

7\ _p,
O T O
Cu(I)Br
cunet A(I)CN

8]
HBF}, heat Q N=N K1
Q F -~ T
H,0, hee:/ \I;ISPOZ

The reactions involving copper(l) salts are known as the Sandmeyer
reactions. These reactions proceed via radical, rather than ionic,
mechanisms.

Aryl diazonium salts can also undergo coupling reactions with phenol
or aromatic amines, which possess nucleophilic OH or NH, groups,
respectively. This electrophilic substitution reaction (with the diazonium
salt as the electrophile) produces highly coloured azo compounds.

a4 S\ Reaction occurs chiefly at the para-
@, N=N /_DPO'H (rather than the ortho-) position of
phenol on steric grounds
@
H =/}

/ ®
@\ //N X -H
N
Z>on
4-hydroxyazobenzene (orange)

7.7 Reduction of the benzene ring

Harsh reaction conditions are required to reduce the aromatic benzene
ring. This can be achieved by catalytic hydrogenation (using high
temperatures or pressures and very active catalysts) or alkali metals in
liquid ammonia/ethanol (in a Birch reduction).
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Catalytic hydrogenation

H,, Pt
R —R
High pressure

A cyclohexane

Birch reduction. Sodium or lithium metal (in liquid ammonia) can
donate an electron to the benzene ring to form a radical anion. On pro-
tonation (by ethanol) and further reduction/protonation, this produces
1,4-cyclohexadiene.

- . .
(e |~ Q)] =
(Na, NH3) 5 —EtOe
radical anion
O
(Na, NH;)

H__H S}
EtOH .
*—G) carbanion
-EtO
H™ "H H H

1,4-cyclohexadiene

7.8 The synthesis of substituted benzenes

The following points should be borne in mind when planning an efficient
synthesis of a substituted benzene.

(1) The introduction of an activating group onto a benzene ring
makes the product more reactive than the starting material. It is
therefore difficult to stop after the first substitution. This is
observed in Friedel-Crafts alkylations.

RCH,CI, Difficult to stop

AICK further alkylation
@ @ CH.R RHLC O CHLR

+
ortho- isomer

more reactive than benzene

(2) The introduction of a deactivating group onto a benzene ring
makes the product less reactive than the starting material. There-
fore, multiple substitutions do not occur, for example, in Friedel—
Crafts acylations (to give ketones). The ketone (ArCOR) could
then be reduced to give the mono-alkylated product (ArCH,R) in
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generally higher yield than that derived from a Friedel-Crafts
alkylation.

RCOCI, AICI; //0 Zn/Hg, HCI1
O el T
R

less reactive than benzene

(3) For an ortho-/para-substituted benzene, the first group to be
introduced on the ring should be ortho-/para- directing. For a
meta-substituted benzene ring, the first group to be introduced on
the ring should be meta- directing.

(meta- directing)

HNO;, NO, Br,, NO, [}f th§ bror[;linedatfgm h;lld
een 1mtroduced tirst then
EI_Z_SP_i _F-e-liri O a mixture of 2- and
Br 4-bromo-nitrobenzene

would have been formed

(4) For aniline, the orientation of substitution depends on the pH of
the reaction. At low pH, aniline is protonated, and the protonated
amine is meta- directing.

NH, NH,

(ortho-Ipara- SN E S
directing) +

IJ\IHZ E/@, A /

@ neutral pH E
P w\ (meta- directing)
®
H@ NH3 NH;

E@

then base

(5) Making the activating group larger in size can increase the pro-
portion of para- over ortho- substitution (as steric hindrance
minimises ortho- attack). For example, the conversion of an amine
to a bulkier amide leads to para- substitution, and the amide can
be described as a ‘blocking group’. The amide group is also not
as strong an activating group as the amine (see Section 7.3.1), and
hence multiple substitution is less of a problem.
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(ortho-Ipara-

117

directing)
NH, NHCOR NHCOR
1 N OH
f I CH;COCI @
& Hydrolysis of
4 amide substituent is amide back to
: amine

larger than the amine

Reaction with an para- isomer

electrophile gives
a mixture of ortho-/
para- isomers

(6) Removable aromatic substituents, typically SO;H or NH,, can be
used to direct or block a particular substitution. In this way, aromatic
products with unusual substitution patterns can be prepared.

(ortho-Ipara-

directing)
(1) H,S0,, 0, Bry, NH, (1) NaNO,,
HNO;4 @ FeBr; Br Br Br
(2) Sn, HC1 (2) H3PO,
Br

Amine group is removed
leaving Br groups meta-
to one another

(7) Deactivating groups can be converted to activating groups (and
vice versa) by functional group interconversion.

(ortho-Ipara- (meta- (meta- (ortho-Ipara-
directing) directing) directing) directing)
CO,H NH,

S

KMnO,

o O

Sn, HCI

(8) For the formation of trisubstituted benzenes, the directing effects of
the two groups on the benzene ring must be compared. When these
groups direct to different positions, the more powerful activating
group usually has the dominant influence. Substitution in between
two meta-disubstituted groups is rare because of steric hindrance.

(ortho-Ipara-

(ortho-Ipara-

(ortho-Ipara-

directing) directing) directing)
Attack at this
CH, % OH 2 site is hindered CHy g®
= 3 . “w =
OH is a more
powerful P
activating group Cl i
COH CH;, (ortho-Ipara- ' &
(meta- (ortho-Ipara- directing)
directing) directing)
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7.9 Electrophilic substitution of naphthalene

As naphthalene is aromatic (ten m-electrons), it also undergoes elec-
trophilic substitution reactions. Attack occurs selectively at C-1 rather
than C-2, because the intermediate carbocation is more stable (i.e. two
resonance structures can be drawn with an intact benzene ring. For
attack at C-2, only one can be drawn with an intact benzene ring).

For sulfonation (using H,SO,), the position of attack depends on the
reaction temperature. At 80 °C, attack at C-1 occurs (as expected), and
1-sulfonic acid is formed under kinetic control (see Section 4.9.3).
However, at higher temperatures (e.g. 160 °C), attack at C-2 predomi-
nates, and the 2-sulfonic acid is formed under thermodynamic control.
The C-1 isomer is thermodynamically less stable than the C-2 isomer
because of an unfavourable steric interaction with the hydrogen atom
at C-8 (this is called a peri interaction).

7.10 Electrophilic substitution of pyridine

Pyridine, like benzene, has six m-electrons. The electron-withdrawing
nitrogen atom deactivates the ring, and electrophilic substitution is
slower than that for benzene. Substitution occurs principally at the
3-position of the ring, as attack at the 2-/4-position produces less stable
cation intermediates (i.e. with one resonance structure having a positive
charge on the divalent nitrogen).

E
4 @ B
\ E® \\
1 I L U I
=2 @ ] P
N, N E N N
f Attack at C-2 Attack at C-4 Attack at C-3
' Unfavourable Unfavourable Preferred

Nitrogen lone pair is not
part of the aromatic sextet

7.11 Electrophilic substitution of pyrrole, furan and thiophene

In pyrrole, the lone pair of electrons on nitrogen is part of the aromatic
(six m-electron) ring system. The incorporation of a lone pair of electrons
activates the ring, and electrophilic substitution is faster than that for
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benzene. Substitution occurs principally at the 2-position, as attack at
the 3-position produces a less stable cation intermediate (1.e. with two,
rather than three, resonance structures).

> o |~ - o
E \ E E
f ) E
o2 »® - e X - ..
N1 \CN H N H N H
H H H H
As the lone pair is part
of the aromatic sextet it
is less nucleophilic / basic
than aliphatic amines @ C-2 substituted

N E pyrrole

PP a—

Furan and thiophene also undergo electrophilic substitution reactions,
although not so readily as pyrrole. The typical order of reactivity to
electrophiles is: pyrrole > furan > thiophene > benzene. Pyrrole is most
reactive because the nitrogen atom is a more powerful electron donor
than the oxygen atom in furan (1.e. nitrogen 1s less electronegative than
oxygen). Thiophene is less reactive than either pyrrole or furan because
the lone pair of electrons on sulfur is in a 3p- (rather than a 2p) orbital.
The 3p-orbitals of sulfur overlap less efficiently with the 2p-orbitals on
carbon than the (similar size) 2p-orbitals of nitrogen or oxygen. As for
pyrrole, the 2-position of both furan and thiophene is more reactive to
electrophiles than the 3-position.

Examples
S+ [ & N
(?/\—/\\/‘\Br . @2 - i @
(o _8? Co™ "Br o E
@
furan 2-bromofuran

Furan is more reactive to electrophiles
than benzene and hence FeBrs is not required

WM(? ==\~ W M

s COMe s T COMe
St -

thiophene 2-acetylthiophene
The acylium ion can be prepared
using MeCOCI and SnCly

Problems

(1) Give the mechanism of the electrophilic substitution reaction of
benzene with an electrophile E*.

(2) Write a mechanism for the formation of (1,1-dimethylpropyl)-
benzene from 1-chloro-2,2-dimethylpropane, benzene and a catalytic
amount of AlCl,.
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3)

“

&)

(6)

(a) On the basis of Hiickel’s rule, label the following molecules
A-D as aromatic or anti-aromatic?

A B C D

(b) Describe one experimental approach for testing the aromatic
character of C.

Suggest syntheses of the following compounds starting from
benzene.

(a) Triphenylmethane

(b) (1-Bromopropyl)benzene

(¢) 4-Bromobenzoic acid

(d) 24-Dinitrophenylhydrazine

Explain the following:

(a) Reaction of phenylamine (aniline) with bromine yields
2.4,6-tribromophenylamine, whereas nitration (with a mixture
of concentrated nitric and hydrochloric acids) gives mainly
3-nitrophenylamine.

(b) Bromination of benzene with Br, requires FeBr;, whereas
reaction of Br, with cyclohexene or phenol does not.

(c) Although 4-bromophenylamine can be formed in one step from
phenylamine, the yield is low and hence a three-step synthesis
involving the formation of an intermediate amide is preferred.

How would you prepare the following compounds from phenyl-
amine (aniline) using arenediazonium salts as intermediates?

(a) Todobenzene

(b) 4-Bromochlorobenzene

(¢} 1,3,5-Tribromobenzene



8. CARBONYL COMPOUNDS: ALDEHYDES
AND KETONES

Key point.  The carbonyl (C=0) bond is polarised, and the oxygen
atom is slightly negative, while the carbon atom is slightly positive.
This leads to the addition of nucleophiles to the carbon atom of alde-
hydes or ketones in nucleophilic addition reactions. A variety of charged
or neutral nucleophiles can add to the carbonyl group, although addition
of neutral nucleophiles usually requires the presence of an acid catalyst.
Aldehydes and ketones bearing ¢-hydrogen atoms can undergo tauto-
merism to form enols or, on reaction with a base, undergo deprotonation
to form enolates. Enols and particularly enolates can act as nucleophiles,
and reaction with an electrophile leads to an a-substitution reaction.
When an enolate reacts with an aldehyde or ketone, this can produce an
enone in a carbonyl—carbonyl condensation reaction.

8.1 Structure

All carbonyl compounds contain an acyl fragment (RCO) bonded to
another residue. The carbonyl carbon atom is sp?> hybridised (three
o-bonds and one f-bond), and as a consequence, the carbonyl group is
planar and has bond angles of around 120°. The C=0 bond is short
(1.22 A) and also rather strong (ca. 690 kT mol ™).

n—t?ond R!
i Se=Lh
R, R 7 R/
S e (3 . two lone NI t
R/ T pairs //C“O 1
R R@ ©
C—0
Ketone: R =R! = alkyl or aryl R/
Aldehyde: R = alkyl or aryl, R' =H

As oxygen is more electronegative than carbon, the electrons in the
C=0 bond are drawn towards the oxygen. This means that carbonyl
compounds are polar and have substantial dipole moments.

Carbonyl compounds show characteristic peaks in the infrared and
3C NMR spectra (see Sections 10.4 and 10.5.2, respectively). A char-
acteristic signal is also observed for the aldehyde proton in the 'H NMR
spectrum (see Section 10.5.1).

8.2 Reactivity

Polarisation of the C=0 bond means that the carbon atom is electrophilic
(8+) and the oxygen atom is nucleophilic (8—). Therefore, nucleophiles
attack the carbon atom and electrophiles attack the oxygen atom.
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Rl\5+ 5 - sp2 carbon R Ri sp3 carbon
C=0 X “ Lo NP
/ * ® @ ey
R 3 E vd & e
e R o Nu
Nu Nu

Attack by a nucleophile breaks the m-bond, and the electrons reside
on the oxygen atom. This is energetically favourable, as a strong ¢-bond
is formed at the expense of a weaker m-bond. Examination of crystal
structures has shown that the nucleophile approaches the carbonyl carbon
at an angle of around 107°. This is known as the Biirgi—Dunitz angle
(see Section 4.10).

There are three general mechanisms by which aldehydes and ketones
react. These are (1) nucleophilic addition reactions, (11) a-substitution
reactions and (ii1) carbonyl-carbonyl condensation reactions.

(1) Nucleophilic addition reactions. Both charged and uncharged
nucleophiles can attack the carbonyl carbon atom to form addition
products. This is the most common reaction for aldehydes and
ketones.

With charged nucleophiles

5 o H,O
(ﬁ? (|) (protonation) (|)H
5+
~ = C. (O
R” %R R7 1R R7IR!
> Nu Nu
N§

Q@ e a
Nucleophiles=H , R, CN

With uncharged nucleophiles

((I?‘* o® Proton OH

. i transfer |

R > R! R R! R™ | R! PRODUCTS
L/ NuH Nu
NuH

Nucleophiles = H,O, ROH, RSH, NH;, RNH,, R,NH
This process can be acid catalysed

(2)  «o-Substitution reactions. This involves reaction at the position
next to the carbonyl group, which is known as the ¢-position.
Deprotonation produces an enolate, which can act as a nucleophile.

G $
| = ] il
g E
/'C\QH Base /Cm PN /E
N —BaseH (]: ,C\
Rl Rz Rl Rl Rz

The carbonyl group renders An enolate ion

the hydrogen(s) on the
oi-carbon acidic
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(3) Carbonyl-carbonyl condensation reactions. These reactions
involve both a nucleophilic addition step and an ®-substitution
step. They can occur when two carbonyl compounds react with
one another. For example, reaction of two molecules of ethanal.

(6]
(i? E)]3 ase (l? /’\ I!J
C

C R C. @ +
H” “cH, —BasH H™ TCH, H~ CH,
(nucleophile) (electrophile)
]
OH H,0 (@)
O O I

X | (protonation) A
/C—-CHZ-—C——CHg A /C——CH2~C-—-CH3
| |

H H H H

8.3 Nucleophilic addition reactions
8.3.1 Relative reactivity of aldehydes and ketones

Aldehydes are generally more reactive than ketones for both steric and
electronic reasons.

(1) On steric grounds. The nucleophile can attack the aldehyde
carbonyl carbon atom more readily as this has only one (rather than
two) alkyl group(s) bonded to it. The transition state resulting
from addition to the aldehyde is less crowded and lower in energy.

Nu6\ NLIG\
H . R X
H &+ & S+ 8-
“C£0 ®"c Lo =0  N¢=0
s e
® ®Y R R

Attack hindered by  Attack hindered by One +I alkyl Two +1 alkyl
only one alkyl group  two alkyl groups group groups

(2) On electronic grounds. Aldehydes have a more electrophilic
carbonyl carbon atom because there is only one (rather than two)
alkyl group(s) that donates electron density towards it.

8.3.2 Types of nucleophiles

The attacking nucleophile can be negatively charged (Nu™) or neutral
(Nu). With neutral nucleophiles, acid catalysis is common.

Nu =H" (hydride), R™ (carbanion), NC™ (cyanide), HO™ (hydroxide),
RO (alkoxide).

Nu=H,0 (water), ROH (alcohol), NH; (ammonia), RNH, or R,NH
(primary or secondary amine).
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8.3.3 Nucleophilic addition of hydride: reduction

Reduction of aldehydes and ketones with hydride leads to the formation
of alcohols. The hydride ion can be derived from a number of reagents.
8.3.3.1 Complex metal hydrides

Lithium aluminium hydride (LiAIH,) or sodium borohydride (NaBH,)
can act as hydride donors. A simplified view of the mechanism involves
the formation of an intermediate alkoxide, which on protonation yields
a primary or secondary alcohol.

(0% NaBH, o7 N\ OH

aldehyde g s X LiAlH“, CI ®u é primary
T RTYH R"1"H  H,0 R7i H @lcohol
H H
H
((I? & NaBH, (i)@/—\b oH
. i ] ) \
ketone 5+ 1 or LiAIHy _C. H PR secondary
R Rt R H,O R 1 R! alcohol
H H

H®
The metal-hydrogen bonds in LiAIH, are more polar than those in NaBH,,.

As a consequence, LiAlH, is a stronger reducing agent than NaBH,.
8.3.3.2 The Meerwein—Ponndorf-Verley reaction

The hydride anion is derived from 2-propanol, which is first deprotonated
to form an alkoxide.

CH CH;
] 3 Base @/‘\y 1 /—\5‘\ A
—-C- —— 0O0—C-<H C=0
HO ? H _g% i R &
CH; CH;
2-propanol hydride donor
g i R R
The equilibrium can be CH;, | E(vx@ |
shifted to the (secondary) | 0 — C/ + H-C-0 _H,, H~C-OH
alcohol if the propanone N ] ]
: S CH;
is removed by distillation R R
propanone

(or acetone)

Lewis acids, such as AI(OR), are employed so as to facilitate hydride
transfer by forming a complex with the alkoxide and carbonyl compound.

HiC
\_ CH;

RO O0-+C
~
T
VAR R
RO {()1_—_<
R
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The reverse reaction, involving the oxidation of the secondary alcohol
to form a ketone, is known as the Oppenauer oxidation. In this case,
the equilibrium is pushed to the ketone by using excess propanone.

8.3.3.3 The Cannizzaro reaction

The hydride anion is derived from aldehydes such as methanal
(HCHO), which do not contain an o-hydrogen atom (i.e. a hydrogen
atom on the carbon atom next to the carbonyl).

methanoate
IS) H H
H .
63 e 0= C/ O0=C
C ~ D
5! Fast H/ \OH Slow oH 0
P X
02c¥ on == —_— o+ —
& sy
N Ko H H H H
methanal OZC\ \C/ \C/
(no vi-carbon) L ¢ o/ /N
(0) H HO H
methanol

This is a disproportionation reaction, as one molecule of methanal
1s oxidised to methanoate (which on protonation gives methanoic acid)
and the other molecule is reduced to methanol.

8.3.3.4 Nicotinamide adenine dinucleotide (NADH)

Similar hydride reductions occur in nature using NADH in the presence
of enzymes.

H H
R R
/ Enzyme /
N

mg £ 0 w® | + H —;\ c-of

N R7o & N R
W\I{N\l‘ JV\JL’\/\I‘
NADH NAD®

(partial structure) (partial structure)

8.3.3.5 The reverse of hydride addition: oxidation of alcohols

The conversion of secondary alcohols (R,CHOH) to ketones can be
achieved by KMnQ,, Na,Cr,0O; or CrO; under acidic conditions. The
use of CrO; in acid is known as the Jones oxidation.

OH O
| CrOs3, acid I
R—C-—R
| _2[H] AN
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The mechanism involves the formation of a chromate ester, and at
the end of the reaction, the oxidation state of the chromium changes from
+6 (orange colour) to +3 (green colour), i.e. the chromium is reduced.

@
H 0 followed by H (v H
RN _u® | 5
R—C— OH Cr e R—C—O\ 4
[ o’ \\6\H@ g® | cr
2N
H B o” “on
chromate ester
H
H ® | 12}
N OH T no R—C~ O~ (OH
c=0 + 0= 7
~
2N
R OH 7 Son
¢ H,0
¢ (cf. E2-type elimination)
Cr(IIT)

For primary alcohols (RCH,OH), it is often difficult to stop at the
aldehyde stage, and further oxidation to give the carboxylic acid can
occur. The aldehyde can be isolated by distillation (i.e. removed from
the reaction mixture as soon as it is formed).

OH 0 0
I CrOs, acid i CrOs, acid I
R—C—H : C C
| -2[H] /N S /N
b R H R oH
aldehyde can be

isolated by distillation

Oxidising agents milder than CrO;/H*, including pyridinium chloro-
chromate (CsHsNH' CICrQ3), abbreviated as PCC, can also be used.
PCC is an excellent reagent for oxidising primary alcohols to aldehydes
in anhydrous dichloromethane.

Tertiary alcohols (R;C—OH) cannot be oxidised by CrO/H" (or
related reagents) because there are no hydrogen atoms on the carbon
atom bearing the OH group. As a result, oxidation must take place by
breaking the carbon—carbon bonds (e.g. in combustion, to give CO,
and H,O).

8.3.4 Nucleophilic addition of carbon nucleophiles:
formation of C—C bonds

8.3.4.1 Reaction with cyanide

Addition of cyanide leads to the reversible formation of a cyanohydrin.
Only a catalytic amount of the cyanide anion in the presence of
hydrogen cyanide is required (as the cyanide anion is regenerated).
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08 lo) OH
G ey I HLeN e
_Co , == R~C-R == R-—-C~R' + "CN
R ( R éN New C—C' -~ y(ijN regenerated
&)
CN bond

cyanohydrin

The position of the equilibrium depends on the structure of the
carbonyl compound. Nucleophilic addition is favoured by small alkyl
groups attached to the carbonyl group and also by electron-withdrawing
groups (e.g. CCly), which increase the 8+ character of the carbonyl
carbon atom (see Section 8.3.1).

Cyanohydrins are useful because they can be converted into other
functional groups, e.g. hydroxy acids (see Section 9.9 for the reaction
mechanism).

OH ® OH
] H", H,0
R—CH-CN R-CH~-CO;H
hydroxy acid

The reaction of cyanide with aromatic aldehydes leads to the benzoin
condensation reaction. The product from this reaction is called benzoin.

(O & ° o°  Proton transfer OH (O &
il CN | fromC to O ‘6/*\\ i
_C% === ph-C-H === ph—C co
Ph 1 L) ' p’ H
CN CN
CN This proton is This anion is

slightly acidic stabilised by
resonance

oH o 05) OH Proton OH O@
Ry ! ~CN | | transfer i i
C—C-H Ph—~C-—C—H Ph—~C—C—H
! ! ] I
Fh Ph (EIN Ph CN Ph

8.3.4.2 Reaction with organometallics

Organometallic compounds (R—Metal) are a source of nucleophilic
alkyl or aryl groups. This is because the metal is more electropositive
than the carbon atom to which it is bonded.

