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1. General Introduction

Atomic and molecular orbitals

Quantum mechanics considers electrons as waves and uses wave function (( - psi) to describe them. Physical meaning of the wave function is the probability of finding an electron at a particular location of space ((2). If (2 is large in a unit volume of space, then the probability of finding an electron in that volume is great. Plots of (2 in three dimensions generate the shapes of atomic orbitals. They represent the volume where the probability is at least 90–95%. Both 1s and 2s orbitals are spheres (Fig. 1.1). There are three 2p orbitals with the shape of two almost-touching spheres separated by a nodal plane. The phase sign of the wave function is a simple arithmetic sign and the + sign does not imply a greater probability than the – sign. (The square of the wave function is always positive.) The three 2p orbitals are arranged in space so that their axes are mutually perpendicular (Fig. 1.1).
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Fig. 1.1. The shape of s and p orbitals.

Combination of atomic orbitals leads to molecular orbitals. The number of molecular orbitals always equals the number of atomic orbitals that combine. Molecular orbitals combined by addition (overlap between atomic orbitals of the same sign) are called bonding molecular orbitals. When atomic orbitals of opposite sign overlap (subtraction) antibonding molecular orbitals are formed.

Bondings in hydrocarbons

Carbon in saturated hydrocarbons has a tetrahedral structure with four equivalent orbitals. It is also tetravalent, which contradicts the ground-state electron configuration of carbon having only two unpaired electrons. Promotion of one 2s electron into the vacant 2pz orbital followed by hybridization (mixing of the four atomic orbitals) are needed to achieve the total equivalency of orbitals (Fig. 1.2). Each of the four new sp3 hybrid orbitals has 25% s and 75% p character. As a result of the mutual repulsion, the four new orbitals stay as far apart as possible (principle of maximum possible separation) and they occupy the four corners of a tetrahedron. This determines a bond angle of 109.5°. The four sp3 hybrid orbitals have a tetrahedral arrangement.
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Fig. 1.2. Change in electron configuration of carbon to achieve sp3 hybridization.

According to molecular orbital theory linear combination of atomic orbitals (AO) creates two molecular orbitals (MO). Overlapping of two atomic orbitals with the same phase sign (in-phase) leads to the formation of a bonding molecular orbital with lower energy. Out-of phase overlapping, in contrast, results in an antibonding molecular orbital with higher energy (Fig. 1.3).
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Overlapping of a carbon sp3 hybrid orbital with a hydrogen 1s orbital along the major axis of the sp3 orbital gives the C–H bond (Fig. 1.3). Overlapping of two carbon sp3 hybrid orbitals (combination of atomic orbitals with the same phase sign in a “head-on” orientation) results in the C–C single bond (Fig. 1.3). Both bonds (orbitals) have cylindrical symmetry and called  bond. Characteristic data of the alkane bonding are shown in Figure 1.3.
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Fig. 1.3. The formation of the C–H and C–C bond and characteristic data of the alkane bonding.

Experimental observations show that in alkenes the bond angles of the double bond are nearly 120° and no rotation about the double bond is possible. In alkenes sp2 hybrid orbitals are found. For interpretation three out of four atomic orbitals are hybridized to form three sp2 hybrid orbitals (Fig. 1.4). Mutual repulsion of electrons leads to a trigonal, planar arrangement of the three hybrid orbitals.
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Fig. 1.4. Change in electron configuration of carbon to achieve sp2 hybridization.

The bonding molecular orbitals of ethene originates from the overlap of sp2 hybrid atomic orbitals of two carbon atoms to form a carbon–carbon single bond and with 1s orbitals of four hydrogen atoms to form four carbon–hydrogen bonds. In this way, the  framework of ethene is created. The remaining 2pz atomic orbitals overlapping in sideways manner form a bond characterized by a plane of symmetry called  bond (Fig. 1.5). Characteristic data of the alkene bonding are shown in Figure 1.5.
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Fig. 1.5. The formation of the C–C double and characteristic data of the alkene bonding.

The hybridization of one 2s and one 2p electrons leads to sp-hybridized carbon atoms, which form the carbon–carbon triple bond (Fig. 1.6). Mutual repulsion of the two hybrid orbitals determines a liner arrangement. Combination of two hydrogen 1s atomic orbitals and two carbon sp hybrid orbitals fix the framework of the acetylene molecule. The remaining 2py and 2pz atomic orbitals overlapping in sideways manner form two  bonds perpendicular to each other (Fig. 1.7). Characteristic data of the alkyne bonding are shown in Figure 1.7.
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Fig. 1.6. Change in electron configuration of carbon to achieve sp hybridization.
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Fig. 1.7. The formation of the C–C triple bond and characteristic data of the alkyne bonding.

The s character of the hybrid orbitals increases in the order 25% (sp3), 33% (sp2), 50% (sp). Since the electronegativity of the s orbitals is higher than that of the p orbitals, this change results in increasing electronegativity of the hybrid orbitals in the order sp3 < sp2 < sp (see acidity of acetylenes, p. 28).
Bond polarization

When two atoms of different electronegativities form a covalent bond, the bonding electrons are not shared equally between the two atoms: the atom with greater electronegativity attracts the bonding electron pair to a greater extent than the other resulting in a polar covalent bond. Polarization of the single bond is called inductive effect (IS: static inductive effect) and indicated by an arrowhead on the bond and partial charges (the atom with higher electronegativity has a partial negative charge). It is relatively short range and decreases rapidly. Furthermore, only minute partial charges are generated (about a few percent of the unit charge).
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Electron-attracting (withdrawing) groups (–IS effect)
i) electron-attracting ability of atoms in the Periodic Table increases towards fluorine from any direction;

ii) groups with positive charge and iii) groups with multiple bonds: –CH=CH2, –C≡CH, phenyl.
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Electron releasing (donating) groups (+IS effect)
i) all metal atoms
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ii) groups with negative charge
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iii) alkyl groups (manifested only towards other functional groups not observed in alkanes).

When the two atoms of different electronegativities are connected by a multiple bond then much higher partial charges are induced. Polarization of the multiple bond is called mesomeric effect (–M effect) and indicated by a curved arrow. An atom with nonbonding electrons when attached to an sp2 hybridized carbon, in turn, has the ability to share nonbonding electrons to form a new bond (+M effect).
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The actual electron distribution resulting from the redistribution of electrons may be represented through hypothetical structures called resonance hybrids/structures (mesomeric structures, canonical structures). These differ only in the position of the electrons but the position of the atoms does not change. The more resonance structures can be written the higher the stability of the molecule. The resonance structures are connected by double-headed arrows (not representing chemical equilibrium!).

When mobile electron systems –  electrons, aromatic ring, nonbonding electrons, unpaired electron, cationic (sp2-hybridized) carbon – are separated by a single  bond the redistribution of electrons occurs. It is called delocalization that always results in stabilization (Fig. 1.8). Such systems are called conjugated systems.
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Fig. 1.8. Electron delocalization induced by conjugation between  electrons and a positive charge (empty 2pz orbital) in a carbocation (A) and between  bonds in a 1,3-diene (B).

Isomerism in organic chemistry

Isomers can be divided into two main categories: constitutional (structural) isomers and stereoisomers. 

Constitutional (structural) isomers have different atom-to-atom bonding sequences:
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Stereoisomers differ in the steric arrangements of their atoms. Subclasses are conformational isomers and configurational isomers. Types of configurational isomers are geometric isomers and optical isomers.

Conformation of alkanes

Groups connected by a  bond in a molecule can undergo rotation about it. The different arrangements of the atoms in space that results are called conformations of the molecule.

In ethane there are two basic conformations characterized by energy difference. The conformation in which the hydrogen atoms are completely staggered when viewed from one end of the molecule along the carbon–carbon axis is the most stable conformation (conformation of lowest potential energy). It allows the maximum separation of the electron pairs of the six C–H bonds. The least stable conformation is called eclipsed. Hydrogens are in direct opposition to each other permitting minimum separation of the electron pairs of the C–H bonds (conformation of highest potential energy) (Fig. 1.9). The interaction of eclipsing bonds arising in this conformation is called torsional strain.
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Fig. 1.9. Potential energy changes associated with rotation in ethane and conformations of ethane (Newman projections).

The difference in energy between the two conformations is so small that, at any given moment, a few ethane molecules gaining enough energy from the thermal motion will surmount this barrier, that is, they will rotate through eclipsed conformation to other staggered conformations. These conformations cannot be isolated at ambient temperatures.

Rotation about the C-2–C-3 bond of butane leads to more conformational variations (Fig. 1.10). The antiperiplanar and the gauche conformations do not have torsional strain because the groups are staggered. The gauche conformations are less stable because the methyl groups are close to each other and van der Waals repulsions exist (repulsion between two or more atoms, called steric strain). The eclipsed conformations representing energy minima in the potential energy diagram have both torsional and steric strains. The barriers to rotation in a butane molecule are larger than those of ethane but still too small to permit isolation of conformations at ambient temperatures.
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Fig. 1.10. Potential energy changes associated with rotation in butane and conformations of butane (Newman projections).

Longer saturated hydrocarbons adopt a linear zig-zag conformation (Fig. 1.11). The stability of this molecular shape results from the fact that each C4 unit in the chain has the most stable antiperiplanar conformation.
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Fig. 1.11. 

Conformation and reactivity of cycloalkanes

Experimental observations show that cyclopropane (and, to a lesser extent, cyclobutane) differ in reactivity from the larger cycloalkanes and acyclic alkanes. Cyclopropane exhibits easy ring opening (see p. 20) instead of substitution characteristic of alkanes.

The reactivity of small rings results from their abnormal bond angle (Baeyer strain theory). In cyclopropane the internal bond angle must be 60° (less by 49.5° than the normal tetrahedral bond angle of an sp3-hybridized carbon atom). This compression of internal bond angle causes angle strain, also called Baeyer strain. Because the sp3 orbitals in cyclopropane cannot overlap so effectively as they do in alkanes, the C–C bonds are weaker and the molecule has greater potential energy and higher reactivity. Furthermore, the hydrogens in the planar ring are all eclipsed, that is torsional strain, called Pitzer strain, also contributes to the greater potential energy of cyclopropane.