& S+
R Metal

Organometallic reagents include:

(1) organolithium reagents, R—Li;
(2) Grignard reagents, R-MgX (where X =Cl, Br or I);
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(3) the Reformatskii reagent, BrZn—CH,CO,Et;
(4) lithium alkynides, RC=C-Li.

The nucleophilic alkyl or aryl group adds to the carbonyl to form an
alcohol. These reactions are very useful in the synthesis of complex
organic molecules because new carbon—carbon bonds are formed.

®

5 .
CO Metal 09/\ o OoH
il Lo e
C: R'—C—R R'—C—R
RI77 R | g
b s R New C-C’ R
R Metal bond alcohol
Examples
O OH O OH
It R-Li ] 1t R-MgBr 1
_C. — H-C-H AN R'-C-H
H H  (hen 0® 112 R H  then 0® ll2
methanal aldehyde

primary alcohol secondary alcohol

Organolithium and Grignard reagents are prepared from alkyl (or aryl)
halides. The reactions are carried out under anhydrous conditions because
reaction with water leads to the formation of alkanes.

dry pentane
R—-X + 2Li

dry diethyl ether o~
H-~OH
R—X + Mg R—[M;

R—H + HOMgX
alkane

8.3.4.3 Reaction with phosphorus ylides: the Wittig reaction

Aldehydes and ketones react with ylides or phosphoranes (R,C=PPh,)

to form alkenes. The first step involves nucleophilic attack by the carbon
atom of the phosphorane.

. ®
0% e @ & PPy
(” R,C T PPh, | |

S+ e Qe C—
Rl e gl R ? ? R
ch S PPh3 Rl R
phosphorane betaine
triphenylphosphine ¥
oxide (contains a O=PPhy O —4 PPhy
strong P=0 bond) I\,/"/j
+ R!—C-1-C—R
R! R I I
Ve
C==C R! R
R! N R oxaphosphetane

alkene
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The driving force for the reaction is the formation of the very strong
P=0 bond in triphenylphosphine oxide.

Phosphorus ylides are prepared from a nucleophilic substitution
reaction between alkyl halides and triphenylphosphine (PPh;). The
resulting alkyltriphenylphosphonium salt is then deprotonated by reaction
with a strong base (e.g. BuLi) to form the ylide.

R o R R
/\\ o~ X ® | -~ —BaseH @ o/
Ph;P H—C-~X — PhP~—C H Ph;P C\
| |
R R R

Basee
phosphonium salt

8.3.5 Nucleophilic addition of oxygen nucleophiles:
formation of hydrates and acetals

8.3.5.1 Addition of water: hydration

Aldehydes and ketones undergo a reversible reaction with water to
yield 1,1-diols (otherwise known as geminal (gem) diols or hydrates).

HO OH
il NS
+ H,0 promamseseseny C
R H R/ \H

1,1-diol or hydrate

The addition of water is slow but can be catalysed by bases or acids.
Base catalysis

&
© Ho, 07 “yroy HO_ OH
i P Y N H-+OH N o
¢’ OH =—=— C, /C\ + TOH
R™ H R" H U ¢ 4 .
regenerate
Hydroxide is a better
nucleophile than water
Acid catalysis
Ou @
O: o
g 1, L0 HO OH, HO_OH
C H == _C e C === C + H
AN ST PN 7N A
R H R H R u R u ’
The carbonyl regenerated

acts as a base | The protonated carbonyl
is a better electrophile

Electron-donating and bulky substituents attached to the carbonyl
group decrease the percentage of 1,1-diol present at equilibrium, whereas
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electron-withdrawing and small substituents increase it. Therefore, only
0.2% of propanone (O=CMe,) is hydrated at equilibrium, while 99.9%
of methanal (O=CH,) is hydrated.

8.3.5.2 Addition of alcohols: hemiacetal and acetal formation

Alcohols are relatively weak nucleophiles (like water) but add rapidly
to aldehydes and ketones on acid catalysis. The initial product is a
hydroxyether or hemiacetal.

H
0: OH .. e
I ~\®H o (g/\_R_QH Ho 0%, _y® HO\C/OR
l/ ~ l/ ~ 7N PN
R H R H R H R! o]

hemiacetal

Hemiacetal formation is fundamental to the chemistry of carbo-
hydrates (see Section 11.1). Glucose, for example, contains an aldehyde
and several alcohol groups. The reaction of the aldehyde with one of
the alcohols leads to the formation of a cyclic hemiacetal (even without
acid catalysis) in an intramolecular reaction.

OH OH@ H Proton OH
HO O:I 0 HO O~ g transfer o o
7o /\\% == "Ho- 0" - HO~— OH
HOH HOH a1
glucose

cyclic hemiacetal

Hemiacetals can undergo further reaction, with a second equivalent
of alcohol, to yield an acetal.

/\' ) RO
RO OH Y RO@ COH, _H,0 i
(¢} H [} =
Ve AN R/ \H
R! H R!' H \
hemiacetal ..
/ R—OH
H
|
RO OR ® RO (OGZ
N2 _H N/ TR
(¢} ¢}
TN N
R! H R!' H
acetal

The whole sequence of acetal formation is reversible.

remove H,O

aldehyde (anhydrous conditions)
or ketone

add H,O and acid

Acetals are extremely useful compounds in synthesis because they
can act as protecting groups for aldehydes and ketones.
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Example
ketone O Neeg to stet}ecti;/ely
reduce the ester
\H/\A/L OMe WOH
O ester 0
® SN . . ®
H / HO OH | protection deprotection | “H / H,0
¥
(e}
LiAlH,
OMe X""0H
0 0 (reduction) 0 O

cyclic acetal

8.3.6 Nucleophilic addition of sulfur nucleophiles:
formation of thioacetals

Thiols (RSH) add reversibly to aldehydes and ketones in the presence
of acid to yield thioacetals. The reaction mechanism is analogous to
the formation of acetals.

O

RI/C\H + 2RSH /C\ + H)O
thiol R! H

thioacetal

Thioacetals are useful because they undergo desulfurisation when
treated with Raney nickel in the Mozingo reduction. This is an excellent
method for reducing aldehydes or ketones to alkanes.

Example
/A S_.S Raney H H
HS SH nickel
Oy H,

cyclic thioacetal

8.3.7 Nucleophilic addition of amine nucleophiles:
formation of imines and enamines

Aldehydes and ketones react with primary amines (RNH,) to yield imines
and react with secondary amines (R,NH) to form enamines.

8.3.7.1 Formation of imines

This reversible, acid-catalysed process involves the addition of a nucleo-
phile, followed by elimination of water; this is known as an addition—
elimination or condensation reaction. (A condensation reaction involves
the combination of two molecules to form one larger molecule, with
the elimination of a small molecule, often water.)
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-0 © ® Proton
o O, NH=R - (nfer HO\ /NH"— R
orC T C e C
PN s FARAN
R \H R' H R' H
R— NHZ hemiaminal
H ®H (catalyst)
R H & R ® ..
N CN ~H,0 0 (NH-R
- ¢}
C C SN
/N FARAN 1
R'" H R'" H R H
Imine

The reaction is pH dependent.

e At low pH (strongly acidic conditions), the amine is protonated
(RNH; ) and hence cannot act as a nucleophile.

e At high pH (strongly alkaline conditions), there is not enough acid
to protonate the OH group of the hemiaminal to make this a better
leaving group.

The best compromise is around pH 4.5.

There are a number of related reactions, which employ similar
nucleophiles.

_OH
(e} N
I oy I
+ - +
e H,N—-OH AN H,0
R R hydroxylamine R! H
oxime
_NH,
N
I e I
+ H,N~NH, +  HO
l/ ~ . l/ AN
R R hydrazine R H
hydrazone

8.3.7.2 Reactions of imines, oximes and hydrazones

The most important reaction of imines is their reduction to form
amines. The conversion of an aldehyde or ketone to an amine, via an
imine, is known as reductive amination. This allows, for example, the
selective formation of a secondary amine from a primary amine.

[e) primary amine NR NHR
il RNH, il H,, Ni .
/C\ o ,C\ NaBL R'—C—H
R' H e R' H orNaBEa }'I

secondary amine
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Imines can also be attacked by nucleophiles, such as cyanide, and
this is used in the Strecker amino acid synthesis.

&

@]
(0] NH NH
1 —H,0 6(” 8N |
L+ NHy === %C === R!—C—CN
i I |
R H R H o
H,0
(protonation)
NH, ® NH,
| H, H,0 |
R'—C—COH R'— C—CN
i nitrile hydrolysis |
H H
amino acid amino nitrile

An important reaction of oximes is their conversion to amides in the
Beckmann rearrangement reaction.

R! ® R!
N H TR _ @ .
“c=n_ Can, O p-@Liow
R H R COH,
oxime \ . t
(usually derived Tthe R %r()tltllp,lwhlf: his ® |
| rans- to the leaving R—C=N~R
from a ketone) group, migrates ( 1}
H,0
O tautomerism OH 8H
il (see Section 8.4.1) 1 _g® 1 :
/C\N,R‘ e R—Cz=N-R! = R--C==N-R!
H
amide

An important reaction of hydrazones is their conversion to alkanes
on heating with hydroxide. This is known as the Wolff-Kischner reaction.

H
N g R NH _NH
N"Mu” ~on (1[\11 N H0 N
C. c. c? R'=C-H
1 1
R H R! H R H H

hydrazone
/ 6OH

(deprotonation)
irreversible loss
of nitrogen ‘/C%

H H
o H@-Hh\@[ N, (If
Ri=C=H =3 e RI=C—H
o —"OH R H ]

alkane
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An aldehyde or ketone can therefore be reduced to an alkane via a
hydrazone. This transformation can also be achieved using the Mozingo
reduction (see Section 8.3.6) or the Clemmensen reduction (shown
below; see Section 7.6).

H
H Zn/Hg E
/C\ P R'—(ll—H
H
R! H o

8.3.7.3 Formation of enamines

Enamines are prepared by the reaction of a ketone or aldehyde with
a secondary amine.

0y 0. © ) ..
Il R O\ /NHRZ pro Ofﬂ HO\ /NRZ
S+ Ve transter
I/C\C/H + HN\R T I/C\C/H e l,C\ ,H
R N R AN R /C\
R R R! R! R! R!
®
| o
NR, [©]
NR2 @ an
Rl__(!: _g® C|I -H0 HZO‘\j CNRZ
g SCeH LM
I R! c R! C
1 7N 7N
R Rl Rl Rl Rl

enanine loss of a proton

from the oi-carbon

8.4 o-Substitution reactions

These reactions take place at the position next to the carbonyl group
(1.e. the a-position) and involve substitution of an ¢-H atom by another
group. The reactions take place via enol or enolate intermediates.

8.4.1 Keto—enol tautomerism

Carbonyl (or keto) compounds are interconvertible with their corres-
ponding enols. This rapid interconversion of structural isomers under
ordinary conditions is known as fautomerism. Keto—enol tautomerism
is catalysed by acids or bases.
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@
(OH OH
I ® I ® Lo
/C\a/H H /C\,\/ ‘—H R S
R /C\ R PASN |
R R R R R
keto form enol form
\\e\Base /
H,O
¢ &
|
R/ C\((\g/ R R/ \\QC/ R
I |
R enolate R

This is an example of prototropy, which is the movement of an
(acidic) hydrogen atom and a double bond.

For most carbonyl compounds, the keto structure is greatly preferred,
mainly due to the extra strength of the C=0 bond. However, the enol
form is stabilised if the C=C bond is conjugated with a second T-system
or if the OH group is involved in intramolecular hydrogen bonding.

Example

keto enol intramolecular

o O o H%5  Hbond

Il Il | i

C C C C

O™ = O
H H I]—I C=C conjugated
1% 094, to the benzene ring

8.4.2 Reactivity of enols

Enols behave as nucleophiles and react with electrophiles at the ¢t-position.

0 OH
@
1 ® C’I E
C H H L C{ _R
C
|

Ve \05/ e ———— R’

PN
R R
As the oxygen atom can
donate a lone pair of
electrons to the double
bond, enols are more
H @ nucleophilic than
0 Q'O alkenes
| ® |
C _E —H E
/NG, /N
R ¢} R ¢}
/N VRN
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8.4.2.1 o-Halogenation of aldehydes and ketones

Halogenation can be achieved by reaction with chlorine, bromine or
1odine in acidic solution.

OH
L, u® @/\*@ Lol —Ha Cl
B s B

8.4.3 Acidity of a-hydrogen atoms: enolate formation

Example

O

Bases can abstract o-protons from carbonyl compounds to form enolate
anions.

0 0 o®
- G ;
C o Base .Cqu_ R C. _R
L. i RSN [ e ag
R/ :C \) mm—— R c R lC + BaseH
R R 112 enolate R

Carbonyl compounds are more acidic than, for example, alkanes
because the anion can be stabilised by resonance (see Section 4.3.1).

pK, Compound Anion
o
60 H;C— CH; H;C—CH,
(0] (6] (0]
] i i
20 LC. .C2 -
H;C CH; H,C CH, H,C CH,
0O o o O
i @ i 1]
9 .c. .C .C.e.C.
H;C™ 7 C_ 'CH; H,C CH,
H H o
1,3-diketone o
( ) % o 4 \ o O
i ft i Ci
.Cy .C. .C. =C.
H3C =C CH3 H3C C CH3
H H

1,3-Diketones (or B-diketones) are therefore more acidic than water
(which has a pK,-value of 16), as the enolate is stabilised by resonance
over both carbonyl groups.

8.4.4 Reactivity of enolates

Enolates are much more reactive towards electrophiles than enols
because they are negatively charged. Enolates can react with elec-
trophiles on oxygen, although reaction on carbon is more commonly
observed.
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0 0°
I 1
C_o R C R
R PN e - - - R/ NS c -
| |
R enolate R
Reaction Reaction
on carbon E E on oxygen
O E . o
i |
More C E Less
common R/ \g/ R™ C:\\\\C R common
<N
R® R |
R

8.4.4.1 Halogenation of enolates

The reaction of methyl ketones with excess hydroxide and chlorine,
bromine or iodine leads to the formation of a carboxylic acid together
with CHXj in a haloform reaction. The use of 10odine gives CHI; (1odo-
form), which is the basis of a functional group test for methyl ketones.

a-deprotonation

O (e} O
LN
I H eOH Il /\ I -—CI fl 1
LG —— -C. e _H _C._ 7
R C—H R C R C—~H
| I f
H H H
Further l
deprotonation/
(6] (I? iodination
il
C ® A€ o
LN U ~
R OH (protonation) OH (é 1
+ + e
o y -1
HCIL CL HOG) |
iodoform The three electronegative I
iodine atoms can help The electron-withdrawing
stabilise the charge CI, group increases the S+

character of the carbonyl
carbon atom

Therefore, although halogenation under acidic conditions leads to
the formation of a monohalogenated product, halogenation under basic
conditions leads to the formation of a polyhalogenated product.

8.4.4.2 Alkylation of enolate ions

Enolates can be alkylated by reaction with alkyl halides (in an Sy2
reaction with primary and secondary alkyl halides). These reactions
produce new carbon—carbon bonds.
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H%Hﬂ\@om )H\@/‘\R—CX H R

R -
Et0,C~ TCO,Et EO,C” "COEt 46 E0,C7 COEt

8.5 Carbonyl-carbonyl condensation reactions

These reactions, which involve both nucleophilic addition and ¢-substitu-
tion steps, are amongst the most useful carbon—carbon bond-forming
reactions in synthesis.

8.5.1 Condensations of aldehydes and ketones: the aldol reaction

This is a base-catalysed dimerisation reaction for all aldehydes and
ketones with oi-hydrogens.

0 oi-deprotonation 0 ~08
| e, —0
C._¢ C_ o H cor
P i +
H Sc—n v Se” 1™ cH,
| |
H H
OH H,0 0 o°
g |C _H (protonation) g ]C _H
nT ST RN BT S N
/N CHj SN CH3
H H H H

3-hydroxybutanal (aldol)

With aldehydes, this rapid and reversible reaction leads to the forma-
tion of a -hydroxy aldehyde or aldol (ald for aldehyde and ol for alco-
hol). When using ketones, B-hydroxy ketones are formed. The aldol
products can undergo loss of water on heating under basic or acidic
conditions to form conjugated enones (containing both C=0 and C=C
bonds) in condensation reactions. Conjugation stabilises the enone
product and this makes it relatively easy to form.

Base catalysed (E1cB mechanism)

0 on o) OH O CH;
i I r Com RS R om T |
.C (ol fommee LC.enC™ p— C -.C.
R’ e, R™7CT g, R” \IC R
H H u i

enolate enone
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Acid catalysed
s @ ®
0 oH o (»OH Ol  _n 0 CH;,
y: (':/ R _H_ (I; I é/ —H0 g é
R el New, R Q‘(f/ “em,  R7 \(|:¢ “R
H H H o

enone

8.5.2 Crossed or mixed aldol reactions

These reactions involve two different carbonyl partners. If two similar

aldehydes or ketones are reacted, a mixture of all four possible products

1s formed (e.g. reaction of A and B gives AA, AB, BA and BB). This is

because both carbonyl partners can act as nucleophiles and electrophiles.
The formation of only one product requires the following:

(1) Only one carbonyl partner can have a-hydrogens. This means
that only one carbonyl partner can be deprotonated to form an
enolate nucleophile.

(2) The carbonyl partner without «-hydrogens must be more
electrophilic than the carbonyl partner with c-hydrogens.

(3) The carbonyl partner with o-hydrogen atoms should be added
slowly. This will ensure that as soon as the enolate is generated it
will be trapped by the carbonyl without a-hydrogen atoms (as this
is present in high concentration).

Example

/r}nore &+ o !ess &+ - (O o
Il e [ _oH Il I
cl leld — o tudl
Ph H H;C Bu Ph H H,C ‘Bu
no o-hydrogens, three o-hydrogens, enolate
therefore cannot therefore can ]
form an enolate form an enolate ¥
. o® o
Slow addition of ‘BuCOCH; (to PACHO/ H_| I
hydroxide) means that as soon as the e - -C
enolate is generated, it is trapped by Ph /C\ Bu
PhCHO and not ‘BuCOCH; (as this is H H
present in low concentration) @
H /
¥
0 OH o
! i ® H_| Il
C H > C
¢’ Bu e R :
| - Hzo 7N
H H
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8.5.3 Intramolecular aldol reactions

Intramolecular cyclisation reactions can occur so as to form stable 5- or
6-membered cyclic enones. These ring sizes are preferred over strained
3- and 4-membered rings (see Section 3.2.3) or difficult-to-make
medium-sized (8§—13-membered) rings. (Large rings are difficult to make
because as the precursor chain length increases, so does the number of
conformations that can be adopted. This means that, for long chains,
there is a greater loss of entropy on formation of the cyclisation transition

state.)

Example

deprotonation at these
positions and attack at __, py (":/
o p . 2
the carbonyl carbons
would produce
3-membered rings #

(]
O O
1l I)
C._* .C N
CHj; OH H,C CH,
—— !
‘“““’Hzc\c/tBu Hzc\c/tBu
Il It
O O)
* = three possible sites
of deprotonation “ cyclisation
O O
i il
@
o -C -C
_ H,C 2 HCT N
=00 e, ol | ol
HC. / HC. /
C
VN 7N
HO  'Bu " Bu

cyclic 5-membered

enone

8.5.4 The Michael reaction

Enones derived from carbonyl condensations can undergo further
carbon—carbon bond-forming reactions on addition of carbon nucleo-
philes. When the nucleophile adds at the 4-position (rather than the
2-position) of the enone, this is known as the Michael reaction.

1,2-Addition

attack at the carbonyl carbon

Nu OH H
AN

/\4C\
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1,4-Addition
QOI H ® OH PII 0 PII
il ] I _Nu I _Nu
el oy Ml o el L e ¢l
c’ity R C =R ¢ m
u u H H

attack at the conjugated alkene

The site of attack can depend on the nature of the nucleophile. Organo-
lithium compounds (RLi) and Grignard reagents (RMgX) tend to give
1,2-addition. For 1,4-addition, organocopper reagents (e.g. R,Culi, which
are known as cuprates) can be used. The change in the site of attack has
been explained by the hard and soft principle, as described below.

Hard nucleophiles are those with a negative charge localised on
one small atom (e.g. MeLi). These tend to react at the carbonyl
carbon, which is known as a hard electrophilic centre.

Soft nucleophiles are those in which the negative charge is delocalised
(e.g. spread over the large copper atom in R,CuLi). These tend to
react at the 4-position, which is known as a soft electrophilic centre.

S CNEYe

RMgX, RLi 5
0 - (0] O (6]

N Me Me
ﬂ (g
R,CuLi M Co e

Problems

(1) The organic product of the reaction of an aldehyde (RCHO) with
NaBH, followed by aqueous acid is RCH,OH.

(a) Provide a mechanism for this reaction.
(b) Suggest a method for the conversion of RCH,OH back to
RCHO.

(2) The organic product from the reaction of methanal with phenyl-
magnesium bromide, PhMgBr, followed by aqueous acid, is
PhCH,OH.

(a) Provide a mechanism for this reaction.
(b) Suggest how you would prepare PhMgBr.
(3) Ethanoylbenzene (acetophenone), PhCOCHj,, reacts with iodine—

potassium iodide solution and aqueous sodium hydroxide to give
a yellow solid A, relative molecular mass 394, which is removed
on filtration. Treatment of the aqueous filtrate with HCI produces
a white precipitate of compound B, which shows an absorption
band at 1700 cm™' in the infrared spectrum.
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‘Write the structures and outline the mechanism of the formation
of compounds A and B.

Cyclopentanone reacts with ethane-1,2-diol (HOCH,CH,OH) in
the presence of an acid to form a compound C, C;H,,0,.

(a) Give a structure for C.

(b) Explain the role of the acid.

(c) Provide a mechanism for the reaction.

Reaction of CH;CHO with aqueous sodium hydroxide produces

a new compound D, C;HsO,. When D is heated with dilute acid,

compound E is formed together with water.

(a) Give a structure for D and provide a mechanism for its
formation.

(b) Give a structure for E and provide a mechanism for its
formation.

Reaction of 3-methyl-1-butanol with pyridinium chlorochromate
(PCC) gives compound F. When F is treated with ammonium
chloride and potassium cyanide, a new compound, G, is formed.
Heating G with aqueous hydrochloric acid then affords a salt H,
CeHsNO,-HCL

Give structures for compounds F-H.