Cyclobutane also has considerable angle strain. The ring is not planar, however, but is slightly folded (puckered). This bending relieves some torsional strain (decreasing eclipsing of hydrogens) and it has internal bond angles of 88°. Because of the same reason (decreasing torsional strain), cyclopentane also has a slightly bent conformation (envelope form) with 105° internal bond angles.

Cyclohexane exists mainly in the nonplanar chair conformation. Bong angles are all 109.5° (no angle strain). All hydrogen atoms are perfectly staggered and cyclohexane is free of torsional strain as well (Fig. 1.12). Another possible conformation of cyclohexane is the boat conformation, but it has torsional strain (eclipsing hydrogens on both sides) and van der Waals repulsion between hydrogens of C-1 and C-4 (Fig. 1.12).
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Fig. 1.12. Chair and boat conformations of cyclohexane and the corresponding Newman projections.

C–H bonds in cyclohexane are either parallel to the three-fold axis of the molecule pointing “up” or “down” (axial positions) or nearly perpendicular to the symmetry axis (lie in the plane of the ring) (equatorial positions). Interconversion of conformers via ring flip changes the axial and equatorial positions (Fig. 1.13).
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Fig. 1.13. Ring flip and change in the axial and equatorial positions of cyclohexane.

Substituents in equatorial positions are more stable, because less crowding occurs.
i. A substituent in axial position has 1,3-diaxial interactions (structure I, Fig. 1.14), and

ii. there exist more unfavorable interactions; compare the dihedral angles of the X substituent and the methylene group of the ring in structure II (gauche) and in structure III (antiperiplanar) (Fig. 1.14).
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Fig. 1.14. 1,3-Diaxial and gauche interactions in substituted cyclohexane.

Geometric isomers

Geometric isomers arise when bond rotation is hindered. Restricted rotation about the double bond and in cycloalkanes accounts for cis–trans isomerism of alkenes and cycloalkanes (Fig. 1.15).
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Fig. 1.15. cis–trans Nomenclature of disubstituted alkenes and cyclohexanes.

For three- and tetrasubstituted alkenes the “E/Z” system is applied: i) priorities are assigned to the substituents of each carbon of the double bond separately on the basis of atomic numbers using the Cahn–Ingold–Prelog system (see p. 13); ii) the position of the groups with the higher preference is compare (Fig. 1.16).
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Fig. 1.16. “E/Z” designation of isomeric alkenes.
Geometric isomers having different physical and chemical properties and, consequently, different stabilities, can be separated by conventional methods. Z (cis) isomers have generally higher potential energy (higher heat of combustion) while E (trans) isomers have lower potential energy (lower heat of combustion).

Stabilities of alkenes increase with increasing number of substituents (Fig. 1.17) that is the more substituted alkenes have higher stabilities. Partial explanation: the electron releasing alkyl groups (+IS) satisfy the electron-withdrawing character of the more electronegative sp2 hybrid carbons.
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Fig. 1.17. Relative stability of substituted alkenes.

Optical isomers

If a mirror image of any object is generated two possibilities exist: i) the object and its mirror image are superimposable, that is they are identical; ii) the object and its mirror image are non-superimposable, that is the object and its mirror image are different.

In chemistry the molecules, which are not superimposable on their mirror images are called chiral. A molecule and its non-superimposable mirror image are called optical isomers or enantiomers. Enantiomers have identical physical and chemical properties and they only show different behavior when they interact with other chiral substances (systems). Their interaction with plane-polarized light provides an easy way in differentiation between them: enantiomers rotate the plane of polarized light equally but in opposite directions. The ability of chiral molecules to rotate plane-polarized light is called optical activity. The direction of rotation is incorporated in the names of compounds as (+) and (–) signs. An equimolar mixture of enantiomers is optically inactive: the rotations of the individual enantiomers are cancelled out. Such mixture is called a racemic mixture or racemate.

The requirements for molecules to exist as a pair of enantiomers are as follows: i) the molecule has a chiral center indicated with an asterisk (for example, a carbon with four different substituents, an amino group having three different ligands and the lone pair of electrons as the fourth ligand); ii) the molecule lacks symmetry elements (plane, center, alternating axis). Simple axis is permissible.

The way for representing a three-dimensional molecule in a two-dimensional surface is called the Fischer projection. Fischer projections are drawn with groups on horizontal and vertical lines without showing the carbon atom (Fig. 1.18, A). Vertical bonds are imagined to project behind the plane of paper, whereas horizontal bonds are imagined to project towards the viewer (Fig. 1.18, B). When drawing Fischer projections i) the longest carbon chain should be drawn vertical and ii) the carbon of the highest oxidation state should be placed on top.
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Fig. 1.18. Fischer projections of (R)-(+)-butan-2-ol.

Two kinds of motions are allowed with the projection formulae: i) rotation by 180° and ii) change of the position of substituents by even numbers (Fig. 1.19). Change of any two substituents gives the other enantiomers (change of configuration).
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Fig. 1.19. Manipulations with Fischer projection formulae.

Naming of enantiomers

D and L configurational descriptors used for sugars and amino acids have been developed by Fischer. D-(+)-glyceraldehyde is defined as having the OH group on the right hand side in the Fischer projection.
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The “R,S” system devised by Cahn, Ingold and Prelog is a set of rules (C.I.P. convention) to designate the absolute configuration of chiral molecules.

1. Rank the substituents around a chiral center (sequence rule). The preference (priority) is first assigned on the basis of the atomic numbers of the atoms directly attached to the chiral carbon (first shell of atoms). The lone electron pair has the lowest preference. If a preference cannot be assigned on this basis then the next sets of atoms are examined. This process is continued until a decision can be made.

2. Rotate the formula or model (visualize the structure) in a way that the group with the lowest preference directed away from you.

3. The remaining groups give a decreasing order of priority. If it is clockwise, the enantiomer is designated R. If the direction is counterclockwise, the enantiomer is designated S. No correlation exists between the R and S designation and the direction of rotation of plane-polarized light.

Molecules with more than one chiral carbon

Molecules with one chiral center give two configurational isomers (a pair of enantiomers). With n chiral centers in a molecule the maximum number of stereoisomers (configurational isomers) are 2n. Sometimes, however, the number of stereoisomers is less. Considering tartaric acid four stereoisomeric structures can be written. Compounds 2R,3S and 2S,3R, however, are not chiral even though they contain chiral carbons, because they have a plane of symmetry in the Fischer projection formulae. The compound is called a meso compound. The relation between the meso compound and compound 2R,3R, and the meso compound and compound 2S,3S is diastereoisomerism.
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Chirality without chiral centers

The phenomenon when chirality arises without a chiral center is called molecular asymmetry.

Chirality may arise in biphenyls when rotation about a single bond is restricted because of two different (large) groups in ortho positions. Allenes with at least two different substituents are also chiral because the two  bonds and, consequently, substituents on the other carbons are at right angles to each other.
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Certain linear polymers assume helical conformation (left-handed DNA, protein alpha-helices) and, consequently, have helical chirality. The chirality of such compounds is determined by determining the screw sense of the helix. If the screw is right-handed the chirality is P (plus), if it is left-handed the chirality is M (minus).
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Stereochemical characteristics of chemical transformations
Inversion: change of configuration.
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Racemization: reaction transforming a chiral compound into a racemic mixture.
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Retention: no change in configuration (this can also result from double inversion).

Preparation of optically pure compounds
Pure enantiomers, that is, chiral, non-racemic compounds can be obtained by asymmetric synthesis or by resolution.
1. Asymmetric synthesis is the introduction of a chiral element into organic molecules to form optically active (chiral, non-racemic) reaction products. This can be done by performing the reaction in the presence of chiral substances; for example, introducing a new chiral center into a chiral molecule, using chiral reagents or chiral catalysts.
2. Chemical reactions of prochiral compounds lead to the formation of racemic mixtures. Since enantiomers have the same physical and chemical properties they cannot be separated by conventional separation methods. The most often used possibility for separation of enantiomers called resolution is the formation of diastereomeric compounds or salts. A racemic mixture is reacted with a pure enantiomer of another compound to form a mixture of diastereoisomers. Diastereoisomers having different physical and chemical properties (they are not related as an object and its mirror image) can be separated by conventional separation methods. Figure 1.20 shows the reaction of racemic carboxylic acids with a chiral, non-racemic alcohol to form diastereomeric esters. In most cases, crystallization is used for separation.
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Fig. 1.20. Formation and separation of diastereoisomeric compounds.

Classification of organic transformations

1. Considering the results of reactions.

substitution (S): one functional group is replaced by another

elimination (E): parts of a molecule (two fragments) are removed from a substrate with the concomitant formation of a multiple bond

addition (A): parts of a molecule (two fragments) are added to a multiple bond of a substrate

isomerization: transformation of a molecule into its isomer; subclass: rearrangement: the carbon skeleton of a molecule is rearranged to give a structural isomer

2. According to the nature of elementary steps.

concerted reaction: all bond breaking and bond making occur in a single step; starting materials and products are separated by a single transition state

radical process: bond breaking taking place with homolysis

ionic process: bond breaking taking place with heterolysis
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3. Considering the nature of reagents.

radical: a species with an unpaired electron

ionic: nucleophilic – molecules (ions) having an unshared pair of electrons attacking a positive center of a molecule or a positive ion; electrophilic – molecules (ions) capable of accepting an electron pair attacking a negative center of a molecule or a negative ion.

4. Molecularity.

The number of molecular entities that are involved in the rate-determining reaction step (participate in the transition state). For example, SN2 (bimolecular nucleophilic substitution) stands for a nucleophilic substitution reaction with two molecules (ions) participating in the rate-determining step.

2. Alkanes, cycloalkanes

Nomenclature

Unbranched hydrocarbons.
The first four compounds are called methane, ethane, propane, butane. Names of the higher members of the series consist of a Greek/Latin numerical term followed by the ending “ane” (pentane, hexane, heptane, octane, nonane, decane, etc.). Groups derived from saturated unbranched hydrocarbons by removal of hydrogen from a terminal carbon are named by replacing the ending “ane” by “yl” (alkyl groups).