9. CARBONYL COMPOUNDS: CARBOXYLIC ACIDS
AND DERIVATIVES

Key point. Carboxylic acids and carboxylic acid derivatives have an
electronegative group (e.g. OH, OR, NHR or halogen) directly bonded
to the carbonyl (C=0). These compounds generally undergo nucleophilic
substitution reactions in which a nucleophile replaces the electronegative
group on the carbonyl. The inductive and mesomeric effects of the
electronegative group determine the relative reactivity of these com-
pounds towards nucleophilic attack. Carboxylic acid derivatives with
an ¢-hydrogen atom can form enolates (on deprotonation), which can
react in a-substitution reactions or in carbonyl—carbonyl condensation
reactions.

9.1 Structure

Carboxylic acids are members of a class of acyl compounds which all
contain an electronegative group bonded to RCO.

Y Functional Group
(ﬁ OH carboxylic acid
c halogen acid halide
RN OCOR acid anhydride
R Y OR ester
NH, amide

9.2 Reactivity

As the electronegative group (Y) can act as a leaving group, carboxylic
acid derivatives undergo nucleophilic acyl substitution reactions (i.e.
reactions leading to the substitution of the Y group by the nucleophile).

With charged nucleophiles

. o
o ) )

il | il

o

T —_— C + Y

R WY R/I) Nu R~ TNu
Y
NE

Y = X (halogen), OCOR, OR or NH,. Nucleophiles = He, RB
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With uncharged nucleophiles

Q

03 07 0 o
G, - I I
C + R C C @ E—
R VY R |~ Null R” Nu R “Nu
) y G +
NuH e H HY

Y = X (halogen), OCOR, OR or NH,
Nucleophiles = HO, ROH, NH;, RNH,, R,NH

This process can be acid catalysed

Carboxylic acid derivatives, like aldehydes and ketones, can also
undergo a-substitution and carbonyl-carbonyl condensation reactions.

9.3 Nucleophilic acyl substitution reactions
9.3.1 Relative reactivity of carboxylic acid derivatives

The addition of the nucleophile to the carbonyl carbon is usually the
rate-determining step in the substitution reaction. Therefore, the more
electropositive the carbon atom (of the acyl group), the more reactive
the carboxylic acid derivative.

most reactive least reactive
O O O O
Il il Il Il
~C > ~C > G > ~Cu
R Cl R OCOR R OR R NHR
Acid Acid Ester Amide
chloride anhydride

This can be understood from the inductive and mesomeric effects of
the electronegative substituent. For example, the +M effect of Cl is
much weaker than that of the NH, group because the lone pair on chlorine
does not interact well with the 2p-orbital on carbon (see Section
7.3.2.2). Therefore, whereas C1 withdraws electrons from the carbonyl
group, the NH, group mesomerically donates them.

5-0 -0 ) 09
ey &t l(I: o, (t:
TN AR SY SUR@
R al R NH, R TNH,
For Cl: -1> +M For NH,: +M > -1
The chlorine withdraws electrons from The nitrogen donates electrons to
the acyl group making the carbonyl the acyl group making the carbonyl
carbon very &+ and hence very susceptible || carbon less &+ and hence less susceptible
to nucleophilic attack to nucleophilic attack
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It is usually possible to transform a more reactive carboxylic acid deriva-
tive into a less reactive derivative (e.g. an acid chloride into an amide).

9.3.2 Reactivity of carboxylic acid derivatives versus
carboxylic acids

As a carboxylic acid has an acidic hydrogen atom, nucleophiles may
act as bases and deprotonate the acid rather than attack the carbonyl
carbon atom.

-0 . 30  acidic  Nucleophiles can
il Nuc}eipt}llﬂes 5 i : deprotonate the
8+ attack the 5t acidic hvdro
PN . PN ydrogen
R OR  &+carbon R 0 @ rather than attack
ester carboxylic acid the &+ carbon

9.3.3 Reactivity of carboxylic acid derivatives versus
aldehydes/ketones

Aldehydes and ketones are generally more reactive to nucleophiles than
esters or amides because the carbonyl carbon atom is more electroposi-
tive. In esters, the +M effect of the OR group means that electrons are
donated to the acyl group, lowering its reactivity to nucleophiles.

most reactive least reactive
=0 (e} &0 -0
I S R
+ . C + C S C
VL N ~~ e e
R *JO R R m R Sor
+1 -1>+M +1 +1 +M
acid anhydride aldehyde ester

Aldehydes and ketones are generally less reactive to nucleophiles
than acid halides or acid anhydrides because the carbonyl carbon atom
1s less electropositive. In acid anhydrides, the carbon is electropositive
because the oxygen lone pair is shared between two carbonyl groups,
and hence the +M effect is significantly weakened.

9.4 Nucleophilic substitution reactions of carboxylic acids

Substitution of the OH group is difficult because of competing deproto-
nation. In order for substitution to occur, the OH group needs to be
converted into a good leaving group (e.g. Cl).

9.4.1 Preparation of acid chlorides

Carboxylic acids can be converted into acid chlorides using thionyl
chloride (SOCl,) or phosphorus trichloride (PCls).
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= @
COH o] »OH 0
| /’\ll —CIQ il i
C + S C S
R” Yo a’ Ca saype R7 07 a
carboxylic acid  thionyl chloride — reaction at
sulfur
resonance
stabilisedI
H
07 (lil OH ©
I ! I
cl) (s, -— S Ph
P N S Pt
R7[T07 o R7 Q7 o
Cl
\ Cl
intramolecular\
elimination (Ei) "\

reaction mixture

C + SO0, + HC
R Tcal

acid chloride

o gases lost from the
]

9.4.2 Preparation of esters (esterification)

Carboxylic acids can be converted into esters by reaction with an
alcohol (ROH) in the presence of an acid catalyst.

®
0" N ® ((”)H . HO (I)®
i H ¢ HO—R! o'V H
R” “oH R” “OH ®” on
Protonation leads to the formation of N ©
a more reactive electrophile \‘\ -H
\\{‘
OR! OR! ® : Ry 1
(I: _g® ’c _H,0 HZOQC/OR 1 HO\C/OR
ST SR D /N /0N
R" O R” O R" {OH R OH
(! b
H

The reaction is reversible, and the formation of the ester usually
requires an excess of the alcohol.

9.5 Nucleophilic substitution reactions of acid chlorides

Acid chlorides are very reactive and can be converted into a variety of
compounds, including less reactive carboxylic acid derivatives.
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O

#
HCl + _C
R

H,0 0 R'OH Q0
C + HCl

PN

0 _RIOH
~ou Hydrolysis | g~ C~c1| Aleohobsis g~ oR!

2NH; <, .
e 2H ’m| Reduction
Amm()l}ythen H™ | (e.g. NaBHy)

5]
DRI Reaction with
@ .
then H™ organometallics

(e.g. R"MgX)
0
NH,CI i O (”)
+ .C i
o C LC.
R NH, Sy R R!
HO. H HO. R!
N - ~ -
C C
~ PAERN
R° H R R!

In all cases, nucleophilic acyl substitution leads to the introduction of
a nucleophile at the expense of chlorine. Reaction with reducing agents
or organometallic compounds can lead to the formation of intermediate
aldehydes or ketones. These can subsequently undergo nucleophilic add-
Ition reactions (to give alcohols) in the presence of a second equivalent
of the reducing agent/organometallic compound.

Example
-0
p fo,
8 C + OH e
, )
5 R Cl
o
The reaction is usually carried out in the L
0 presence of a base to ‘mop-up’ the HC1 o
C + HCl - C H Cl
SN PN
R OH R ?:j
H

Under the same conditions, carboxylic acids can undergo acid—base
reactions to produce salts.

0
Il
C
o) 0 SN @
R
g NH; I R'MgX 0" MgX
SN @ N +
R o° NH, (oom R on R

temperature)
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9.6 Nucleophilic substitution reactions of acid anhydrides

Acid anhydrides undergo reactions similar to acid chlorides. These
reactions involve the substitution of a carboxylate group (RCO,).
Reduction using LiAlH, can produce an intermediate aldehyde and
carboxylate, which are subsequently reduced to alcohols.

0
it i
2R/ o _C + RCO,H
H,0 Rlom. R OR
\ - /
i 13
2NH PLONL ON
le) 3
C R 0" "R
R/C‘NH
£ 2 LiAlH,
o ® then H
RCO; NH,
1] (II) HO H
C — 2
PLON o .C.
Ve
R” "H 0" "R R q

LiAIH, (but not NaBH,) can reduce carboxylic acids to alcohols by
the mechanism shown below.

(0] (0]
i TN i
[S] -H, AlH
/C\',.yH H> AlH, /C\ Jj 3
R (e} ® R (0]
. . Li Li®
acid deprotonation
(0]
S H
@\C 7 ! ’ Ll(ll 1?1/
AlH
~ 2 SN
R Co” R” o7 N\
.® H
Li Li@
- LiOAIH,
Qo
[S] H
VCII /\HA1H3 L HO\ /
é/+ = ~ ® e ¢ ™~
R H then H R H
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A particularly good reagent for reducing carboxylic acids to alcohols
is borane (B,H,, which acts as BH;). For a related reduction, see
Section 9.8.

9.7 Nucleophilic substitution reactions of esters

Although less reactive towards nucleophiles than acid chlorides or
anhydrides, esters can react with a number of nucleophiles. Reduction
usually requires LiAlH,, as NaBH, reacts very slowly with esters. Indeed,
NaBH, can be used to selectively reduce aldehydes and ketones in the
presence of esters.

0 HO_ R 1
+ R'OH o e + R'OH
- .
R” ~oH 1,0, 5 or H,0. 159 R”
HO® then H® tw
en (e.g. RMgX)
0
I
C
R” TOR! ‘H@,® —
NI, then - (1878 LIAIHY)
o / \
g HO\ /H 1
R™ TNH, Sc + Rlo
+ R'OH R H

Esters react with two equivalents of Grignard reagents to form
tertiary alcohols. This involves a nucleophilic substitution reaction
(to form an intermediate ketone), followed by a nucleophilic addition
reaction.

-0

) R
. u/’\
sc? 4 RS Mg — [MEXC
R OR!

\\ ~Mg(ORHX

N\

\
@ -
2 o, @ © 2 0%
HO\C/R H,0 MgX O\C/R R2 @% .
D ) -~ ~
R~ R -MgOmX R RT TR
. ketone
tertlary

alcohol

Esters can be hydrolysed in aqueous acid (see Section 9.4.2) or base.
In basic solution, this is known as a saponification reaction, and this
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has an important application in the manufacture of soaps from vegetable
oils or fats. Whereas acid hydrolysis is reversible, base hydrolysis is
irreversible, owing to the formation of the resonance-stabilised carbox-
ylate ion.

&0y 0. OH 9
i Pon N t )
OR!

5+ C === C H OR!
PR " V \rgRl R 6)«
Trreversible
/ deprotonation of
the intermediate
0 0 carboxylic acid
i H® i
<o * HOR'

R ToH protonation R”

Reaction of an ester with an alcohol under basic or acidic conditions
can produce a new ester. This is known as a transesterification reac-
tion. The equilibrium can be shifted to the product by removing
the alcohol with a low boiling point from the reaction mixture using
distillation.

(0] ® (0]
: b HO-R A g + HO-R!
SN PN
R OR! high R OR? low
boiling boiling
alcohol alcohol

9.8 Nucleophilic substitution and reduction reactions of amides

Amides are much less reactive than acid chlorides, acid anhydrides or
esters. Harsh reaction conditions are required for the cleavage of the
amide bond, while reduction requires LiAIH, or borane (B,H¢, which
reacts as BH3).

8
@ SH £}
H,O0,H or H,0, > @
[e) ey & 0 then H, & H NH
i HO™ then H ] then HO N
C. -C. /C\
R ® OH (high temperatures R NH, | (using LiAlHy R u
+ NH, and strong acid or base) or BH;) amine

Reduction of primary amides yields primary amines, while secondary
and tertiary amides can be reduced to secondary and tertiary amines,
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respectively. It should be noted that these reactions do not involve
nucleophilic substitution of the NH, group of the amide.

Lithium aluminium hydride reduction

(}O O
| |
e -H,
PN H'/\H\—AlH3 Oy ui®
R ® R NR
R Li
secondary amide \ o
VO H
AT
HAI—O) H 0
Y e
P
R/ \NR R NR
® @
—LiOAIH, Li Li
i /\
=) D H
5l s H> Al L H\C/
TN 0= ® 7
R™ (KR then H . “NHER
imine secondary amine
Borane reduction
H
O _.H
o BH; 0~ B~ -
O_/ D HB-0) H
C — C.o C
R/ \NRZ boron has an empty R/ CNRZ R/ CNR
. . p-orbital and hence 2
tertiary amide can accept electrons
S}
-H,BO

H
H H H H H H
NG H,0 NG BH, PN
c : . BH, f
SN S ONBs ®
NR, R*  NR, R NR,

tertiary amine

9.9 Nucleophilic addition reactions of nitriles

Nitriles are related to carboxylic acids and derivatives in that the
carbon atom of the nitrile is at the same oxidation level as the carbon
atom of the acyl group. As a consequence, the reactions of nitriles
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are similar to that of carbonyls, and nucleophiles attack the nitrile
carbon atom.

85— h\] N@
I
7 R

3+ C E— C ————s  Products

|
R R Nu

The most important reactions of nitriles are hydrolysis, addition of
organometallics and reduction. Reaction with lithium aluminium hydride
produces amines, whereas reaction with diisobutylaluminium hydride
(DIBAL-H) produces aldehydes. This is because DIBAL-H is a less
powerful reducing agent than LiAlH, (in part because the reagent is
more sterically hindered and therefore has more difficulty in transfer-
ring hydride ions). So, although reaction with DIBAL-H stops at the
imine, reaction with LiAlH, leads to further reduction of the imine
(C=N bond) to give an amine.

0 O
5 N ) 5+ NH
R” “oH ‘%H@) then H R~ R
(e.g. RMgX)
o R—C=N o
NH, ‘H o H o
then H then H

+ / \ (e}

LN O (strong reducing  (less powerful Il + NH
et te.g. LiAlH,) ¢ ’
JASN agente.g. ¥ reducing agent R” TH

R H e.g. DIBAL-H aldehyde

rimary amine .
primary (H-AI'Bus))

Hydrolysis
H o H
.. 0
Lo mo |‘/>
R—C=N R—C==NH =— ~
= 7 NH
|-u°
0 ® 0 OH
Il H, H,0 Il tautomerism |
C ) c = C.
R™ ou R™ TNH, ™ nNH

carboxylic acid primary amide
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Reduction with DIBAL-H

i i i
Bu Al Bu H /eBu
/_A | /\Al\ .
A H /  'Bu | .
—_— = — = — Al('B
R—C=N R C_DN@ R/CQN/ (‘Bu),
/ 1,0, H®
H ® H
| H, H,0 |
C - Ca
R Yo R NH
aldehyde imine

9.10 o-Substitution reactions of carboxylic acids

Carboxylic acids can be brominated at the o-position by reaction with
bromine and phosphorus tribromide (PBr3) in the Hell-Volhard—Zelinsky
reaction. The reaction, which proceeds via an acid bromide, leads to
the substitution of an t-hydrogen atom by a bromine atom.

0 0 (on
] 1 :

H PBr; H tautomerism
C_a, e c._ . . C. R

o~ Scl B Ocl B~ ¢’
s R I R | enol
acid bromide % R
/ Br -~ Br
(e} (e}
i H,0 i
/C\C‘/Br Co /Br + HBr
HO Co hydrolysis Br €.
R R R

a-bromocarboxylic acid

9.11 Carbonyl-carbonyl condensation reactions

Esters with o-hydrogen atoms can be deprotonated (like aldehydes
and ketones) to form resonance-stabilised enolates, which can act as
nucleophiles.

9.11.1 The Claisen condensation reaction

A condensation reaction between two esters using one equivalent of base
1s known as the Claisen reaction. One ester loses an 0-H atom, while
the other loses an alkoxide ion (RO™). The initial steps are reversible,
but deprotonation of the intermediate B-keto ester (by the alkoxide ion)
shifts the equilibrium to the desired product. It should be noted that the
deprotonation of the B-keto ester yields an anion that can be stabilised
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by delocalisation over two carbonyl groups. At the end of the reaction,
acid is added to reprotonate the condensation product.

O O O
] ) W /"\ ll-)
H OR c.

O D e e N + -C.
RO™ aC-~g RO CH, H;C OR
I—II ester enolate
) o) o) 03
I i _ReP I i
C C C C..
RO/ \,C/ \CH3 RO/ \C/(‘l ‘CH3
f;{u i \“I:I“E acidic hydrogen H H OR
---------- atoms
R O@ r‘ Deprotonation shifts the
equilibrium to the product
(e} (e} (e} (e}
i il ® I i
C [ C + ROH . C PO
ROT ¢ el protonation RO” \;C\/ CH
o H H
B-keto ester enolate [-keto ester
(anion stabilised by
resonance)

The alkoxide base and ester side chain should be matched. For
example, the ethoxide ion should be used as a base for ethyl esters
(R=Et in the scheme shown above). This ensures that if the ethoxide
ion attacks the carbonyl group of an ethyl ester (in a transesterification
reaction; see Section 9.7), then an ethyl ester will be re-formed.

9.11.2 Crossed or mixed Claisen condensations

This involves reaction between two different esters. The reaction works
best when osnly one of the esters has o-hydrogen atoms (for the same
reasons as for the crossed aldol reaction; see Section 8.5.2).

Example
O O ] (6] O
i i 1. EtO 1 il + EtOH
c.  + .C. — C C ¢
Ph” OBt  HsC” COEt 21® P77 e TOE
no o-hydrogens, three oi-hydrogens, H H
therefore cannot therefore can

form an enolate form an enolate

Crossed Claisen-like reactions can also occur between esters and
ketones. The ester generally acts as the electrophile, as ketones are more
acidic than esters (i.e. the ketone enolate, which acts the nucleophile, is
more easily formed than an ester enolate). For an ester enolate, the lone
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pair of electrons on the OR group can compete with the negative
charge for delocalisation onto the carbonyl group. This means that
the negative charge of an ester enolate is not as readily delocalised onto
the carbonyl group as that of a ketone enolate.

. o
The lone pair of electrons on ?
OEt competes for delocalisation C
pK?, ~25 onto the carbonyl oxygen HZC// ™~ OFt
: O O
i I Base® il
H_ _C o_C._.. Ester enolate
¢” OBt BaseH H,C~ TOEt
H, T~ o°
i
0 9,.CL®
i 0T SOR
PKa~20 -~ H_ _C_
C CH;
H,

However, the reaction works best when the ester does not contain
any o-hydrogen atoms (and hence cannot form an ester enolate).

0 0
1% o
il 1. EtO CHO

H” TOEt 2 q®

no o-hydrogens
four o-hydrogens

9.11.3 Intramolecular Claisen condensations: the Dieckmann
reaction

Intramolecular Claisen reactions are known as Dieckmann reactions,
and these work well to give 5- or 6-membered rings. A 1,6-diester
forms a 5-membered ring, while a 6-membered ring is formed by the
condensation of a 1,7-diester.

Example
0 o O O
1i o I 0 i
C. B0 ¥
EtOZU opt 29 @/C\oa — UC\OB
symmetrical 1,6-diester + EtOH + EtO@
therefore only one
site of deprotonation //
/s
O O
o i o 1t
C ® C.
“OEt ot &0t
protonation
cyclic 5-membered + EtOH

B-keto ester
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9.12 A summary of carbonyl reactivity

The following guidelines can be used to help predict reaction path-
ways for aldehydes, ketones (see Chapter 8) and carboxylic acid
derivatives.

(1) Nucleophilic addition versus nucleophilic substitution

[FY IS NOT A
GOOD LEAVING OH
GROUP I
NUCLEOPHILES 1@ R=C=Yy
~ ATTACK THE / Nu
© 8 CARBONYL o ddition
I, CARBON [
_c¥ R—C-Y .
R Y | substitution o
K@ Nu \ i °
Nu IFYIS A Y
(or Nu) GOOD LEAVING | “
GROUP |

Reacts further

(2) Nucleophilic addition versus o-deprotonation

2
NUCLEOPHILES | This is then
ATTACK THE R—C=CH; protonated

|

CARBONYL CARBON

Ni
V "
0 e
i nucleophilic addition

[¢2
- CH;
a~deprotonation
]
i !
BASES DEPROTONATE R CQCH2 + BH
THE t-POSITION enolate
Reacts further
Problems

(1) Lactone C can be made from A by the following sequence of
reactions.
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O OH
Et )Iv\ COBt ~ R CO,Et
A B
O
PhMgBr
(2 equivalents) [e)
CisH20,
D then HY/HL,O Bt

(a) How could A be converted into B? Explain why the ketone
rather than the ester group reacts.

(b) Provide a mechanism to show how B can be converted into C.

(c) Give the structure of product D.

(2) What reagents can be used to accomplish the following transfor-

mations?
Ph-—CEN
H_ OH ({?
a
C\ - c ~~
pn’ H Ph cl
b g
\ o /
c g h
ph” “OH
0
i 7 e I = I
C C
PN
P OBt Ph NEt,

(3) Give the major condensation products from reaction of each of
the following starting materials with sodium ethoxide (NaOEt) and
then aqueous acid.

(a) PhCOCH;+PhCO,CH,CH;

(by CH;CH,OCHO +PhCOCH;

(c¢) CH;CO,CH,CH;+ (CH;);CCO,CH,CH;4
(dy PhCOCH;+CH;CO,CH,CH;

(4) Heating (S)-2-hydroxybutyric acid with methanol and an acid
catalyst gives compound E. On reaction of E with lithium alumin-
um hydride followed by water, compound F is formed, which
reacts with periodic acid (HIO,) to give G. Finally, on reaction of



158

&)

Keynotes in Organic Chemistry

G with 2.4-dinitrophenylhydrazine (Brady’s reagent) and sulfuric
acid, a precipitate of compound H (CyH,(N,4O,) is formed. Propose
the structures for compounds E-H.

Propose a mechanism for the following transformation to give
compound I. (Hint: remember that enones can react with nucleo-
philes in Michael-type additions.)