Branch-chain hydrocarbons.
1. Locate the longest continuous carbon chain (backbone of the molecule or parent compound),

2. number the longest chain beginning with nearest the branching, that is, give the smallest possible number to the backbone carbon bearing the substituent,

3. designate the location of substituents (branches or side chains) using the above numbers,

4. if more substituents are present, use the number twice if they are on the same carbon, and use prefixes (di-, tri-, tetra-, etc.) if there are more identical substituents in the molecule,

5. list substituents in alphabetical order as prefixes to the parent name.
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Important groups derived from alkanes:
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Cycloalkanes.
Place the prefix “cyclo” in front of the name of the alkane that has the same number of carbon atoms. Substituted cycloalkanes are named as alkylcycloalkanes. When more than one substituent is present, number the ring beginning with one substituent in the way that gives the next substituent the lowest number possible. The simple line structures (the corresponding regular polygons) can be used instead of the complete structural formula.
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Synthesis

1. The primary sources of alkanes are natural gas and crude oil (petroleum). These are complex mixtures of organic compounds containing mainly hydrocarbons. Alkanes are primarily used as energy source through combustion and as raw materials for the chemical industry. The first operation in refining is fractional distillation, which yields different alkane fractions (still complex mixtures of many compounds) based on the volatility of its components. The high demand for valuable low-molecular-weight alkanes (gasoline) led to the discovery of other refining processes. Valuable industrial methods to prepare many hydrocarbons are the thermal and catalytic crackings (large hydrocarbons are broken into small fragments under the influence of heat and/or catalysts) and catalytic reforming (transformation of straight-chain alkanes into aromatics).

2. Reduction processes starting with compounds with higher oxidation number.

i. Hydrogenation of alkenes. Addition of hydrogen in the presence of catalysts (room temperature; Raney Ni: 50 atm, Pd or Pt black: 1 atm).
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ii. Reduction of carbonyl compounds. Clemmensen reduction (for base-sensitive compounds) and Kishner–Wolff reduction (for acid-sensitive compounds).
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3. Coupling reaction of alkyl halides. Wurtz synthesis for the preparation of symmetric alkanes.
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Physical properties

In the homologous series of unbranched alkanes (n-alkanes) boiling points exhibit a smooth increase with increasing molecular weight, while melting points show an alternation as one progresses from one alkane with an even number of carbon atoms to the next one with an odd number of carbons. Explanation: alkanes with even number of carbon atoms pack more closely in the crystalline state.

Alkanes are insoluble in water and in highly polar solvents but they generally dissolve in solvents of low polarity (benzene, carbon tetrachloride, chloroform, other hydrocarbons).

Chemical properties

1. Free-radical halogenation (SR) is the characteristic transformation of saturated hydrocarbons. Only chlorination and bromination have practical application. Important experimental observations: the reaction is promoted by heat or light; the light-promoted reaction is highly efficient; multiple substitutions can occur.
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Specific example:
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Mechanism:


[image: image45.wmf]C

l

C

l

C

l

 

 

 

 

+

 

 

 

 

C

l

C

l

+

 

 

 

 

C

H

4

C

H

3

 

 

 

 

 

+

 

 

 

 

H

C

l

C

H

3

C

l

 

 

 

 

+

 

 

 

 

C

l

C

H

3

 

 

 

 

 

+

 

 

 

 

C

l

2

i

n

i

t

i

a

t

i

o

n

 

s

t

e

p

p

r

o

p

a

g

a

t

i

o

n

 

s

t

e

p

s

t

e

r

m

i

n

a

t

i

o

n

 

s

t

e

p

s

 

 

 

 

 

 

r

a

d

i

c

a

l

s

 

r

e

a

c

t

 

w

i

t

h

 

e

a

c

h

 

o

t

h

e

r


Transformation of higher hydrocarbons. Product distributions are governed by the number and relative reactivities of hydrogens, and the reactivities of the reactants.
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There is an activation energy difference between the formation of primary and secondary radicals; therefore, the latter is more abundant (Fig. 2.1). Furthermore, bromination is more selective than chlorination because of the much lower reactivity of the bromine radical.
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Fig. 2.1. Energy changes occurring during the formation of primary and secondary radicals in free-radical chlorination and bromination of isobutane.

Free radicals have an sp2 hybrid carbon with trigonal, planar structure (Fig. 2.2). Their stability is increased by the electron releasing ability of alkyl groups attached to the sp2-hybridized carbon (Fig. 2.2).
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Fig. 2.2. Structure and reactivity of free radicals.

2. Alkanes yield nitro compounds by nitration with dilute nitric acid in the gas phase (SR). Cleavage of the C–C bond may occur.
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3. Catalytic cracking of alkanes carried out with the use of zeolites is a fundamental industrial process. The aim is to convert high-molecular-weight hydrocarbons to more useful low-molecular-weight alkanes and alkenes through carbon–carbon bond fission. Cracking is of primary importance in the production of gasoline and to manufacture ethene and propene for polymerization.
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4. Unusual reactivity of small rings. Cyclopropane and, to a lesser extent, cyclobutane exhibit easy ring opening reactions. Instead of SR reactions, characteristic of other saturated hydrocarbons (both open-chain and cyclic), an addition-like process takes place.
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3. Alkenes (olefins)

Nomenclature

1. Select the longest chain containing the double bond. Name it as an alkane changing the ending “ane” to “ene”. If more double bonds are present use the endings “diene”, “triene”, etc.

2. Number the chain beginning at the end nearer the double bond. Give the lowest possible number to the first carbon of the double bond.
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3. Follow rules 3.–5. in alkane nomenclature (see p. 17).
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Important groups derived from alkenes.
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Synthesis

The general synthetic procedures are 1,2 or  eliminations (the two leaving groups depart from adjacent carbon atoms).
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1. Dehydrohalogenation (X = H, Y = Hlg) in the presence of a suitable base (KOH in ethanol, NaOEt) might lead to isomeric alkenes.
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2. Dehydration of alcohols (X = H, Y = OH) with Brønsted acids (H2SO4, HNO3), Lewis acids (ZnCl2, Al2O3), and with zeolites. Ease of reaction: 3° > 2° > 1°. The process can also lead to positional isomers.
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3. Dehydrogenation of alkanes (X = Y = H).
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Chemical properties

Because of the presence of the multiple bond, addition reactions predominate. The exposed electron rich bond being nucleophilic is susceptible to electrophilic attack. Characteristic transformations are the electrophilic additions (AE reactions).

1. Hydrogenation (AR reaction). Alkenes do not react with hydrogen without catalyst. In the presence of noble metals (Pt, Pd, Rh, Ru) and Ni, however, addition takes place, often at room temperature.
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The catalyst provides a new pathway with much lower activation energy. Finely divided metals activate molecular hydrogen and the hydrogen atoms add to the double bond. This is usually a syn addition: both hydrogen atoms attack from the same side of the molecule. The metals catalyze dehydrogenation as well. The overall direction of reaction can be determined by the experimental conditions (hydrogenation: large excess of hydrogen, room temperature; dehydrogenation: inert atmosphere, elevated temperature, and removal of hydrogen formed).

2. Electrophilic additions (AE).

i. Hydrogen halides add readily to the double bond.
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Product formation is interpreted by a two-step mechanism with the involvement of a carbocation intermediate.
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Addition to an unsymmetrical alkene (propene) may give two possible products, but one predominates (regioselective reaction). Markovnikov, considering many similar examples, formulated a rule: in HHlg addition to an alkene, the hydrogen becomes bonded to the carbon atom of the double bond, which bears more hydrogen atoms (Markovnikov’s rule).
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In the reaction of an unsymmetrical alkene carbocations of different stability are formed. The secondary carbocation is more stable and formed preferentially in the first step as a result of the lower activation energy (Fig. 3.1). The modern statement of Markovnikov’s rule: in the ionic addition of an unsymmetrical reagent to a double bond, the positive portion of the reagent attaches itself to the carbon so as to yield the more stable carbocation (see further discussion about the structure and stability of carbocations in section “Carbocations”, p. 81).

[image: image63.png]AE

CHa—CH=CH»
+HY

"
CH3~CHz~CHa

1° carbocation
E, (1)

"
CHa—CH—CH3
2° carbocation

reaction coordinate




Fig. 3.1. Potential energy diagram for the protonation of propene.

ii. Addition of water (hydration). The acid-catalyzed process is a convenient method for the preparation of secondary and tertiary alcohols. The reaction is usually regioselective and follows Markovnikov’s rule: in ionic HX additions to an unsymmetric double bond the proton adds to the carbon already bearing more hydrogens. It follows that ethanol is the only primary alcohol, which can be synthesized in this way. The reverse process is the acid-catalyzed dehydration of alcohols (see p. 47). In both reactions (and every reactions where carbocations are involved) skeletal rearrangements can take place. The driving force of this rearrangement is the transformation into the more stable carbocation (see also “Carbocations”, p. 81).
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Mechanism:
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iii. Addition of halogens. Alkenes react rapidly with halogens (Cl2, Br2) even in the dark (rapid decolorization of bromine in carbon tetrachloride – a test reaction for alkenes). Illustrative is the mechanism of bromination of cyclohexene. As a result of its interaction with the double bond bromine is polarized and forms a weak  complex. The latter breaks down to form a cyclic bromonium ion, which then reacts with bromide ion attacking from the opposite side to form trans-1,2-dibromocyclohexane.
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3. Oxidations.

Depending on the reaction conditions, breaking of the  bond or cleavage of both the and the  carbon–carbon bonds can occur.

i. Epoxidation and syn hydroxylation yield epoxides (oxiranes) and 1,2-diols, respectively, through breaking of the  bond.
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ii. Stronger reaction conditions can lead to a mixture of carbonyl compounds and/or carboxylic acids (both the and the  bonds are cleaved).
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4. Polymerization of alkenes (and dienes) is of high practical importance. The manufacture of polyethylene, polypropylene, and cis-1,4-polyisoprene is treated in section “Synthetic polymers” (p. 78).