CO,Me

MeOH

/ CH;  MeONa
+ CO,Me
o}



10. SPECTROSCOPY

Key point. Spectroscopy is used to determine the structure of
compounds. Spectroscopic techniques include mass spectrometry (MS),
ultraviolet (UV) spectroscopy, infrared (IR) spectroscopy and nuclear
magnetic resonance (NMR) spectroscopy. MS provides information on
the size and formula of compounds by measuring the mass-to-charge
ratio of organic ions produced on electron bombardment. UV, IR and
NMR spectroscopy rely on the selective absorption of electromagnetic
radiation by organic molecules. UV spectroscopy provides information
on conjugated m-systems, while IR spectroscopy shows what functional
groups are present. The most important method for structure deter-
mination is NMR spectroscopy, which can provide information on the
arrangement of hydrogen and carbon atoms within an organic molecule.

10.1 Mass spectrometry
10.1.1 Introduction

A mass spectrometer converts organic molecules to positively charged
1ons, sorts them according to their mass-to-charge ratio (/n/z) and deter-
mines the relative amounts of the ions present. In electron impact (EI)
mass spectrometry (MS), a small sample is introduced into a high-vacuum
chamber where it is converted to a vapour and bombarded with high-
energy electrons. These bombarding electrons eject an electron from
the molecule to give a radical cation, which is called the parent peak or
molecular ion.

2

[R-———H]@' + &

radical cation

The electron that is ejected from the molecule will be of relatively high
energy. For example, from a lone pair, which is not involved in bonding.

Examples
. @e o
R— NH, R~ NH; + e
(o8 “0®
I I o
C. —_— C + ¢
RT TR R™ R

The molecular ions then pass between the poles of a powerful magnet,
which deflects them (the deflection depends on the mass of the ion),
before hitting an ion detector. Since the molecular ion has a mass that
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is essentially identical to the mass of the molecule, mass spectrometers
can be used to determine molecular weights.

positively charged ions
(deﬂ;cted according to m/z)
magnet //

source
chamber 7 LesmTTTTUeeL .

cathode ! ’\/‘"’\/ M
roduces B
(Il) trons) ’ detector recorder
electrons N electron beam
anode
vapour of (accepts
organic sample electrons)

If the bombarding electrons have enough energy, this can lead to the
Sfragmentation of the molecular ion into smaller radicals and cations
(called daughter 1ons). Only charged particles (i.e. radical cations and
cations) can be recorded by the detector.

. L@
+ R
[OF H H ! the cations, but not
[: R~ H ] — or \=e---  the radicals, are
» @
R " 5 0ot detected

radical caion % T B

A mass spectrum determines the masses of the radical cation and
cations and their relative concentrations. The most intense peak is
called the base peak, and this is assigned a value of 100%. The intensities
of the other peaks are reported as the percentages of the base peak. The
base peak can be the molecular ion peak or a fragment peak.

10.1.2 Isotope patterns

The molecular ion peak (M) is usually the highest mass number, except
for the isotope peaks, e.g. (M +1), (M +2), etc. Isotope peaks are present
because many molecules contain heavier isotopes than the common
isotopes (e.g. "*C rather than "*C).

Example: methane

peak M M+1 M+2
[ CH4] B formula 12¢ly, Belg, Beygliy,
miz 16 17 18
% of base peak 100 1.14 negligible

The isotope peaks (M + 1) and (M +2) are much less intense than the
molecular ion peak because of the natural abundance of the isotopes,
e.g. "C=989% and "C=1.1%. If only C, H, N, O, F, P and I are
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present, the approximate intensities of the (M+1) and (M +2) peaks
can be calculated as follows.

% (M+1) = 1.1 x number of C atoms + (.36 x number of N atoms

% (M+2) = (1.1 x number of C atoms) 2 4 0.20 x number of O atoms

200

e The presence of one chlorine atom in a molecule can be recognised
by the characteristic 3:1 ratio of (M) and (M +2) peaks in the mass
spectrum. This is due to **Cl (75.8%) and *'Cl (24.2%) isotopes.

e The presence of one bromine atom in a molecule can be recognised
by the characteristic 1:1 ratio of (M) and (M +2) peaks in the mass
spectrum. This is due to 7Br (50.5%) and *'Br (49.5%) isotopes.

Cl M Br M M+2
% M+2 %
mizg ———— miz -

e The presence of nitrogen in a molecule can be deduced from the
nitrogen rule. This states that a molecule of even-numbered molecu-
lar weight must contain either no nitrogen or an even number of
nitrogen atoms, while a molecule of odd-numbered molecular weight
must contain an odd number of nitrogen atoms.

10.1.3 Determination of molecular formula

It is often possible to derive the molecular formula of a compound by
recording a high-resolution mass spectrum. As the atomic masses of
the isotopes have non-integral masses (except '*C), the measurement of
accurate masses to four to five decimal places allows compounds with
different atomic compositions to be distinguished.

Example
Compound 12¢l6g N, - - - - different
Low-resolution m/z 28 28 - - -~ SANE
202120000  '“N=14.0031
160=15.9949  “N=14.0031
High-resolution m/z 27.9949 28.0062 = ---- different

From the molecular formula, the number of sites (or degrees) of
unsaturation of an unknown molecule can also be calculated. This number
is equal to the sum of the number of rings, the number of double bonds
and twice the number of triple bonds. The sites of unsaturation for
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compounds containing C, H, N, X (halogen), O and S can be calculated
from the following formula.

sites of — carbons _ [Dydrogens halogens + nitrogens !
unsaturation 2 2 9
Example
C.H-0CI sitesof  _ 7__7_L+1:4
i unsaturation 2 2

For example:
Cl ——@—‘ OCH;

10.1.4 Fragmentation patterns

On EI, molecules first dissociate at the weaker bonds. The resulting
fragments may undergo further fragmentation, and analysis of the frag-
mentation pattern can provide information on the structure of the parent
molecule. There are a series of general guidelines, which can be used
to predict prominent fragmentation pathways. These rely on the forma-
tion of the most stable cation.

(1) Fragmentation of alkanes is most likely at highly substituted sites
because of the increased stability of tertiary carbocations over
secondary and particularly primary carbocations (see Section 4.3).

Example
@
CH; H,C_ ., CH,
B o
H;C - C-$-CH, - CH, - CH; C + CH,-CH,~CH,

SN {
CHj L CHj;

tertiary

cleavage here
generates the most
stable carbocation

carbocation

(2) Fragmentation of alkyl halides (R—X) usually leads to the cleav-
age of the weak carbon-halogen bond to form a carbocation (R*)
and a halogen radical (or atom, X").

(3) Fragmentation of alcohols, ethers or amines usually leads to the
cleavage of the C—C bond next to the heteroatom to generate a
resonance-stabilised carbocation. This is known as ¢-cleavage.

Example

@
H;C~H,C~ 01 CH,
oi-cleavage .
t + CH,

@.
H,C - H,C — ol\gflf CH,

@
HyC~H,C-0~CH,



Spectroscopy 163

(4) Fragmentation of carbonyl compounds usually leads to the cleavage
of the C(O)—C bond to generate a resonance-stabilised carbocation.
This iss also known as a-cleavage.

Example
% Et—C £ 6
I o-cleavage .
_Cley CH; i +  CH;~CH;
Et CH, ®
Et— C==0

10.1.5 Chemical ionisation

Extensive fragmentation can occur in EI spectra because the bombarding
electron imparts very high energy to the molecular ion, and fragmentation
provides a way to release the energy. A less energetic ionisation technique,
which can result in less fragmentation of the molecular ion, is chemical
ionisation (CI). In this approach, the organic sample 1s protonated in
the gas phase to give a cation (not a radical cation, as for EI), and the
[M+H]* peak is detected by the mass spectrometer (i.e. one mass unit
higher than the molecular mass).

10.2 The electromagnetic spectrum

Ultraviolet (UV), infrared (IR) and nuclear magnetic resonance (NMR)
spectroscopy involve the interaction of molecules with electromagnetic
radiation. When an organic molecule is exposed to electromagnetic
energy of different wavelengths, and hence different energies (see the
equation below), some of the wavelengths will be absorbed, and this
can be recorded in an absorption spectrum. It should be noted that high
frequencies, large wavenumbers and short wavelengths are associated
with high energy.

E =energy (kI mol™")

h =Planck’s constant
hc - v = frequency (s 'or Hz)

A A =wavelength

¢ = velocity of light

7 = wavenumber (cm’l)

The absorption of radiation depends on the structure of the organic
compound and the wavelength of the radiation. Different wavelengths
of radiation affect organic compounds in different ways. The absorp-
tion of radiation increases the energy of the organic molecule. This can
lead to: (1) excitation of electrons from one molecular orbital to another
in UV spectroscopy; (ii) increased molecular motions (e.g. vibrations)
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in IR spectroscopy; or (iii) excitation of a nucleus from a low nuclear
spin state to a high spin state in NMR spectroscopy.

Type of spectroscopy Radiation source Energy range (kI mol - Type of transition

Ultraviolet ultraviolet light 595-298 Electron excitation
Infrared infrared light 8-50 Molecular vibrations
NMR radiowaves 25-251 x 10°¢ Nuclear spin

10.3 Ultraviolet spectroscopy

The organic molecule is irradiated with UV light of changing wavelength
and the absorption of energy is recorded. The absorptions correspond
to the energy required to excite an electron to a higher energy level (e.g.
from an occupied orbital to an unoccupied or partially occupied orbital).

Ultraviolet (UV) spectrometer

prism or
sample cell grating
source detector
Dd [ ]
emits beam ‘\_/ \\:
of UV light l
the prism rotates to select
the particular wavelength ]j
recorder

The exact amount of UV light absorbed at a particular wavelength is
expressed as the compound’s molar absorptivity or molar extinction
coefficient (¢). This is a good estimate of the efficiency of light absorp-
tion and is calculated from the absorbance of light, which is derived
from the Beer—Lambert law.

A
e I
“= The Beer—Lambert law: A =log)y <i>
cx I
A = absorbance ) Iy = intensity of incident light striking sample
¢ = sample concentration (mol dm™) I = intensity of transmitted light emerging from
1 = sample path length (cm) sample

The intensity of an absorption band is usually quoted as the molar
absorptivity at maximum absorption, &,,,.. On absorption of UV light,
electrons in bonding or non-bonding orbitals (ground state) can be
given sufficient energy to transfer to higher energy antibonding orbitals
(excited state). The most common excitation of electrons involves
T — 7% and n — T transitions.
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n*  Antibonding (double bonds)

T -~ n  Non-bonding (e.g. lone pair)
n—>n*

®  Bonding (double bonds)

T >k

The exact wavelength of radiation required to effect the m — m* or
n— ¥ transition depends on the energy gap, which in turn depends on
the nature of the functional group(s) present in the organic molecule.
The absorbing group within a molecule, which is usually called the
chromophore, can therefore be assigned from the wavelength of the
absorption peak (A,,)-

Chromophore Transition Amax (nm)
S g p— n— ~185
AN /
Cz==C -7 =190
s AN
N .
C==0; n-s ¥ =300
/ »

One of the most important factors which affects A, is the extent
of conjugation (e.g. the number of alternating C—C and C=C bonds).
The greater the number of conjugated double bonds, the larger the value
of A, If a compound has enough double bonds, it will absorb visible
light (A >400 nm) and the compound will be coloured. The UV spec-
trum can therefore provide information on the nature of any conjugated

T-system.

Examples
/\/ 0 /\\/ /\\/\\/
Amax = 210 nm (7t — %) Amax =217 nm Amax =258 nm

An auxochrome is a substituent such as NH, and OH which, when
attached to a chromophore, alters the A, of and the intensity of the
absorption. For example, whereas benzene (C¢H,) has a A, of 255 nm,
phenol (C;H;OH) has a A, of 270 nm and aniline (C¢gH;NH,) has a A,
of 280 nm. There is a shift to longer wavelengths because the lone pair
of electrons on oxygen and nitrogen can interact with the n-system of
the benzene ring. Whereas a shift to longer wavelengths is known as a
red shift, a shift to shorter wavelengths is known as a blue shift.

10.4 Infrared spectroscopy

The organic molecule is irradiated continuously with IR light (of
changing wavelength), and the absorption of energy is recorded by an
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IR spectrometer (which has the same design as a UV spectrometer; see
Section 10.3). The absorption corresponds to the energy required to
vibrate bonds within a molecule.

The absorption of energy, which gives rise to bands in the IR spectrum, is
reported as frequencies, and these are expressed in wavenumbers (in cm™).
The most useful region of radiation is between 4000 and 400 cm™.

wavenumber () = -—————-—1
wavelength (%)

The frequency of vibration between two atoms depends on the
strength of the bond between them and on their atomic weights
(Hooke’s law). A bond can only stretch, bend or vibrate at specific
frequencies corresponding to specific energy levels. If the frequencies
of the IR light and the bond vibration are the same, then the vibrating
bond will absorb energy.

1 (m; + my)

D= o
21we my ny

7 = vibrational wavenumber (cm™")

k = force constant, indicating the bond strength (N m™)
my, mp = masses of atoms (kg)

¢ = velocity of light (cm s71)

The IR spectrum of an organic molecule is complex because all the
bonds can stretch and also undergo bending motions. Those vibrations
that lead to a change in dipole moment are observed in the IR spec-
trum. Bending vibrations generally occur at lower frequencies than
stretching vibrations of the same group.

e
Atom Atom  Atom Atom  Atom tom
\\\\\C,/// ~ 7 \‘C\‘//A

symmetric stretch symmetric bend symmetric bend
(scissoring) (twisting)
/ﬂ /*‘\
Atom\ / Atom  Atom Atom  Atom Atom
\C e ™~ c 7 ™~ c v

asymmetric bend
(wagging)

asymmetric stretch asymmerric bend

(rocking)

The IR spectrum can therefore be viewed as a unique fingerprint of
an organic compound, and the region below 1500 cm™ is known as the
fingerprint region. Fortunately, the vibrational bands of functional
groups in different compounds do not change much, and they appear at
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characteristic wavenumbers. These bands, particularly stretching vibra-
tions above 1500 cm™, can provide important structural information.

Bond or functional group v (Cm_l)
RO-H, C-H,N-H 4000-2500
RC=N, RC=CR 2500-2000
C=0, C=N, C=C 2000-1500
C-C,C-0,C-N,C-X <1500

In general, short strong bonds vibrate at higher frequency than long
weak bonds (as more energy is required). Therefore, the C=C bond
absorbs at a higher wavenumber than the C=C bond, which in turn
absorbs at a higher wavenumber than the C—C bond.

In general, bonds bearing light atoms vibrate at higher frequency
than bonds bearing heavier atoms. Therefore, the C—H bond absorbs at
a higher wavenumber than the C—C bond.

Alcohols and amines

The intense O-H or N-H stretching vibration between 3650 and
3200cm™ is the most characteristic peak of alcohols or amines, respect-
ively. If this peak is broad, then this often indicates intermolecular
hydrogen bonding.

Carbonyl compounds

The carbonyl functional group exhibits a sharp, intense peak between
1575 and 1825 cm™, owing to the C=O stretching vibration. The exact
position of the peak can be used to identify the type of carbonyl
compound.

Carbonyl 7/ em™ Carbonyl 7 /em™!
acid anhydride 1820 ketone 1715
acid chloride 1800 carboxylic acid 1710
ester 1740 amide 1650
aldehyde 1730

10.5 Nuclear magnetic resonance spectroscopy

When certain nuclei of an organic molecule (e.g. 'H, *C, '°F and *'P)
are placed within a strong magnetic field, the nuclear spins align them-
selves with (parallel to) or against (antiparallel to) the field. Those that
are parallel to the field are slightly favoured because they are lower in
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energy. On Irradiation of electromagnetic radiation of the correct fre-
quency, energy can be absorbed to produce resonance. This results in
‘spin-flipping’, and the lower energy nuclei are promoted to the higher
energy state. The nuclei can then relax to their original state by releasing
energy.

| inst i = hp
T ! Against field AE 5 0

h =Planck’s constant

: -y = magnetogyric ratio of

: ‘ the particular nucleus

: T L With field By = magnetic field strength

Energy | op excitation  relaxation

The energy difference (AE) between the two states depends on the
magnetic field strength (B,) and the type of nucleus (). These in turn
determine the exact amount of radiofrequency energy (v) which is
required for resonance (as AE=#hv). Thus, the smaller the magnetic
field, the smaller the energy difference, which means that lower
frequency (and lower energy) radiation is needed. The absorption
frequency (v) for 'H and "*C nuclei within the same molecule is not all
the same.

Electrons surround the nuclei and produce small local, induced
magnetic fields (B,) that act against the applied magnetic field (B). The
magnetic field actually felt by the nucleus is therefore a little smaller
than the applied field, and the nuclei are said to be shielded. Therefore,
the more electron density there is near a nucleus, the greater will be the
shielding.

nucleus  electron cloud

small induced B ¢ ; "y B small induced
magnetic field ™' . ) ' magnetic field

applied
Bo || magnetic

field | Beective = By - B;

e [Electronegative groups near a nucleus will pull electrons away and
decrease the shielding of the nucleus.

e [Electropositive groups near a nucleus will increase the surrounding
electron density and increase the shielding of the nucleus.

As each type of nucleus has a slightly different electronic environment,
each nucleus will be shielded to a slightly different extent. A high-
resolution NMR spectrometer can detect the small differences in the
effective magnetic fields of the nuclei and produce different NMR
peaks for each type of nuclei.
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NMR spectrometer

sample tube radiofrequency

transmitter
magnet
- detector ]

( 4 I recorder

measures the absorption of
radiofrequency energy f

magnet |
controller
4
changes the magnetic field strength

The NMR spectrum therefore records the difference in effective field
strength (horizontal axis) against the intensity of absorption of radio-
frequency energy (vertical axis). In older machines, this is achieved by
keeping the radiofrequency constant and varying the strength of the
applied magnetic field. The high-field (or upfield) side is on the right,
while the low-field (or downfield) side is on the left of the spectrum.

high frequency low frequency

(downfield) (upfield) -
5 5 deshielded peak shielded peak
intensity of
absorption /\ /\
= Jow field high field —=

- increasing
chemical shift

In modern instruments, the magnetic field is kept constant, and the
radiofrequency is varied in pulse Fourier transform NMR (FT-NMR).
In FT-NMR, all of the nuclear spins are excited instantaneously using
a mixture of radiofrequencies. The spectrum is obtained by analysing the
emission of radiofrequency energy (as the spins return to equilibrium)
as a function of time.

The NMR spectrum is calibrated using tetramethylsilane (Me,Si),
which produces a single low-frequency peak in both 'H and *C NMR
spectra. This is set a chemical shift value of O on the delta (6) scale,
where 1 6=1 part per million (ppm) of the operating frequency of the
spectrometer. Almost all other absorptions occur at higher frequency to
this signal, typically 0-10 ppm for 'H NMR and 0-210 ppm for *C NMR.

) distance of peak from Me,Si (Hz) x 10°
s(ppm) =

spectrometer frequency (Hz)
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'H and "C nuclei are the most commonly observed nuclei, but because
they absorb in different radiofrequency regions, they cannot be observed at
the same time (i.e. in the "H NMR spectrum, "*C signals are not observed).

10.5.1 'H NMR spectroscopy

To obtain a '"H NMR (or proton NMR) spectrum, a small amount of
sample is usually dissolved in a deuterated solvent (e.g. CDCL), and this
1s placed within a powerful magnetic field. The spectrum can provide
information on the number of equivalent protons in an organic molecule.
Equivalent protons show a single absorption, while non-equivalent
protons give rise to separate absorptions. The number of peaks in the
spectrum can therefore be used to determine how many different kinds
of proton are present. The relative number of hydrogen atoms responsible
for the peaks in the '"H NMR spectrum can be determined by integration
of the peak areas.

10.5.1.1 Chemical shifts

The chemical shift (6) value of the peak provides information on the
magnetic/chemical environment of the protons. Protons next to electron-
withdrawing groups are deshielded (leading to high 6values), whereas
protons next to electron-donating groups are shielded (leading to low
&-values).

Example
~4.5 ppm ~3.5 ppm ~3.4 ppm ~3.2 ppm
¥ ¥ ¥ ¥
R-CH,-F R-CH,—ClI R-CH,-Br R-CH,-1

Decreasing electronegativity
of the halogen atom

Functional groups therefore have characteristic chemical shift values.

Functional group & (ppm)
alkane CH-C 0-1.5
allylic, benzylic CH-C=C 1.5-25

alkyl halide CH-X

amine CH-NR, 2.5-4.5
ether CH-OR
alkene CH=C 4.5-6.5
aromatic CH=C 6.5-8

aldehyde CH=0O 9-10
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In general, the chemical shifts of methyl (CH;) protons appear at low
chemical shift values, while that of methylene (CH,) protons appear at
slightly higher values and that of methine (CH) protons at even higher
values.

Example
~3.6 ppm ~4.1 ppm ~4.9 ppm
0 * 0 * 0 *
. CH . CH,R . CHR
Hsc)l\o ’ RHZCJ\O ? RzHc)ko :
4 4 i
~2.0 ppm ~23 ppm ~25 ppm

Aromatics, alkenes and aldehydes

Hydrogens bonded to an aromatic ring are strongly deshielded and
absorb downfield. When the 7m-electrons enter the magnetic field, they
circulate around the ring to generate a ring current. This produces a small,
induced magnetic field that reinforces the applied field outside the ring,
resulting in the aromatic protons being deshielded. The presence of an
aromatic ring current is characteristic of aromatic compounds. A related
effect is observed for alkenes and aldehydes. For these compounds, cir-
culation of m-electrons in the double bonds produces induced magnetic
fields. These are responsible for the high chemical shift values of
alkene protons and, particularly, aldehyde protons.

small induced

ring current magnetic field
(circulating m-electrons) B; circulating m-electrons

small induced : K :
magnetic field “7+, ; ; g
) o

L)

H
applied applied
By magnetic By magnetic
field field

10.5.1.2 Spin-spin splitting or coupling

Peaks in the '"H NMR spectrum are often not singlets (i.e. single peaks)
because of spin—spin splitting or coupling. The small magnetic field of
one nucleus affects the magnetic field of a neighbouring nucleus, and
this ‘coupling’ results in the splitting of the peaks. The distance between
the peaks is called the coupling constant (J), which is measured in
Hertz (Hz).

The appearance of the peak depends on the number of neighbouring
protons. This can be calculated using the n+1 rule, where n is the
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number of equivalent neighbouring protons. The multiplicity and relative
intensities of the peaks can be obtained from Pascal’s triangle (shown
below).

n  humber of peaks  peak pattern integration ratios
(n+1)

0 1 singlet (s) 1

1 2 doublet (d) 1:1

2 3 triplet (t) 1:2:1

3 4 quartet {(q) 1:3:3:1

4 5 quintet (quin) 1:4:6:4:1

5 6 sextet (sex) 1:5:10:10:5:1

6 7 septet (sep) 1:6:15:20:15:6:1

For spin—spin splitting to occur, the neighbouring hydrogen atoms
must be chemically (and magnetically) non-equivalent. One simple way
of determining whether hydrogens are equivalent or non-equivalent
involves mentally substituting the hydrogens with a phantom group Z.
For example, replacement of either of the hydrogen atoms in CH,Cl,
with Z will yield the same molecule (ZCHCL,) and hence the hydrogen
atoms are equivalent (see below). For Me(C1)C=CH,, however, replace-
ment of either of the alkene hydrogen atoms with Z will yield alkene
diastereoisomers, which are not identical. The two hydrogen atoms are
therefore not equivalent and will give different signals in the NMR
spectrum.

identical (H = H)

H ReplaceH ¢y H Replace H H 7

NS with Z N4 with Z N4
Ly c\ cy
o’ Ta a® Ta o’ Ca
not identical (H#H)
Replace H Replace H
c -, wihz S o wimz G !
/C=C\ e /C=C\ /C=C\

Me H Me H Me Z

Spin-spin splitting can be observed between non-equivalent hydrogen
atoms that are on the same carbon atom (geminal coupling, /= 10-20Hz)
or adjacent carbon atoms (vicinal coupling, /=7 Hz). Coupling is not
usually observed between protons separated by more than three o-bonds.
It should be noted that protons, which are coupled to each other, must
have the same J-value.
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Alkenes

The size of the coupling constant (/) depends on the dihedral angle (¢)
between hydrogens on adjacent carbon atoms (this is called the Karplus
relationship). This can be used to identify cis- and trans-isomers of disub-
stituted alkenes, RCH=CHR.

e For cis-alkenes, the dihedral angle between the two C—H bonds is
0° (as the two hydrogen atoms are on the same side of the double
bond) and J=7-11 Hz.

e For frans-alkenes, the dihedral angle between the two C—H bonds
1s 180° (as the two hydrogen atoms are on the opposite side of the
double bond) and J=12-18 Hz.

Aromatics

For benzene, the splitting between two ortho (1,2-) hydrogen atoms is
approximately 8 Hz. For meta (1,3-) and para (1,4-) hydrogen atoms,
the splitting is much lower (J,,.,=1-3 Hz, J,,,,=0 —1 Hz) because the
atoms are further apart, and these are known as long-range couplings.
Different types of proton often produce signals that overlap to give
multiplets (m). This is particularly true for protons of monosubstituted
benzenes (C;Hs—R). which are generally observed as a single overlapping
(broad) absorption.

Alcohols

The OH proton of alcohols is generally observed as a single (sharp or
broad) peak even when a vicinal proton (CHOH) is present. This is
because the alcohol OH protons undergo fast proton exchange with
each other (or with traces of water in the sample). This averages the
local field, leading to decoupling. Indeed, the peak due to the OH
group of the alcohol can be removed in the '"H NMR spectrum by
simply shaking a solution of the alcohol with D,O (to form ROD and
HOD). The fact that the peak for ROH disappears and a new peak at
~4.7 ppm arises for HOD can be used to show the presence of an OH
(or NH) group.

10.5.1.3 Summary
The 'H NMR spectrum can provide the following structural information:

(1) the types of chemically different protons (from the number of
peaks and the chemical shift values);

(2) the number of each type of proton (from integration of the peak
areas);

(3) the number of nearest (proton) neighbours that each proton has
(from the appearance of the peak, which is determined by spin—spin
splitting).
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Example
u proton(s) eak
o} ;

Hy A 0 Hy &/ppm appearance
AL ey &HE Ha 7.64%  doublet (J = 16 Hz)
. ] P He e He Hp 7.30-7.14  broad multiplet

Y He 639 doublet (J= 16 Hz)

Hp Hp 4.19  quartet(J =7 Hz)

ethyl (E)-cinnamate Hg 1.30 triplet (J =7 Hz)

*This alkene proton is deshielded
because of conjugation with the
(electron-withdrawing) carbonyl group

10.5.2 “C NMR spectroscopy

The *C NMR spectrum can provide information on the number of dif-
ferent types of carbon atoms in an organic molecule. Carbons, which
are equivalent, show a single absorption, while non-equivalent carbons
exhibit separate absorptions.

As "*C has a natural abundance of only 1.1%, the signals are around
1/6000 times as strong as those for "H. However, spectra can be routinely
recorded by FT-NMR using short pulses of radiofrequency radiation.
Broad-band proton decoupling is usually employed, which removes all
*C—H coupling, so that singlet peaks are observed for each different
kinds of carbon. (As most °C are surrounded by '*C, *C—"C coupling
is minimal.)

The chemical shift (§) values of the peaks provide information on
the magnetic/chemical environment of the carbons. As for 'HNMR,
carbons next to electron-withdrawing groups produce high-frequency
signals (leading to high é-values), whereas carbons next to electron-
donating groups produce low-frequency signals (leading to low é-values).

Functional groups have characteristic carbon chemical shifts, and
these generally follow the same trends as for proton chemical shifts.
Hence, the order of chemical shifts is usually tertiary (CH) > secondary
(CH,) > primary (CH;), and sp® carbon atoms generally absorb between
0 and 90ppm, while sp® carbon atoms absorb between 100 and
210 ppm. The chemical shift range is therefore much larger than that
for proton NMR, and hence "*C peaks are less likely to overlap.

Alkane carbons  § (ppm) Functional group ¢ (ppm)
CH, 5-20 alkyl halide C-X 0-80
CH, 20-30 alcohol/ether C-O 40-80
CH 30-50 alkene C= 100-150
c 3045 aromatic C= 110-160
carbonyl C=0 160-210

Unless special techniques are used, the area under a "*C signal is not
proportional to the number of carbon atoms giving rise to the signal.
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Carbonyls

The carbon atom of the carbonyl group is strongly deshielded and has
a characteristic chemical shift of around 160-210 ppm. This chemical
shift is higher than that for any other type of carbon atom.

The DEPT "*C NMR spectrum (distortionless enhanced polarisation
transfer) identifies whether the carbon atom is primary (CH,), secondary
(CH,), tertiary (CH) or quaternary (C).

The "*C NMR spectrum can therefore provide the following structural
information:

(1) the types of chemically different carbons (from the number of
peaks and the chemical shift values);
(2) the number of hydrogens on each carbon (when using the DEPT

technique).
Example
peak
carbon(s) § (ppm)

O 1 165.0
s 2 i 2 142.8

C
4 g \;/ ~07 Y, 3 134.9
5 6 4 128.4
4 ) 5 127.7
ethyl ( £)-cinnamate 6 126.2
7 117.6
8 59.6
9 13.7

Problems

(1) Compound A is believed to have the following structure.

Explain how you would use NMR spectroscopy and/or MS to:
(a) confirm the molecular formula;

(b) demonstrate the presence of a single bromine atom;

(c) establish the presence of the COCH; group;

(d) confirm the presence of a 1,4-disubstituted ring.

(2) Propose a structure for compound B using the following spectro-
scopic information.

m/z (EI) 134 (25%), 91 (85%), 43 (100%). (The percentages refer
to the peak heights.)
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&n 7.40-7.05 (5H, broad multiplet), 3.50 (2H, s), 2.00 (3H, s).
(CDCI, was used as the solvent.)

8 206.0 (C), 134.3 (C), 129.3 2xCH), 128.6 (2 xCH), 126.9 (CH),
48.8 (CH,), 24.4 (CH,). (CDCI, was used as the solvent.)

Draw the 'H and “C NMR (fully proton decoupled) spectra for
compounds C and D, indicating the approximate chemical shifts
of the protons and carbons and showing spin—spin splitting patterns
in the "H NMR spectra.

O O

T ey

Cl
C D

Compound E has a prominent IR absorption at 1730 cm™ and
gives two singlet peaks in the "H NMR spectrum. On reaction
with sodium borohydride followed by aqueous acid, compound F
is obtained. Compound F, which has a broad IR absorption at
3500-3200 cm™, reacts with sodium hydride (a base) followed by
methyl iodide to give compound G. The mass spectrum of G shows
a molecular ion peak at m/z 102 and an intense peak at m/z 45.
Propose the structures for compounds E-G.



11. NATURAL PRODUCTS AND SYNTHETIC
POLYMERS

Key point. Natural products are divided into particular classes of
compound. These include carbohydrates, lipids, amino acids, peptides
and proteins, and nucleic acids. Carbohydrates (or sugars) are poly-
hydroxycarbonyl compounds that exist as monomers, dimers or polymers.
Organic-soluble waxes, oils, fats and steroids are known as lipids,
while the condensation of amino acids produces natural polyamides
known as peptides and proteins. Nucleic acids (which include RNA
and DNA) are natural polymers made up of sugars, heterocyclic nitrogen
bases and phosphate groups. Synthetic (unnatural) polymers, which have
had a tremendous impact on our day-to-day living, can be classified as
chain-growth polymers (e.g. polyethylene) or step-growth polymers
(e.g. polyamides or nylons).

11.1 Carbohydrates

Carbohydrates are a class of naturally occurring polyhydroxylated
aldehydes and ketones, which are commonly called sugars. Many, but
not all, sugars have the empirical formula C (H,0),.

e Simple sugars, or monosaccharides, are carbohydrates (such as
glucose) which cannot be hydrolysed into smaller molecules.

e Complex sugars are carbohydrates, which are composed of two or
more sugars joined together by oxygen bridges. These can be
hydrolysed to their component sugars (e.g. sucrose is a disaccharide
which can be hydrolysed to one glucose molecule and one fructose
molecule, while cellulose is a polysaccharide which can be hydrolysed
to give around 3000 glucose molecules).

Monosaccharides bearing an aldehyde are known as aldoses, whereas
those bearing a ketone are known as keroses. Sugars bearing three, four,
five and six carbon atoms are known as trioses, tetroses, pentoses and
hexoses, respectively.

CHO CHO CH,OH
H- é -OH H OH (e}
HO~ (E ~-H HO H HO H
H-C-OH = H—}-oH H——OH
H- (E -OH H OH H OH
éHZOH CH,OH CH,OH
Fischer projection D-fructose

D-glucose (an aldohexose) (a ketohexose)



178 Keynotes in Organic Chemistry

Almost all carbohydrates are chiral and optically active. They are
most often drawn as Fischer projections — the horizontal lines come out
of the page, while the vertical lines go into the page (see Section
3.3.2.6). If the chiral centre furthest from the aldehyde or ketone is the
same absolute configuration as D-(+)-glyceraldehyde, then these are
called D-sugars. (Almost all naturally occurring sugars are D-sugars.)
Those with the opposite configuration are called L-sugars.

Many carbohydrates exist in equilibrium between open chain and 5- or
6-membered cyclic forms. The cyclic pyranoses (5-ring) or hexanoses
(6-ring) are produced from an intramolecular cyclisation of an alcohol
group onto an aldehyde, leading to the formation of a hemiacetal (see
Section 8.3.5). These are most commonly drawn as Haworth projec-
tions, in which the ring is drawn as a hexagon and vertical lines attach
substituents.

Example: D-glucose

Haworth projections

CHO cyclisation
H-1+-OH CHOH then proton HZOH CH,OH
HO 0 tramfer O OH
H
H OH HO
CH,0OH OH

()L—D—glucopyrdnose B—D—glucopyrdnose

1 7

CH,OH CH,OH
HO ~2— O HO A o]
HO N o - \_-OH
HO
OH OH

The cyclisation produces two diastereoisomers, and the new chiral
centre (labelled*), which is formed, is called the anomeric carbon. If
the anomeric carbon has an § configuration, it is called the a-anomer,
while the one with an R configuration is called the B-anomer.

When o-D-glucopyranose is dissolved in water, the optical rotation
value decreases with time until it reaches+52.7°. This is because of
equilibration between the o~ and P-anomers in a process known as
mutarotation. The P-anomer undergoes reversible ring opening and
re-closure, leading to the formation of some of the ci-anomer.

Disaccharides contain two monosaccharide units joined together by
a glycoside linkage. This linkage occurs between the anomeric carbon
of one sugar and a hydroxyl group at any position of another sugar.
The bridging oxygen atom is part of an acetal, and hence reaction with
aqueous acid (or an appropriate enzyme) leads to hydrolysis and the
formation of the component sugars.
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CH,OH CH,OH CH,0OH
0 0 . 0
4/ OH ; ¢/ OH r H,0, acid OH oH
HO 40 OH HO
OH : OH OH
ano-1 ,4’-gl}:coside linkage o~ and B-D-glucopyranose
Maltose

(formed from two D-glucopyranoses)

Polysaccharides are polymers of monosaccharides joined by glycoside
linkages. The three most abundant natural polysaccharides are cellulose,
starch and glycogen, and these are derived from glucose.

11.2 Lipids

Lipids are naturally occurring organic molecules found in cells and tissues,
which are soluble in organic solvents but insoluble in water. They are
defined by their (organic) solubility rather than their structure. Lipids
can be subdivided into fats and waxes, and steroids.

11.2.1 Waxes, fats and oils

Natural waxes are esters of long-chain carboxylic acids with long-chain
alcohols. The acid and alcohol residues are usually saturated and contain
an even number of carbon atoms.

Example: beeswax

)
Il
}hc—{ng;wy—o—{Csz CHy,  x=24,26,y=29,31

Animal fats are solids (e.g. butter), whereas vegetable oils are liquids
(e.g. olive oil). They are both triesters of glycerol and are known as
triglycerides. On hydrolysis, they are converted to glycerol and three
carboxylic acids, which are known as fatty acids.

(6]

(") ]
H,C-0~-C~-R H,C - OH HO=C-R

(“) H,0, hydroxide i (u)
HC—0-C-R HC-OH + HO-C-R

| 0 then acid i 0

i H,C—-0H i
H,C~0~-C~R 2 HO-C-R
)(‘;z:l::tgiﬁ glycerol fatty acids

The fatty acids usually contain between 12 and 20 carbon atoms, and
the alkyl side chains can be saturated or unsaturated (i.e. can contain
alkene double bonds). Vegetable oils contain a higher proportion of
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unsaturated fatty acids than animal fats. The shape of the alkenes
(which are usually cis-) prevents the molecules from packing closely
together. This makes it harder for the molecules to crystallise, which
lowers the melting point. This explains why (unsaturated) vegetable
oils are liquids.

e Catalytic hydrogenation of the alkene double bonds in vegetable
oils (known as hardening) is carried out industrially to produce
margarine.

e Soap, which is a mixture of sodium and potassium salts of fatty
acids, is produced industrially by hydrolysis (saponification) of
animal fat using aqueous sodium hydroxide.

11.2.2 Steroids

Naturally occurring steroids exert a variety of physiological activities
and many act as hormones (i.e. chemical messengers secreted by
glands in the body). They all contain one cyclopentane and three
cyclohexane rings linked together: the four rings are labelled A-D.

Example Me OH

testosterone
{male sex hormone)

All three cyclohexane rings can adopt strain-free chair conformations,
in which the small groups (e.g. hydrogen atoms) at the ring junctions
adopt axial positions. Therefore, most steroids have the ‘all trans-’
stereochemistry.

The axial hydrogen atoms
at the ring junctions have
a trans- relationship

11.3 Amino acids, peptides and proteins

Peptides and proteins are composed of amino acids linked by amide (or
peptide) bonds. There are 20 common amino acids, which are naturally
occurring, and these all contain an amine group at the a-carbon of a
carboxylic acid. All of the 20 most common amino acids contain primary
amine groups, except proline, which is a cyclic amino acid bearing
a secondary amine.
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R = CH(OH)Me, threonine

R H

& R = CH,SH, cysteine

H,N ¢ COH R = CH,CH;SMe, methionine
R = CH,CO,H, aspartic acid
R =H, glycine R = CH,CH,CO,H, glutamic acid
R =Me, alanine R = CH,CONH,, asparagine
R = CHMe,, valine R = CH,CH,;CONHo,, glutamine
R = CH,CHMe,, leucine R = (CH,),NH,, lysine
R = CH(Me)Et, isoleucine R = (CH,):;NHC(=NH)NH,, arginine
R = CH,0H, serine R = CH;Ph, phenylalanine
H,C N
R= | ’ tryptophan R = H,C ‘C\\r‘ OH tyrosine
& —
N
H
H
JH
H,C N . »
R= \i- ) histidine N~ % "COH proline
\ N H

The primary amino acids differ in the nature of the alkyl side chain
(R). All of the 20 common amino acids except glycine (R=H) are chiral,
and only one enantiomer is produced in nature. Most amino acids found
in nature have the L-configuration (because of their stereochemical
similarity to L-glyceraldehyde). All of the 20 common amino acids
have the S configuration, except for cysteine.

Fischer projections

H,c, H CO.H CHO
== N + H HO + H
H,N COH
CH; CH,OH
L-alanine
S configuration L-glyceraldehyde

Amino acids exist as zwitterions, as they contain both a positive and
negative charge within the same molecule. They are amphoteric, as
they can react with acid to gain a proton, or with base to lose a proton.

NG . NS

@ o e ® A P o

H;N COH eOH H;N CO? ®y H,N CO§5
low pH neutral zwitterion high pH

The pH at which the amino acid exists primarily as the neutral
zwitterion is known as the isoelectric point.

The alkyl side chains (R) can be divided into neutral, acidic and
basic side chains. Those with alkyl or aryl side chains are neutral, those
with amine (or related) side chains are basic, while those with carboxylic
acid side chains are acidic.
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Amino acids join together to form the (amide or) peptide bond
of peptides and proteins. Dipeptides and tripeptides are formed, for
example, by the combination of two and three amino acids, respectively.
The individual amino acids within the peptide are known as residues,
and whereas polypeptides usually contain less than 50 residues, proteins
often contain more than 50 residues.

R H H
R H R H _H,0 & =l
o s 2 @3 N CO5;
@ X + @ 2 -
H3N>\CO? H3N>\CO§) HN ff Re“ q
N-terminus C-terminus

Peptides are written with the N-terminus on the left and the C-terminus
on the right. The repeating sequence of nitrogen, o.-carbon and carbonyl
groups is known as the peptide backbone. The amino acid sequence
determines the structure of the peptide/protein. As the peptide/protein
size increases, so does the number of possible amino acid combinations.
For example, for a protein containing 300 residues, there are 20°®° possible
amino acid combinations (as there are 20 common amino acids).

The shape of peptides/proteins is crucial for their biological activity.
Although the side chains of the residues are free to rotate, this is not
possible for the peptide bonds. This is because the nitrogen lone pair
(of the peptide bond) is conjugated with the carbonyl group. Therefore,
the C—N bond has partial double-bond character, and this slows down the
rate of rotation around the C—N bond, which helps make the peptides/
proteins relatively rigid.

R H H R H H
oA N. _co? oS _N___cof
Pl // @

H;N cT Ty - H;N (’: R
It 1 R' H
07 RTH Og

The sequence of amino acids in a protein is called the primary struc-
ture, while the localised spatial arrangement of amino acid segments is
called the secondary structure. The secondary structure results from
the rigidity of the amide bond and any other non-covalent interactions
(e.g. hydrogen bonding) of the side chains. Secondary structures
include the a-helix and the g-pleated sheet. The tertiary structure
refers to the way in which the entire protein is folded into a 3-dimen-
sional shape, and the quaternary structure refers to the way in which
proteins come together to form aggregates.

Large proteins, which act as catalysts for biological reactions, are
known as enzymes. The tertiary structure of enzymes usually produces
3-dimensional pockets known as the active sites. The size and shape of
the active site is specific for only a certain type of substrate, which is
selectively converted to the product by the enzyme. This is often compared
with a key fitting a lock (the lock and key model). The catalytic activity
of the enzyme is destroyed by denaturation, which is the breakdown of
the tertiary structure (i.e. the protein unfolds). This can be caused by a
change in temperature or pH.
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11.4 Nucleic acids

The nucleic acids DNA (deoxyribonucleic acid) and RNA (ribonucleic
acid) carry the cell’s genetic information. Indeed, DNA contains all the
information needed for the survival of the cell.

e Both DNA and RNA are composed of phosphoric acid, a sugar and
several heterocyclic organic bases. DNA contains the sugar deox-
yribose and RNA contains the sugar ribose. The bases adenine (A),
guanine (G), cytosine (C) and thymine (T) are present in DNA,
while adenine (A), guanine (G), cytosine (C) and uracil (U) are
present in RNA.

HO OH HO OH NH, o)
(6] 0 N
7 / N~y N fLNH
NN N N NH,
OH HO OH H N
deoxyribose ribose adenine guanine
purine bases
NH, 0 Io)
S H;C
| i | iH | iH pyrimidine
N O N "0 N0 bases
H H H
cytosine uracil thymine

e Both DNA and RNA are polymers of nucleotides (phosphate—
sugar-base), which are formed from nucleosides (sugar-base) and
phosphoric acid. However, the polymer chain of DNA is much

larger than that of RNA.

HOH,C __ Bas
HOH,C O OH replace hemiacetal OH 20 ase
+ Base W‘i nucleoside
HO X HO X
X=Hor OH oH
replace primary b
alcohol with the 0 Iu) 0
phosphate OH
phosphoric acid
\IVTVV‘
phosphate ester | ) =p - 0© oH
links the sugars | )
O=P-0

i . t

H.C Base Sformation of a 0

e} polymeric chain i

=S >C Base
DNA or RNA N
nucleotide
O X
.N\lw- HO X
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The structures of both DNA and RNA depend on the sequence of the
nucleotides (i.e. the amine bases). Watson and Crick showed that DNA
is a double helix composed of two strands with complementary bases,
which hydrogen bond to one another. A and T form strong bonds to
one another, as does C and G.

HN—-H----0  CH; =N o--H-NH
/NW
&
N-r SN--H-N ) 571" N-H---N
4 N NT >
N7 N7 N
" N o HN—H---0 };’
Asszzzzszzzzas T G 3333333333333 C
two hydrogen bonds three hydrogen bonds

RNA is formed by the transcription of DNA. On cell division, the
two chains of the helix unwind, and each strand is used as a template
for the construction of an RNA molecule. The complementary bases
pair up, and the completed RNA (which corresponds to only a section
of the DNA) then unwinds from DNA and travels to the nucleus.
Unlike DNA, RNA remains a single strand of nucleotides.