4. dienes

Allenes
Allenes with at least two different substituents are chiral: the two  bonds and, consequently, substituents on the other carbons are at right angle to each other (see Chirality without chiral centers, p. 14).
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Conjugated Dienes
Delocalization of four  electrons of buta-1,3-diene over all four carbon atoms brings about a partial double bond character of the single bond and as a result, restricts rotation about this bond (Fig. 4.1). The molecule is more stable by 15 kJ/mol than a molecule where no interaction of  electrons occurs.
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Fig. 4.1. Resonance structures and conformations of buta-1,3-diene (s refers to isomerism due to restricted rotation about a single bond).

Chemical properties

1. Electrophilic addition leads to unusual results: unexpected product and change in product composition.
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An equilibrium exists between the two products. The equilibrium is shifted towards the more stable 1,4 addition product (also called the product of conjugate addition).
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The intermediate an allylic cation with two electrophilic centers explains the formation of two products.
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The product composition is determined by the relative rate of competing reactions and the relative stabilities of the final products (Fig. 4.2). At lower temperature the relative amount is determined by the relative rates (rate or kinetic control): the 1,2 addition product is formed in a faster reaction. At higher temperature the composition is determined by the position of the equilibrium (equilibrium or thermodynamic control): the 1,2 addition product is formed still faster but being less stable it reverts back to the allylic cation and yields the more stable 1,4 addition product.
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Fig. 4.2. Potential energy changes during the addition of HBr to buta-1,3-diene (AE reaction).

2. Diels–Alder reaction is the cycloaddition of a diene and a dienophile (an activated alkene) going through a six-membered transition state (a concerted process).
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3. Polymerization of isoprene to manufacture cis-1,4-polyisoprene (natural rubber) is treated in the section “Isoprenoids” (p. 149)).

5. Alkynes

Nomenclature

1. Designate the longest chain containing the triple bond. Name the compound as an alkane and replace the ending “ane” to “yne”.

2. The numbering of the chain must give the carbon atoms of the triple bond the lowest possible numbers.

3. Follow rules 3.–5. in alkane nomenclature (p. 17).
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In monosubstituted alkynes (1-alkynes also called terminal acetylenes) the hydrogen attached to the carbon of the triple bond is called acetylenic hydrogen.

Synthesis

Method to prepare acetylene as an important industrial chemical:


[image: image78.wmf]2

 

C

H

4

>

1

2

0

0

°

C

-

3

 

H

2

2

 

[

H

C

 

 

]

C

H

H

C


Chemical properties

1. Acidity of terminal (acetylenic) hydrogen. Because of its high s character, the sp-hybridized carbon has a higher electronegativity (see p. 7). It results in a polarized ≡C←H bond with a weak acidic character of the attached hydrogen (Table 5.1). When the acidity of a compound is smaller than that of water the attached (dissociating) H is called an active hydrogen. Compounds dissociating a proton from a carbon atom are called CH acids.
The polarized C–H bond can be cleaved heterolytically by a strong base. Acetylide anions form stable salts. The Cu (and Ag) salts are insoluble in water (test reaction). Sodium salts are useful intermediates for the synthesis of other alkynes (see next page).
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Table 5.1. Acidity values of some representative compounds

	Compound
	Ka

	H–Cl
	
107

	CH3COO–H
	
10–5

	HO–H
	
10–16

	HC≡C–H
	
10–25

	H2C=CH–H
	
10–36

	H3CCH2–H
	
10–42


2. Additions.

i. Hydrogenation (AR reaction) converts alkynes to alkenes or alkanes. Lindlar Pd (Pd on CaCO3 poisoned by Pb2+ ions) ensures syn addition and the selective formation of the cis-alkene.
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ii. Acid-catalyzed addition of water (AE reaction) leads to carbonyl compounds through keto–enol tautomerization (enolization; see p. 60). Only acetylene gives an aldehyde; all other alkynes yield ketones as a result of Markovnikov’s rule.
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3. Sodium derivatives is used to synthesize other alkynes. The reaction is nucleophilic substitution (SN reaction; see p. 40).
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6. Aromatic hydrocarbons

The name “aromatic” originally meant to be fragrant (odorous). Now it designates a family of organic compounds with high stability and special chemical properties. The parent compound of this family is benzene and through its properties the modern interpretation of the phenomenon “aromaticity” will be illustrated.

Monocyclic compounds
Structure and stability of benzene

Benzene (C6H6) is a highly unsaturated compound. On the basis of this, alkene reactions can be expected (decolorization of bromine and KMnO4, easy hydrogen addition, addition of water in the presence of acids). However, benzene gives none of these reactions; instead, it shows substitutions (resembling alkanes).

In the middle of the last century Kekulé suggested a structure for benzene: a six-membered ring with three double bonds which alternate inside the ring in a rapid equilibrium (structures I). The heat of its hydrogenation reaction indicates a large stabilization (delocalization) energy (Fig. 6.1) and, as a result, high stability.
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Fig. 6.1. Stabilization energy of benzene based upon heats of hydrogenation.