11.5 Synthetic polymers

A polymer is a large molecule made up of a repeating sequence of
smaller units called monomers. Naturally occurring polymers include
DNA and also cellulose, which is composed of repeating glucose units
(see Sections 11.1 and 11.4). Synthetic polymers, which are made on a
large scale in industry, have found a variety of important applications,
e.g. adhesives, paints and plastics.

Polymers can be divided into addition (or chain-growth) polymers,
formed on simple addition of monomers, or condensation (or step-
growth) polymers, formed on the addition of monomers and elimination
of a by-product such as water.

11.5.1 Addition polymers

Addition polymers can be formed by the reaction of an alkene with a
radical, cation or anion initiator.

e Radical polymerisation is the most important method, and this often
employs a peroxide (ROOR) initiator containing a weak oxygen—
oxygen bond. On homolysis (using heat or light), the resulting alkoxyl
radical (RO*) adds to the least hindered end of the alkene to form
a carbon-centred radical. This radical then adds to another molecule
of the alkene to build the polymer by a chain reaction. The poly-
merisation is terminated by, for example, the coupling of two radicals.
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Initiation
heat or light .
ROXOR ————> RO

Propagation

further
B IaYa IR alkene
RO’ R e RO\/\ R i pr—

Termination

OR

R
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R] R R [R R R
Ro{/kl/)fﬂ\(m\k\Li\JOR —_— RO{/L%-{i\lOR
n n n n

Cationic polymerisation employs a strong protic or Lewis acid initi-
ator. A proton, for example, adds to an electron-rich alkene to form
the most stable carbocation. The carbocation then adds to another
electron-rich alkene to build the polymer chain. The polymerisation

is terminated by, for example, deprotonation.

Propagation

further
@Q\ u @fB/A R  alkene
q R - N R LS
R =electron-donating
group

Termination

R R H@ R
H — H
@] /R
n n
H

Anionic polymerisation employs nucleophiles such as alkyllithiums,
alkoxides or hydroxide as the initiator. Hydroxide, for example, adds
to an electron-deficient alkene to form the most stable carbanion (in
a Michael-type reaction). The carbanion then adds to another electron-
deficient alkene to build the polymer chain. The polymerisation is

terminated by, for example, protonation.

P ti
ropagation further

9/_\//(:\12 alkene
HOGK‘AR — HO\/\\Rm» —y

R = electron-withdrawing
group

Termination

R7 R ® R] R
HO H HO
© H
n n

R R
HO ©
n
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Radical polymerisation of alkenes often leads to chain branching and
the formation of non-linear polymers. In addition, the stereogenic centres
on the backbone of polymers are usually formed randomly to give atactic
polymers.

R R R R

M atactic (random)

R R R R

M“J isotactic (same side)

R R R R

M syndiotactic (alternating)

The formation of linear isotactic or syndiotactic polymers can be
achieved by metal-catalysed polymerisation. This employs Ziegler—
Natta catalysts, made from triethylaluminium (Et;Al) and titanium tetra-
chloride (TiCL), which react with alkenes by a complex mechanism.
The polymerisation of ethylene (CH,=CH,) leads to the formation of
(linear) high-density polyethylene, which is of greater strength than the
(branched) low-density polyethylene produced on radical polymerisation.

Copolymers can be formed when two or more monomers polymerise
to give a single polymer. These polymers often exhibit properties different
from that of homopolymers (produced from only one alkene).

11.5.2 Condensation polymers

Condensation polymers are formed from two monomers containing
two functional groups. The formation of a bond usually leads to the
elimination of a simple by-product (such as water), and this occurs in
discrete steps (l.e. not via a chain reaction). The polymer is usually
composed of an alternating sequence of the two monomers.

e Polyamides (or nylons) are produced by heating diacids with diamines.

The amine acts as the nucleophile and reacts with the carboxylic
acid in a nucleophilic acyl substitution reaction (see Section 9.3).

LN —[CHZ]; NH, o 0
heat B ]
+ , ~<NH {CH~NH-C -{CHZ]7 c)»
- n

—H,0
HO,C-{CHJ Ol

e Polyesters are produced by heating diacids (or diesters) with diols.

heat Q Q
1] 1]
o-{Cm}0—c-cHl-c

2 n

—H0

HO-{CH;}- OH

+

HO,C —[CHZ]; Cco,H
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e Polyurethanes are produced by the reaction of diols with diisocyanates.
Nucleophilic addition of an alcohol to an isocyanate produces the
urethane functional group. Although no (small molecule) by-products
are produced, the urethane bonds are formed in discrete steps.

(6] proton (6]
5 o= R.®.C Rl mansfer g ¢ Rl
R-OH + O\A—C'Q#N—Rl — e} g 0" N
isocvan: ! H
1socyanate H urethane

HO-{ CIL}- OH 0 0
x heat u 1
+ — O{CH;})—CO—C-NH-{CHz};NH-C}
OCN-CHZ}- NCO "

Problems

(1) Draw structures of the two possible dipeptides, which can be
formed by joining (S)-alanine to glycine.

(2) The following questions relate to the disaccharide cellobiose (A).

CH,0H H

o CH,0H

HO
OH
HO
HO \
H HO
H

A

(a) Classify the glycoside linkage as either o or 3.

(b) Name the monosaccharide(s) formed when A is hydrolysed
in aqueous acid.

(c) Is the monosaccharide(s) formed on the hydrolysis of A an
aldohexose or a ketohexose?

(3) Are the OH and Me groups in deoxycholic acid (B) (a bile acid)
axial or equatorial?

HO™




188 Keynotes in Organic Chemistry

(4) How can tautomerism explain why nucleic acids, such as uracil (C)
and guanine (D), are aromatic even though this is not indicated in
the structures shown below?

O 0
NH N
L, T
Y
N~ o N N
H g NN
C D

(5) Why is radical polymerisation of vinyl chloride to give poly(vinyl
chloride) described as showing a marked preference for head-to-tail
addition?

(6) What polymers would you expect to be formed from the following
reactions?

(a)

HO heat
HO,C CO,H + ~ ou

(b)

Me

OCN NCO
HO
O ¥ ~"on




OUTLINE ANSWERS

1. Structure and Bonding
() (a +I ® -L+M () -L+M @) -L+M

@

3)

(e)
(a)

HiCO

(b)

(a)

(b)

(c)

(@

(e)

-L+M () -L-M (g -L-M th) -L-M

Ao~y X

S Ty ®
A

i —_— N Ny

® @
B

@

< ®
H;CQ@/\\\\\ L HCOS A
C

Expect C to be the more stable because of the +M effect of
the OMe substituent.

The carbocation CH,OCH] is stabilised by the +M effect of
the OCH; substituent.

The electron-withdrawing NO, (I, —=M) group can stabilise
the phenoxide anion by delocalisation of the negative charge.
The negative charge can be spread on to the NO, group at
the 4-position.

On deprotonation of CH;COCH;, the anion (known as an
enolate anion) can be stabilised by delocalisation of the
negative charge onto the C=0 group. As a consequence,
CH;COCH; is more acidic than CH;CHs.

This can be explained by resonance. Drawing a second
resonance structure for CH,=CH—-CN shows that the C-C
bond in CH,=CH—-CN has a partial double bond character
(see below). This is not possible for CH,—CN.

/_/f\ AC

x>
= NE)

C I ®
N

For CH,=CH-CHj, the carbon atom bearing the positive

charge has six valence electrons. It can accept two further

electrons to generate an alternative resonance structure.

For CH,=CH-NM ej, the nitrogen atom bearing the posi-
tive charge has eight valence electrons. It cannot expand its
valence electrons to ten, and hence an alternative resonance
structure cannot be drawn.
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Outline Answers

On deprotonation of cyclopentadiene, an anion with six n-electrons
is formed. This anion is stabilised by aromaticity, hence the low
pK,-value of cyclopentadiene.

On deprotonation of cycloheptatriene, an anion with eight
n-electrons is formed. This anion is not stabilised by aromaticity,
hence the high pK,-value of cycloheptatriene.

The most acidic hydrogen atom in each compound is shown in
bold. (Approximate pK,-values for these hydrogen atoms are given
in brackets.)

(a) 4-HOCH,CH; (pK, ~10).

(by 4-HOCH,CO,H (pK, ~5).

(c) H,C=CHCH,CH,C=CH (pK, ~25).

(dy HOCH,CH,CH,C=CH (pK, ~16).

(a) guanidine> l-aminopropane > aniline > ethanamide

On protonation of guanidine, the (H,N),C=NH" cation is stabilised
by extensive delocalisation of the charge by the electron-donating
NH, (+M) groups (see below).

@
NHz NHz NHz NHZ
g o ! !
G AXCO ® Lo, ~Cx®
H,N NH, HN NH, H,N NH, HN NH,

The electron-donating propyl group (+I) in l-aminopropane
will help increase the basicity.

For aniline, the lone pair on nitrogen can be delocalised onto the
benzene ring, which will help decrease the basicity (i.e. the benzene
ring helps ‘tie up’ the lone pair, making it less basic). On protonation
of aniline, the positive charge cannot be stabilised by delocalisation.

Ethanamide is the weakest base because of the delocalisation
of the nitrogen lone pair with the electron-withdrawing carbonyl
group. It should be noted that if ethanamide was protonated on
nitrogen, the positive charge could not be stabilised by delocalisa-
tion. Protonation therefore occurs on oxygen, as the charge can be
delocalised onto the nitrogen atom (see below).

N ®
o H (OH OH
il Il |
c S Crn., =~ C.@
Me” NH, Me” NH, Me” NH,

(b) 4-methoxyaniline >4-methylaniline > aniline > 4-nitroaniline

For 4-methoxyaniline, the electron-donating OMe group (+M)
increases the basicity of the amine more than the 4-methyl group
(+D) in 4-methylaniline. Both amines are more basic than aniline,
as they contain electron-donating groups at the 4-position of the
ring. In contrast, the strongly electron-withdrawing nitro group
(-1, —=M) reduces the basicity of the amine, and hence 4-nitroaniline
is much less basic than aniline.
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2. Functional Groups, Nomenclature and Drawing Organic
Compounds

€y

H

Br
NO, Br O (,),
Ph c. -
Mo/ N
Cl

(a) (b) (©)

0 0
G/VK ¢ P\ o
(d) (e)

()

(this could be E or Z; (this could beE or Z;
see Section 3.3.1) see Section 3.3.1)

d MeO \)V OMe

&) (h)

CO,H H

HO,C /k
-~ ~oH ©

OH
M »

(2) (a) 3 -Hydroxy-2-methylpentanal.

(b) Ethyl 4-aminobenzoate.

(c) 1-Ethynylcyclohexanol.

(d) 4-Cyanobutanoic acid.

(e) 3-Bromo-1-methylcyclopentene.

(f) 5-Methyl-2-(1-methylethyl)phenol or 2-isopropyl-5-methyl-
phenol (isopropyl = 1-methylethyl= CHMe,).

(g N-1,1-Dimethylethylpropanamide or N-fert-butylpropan-
amide (fert-butyl=1,1-dimethylethyl = CMe,).

(h) 4-Chloro-6-methyl-3-heptanone.

(i) Benzylcyclohexymethylamine
(benzyl =phenylmethyl= PhCH,).

(j)  2.5-Dimethylhex-4-en-3-one.
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3. Stereochemistry

(1) (a) —I (highest), -CH; (lo
(b) —CO,H.
(0 A=(E),B=(E),C=(

Outline Answers

west).

7).

2y D=(S)E=@R),F=(R).

(3) (a) It is optically inactive but contains stereogenic centres. As
G has a plane of symmetry, the optical activity of one half
of the molecule cancels out the other half.

(b)
H;C H oH
OH H3C\ H
OH H CH,
H CH,
OH
Sawhorse projection Newman projection
(©)
CH,
HO-———H
H -~ OH
CH,
)
H H
.
- ﬁ/\\
H
All three substituents are equatorial
(%)
H ,OH H _OH
Me” R S CO,H Me” B3 CO.H
H Me H Me
I J
HO, H H_OH
. S
Me/SgV\ COH HO,C” 7 R Me
H Me H Me
K L

I and J are diastereoisomer

S

I and K are diastereoisomers
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I and L are diastereoisomers
J and K are enantiomers

J and L are identical

K and L are enantiomers

(6)
H Br
Br N
R CHO
H CH;
M
CHO
Br — R H
Br —5 H
CHj
(8] P

M and N are diastereoisomers
M and O are enantiomers

M and P are diastereoisomers
N and O are diastereoisomers
N and P are identical

O and P are diastereoisomers

4. Reactivity and Mechanism

(1) Ogxidation levels are shown in italic (see below).

H\ ;,Br Neither oxidation H\ ;,OH
Me/ \Me nor reduction Me/ \Me
MeO\ 2 /OMe Neither oxidation (I?
~ H C N
Me/ Me nor reduction Me” 2 Me
I;\{H Reduction HZN\ A
_C. PN
Me™ 2 Me Me Me
0o 0
i Reduction 1
C T C
Me” 3 ~OMe Me” 2 T Et
A (e}
H\I/OH Oxidation i
C .
7N Me” 3 " NHMe
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@

&

m ¢ Br
N
Me-O + C?’f

7
nucleophile H H
electrophile
6 S
&)\ ¢ H MezN\ JH
/~C ~ + /C\
H " H P’ H
electrophile nucleophile
&0
. ”)/’4-\6CN
& C
Me” T Et nucleophile
electrophile
5 o"/\
Il
5 C + BF; —
rh” TH electrophile

nucleophile

(3) (a) (radical) substitution.
(b) addition.
(c) two eliminations.
(d) (Beckmann) rearrangement.

4 @

stereoselective (forming the E-isomer from the elimination).

(b) regioselective (elimination to give the less substituted

alkene).

(c) chemoselective (reduction of the carboxylic acid).
(d) stereoselective (reduction of the ketone to selectively form

one diastereoisomer).

5. Alkyl Halides
1 @

Et
|

~ C\ H

Br Me

(b) Ethanol can act as a nucleophile and react with the secondary
bromide to form an ethyl ether (see below) together with HI.
As ethanol is a polar protic solvent, the reaction is likely to
involve an Sy1 reaction to give a racemic product.



@

3)

(c)

(d)

(a)

(b)

Sul

(c)
(@

(e)

®)

(a)
(b)

/N—I‘ Me o OH
W7 “, —Br M
+ /%Br @ ‘H
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Hydroxide is only a moderate nucleophile but a good base.
Elimination can therefore compete with substitution, leading
to the formation of alkene products.

For an Sy1 reaction, the rate-determining step is the formation
of a carbocation. Whereas A produces a secondary alkyl
carbocation, Syl reaction of (1-iodoethyl)benzene produces
a benzylic carbocation, PhCH'CH,. This benzylic carboca-
tion is stabilised by resonance and should be formed more
readily than EtCH'CH,.

e Y OH
—Br ® H,0
M )\/\

racemic

then —H Me
(R)-2-bromopentane (S)-pentan-2-ol

Adding a less polar non-protic solvent such as propanone
could promote an Sy2 reaction.

This is an example of nucleophilic catalysis, which exploits
the fact that I" is a good nucleophile and a good leaving
group. Reaction of B with the iodide ion in an Sy2 reaction
produces 2-iodopentane, which reacts more rapidly with
water than does 2-bromopentane (B).

Sodium fert-butoxide is a poor nucleophile but a strong base,
and hence elimination rather than substitution is favoured.
As Me;C-O" is a bulky base, pent-1-ene is likely to be the
major product (from a Hofmann elimination).

On protonation, the OH group of C is converted into a better
leaving group, namely water. Loss of water produces a carbo-
cation, which can rapidly react with ethanol in an Sy1 reaction.

PhCH,0OMe + HBr
PhCH,0COCH, + HBr
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(4) The mechanism of the reaction changes from Syi in the absence
of pyridine to Sy2 in the presence of pyridine (which acts as

a base).
®)
Bass” ) pn m
/Hw( —BaseH a : : Ph
a” e o —a® Ph H
(185,285)-1,2-dichloro-1,2-diphenylethane (Z)-1-chloro-1,2-diphenylethane

(6) Ethanol is a poor nucleophile and a weak base, and hence Sy2 and
E2 reactions are unlikely. As it is a polar protic solvent, E1 and
Syl reactions are favoured and hence an initial carbocation can be
formed on the loss of Br™ (see below). This secondary carbocation
can undergo rearrangement to form a more stable tertiary carbo-
cation, which can react with ethanol to give E and F.

H
> e
B M 7 HOEt
® \
PN
»
J

HOEt

/\

/
/

¥
jex)
=

6. Alkenes and Alkynes

(1) (a) This involves a radical mechanism in which the bromine
radical adds to the least hindered end of the alkene to form
the more stable carbon-centred radical (i.e. a secondary
rather than a primary radical).

light or heat .
ROLCOR 2RO

ROV HY By RO—H + Br
B
B NN —— B AL

(b) This involves an ionic mechanism in which protonation of
the alkene produces the more stable carbocation intermediate
(i.e. a secondary rather than a primary carbocation).
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A LB m

7
A

(2) The reaction involves an intermediate bromonium ion, which
can be ring-opened by attack of Br™ at either carbon atom of the
3-membered ring (as these are equivalent). The bridging bromine
atom prevents rotation about the central C—C bond, and hence
the Z-relationship of the ethyl groups in the alkene is conserved
in the bromonium ion. Overall, there is anti- addition of Br, to

give a racemate.
Br
H, H Br H

Et
__— E E;Br:@ Et Et Br

H H (2R3R)

Et ( Et (+)-3,4-dibromohexane
Br
N T
'(]|3r H, H . Br
, N % g
: : H
Br EC®p 2 Bt Br Et
(28.,35)

(3) (a) RCO;H, such as meta-chloroperoxybenzoic acid (m-CPBA).
(b) RCO;H and then ring-opening of the epoxide with HO/H,O
or H'/H,O to give stereoselective anti- dihydroxylation.
(cy Hy/Pd/C.
(d) OsO, then H,O/NaHSO; (to give stereoselective syn- dihy-
droxylation).
(e} BH; (regioselective hydroboration) then H,O,/HO™ (H and
OH are added in a syn- manner).
(f) O; (ozonolysis) then H,O, (oxidative work-up).
4y A Hg(OAc)yH,O/H' (hydration).
B (i) NaNH, then MeBr; (ii) Na/NH,.
C (i) NaNH, then PhCH,Br; (ii) Hy/Lindlar catalyst.

. COMe P
J _ o
a |]1 Co . D . L\<o
- S -
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For compound F, the so-called endo- product is formed. For
the endo- product, the newly formed alkene and carbonyl group(s)
are on the same side of the product. Endo- products are often
formed more rapidly than exo- products in Diels—Alder reactions.

H

Y ~
/ 0 2 "
. =0

; :
H 0 same side >~ 0
H *~-- 0
exo- product endo- product

On protonation of one of the double bonds, an allylic cation is
formed and CI” can react with this in two possible ways (see
below). 3-Chlorobut-1-ene is the expected Markovnikov addition
product resulting from 1,2-addition. 1-Chlorobut-2-ene is derived
from the trapping of the cation at the terminal carbon in a
1,4-addition.

©
Cle Cl

1,2-addition ; 1,4-addition

¢
\\C\\‘/@\\/H - ®\\/““‘VH

7. Benzenes

€y

@

E H E
® ®
—H

primary tertiary
carbocation carbocation

>[/\ AlCl ?G) methy! shift \</
cl
®
©
-AlCl,

(== U
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(3) (a) A (cyclobuta-1,3-diene) is anti-aromatic (four m-electrons).

“

&)

(6)

(b)

(a)
(b)

()

(d)

(a)

(b)

()

(a)
(b)

B (anthracene) is aromatic (14 m-electrons).

C (indole) is aromatic (10 m-electrons).

D is aromatic (10 n-electrons).

This can be investigated by the reaction of C with an elec-
trophile. Aromatic compounds undergo electrophilic substi-
tution rather than addition reactions. On reaction with an
electrophile such as bromine, indole undergoes an electrophilic
substitution reaction to form 3-bromoindole (see below). As for
pyrrole and furan, no Lewis acid is required for bromination.

H

Br —CBr Br Br
Swr NS wi
. i L
NUNS S p® N ITCHE N
H H

CHCl; and three equivalents of benzene (Friedel-Crafts
alkylations).

(iy CH,CH,CH,CI/AIC]; or CH,CH,COCVAICI, followed
by Zn/Hg/H"; (ii) NBS/peroxide (bromination at the benzylic
position).

(i) Br,/FeBr;; (1) CH;CI/AICI, (separate 1-bromo-4-methyl-
benzene from 1-bromo-2-methylbenzene); (iii)) KMnO,
(oxidation of the methyl group).

(1) Cl/FeCls; (i1) two equivalents of HNO,/H,SO, (to make
1-chloro-2.4-dinitrobenzene); (iii) H,N-NH, (nucleophilic
aromatic substitution).

The —NH, group is an activating group and directs the
electrophile to the 2-, 4- and 6-positions of the ring. In acid
conditions, phenylamine is protonated and the -NH group
1s deactivating and directs the electrophile to the 3- and
5-positions of the ring.

The alkene (cyclohexene) is not aromatic and hence is a more
reactive nucleophile than benzene. In phenol, the —OH
group (+M) is a strongly activating substituent, and hence
the ring is more reactive to electrophiles than benzene.

As bromination of phenylamine can occur at the 2- as well as
the 4-position, a mixture of isomers is formed. Conversion
of the amine group to a larger amide group (by reaction with
an acid chloride) can block the 2-position and increase the
proportion of substitution at the 4-position. In the final step,
the amide is converted back to the amine (HO/H,0).

(1) NaNOyHCI; (i1) KL

(i) Br, (separate 2-bromophenylamine from the desired
4-bromophenylamine; the proportion of 4-bromophenylamine
can be increased by the introduction of an amide-blocking
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group; see Question (5¢)); (iiy NaNO,/HCI; (ii1) CuCl (Sand-
meyer reaction).

(cy (1) Br, (excess) to make 2.4,6-tribromoaniline; (i1) NaNO,/HCl;
(111) H;PO,.

8. Carbonyl Compounds: Aldehydes and Ketones

1 @
G o™ T\ OH
®
c C1 H cI
R YH R7 [ TH H,0 R TH
@) H H

H NaBHy is a source of hydride

(b) Use CrO,/H" (Jones oxidation) and distil the aldehyde as soon
as it i1s formed. Alternatively, use a milder oxidising agent
such as pyridinium chlorochromate (PCC) to prevent further
oxidation of the aldehyde, which would give a carboxylic acid.

2) (@
L(ﬁ* BrMg 06/\‘@ OH
| - |
S+
— c c + HOMgBr

H % H H e MmO 7 TH

s s, Ph H

Ph MgBr

(b) Ph-Br+Mg in anhydrous ethereal solvents (e.g. tetrahydro-
furan). Ideally, use an inert atmosphere, as Grignard reagents
can react with oxygen to form hydroperoxides (ROOH) and
alcohols.

(3) A=CHI, (iodoform) B=PhCO,H (benzoic acid)

(e} (e} (e}

” H‘/\\@OH ” (\ I r I H 1
LG ~C @ H C 7
Ph Cc—H H,0 Ph C Ph Cc-H
| I |

H H
+ H,O0 + 16
Further l
deprotonation/ l
o le) iodination
il
@ Il
H C c 0
B == pp” 0° rh” “oH G .
+ Bl + - C \O /
Ph’/ SC—1
9 &_/
HCL CL |
N 3 3 HO I
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4 @
[\
0

(b) The acid protonates the ketone, making it a better electrophile.
This makes it more susceptible to nucleophilic attack by an

. OH
H
®

alcohol.

()

transfer

"\@H:: %ﬁ@mg

OH

ol ®
OH 03 0.
—H,0 ./

5 (@
0
i;l NC[&
¢~ o e

I
C. 7
-~
L
|
H
(0] OH H,0 O O@
“ | (protonation) “ |
_C C/H P _C C/H
AN - I
H C c H C
7N 3 s\ Ci
H H H H

D
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(b)
0 b{\ OH Of - H
H™ el Nen, n e N H” \C!// ~CH;
i
i H i o
D E
(6)
N -
_CN COH
0 NH, NH, HCl
F G H

9. Carbonyl Compounds: Carboxylic Acids and Derivatives

(1) (a) NaBH, followed by H'/H,O.

The positive mesomeric effect (+M) of the OMe group
ensures that the carbonyl carbon atom of the ester is less
electrophilic than that of the ketone. Therefore, the ketone is
more readily attacked by nucleophiles, and mild hydride
reducing agents such as NaBH, only react at the ketone.

(b)
OH Hbf\ HO o
OEt OEt H\ t
Et = Ft === @0
O- &OH Et/K’
B Y ® ® P
H S u®
4/ transfer
@ .. H
OH QOH |
® B OEt
Et Et
(c)
OH
- . _OH
Bt \/\/<
Ph Ph

2) (a) HY/H0.
(b) LiAlH, then H,0.
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(¢) CrOy/H* (to form PhCO,H) then EtOH/H" (esterification).
(d) EtOH/H" (esterification).
(ey H,O.
(f) H/H,O/heat.
(g) SOCL or PCl,.
(h) HNEt,.
(3) (a) PhCOCH,COPh.
(b PhCOCH,CHO.
(¢} (CH;);CCOCH,CO,CH,CH,.
(dy PhCOCH,COCHs,.

4)
HN/N\\\/\‘
OH OH 0 1.
L on A Y
N COMe N H - |
E F G
NO,
H
(5)
o 9
g OMe COMe o
COMe === 6/\\\0
CH,
*\\\ Michael addition
\\\\\
(ﬁ 0 o®

/
o] a o) 0 _\<\
MeO MeOH
CO,Me CO,Me CO,Me

Intramolecular aldol

(6] (6] (6]
9 R
° peop O Med? HO
COMe CO,Me COMe

1 /Hoe

This sequence of reactions (i.e. Michael addition followed by
intramolecular aldol condensation) to form a 6-membered ring is
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known as the Robinson annelation. Annelation refers to the
formation of a ring.

10. Spectroscopy

1 @
(b)

(c)

(@

Use high-resolution EI or CI mass spectrometry.

From the characteristic 1:1 ratio of (M) and (M + 2) peaks in
the mass spectrum.

A singlet at ~2.6 ppm due to the three equivalent protons of
—COCH, would be observed in the "H NMR spectrum.

In the *C NMR spectrum, a characteristic ketone peak
would be observed around 200 ppm (the methyl carbon would
give a peak at ~25 ppm).

Fragmentation to form 4-BrC,H,C=0" could occur in the

mass spectrum. This would help confirm the presence of an
aromatic ketone, and the molecular ion peak could be used
to establish that A is a methyl ketone.
Two sets of distorted doublets (with the same ortho coupling
constant of ~8 Hz) will be observed in the aromatic region
of the '"H NMR spectrum. This is because there is a plane of
symmetry in the molecule, and hence two sets of protons are
chemically equivalent. These are shown as H, and H,; below.
The —COCH,; (=M, —I) group is more electron withdrawing
than the —Br group (+M, —I) and hence the Hy; protons have
a higher chemical shift. This is known as an AM spectrum
because the difference in chemical shift (A§) of the two
doublets is greater than the size of the coupling constant (J).
For an AX spectrum, Aé is much greater than J, and for an
AB spectrum, J is greater than Aé. Notice that as the value
of Aé approaches the value of J, the inner lines increase in
height to produce a ‘two leaning doublet’.

AX spectrum
Ha

Hy
Br—( />—COCH3 H -------- - H

Hy

- T T
M
AB spectrum
H, Hay Hgp

N

775ppm 7.5 ppm

AM spectrum

For the 1,2- or 1,3-disubstituted isomer of A, there will
be four (not two) separate peaks in the aromatic region of
the "H NMR spectra, because none of the aromatic protons
are equivalent.
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In the "*C NMR spectrum for A, there will be four peaks
in the aromatic region (two quaternary carbon peaks and two
CH peaks). For a 1,2- or 1,3-disubstituted isomer of A, there
will be six peaks in the aromatic region (two quaternary car-
bon peaks and four CH peaks), because none of the carbon
atoms are equivalent.

A,

B

@

e

(3) € Approximate chemical shift values for C. Splitting patterns
and coupling constants are given in brackets.

1 13
H NMR 41(q, 7Hz) C NMR
O i O
18 TH7) = % Ao s M8 80
o7 07 ™
45(q,7Hz--= H Cl : el
13 (t, 7 Hz)

D  Approximate chemical shift values for D. Splitting patterns
and coupling constants are given in brackets.

IH NMR BC NMR
1.8(t, 7Hz) 1.0, 7Hz)
o : 0
¥ ¥ 30 _ 15
2108 75 =~ 20
2.1 () e < 55
CHO ™. 6 cHO
A i 1.3 (sex, 7Hz) 205

15()  10.0(s)

“
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11. Natural Products and Synthetic Polymers
(1)

Me
H H
N CO,H N CO,H
N /H( ~ H,N /\”/ \/
0 0 Me

(2) (a) Disaccharide A contains a B-glycoside linkage.
(b) Two molecules of glucose are formed on hydrolysis.
(¢} Glucose is an aldohexose.

3)

axial

axial
Me

axial H

HO
equatorial

(4) This is apparent when tautomeric forms of the amide groups are

drawn.
C (uracil)
O
I NH B
N /K\ o - /)\ ol
H

D (guanine)

0 OH

N NH N RS N
< —

E N/)\ NH, E NT NI,

10 m-electrons

(5) This is because radicals add to the less substituted end (or tail) of
the monomer, and hence the head of vinyl chloride is attached to
the tail of another.
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head
: head-to-tail
o %
vinyl chloride /\ al M
? Cl Cl
tail poly(vinyl chloride) or PVC
©) (@
O O
il 1l
O0-CH,-CH,-0—C C
n
A polyester (Dacron)
(b)

(6] Me (6]
1 H H i
O—-CH,-CH;-O0—C—N N—-C
2 2 \\
/

A polyurethane
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APPENDIX 1 BOND DISSOCIATION ENERGIES

BDE = approximate bond dissociation energy in kJ mol™

Bond H-H H-F HCl HBr H1I H-OH

BDE 435 565 431 364 297 498

Bond H;C-H H;CCl H;C-Br H;C-I H;C-OH

BDE 440 356 297 239 389

Bond O-H R,C-H N-H cC

Average BDE 464 415 391 346




APPENDIX 2 BOND LENGTHS

Bond H,C-F H,C-Cl H,C-Br H,CI

Bond length (&) 1.38 178 194  2.14




APPENDIX 3 APPROXIMATE pK,-VALUES

(RELATIVE TO WATER)
Functional Acid Conjugate Typical
group base Pk,
carboxylic acid  RCO,H RCO, 4-5
phenol C¢H;OH CeH;O™ 10
B-keto ester RCOCH,CO,R RCOCH CO,R 11
water H,O HO™ 15.74
amide RNHCOR RNCOR 16
alcohol ROH RO™ 16-17
ketone RCOCHR, RCOCR, 19
ester R,CHCO,R R,CCO,R 25
alkyne RC=CH RC=C" 25
benzylic alkyl ArCH, ArCH, 42
alkene R,C=CHR R,C=CR 44
alkane R;CH R,C™ >50




APPENDIX 4 USEFUL ABBREVIATIONS

aq.
Ar
9-BBN
Bn

Bu

Bu
\Bu
Bu

Bz

CI

DIBAL-H
DMF
DMSO

ee

EI

Et

IR

mCPBA
Me

mp

MS
NBS
NMR
Nu

PCC
Pr
Py
Py
R.S
THF
Ts
uv

acetyl [CH;C(O)-]

aqueous

aryl

9-borabicyclo[3.3.1]nonane

benzyl (PhCH,-)

butyl (CH;CH,CH,CH,-)

1sobutyl or 2-methylpropyl [(CH;),CHCH,—]
sec-butyl or 1-methylpropyl [CH;CH,CH(CH;)-]
tert-butyl or 1,1-dimethylethyl [(CH;);C—]
benzoyl [PhC(O)-]

chemical ionisation (in mass spectrometry)
doublet (in '"H NMR spectroscopy)
diisobutylaluminium hydride (‘Bu,A1H)
dimethylformamide [(CH;),NCHO]
dimethyl sulfoxide [CH;S(O)CH;]
enantiomeric excess (0% ee =racemisation)
electron impact (in mass spectrometry)

ethyl (CH;CH,-)

hours

infrared

coupling constant/Hz (in 'H NMR spectroscopy)
rate constant

meta-chloroperbenzoic acid (3-CIC,H,CO;H)
methyl

melting point

mass spectrometry

N-bromosuccinimide

nuclear magnetic resonance

nucleophile

multiplet (in '"H NMR spectroscopy)
pyridinium chlorochromate (CsH;NH"CICrO3)
phenyl (C;Hs-)

propyl (CH;CH,CH,-)

1sopropyl or 1-methylethyl [(CH;CH(CH;)-]
pyridine (CsHsN)

alkyl group (methyl, ethyl, propyl, etc.)
configuration about a stereogenic centre
singlet (in 'H NMR spectroscopy)
tetrahydrofuran

triplet (in '"H NMR spectroscopy)
4-toluenesulfonyl (4-CH;CH,SO,—)
ultraviolet

halogen atom



APPENDIX 5 INFRARED ABSORPTIONS

Functional group

Typical stretching
frequency (cm™)

alcohol, O-H
amine, N—H

alkane, C-H

nitrile, C=N

alkyne, C=C
carbonyl, C=0
imine, C=N

alkene, C=C

ether, C-O

alkyl chloride, R—C1
alkyl bromide, R—Br
alkyl iodide, R-1

3600-3200
3500-3300
3000-2850
2250-2200
2200-2100
1820-1650
1690-1640
1680-1620
1250-1050

800-600

750-500
~500




APPENDIX 6 APPROXIMATE 'HNMR CHEMICAL

SHIFTS
Methyl (CH,) protons
Functional group Typical chemical shift (§)
of methyl protons (ppm)
C—CH, 0.9
O0-C-CH;4 1.3
C=C-CH, 1.6
R-0-C(=0)-CH; 2.0
R-C(=0)-CH; 2.2
Ar—CH;, 2.3
N-CH;4 2.3
R-C(=0O)N—CH;4 2.9
R-O—CH; 33
R-C(=0)O-CH;4 3.7

Methylene (CH,) protons

Functional group Typical chemical shift (5)
of methylene protons (ppm)
CCH,C 14
O0-C-CH,C 1.9
R-O0-C(=0)-CH,C 22
C=C-CH,<C 2.3
R-C(=0)yCH,=C 24
N-CH,—C 2.5
Ar—-CH,—C 2.7
R-O—CH,C 34
Br—CH,C 35
HO-CH,—C 3.6
CI-CH,—C 3.6
R-C(=0)O-CH,C 4.1




Appendix 6 Approximate '"H NMR Chemical Shifts

Methine (CH) proton

Functional group

Typical chemical shift ()
of methine protons (ppm)

CCH-C
O-C-CH-C
R-O-C(=0)y-CH-C
R-C(=0)-CH-C
N-CH-C

Ar-CH-C
R-O-CH-C
HO-CH-C
Br-CH-C
R-C(=0)O-CH-C

1.5
2.0
2.5
2.7
2.8
3.0
3.7
39
4.1
4.8

215
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AB, AM and AX spectra 204
absolute stereochemistry 99
absorption 141, 159, 163-70,
1734
acetal 47, 129-31, 178
acetophenone 141
acetyl chloride 117
achiral 32, 36, 86, 99
acidity constant (K,) 10, 13
acid anhydride 19
reactions 143-5, 148-9
structure 143

acid-base reactions 16-17, 147

acid catalysis 88,91
carbonyl reactions 129,
131-5, 139, 144, 146

acid halide (acyl halide) 19, 44

from carboxylic acids
145-6, 153
reaction with
nucleophiles 106,
119, 143-7
structure 143

acids 1,10-12, 16,145,154, 185

activation energy 40, 54-6,
78, 108

activating group  107-9, 115-18

active site 182
activity 52,78
acylation of benzene 106
acylium ion 106, 119
addition reaction 47-8,
50-51, 61, 14041
addition—elimination
reaction 131
addition polymers 184
adenine 183
alanine 181, 187
alcohol 15,18,47,51
elimination 82
from alkenes 88-90
from alkyl halides 49
from carbonyls 51, 124-5,
128, 147-51
halogenation 63-5

insugars 177-9

oxidation 125-6

reaction with carbonyls 123,
130-31, 144, 146-50,
186, 187

spectrometry/spectroscopy
162, 167,173-4

aldehyde 15,19

addition reactions 121-34
from an acetal 130
from acid chlorides 147
from alcohols 125-6
from an alkyne 98
from benzene 106
from a diol 93
from a nitrile 152-3
from an ozonide 93
insugars 177-9
reactivity 48, 121-2,
134, 145, 149, 156
spectroscopy  170-71
structure 121
o-substitution 13440

aldol reaction 13840
aldose 177

alicyclic 62

aliphatic 62

alkane 18, 47,50

from alkenes 95

from alkynes 98

from carbonyls 113,116, 134

from Grignards 128

from hydrazones 1334

from thioacetals 131, 134

halogenation 62-3

oxidation 112,117

spectrometry/spectroscopy
162, 167,170, 174

structure  5-6

alkenes 18,21, 42, 81-96

addition 51

from alcohols 82

from alkyl halides 48,73-9, 82
from alkynes 52,989

from amine oxides 83
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from carbonyls 128
from xanthates 83
halogenation 66

inoils 179
nomenclature 21, 30-31
polymerisation 184-6
reactions 48, 50, 51, 66,
83-96, 180

spectroscopy 167, 170-74
structure 5-6, 81-2

alkoxide 123-5

alkyl groups 19

alkyl halides 47-9

preparation 48, 62-6, 112
reactions 48-9,62,67-80, 128
spectrometry/spectroscopy
162, 170, 174
structure 62
substitution reactions
105, 129, 137-8
alkyl substitution 20
alkylation of benzene
alkylation of enolates
alkynes 18,42, 47
deprotonation 17
hydrogenation 52, §3
nomenclature 21
preparation 51, 96
reactions 52, 96-9
spectroscopy 167
structure 5-6, 81
alkynyl anion 17, 99, 128
allylic halide 69, 72,79
aluminium trichloride 15,
103, 105-6, 119
amide 14, 120
blocking group 116-17
from acid anhydride 148
from acid chloride 147
from amine 116-17, 186
from amino acids 180, 182
from esters 149
from oximes 133
hydrolysis 117
nomenclature 23
reactions 117, 143-5,150-51
structure 19, 143
amine
aliphatic 13, 14-15, 18, 47,
180-82
aromatic 14, 17, 113-14, 117

67-73,

105,115
137-8

from amides 117, 150-51
from imines 132, 151
from nitriles 152
from nitro compounds
117
inductive effects 13
protonation 13
reaction with carbonyls
116-17, 123, 131-4, 144,
186
spectrometry/
spectroscopy
structure 18
amine oxides 83
amino acid 35-6, 133, 177,

113,

162, 167

180-82
amino nitrile 133
ammonia 17, 44, 98-9,
111-12, 114-15, 147, 152
reaction with carbonyls  122-3,

133, 144, 147-9
amphoteric 181
anchimeric assistance 72
angle strain  27-8
aniline 14, 17,22, 116-17, 120,
165
anionic polymerisation 185
anode 160
anomeric carbon 178
anti- addition 66, 86-8, 91, 98
anti-aromatic 101, 120
antibonding molecular orbital
4,57, 102, 164-5
anti- conformation 27

antiperiplanar 27, 38, 734, 83
aprotic solvents 43, 70, 77-8
arene 18

arginine 181
aromatic(s) 9, 16,42, 45,
62, 101-20, 188
NMR spectroscopy
1734
nomenclature 22
Arrhenius equation 54
aryl cation 111, 113-14
aryl groups 19
aryl halide 103, 105, 111
asparagine 181
aspartic acid 181
asymmetric carbon 32-7,71
atactic 186

170-71,
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Aufbau principle 4
auxochrome 165
axial 29,74, 180, 187
azo compounds 114

base 1, 12-15,72, 82,96
effect on elimination 73-9
in nucleic acids 177, 1834
with carbonyls 121-3, 136,

145, 153-6
with phosphonium salts 129

base catalysis 91, 129,

134-5, 138, 149-50

base peak 160

basicity 14-16, 42-3

basicity constant 12

Beckmann rearrangement

reaction 133

Beer—Lambert law 164

beeswax 179

benzene 9, 11-12, 14-15,

18,23, 49
reactions 49, 102-6, 115
spectroscopy 165,173
structure  101-2
substituted 106-14, 115-17

benzoin condensationreaction 127

benzylic halide 69, 79, 112

benzyne 111-12

betaine 128

Birch reduction

blocking group

blue shift 165

boat conformation 28-9

bond angles 5-6, 81, 101, 121

bond dissociation energy

(strength) 6,51, 81, 122,
128-9, 135, 167

bond length 6,81, 101, 121, 167

bond polarity 7,42, 58, 121

bonding molecular orbital 3,

57-8, 102, 164-5

9-borabicyclo[3.3.1]nonane 89

borane 88, 98, 149-51

boron trifluoride 15

Brady’s reagent 157

broad-band proton

decoupling 174
bromine
from NBS 87
mass spectrometry

114-15
104, 116

161, 175

reaction with alkenes 66,
86-7, 96, 99

reaction with benzenes 49,
103, 116-17

reaction with enolates 137

reaction with enols 136, 153
reaction with
heterocycles 119-20

1,2-bromoalcohol 87
bromonium ion 66, 867
N-Bromosuccinimide 86, 112
Brgnsted—Lowry 10, 12
Biirgi-Dunitz angle 58, 122
butane 20, 25,27
butyllithium 129
*C NMR spectroscopy 121,
159, 168-70, 174-5
Cahn-Ingold—Prelog
nomenclature 33-4, 37
carbanions 3, 44-6,75, 77-8
in polymerisation 185
reaction with carbonyls
126-9, 143, 147, 149
reaction with nitriles 152
carbene 94
carbenium ion 44-5
carbocations 3, 17, 44-6, 49
from alkenes 66, 81, 83-5,
88, 185
from alkyl halides
73,75-17,79
from alkynes 97
from benzene(s)
103-10
from furan 118-19
from naphthalene 118
from pyridine 118
from pyrrole 118-19
from thiophene 118-19
inmass spectrometry 160-63
carbohydrates (sugars) 35-6,
130, 177-9
carbon dioxide 2
carbonium ion 44
carbon radicals 44-5
carbonyls
addition reactions
14041
condensation reactions
13840, 153-5

123,

68-71,

101,

123-34,
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reactivity 121-3, 156
spectrometry/spectroscopy
163, 167, 170-71, 174-5
structure 19, 121, 143
substitution reactions
134-8, 143-51, 153
carboxylicacids 19,47, 179-82
from acid anhydrides 148
from acid chlorides 147
from alcohols 126
from alkylbenzenes
from amides 150
from diols 92
from esters 149
from fats and oils 179
from methyl ketones 137
from nitriles 152
from ozonides 93
reactions 145-9, 153, 186
salt formation 147
structure 143

112,117

catalyst 56, 70, 95, 98, 112-13
benzene reactions 49, 114-15
carbonyl reactions 121-2,

126, 129-34

enzymes 182

heterocycle reactions 119
cathode 160
cationic polymerisation 185
cellobiose 187
cellulose 177,179, 184
chain reaction 50, 62-3
chair conformation 28-9,

38, 180

chemical ionisation 163

chemical shift 102, 169-71,
173-6

chemoselectivity 51, 61

chiral 32, 36, 178

chlorination 50

chlorine 49-50, 103, 106,
136-7, 144, 161

chloroform 94

chromate ester 126

chromimm(VI) oxide 125

chromophore 165

Chugaev elimination 83

s-cis (cisoid) conformation 96

cis—trans nomenclature 30

cis-stereoisomers 30, 173, 180

Claisen condensation 153-5

d-cleavage 162-3

Clemmensen reduction 113, 134

combustion 126

complex sugars 177

concentration 52

condensation polymer 184,

186-7

condensation reaction

aldehydes/ketones 121,
123,131, 13840

amino acids 177, 182
carboxylic acid

derivatives 1434,
153-5, 157
condensed structure 18, 23

configuration 30, 33, 38-9,
71-2,74, 178
configurational isomers 25,
26, 30-37
conformational isomers 25,
26-30, 140
conformer 26, 74
conjugate acid/base
42
conjugation 9,16, 95, 101-2,
135, 138, 141, 159, 165
constitutional isomers 25
coordinate (or dative) bonds 1
Cope elimination  §3
copolymer 186
copper(l) salts 114
coupling constant 1714
coupling reactions 114, 184-5
covalent bonds 1,7, 41
crossed (mixed) aldol 139, 154
crossed (mixed) Claisen 154-5
cuprates 141
curly arrows
58-60
cyanide 123, 126-7, 133, 142
cyanohydrin  126-7
cyclisation 140, 155, 178
cycloaddition 50, 95
cycloalkanes (conformations)
27-30
cyclobutane 28
cycloheptatriene 17
cycloheptatrienyl cation 102
1.4-cyclohexadiene 115
cyclohexane 28-30,74,115,180
cyclohexene 50, 96, 120

10-13, 16,

8,17, 4041,
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cyclohexyl halide 74
cyclopentadiene 17
cyclopentadienyl anion 102
cyclopentane 28, 180
cyclopentanone 142
cyclopropane 28, 94
cysteine 181

cytosine 183

D and L nomenclature 34

dative (or coordinate) bonds 1

daughter ions 160

deactivating groups
115-18

decoupling 173

delocalisation 8, 11-15, 23,
45, 101-2, 154-5

denaturation 182

deoxycholic acid 187

deoxyribose 183

deprotection 131

DEPT *CNMR 175

deshielded 169-71

desulfurisation 131

deuterated solvent 170, 173

dextrorotatory 32, 34

diastereoisomers (diastereomers)
35-6,38-9,51,74

alkene 86, 172
sugars 178

1,3-diaxial interactions 29

diazonium compounds 111,
113-14, 120

diazotisation 113

1,2-dibromide 66, 867, 96

dichloromethane 126

Dieckmann reaction 155

dielectric constant 69, 77

Diels—Alder cycloaddition 50,
95-6, 100, 111

diene 50, 95, 100

dienophile 50, 96, 100, 111

1,6-/1,7-diester 155

diethyl ether 25, 128

1,2-dihalide 96

dihaloalkane 97

dihedral (torsional) angle 27, 173

dihydroxylation 91-2

diiodomethane 94

diisobutylaluminium
hydride 152-3

107-10,

Index

diisocyanate 187

1,3-diketone (B-diketone)
1534

dimerisation
(homocoupling) 50

dimethyl sulfide 93

dimethyl sulfoxide 43, 70,77

2.4-dinitrophenylhydrazine 157

1,1-diol 48, 129-30

1,2-diol 91-3

1,3-dipolar addition 93

dipole moment 7, 121, 166

disaccharide 177, 178

disproportionation 125

distillation 124, 126, 150

DNA 177,183-4

double helix 184

drawing reaction
mechanisms

136,

58-9

FE and Z nomenclature 31, 33,
37,74,76, 81-3, 86
El reaction 62,73, 75-9
E2 reaction 62, 73-80, 83
ElcB reaction 77-8, 138
Eireaction 83, 146
eclipsed conformation 267, 73
electromagnetic radiation 159,
163, 168
electronegativity 1, 7, 10,
424,119, 121, 168, 170
electronic effects 40, 89,
110, 123, 144-5
electron impact mass
spectrometry 159, 162-3
electrophiles 40-44, 57-60,
834
alkyl halides
carbenes 94
carbonyls 58, 123-34,
13841, 143-51
epoxides 72,91
halogens 86-7, 136-7, 153
electrophilic addition 48, 66, 81
alkenes 83-93
alkynes 96-9
electrophilic substitution 49
benzene 102-6
furan 118-19
naphthalene 118
pyridine 118

67-79



pyrrole 118-19
substituted benzenes
106-10, 114
thiophene 118-19
electropositive 1, 168
o-elimination 94
elimination reactions 48,
61-2, 67,73-9
formation of benzyne 111
in polymerisation 184, 186
versus substitution 78
enamines 131, 134
enantiomeric excess 33
enantiomers 32, 35-6, 38-9,
51, 67-8, 86, 181
endo- product 198
endothermic 534, 56
enol 97-8, 121, 134-6, 153
enolate 121-2, 134-41, 143,
153-6
enone 121, 138-40
enthalpy 534
entropy 53-4, 78, 140
enzyme 125,178,182
epoxide 72,91
equatorial hydrogens 29
equatorial position 29, 74, 187
equilibria 40, 52-3, 56-7
acetal formation 130
aldol formation 138
Claisen reaction 1534
conformer 29
cyanohydrin formation 127
1,1-diol formation 129-30
ester hydrolysis 150
esterification 146

hydride reduction  124-5
imine formation 131-2
sugars 178

thioacetal formation 131
transesterification 150
equilibrium constant 52
erythrose 37
ester 19,51
from acid anhydride 148
from acid chloride 147
from carboxylic acids 146
nomenclature 22
reactions 131, 143-5,
149-50, 153-5, 157
structure 143

Index 221

esterification 146
ethanamide 14, 17
ethane 18, 20, 26-7, 136
ethane-1,2-diol 131, 142
ethanoic acid 80
ethanol 80, 154-5
ethene 5,18, 48, 186
ether 18, 47,162,170, 174
ethyne 5-6,17, 18

exo- product 198
exothermic 53-5

fats (fatty acids) 177, 179-80

fingerprint region 166

first order reaction 55, 68, 75

Fischer projections  36-7,
38, 177-8, 181

flagstaff hydrogens 28

fluorene 16

fluoride 43

fluorine 111

flying wedge formulae

formal charge 2

fragmentation 160, 162-3

Friedel-Crafts acylation 106,
115-16

Friedel-Crafts alkylation 105,
115-16

fructose 177

functional groups 6, 18-23,

159, 165,170, 174

118-19

32,37

furan

Gattermann—Koch reaction 106

gauche conformation 27

geminal diol 129

geometric isomers 30

Gibbs free energy change 40,
524,78

glutamic acid 181

glutamine 181

glyceraldehyde 34-7,181
glycerol 179

glycine 181, 187

glycogen 179

glucose 130, 177-9, 184
glycoside linkage 178-9, 187
Grignard reagents 127-8, 141,

147, 149, 152, 157
guanidine 17
guanine 183, 188
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'H NMR spectroscopy 102,
121, 159, 168-74

halide 18, 70

haloform reaction 137

«-halogenation 136-7

halogenation of benzene 103

Hammond postulate 55

hard and soft principle 141

hardening 180

Haworth projections 178

heat of hydrogenation 102

Hell-Volhard—Zelinsky
reaction 153

hemiaminal 132

heterocoupling 50

heterolytic bond formation 41

homolytic bond formation 41

o-helix 182

hemiacetal 130-31, 178-9, 183

heterogeneous catalyst 56

heterolytic cleavage
(heterolysis) 40, 51

high resolution mass
spectrum 161

highest energy occupied
orbitals 57-8

histidine 181

Hofmann elimination 75

homogeneous catalyst 56

homolytic cleavage
(homolysis) 40, 49,
51,184

homopolymer 186

Hooke’s law 166

hormones 180

Hiickel’s rule
120

Hund’s rule 4

hybridisation 4-7, 15, 81

hydrate 129-30

hydration 88-9, 97-8,
129-30

hydrazine 132

hydrazone 1324

hydride 123-5, 143,
147-50, 176

hydride shift 84

hydroboration 89, 98

hydrocarbons 18, 81

hydrochloric acid 120

o-hydrogen atom 121, 125

16, 101,

hydrogen bonds 2, 10,
13, 43,70, 77, 135,
167, 184
hydrogen cyanide 2,
126-7
hydrogen halides 48-9,
84-5, 87-8,97
hydrogen peroxide 90, 93
hydrogenation 52, 95, 98,
102, 11213
benzene 114-15
fats 180
imine 132
hydrolysis 91, 130, 133,
147-50, 152-3,
177-80, 187
hydroxide 123
hydroxy acid 127
B-hydroxy aldehyde 138
B-hydroxy ketone 138
hydroxylamine 132
hyperconjugation 7-8, 82
hypophosphorous acid 114,
117

imine 47, 131-4, 152-3
inductive effects 7,9, 11-15,
44-6, 68, 78, 84
benzene substituents 101,
107-10
carbonyls
infrared spectroscopy
159, 163-7
initiation 49, 63, 85, 185
integration 170, 173
intermediate 54-5
intermolecular 72, 167
intramolecular 72, 130, 135,
140, 155,178
inversion 67,71-2
iodide 43,70, 114, 141
iodine 136-7, 141
iodoform 137
ionic bonds 1
ionic (or polar) mechanism 40,
85
ions 51
ipso 22
iron 112-13
iron(IIl) halide 49, 103,
105-6, 116-17, 119

123, 143-5
121, 141,
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isocyanate 187

1soelectric point 181

isoleucine 181

isomers 25

isotactic 186

isotope patterns (in MS)
160-61

IUPAC 20

Jones oxidation 125
Karplus relationship 173

Kekulé structure 2, 18, 23
keto 97-8, 134-5

B-keto ester 51, 153-5
ketose 177
ketone 15,19, 44, 47-8

from an acetal 130-31
from acid chloride 147
from alcohols 125-6
from an alkyne 97
from benzenes 106, 115-16
from diols 9
from ozonides 93
in carbohydrates 177-9
reactions 51,58, 113,
115-16, 12141,
145, 149, 1547
structure 121
kinetic control 57, 118
kinetics 52, 54-6

lactic acid 334, 36
laevorotatory 32, 34
leaving group
in alcohol reactions 63-5
in alkyl halide reactions 67,
70-71, 82
in aromatic halide
reactions 111
in carbonyl compounds 132,
143-5, 156
nitrogen 133
leucine 181
Lewis acid 15, 49, 103,
105-6, 124, 185
Lewis base 15
Lewis structure 2
Lindlar catalyst 52, 83, 98
lipids 177, 179-80
lithium 115, 128

lithium aluminium hydride 124,
148-52, 157

lock and key model 182

long range coupling 173

loose S\2 transition state 87

lowest energy occupied
orbitals 57-8

lysine 181

magnesium 128
magnet 159-60
maltose 179
manganate ester 92
margarine 180
Markovnikov
(Markownikoff) 66,
84-5, 88-90, 97-8
mass-to-charge ratio  159-61
mass spectrometry 159-63
Meerwein—Ponndorf-Verley 124
Meisenheimer complex 111
menthol 38, 70
mercurinium ion 88
mercury(Il) acetate 88
mercury(Il) catalyst 97

mesomeric effects 89, 11-15,
44-6,78, 84
benzene substituents 101,
107-10
carbonyl substituents 143-5
meso compounds 36, 38, 86

22, 101, 108-10,
116-17, 173
methanal 125, 128, 130, 141
methane 2,5, 20, 50, 160
methanoate 125

meta

methanol 43, 77, 80, 125, 157
methionine 181
methyl 45

Michael reaction 140, 158, 185
molar absorptivity 164
molar extinction

coefficient 164
molecular formula 161
molecular ion 159-60
molecular orbital theory 102
molozonide 93
monomer 184, 186
monosaccharides 177-9, 187
Mozingo reduction 131, 134
mutarotation 178
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naphthalene 102, 118 reaction with alkyl
neighbouring group halides 67-73, 78-9
participation 72 reaction with benzenes
Newman projections 26, 29, 110-11
37,38 reaction with carbonyls 58,
nickel 132 121-34, 143-51, 156
nicotinamide adenine reaction with diazonium
dinucleotide 125 salts 113-14
nitration of benzene 1034, reaction with enones 14041
116-17, 120 reaction with nitriles 151-3
nitricacid 3,103-4, 116-17, 120 thiols 122,131
nitrile 19, 47, 114, 133, 151-3 thiophene 119
nitro compound 12, 18, triphenylphosphine 129
1034, 112, 117 water 48-9, 58, 8§7-8,
nitrogen rule 161 122, 129-30, 144,
nitronium ion 1034 147-8, 152
nitrosonium ion 113 nucleophilic addition 48,
nitrous acid 113 121-34, 151-3
NMR spectroscopy 159, vs t-deprotonation 156
1634, 167-76 vs nucleophilic
nomenclature (naming substitution 156
compounds) 18,20-23 polymerisation 185, 187
nucleic acids 177, 1834, 188 nucleophilic catalysis 70
nucleophiles 40-43, 57-60 nucleophilic substitution 49
alcohols 64-5,71, 122, alcohols 63-5
130-31, 144, 147-9, alkyl halides 62
187 aromatics 110-11
alkenes 48, 66, 81-90 carboxylic acid
alkynes 96-9 derivatives 143-51, 186
amines 122, 131, 144, 186 versus nucleophilic
ammonia 122, 147-9 addition 156
benzenes 49, 102-10 nucleoside 183
carbanions 122-3, 126-9, nucleotide 1834
143, 147, 149, 152
carbenes 94 octetrule 2
cyanide 122, 126-7, 133 oils 177, 179-80
enolates 122-3, 13640, oleum 104
153-5 Oppenauer oxidation 125
enols 135-6, 153 optical isomers 25, 32-7
furan 119 optical rotation 32, 34,
halide 43,70 178
hard versus soft 141 orbital overlap and energy 7,
hydrazine 132 57-8, 67,73
hydride 122-5, alkenes 82
143, 147-53 benzene 101-2
hydroxide 129 carboxylic acid
hydroxylamine 132 derivatives 144
organometallics 127-8, 141 Diels—Alder 95
phosphoranes 128 halobenzenes 109
pyridine 118 thiophene 119

pyrrole 118-19 organocopper reagents 141



organolithium reagents

127-8, 141
organometallics 42, 127-8,

147, 149, 152, 185
orientation of substitution 108
ortho 22,101, 108-10,

114, 115-17, 173
osmate ester 92
osmium tetroxide 92
oxaphosphetane 128
oxidation level 46-7, 60, 151
oxidation reaction 46, 60,

90,93, 98

alcohols 125-6
aromatic side chains 112

oxidative cleavage 92-3
oxime 132-3
oxymercuration &8
ozone 93
ozonide 93

palladium catalyst 95
para 22,101, 108-10,
114, 116-17, 173
parent (nomenclature) 20
parent peak 159
partial rate factor 108
Pascal’s triangle 172
Pauli exclusion principle 4
Pauling electronegativity
scale 10
peptide 177, 180-82, 187
peptide backbone 182
peptide bond 180, 182
peri interaction 118
pericyclic reaction 50, 96
periodate ester 93
periodic acid 93, 157
peroxide 66, 85, 99, 184
peroxycarboxylic acids 91
pH 10,116,132,182
phenol 11,17,19, 22,114,
120, 165
phenoxide anion 11
phenyl 19
phenylalanine 181
phosphate 177, 1834
phosphonium salt 129
phosphoranes 128-9
phosphoric acid 183
phosphorus ylides 128-9
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phosphorus trihalides 64,
145, 153
pi (m-) bonds 3-8, 57,73, 171
in alkenes/alkynes 81-3
in benzene 101-2
in benzyne 111
in carbonyls 121-2
pi (n-) orbitals 58, 82, 101
pK, 10-17,43,136, 155
plane-polarised light 25,
32-3,35-6
platinum catalyst 95, 115
B-pleated sheet 182
polar reactions 47-9
polarimeter 32
polarisability 43
polyamides (nylons)
polyester 186
polyethylene 177, 186
polymers 177, 184-7, 188
polypeptide 182
polysaccharide 177-9
polyurethane 187
potassium permanganate 92,
112,117,125
prefix (nomenclature) 21-3
primary 45,49
primary structure 182
prism (grating) 164
proline 181
propagation 50, 63, 185
propanol 25, 124
propanone (acetone) 80,
124-5, 130, 136

177, 186

protecting group 130-31
protection 131
proteins 177, 180-82

protic solvents 43,70, 77,79
proton exchange 173
prototropy 135
pulse Fourier transform
NMR 169
purine base 183
pyridine 16, 64-5, 80,
102, 118-19
pyridinium
chlorochromate
pyrimidine base 183
pyrrole 16, 118-19

126, 142

quaternary structure 182
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R and S nomenclature
74, 80, 178, 181

racemate (racemic mixture) 33,
68, 84, 86, 99

racemisation 68

radical (carbon) 44-5,
51,63, 85,99

radical anion 98-9, 115

33-7, 38,

radical cation 159-60,
162-3

radical reactions 40, 49-50,
184-5, 188

radical mechanism 40, 62-3,
66,85, 111-12, 114
Raney nickel 131
rate constant 54
rate determining step 55, 70,
76-7, 103, 108, 144
rate of reaction 40, 54-6,
67-8,72-5
reaction selectivity 51
rearrangement reactions
61,72, 84
Beckmann 133
carbocations 105
molozonide 93
red shift 165
reduction reaction 46, 60, 93
alkene 95

49-50,

alkyne 98

benzene 114-15

carbonyls 124-5,131, 147-51
imines 132

ketone 113, 115-16

nitrile 152

nitro groups 112-13
reductive amination 132
Reformatskii reagent 128
relative stereochemistry 99
regioselectivity 51, 61, 66,

74-6
alkene reactions
87, 89, 99
substituted benzenes 106,
108-10
residues 182
resolution 33
resonance 8-9, 11,17,
23,65,73
amide 14
benzene 101-3, 108-11

83-5,

benzoin formation 127
benzylic radical 112
carbocation 162
carboxylate 150
enolate 136, 153-5
fluorene anion 16
furan 118-19
naphthalene 118
NMR 168
pyridine 118
pyrrole 118-19
thiophene 118-19
resonance energy 102
retention of configuration
71-2,90
ribose 183
ring current 171
ring-flipping  28-30, 74

RNA 177,183-4
Robinson annelation 2034
‘s’ character 6, 15, 45,99
Sandmeyer reactions 114
saponification 149, 180
saturated 18, 179

sawhorse projection 26, 37, 38
Saytzev (Zaitsev)
elimination 75
second order reaction 55,
67,73
secondary 45,49
secondary structure 182
serine 181
shielded 168-70
sigma (O-) bonds
73, 81
in carbonyls 121-2
sigma (o-) orbitals 58, 67, 82
Simmons—Smith reaction 94
simple sugars 177
singlet carbene 94
sites (degrees) of
unsaturation 161-2
skeletal structure 18, 23
Syl reaction 62, 64-5, 67-71,
78-80, 111, 113
Syl” reaction 72
Sy2 reaction 62, 64-5,
67-72, 78-80
alkynyl anion 99
enolate 137-8

3-8,57,



epoxide 91
thionyl chloride 65, 146
S\2 reaction 72
SyArreaction 110-11
Syireaction 71
soaps 150, 180
sodium 115
sodium amide 96,99, 111-12
sodium borohydride 51, 88,
124, 132, 141, 147-9
sodium fert-butoxide 80
sodium dichromate 125
sodium in liquid ammonia 98
sodium nitrite 113, 117
solvation 10, 43, 51, 70, 77
solvent
effect on elimination 76-7
effect on substitution 69-71
substitution vs elimination
78-9
solvolysis 80
specific rotation 32

spectrometer 160, 164,
166, 169
spectroscopy  159-76

spin inversion 95
spin—spin coupling
(splitting) 171-4, 176
staggered conformation 26-7,
73
starch 179
stereochemistry 25-39, 67
stereogenic centre  32-6, 38-9,
68, 186
stereoisomers 35
steric acceleration 46
steric effects 40, 43-4, 46, 76
carbonyl additions 123
aromatic substitution 110,
116-17
diazonium coupling 114
hydroboration 89, 98
steric hindrance 46, 68,
78-9, 85,110, 111,
116, 152
steric strain 27-9, 81-2
stereoselectivity 51, 61
addition 66
alkyne reduction 98
elimination 76
hydroboration 89

Index 227

stereospecific 734
alkene bromination 86, 99
carbene addition 94
Diels—Alder 95
epoxidation 91
steroids 177, 179-80
Strecker amio acid
synthesis 133
substitution reactions 48-50
o-substitution 121-3,
134-40, 1434
electrophilic  101-10
nucleophilic  62-5, 67-73,
110-11, 143-51
versus elimination 78
sucrose 177
suffix (nomenclature) 20-23
sulfide (thioether) 15, 18
sulfonation of benzene 104
sulfonation of naphthalene 118
sulfur trioxide 104
sulfuric acid 1034, 11618,
157-8
syn addition 66, 89, 91-2, 94
Diels—Alder 95
hydrogenation 95, 98
synclinal 27
syndiotactic 186
synperiplanar 27,73, 83,111

tautomerism 97-8, 121, 133,
134-5, 152-3, 188
temperature
amide reduction 150
bond rotation 7, 26
carbocation
rearrangement 105
enzyme denaturation 182
homolysis vs heterolysis 51
kinetic vs thermodynamic
56-7, 118
oxidation 92-3
substitution vs
elimination 78-9
sulfonation of
naphthalene 118
termination 50, 185
tertiary 45,49
tertiary structure 182
testosterone 180
tetrafluoroboric acid 114



228 Index

tetrahedral (tetrahedron) 5,
28,32, 36, 62
tetramethylsilane 169

thermodynamic control 57, 118

thermodynamics 524

thiacetal 131

thiol 18,131

thionyl chloride 64, 71, 80,
145-6

thiophene 118-19

threonine 181
thymine 183
tight (intimate) ion pair 71
tin 112-13, 117
tin(IV) chloride
titanium tetrachloride
toluene 16
p-toluenesulfonyl chloride 65
torsional (dihedral) angle 27
torsional strain 26, 28
tosylate anion 65, 82
s-trans (transoid)
conformation 96
trans stereoisomers 30, 173, 180
transcription 184
transesterification 150, 154
transition state 50, 54-6, 67,70,
73,75-17,83
carbonyl addition 123
Diels—Alder reaction 96
enolate cyclisation 140
hydroboration 89
trialkylborane 89-90
triethylamine 64-5
triglycerides 179
trimethylaluminium 186
triphenylphosphine 93
triphenylphosphine oxide 128
triplet cartbene  94-5
tryptophan 181
tyrosine 181

15,119
15, 186

ultraviolet spectroscopy 159,

163-5

unsaturated 18, 179-80
uracil 183, 188
urethane 187
valence electrons 2,45
valine 181

vegetable oils/fats 150
vinyl halide 97, 105, 188

Wagner—-Meerwein shifts 85
Walden inversion 67
water 13, 58, 77, 87-90,
97-8, 114, 123, 131, 178
acidity 44, 136
elimination of 138
leaving group 134, 142,
184, 186
Lewis base 15
nucleophile 42-3,
48-9, 87-8
reaction with carbonyls
129-30, 144, 147-50,

153
reaction with diazonium
ions 114

reaction with Grignards 128
reaction with nitriles 152
spectroscopy 173
wavenumber 166
waxes 177,179
‘Wheland intermediate
102-3
Wittig reaction 83, 128-9
Wolff-Kischner reaction 133

xanthate 83

Ziegler—Natta catalysts 186
zinc 93

zinc amalgam 113, 134
zinc carbenoid 94

zinc chloride 15
zinc—copper alloy 94
zwitterions 59, 181