Resonance explanation of benzene structure tells that the two Kekulé structures are resonance contributors to the picture of the real molecule (structures II). The blend of the two formulas (a hybrid of them) contains carbon–carbon bonds which are neither single bonds nor double bonds. Rather, they have a bond order between that of a single and a double bond. Experimental observations prove that benzene is a planar, symmetrical molecule with equivalent carbon–carbon bonds. (Fig. 6.2).
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Fig. 6.2. Characteristic bonding data of benzene.

Molecular orbital explanation of its structure is based upon the sigma framework of benzene constructed from six sp2-hybridized carbons. Each carbon has a p orbital perpendicular to the planar six-membered ring. Since all six p orbitals are equivalent, it is impossible to define three localized  bonds in which a given p orbital overlaps only one neighboring p orbital. Rather, each p orbital can overlap equally well with both neighboring p orbitals, which leads to a picture of benzene in which the  electrons are completely delocalized around the ring. Benzene has two clouds of electrons – one above the ring and one below the ring (Fig. 6.3). Requirements for aromaticity (Hückel’s rule): molecules with 4n+2 electrons in a closed, planar, conjugated circuit should be aromatic. In other words, aromaticity requires all ring atoms to be sp2-hybridized.
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Fig. 6.3. Molecular orbital interpretation of electron delocalization in benzene.

Aromaticity is not restricted only to neutral carbocycles. Some monocyclic species with positive or negative charge show unexpected stability suggesting aromatic structure. Cyclopentadiene exhibits unusually high acidity (Ka = 10–15). The loss of a proton converts cyclopentadiene to the cyclopentadienide anion with six  electrons, five sp2 hybrid carbons and five equivalent hydrogens.
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Although cycloheptatriene has six  electrons, they cannot be fully delocalized because of the CH2 group. By the loss of a hydride anion, however, an sp2-hybridized carbon with a vacant p orbital is created in the tropylium ion, resulting in delocalization of the six  electrons. Heterocycles with O, S or N as heteroatoms and with the proper number of  electrons including lone pair of electrons of the heteroatom can also be aromatic (see section “Aromatic heterocycles”, p. 89).
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Synthesis

The main source of aromatic compounds is petroleum and coal. Alkanes are converted to aromatics by industrial processes (aromatization = reforming, hydroforming, platforming).
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Distillation of coal in the absence of air leads to coke, coal gas, and coal oil (coal tar). From the latter substituted benzene derivatives and polycyclic aromatic compounds with fused rings can be isolated.

Chemical properties

Benzene is susceptible to electrophilic attack because of its exposed  electrons (similarity to alkenes), but the special stability of the aromatic  sextet permits the regeneration of the aromatic system. Characteristic transformation is the aromatic SE reaction (SE-Ar).

1. Aromatic electrophilic substitution (SE-Ar). All electrophilic aromatic substitutions follow the same two-step mechanism: attack of an electrophile to the  system of benzene (or any aromatic ring system) to form a resonance-stabilized  complex (benzenium ion) followed by proton loss and rearomatization.

General reaction:


[image: image90.wmf]A

r

H

+

 

 

 

 

 

E

+

A

r

E

+

 

 

 

 

 

H

+

E

 

=

 

C

l

,

 

B

r

,

 

N

O

2

,

 

S

O

2

O

H

,

 

R

,

 

R

C

O

,

 

 

 

 

 

 

 

D

,

 

C

H

2

O

H

,

A

r

N

N


Mechanism:
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More detailed description of the  complex:
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Detailed studies indicate that  complexations are also involved in aromatic SE reactions. The energy diagram (Fig. 6.4) shows that step 1 is a slow, highly endothermic process (Ea1, rate-limiting step, loss of the aromatic system), whi1e step 2 is fast (Ea2, regeneration of the aromatic system).
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Fig. 6.4. Energy profile of electrophilic aromatic substitution of benzene including  complexation.

Specific examples:

i. Halogenation. The role of catalyst (a Lewis acid) is to generate the electrophile as illustrated by the bromination of benzene.
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ii. Nitration is carried out by heating benzene with a mixture of concentrated nitric acid and concentrated sulfuric acid. Sulfuric acid increases the rate by increasing the concentration of the electrophile (nitronium cation, NO2+).
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iii. Sulfonation to form arenesulfonic acids is carried out with fuming sulfuric acid; the reacting agent is protonated SO3 (HSO3+). Each step leads to equilibrium and, consequently, so does the overall reaction (benzenesulfonic acid can be hydrolyzed in the presence of dilute sulfuric acid with steam).
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iv. Friedel-Crafts alkylation (C-alkylation) is the replacement of a ring hydrogen by an alkyl group. The catalyst – a Lewis acid when alkyl halides are used or a strong acid when alkenes or alcohols serve as the alkylating agents – induces the formation of carbocations. Since alkyl groups are activating polyalkylation occurs (see later discussion on pp. 34, 35).
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v. Friedel-Crafts acylation (C-acylation) is the replacement of a ring hydrogen by an acyl group. The attacking electrophile, an acylium ion, is formed on the action of the Lewis acid. Since acyl groups are deactivating only monoacylation occurs (see later discussion on pp. 34, 35).
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2. Hydrogenation (AR). Drastic reaction conditions (elevated pressure and temperature) are needed (compared to alkenes) since the first step of the reaction (loss of the aromatic system) is endothermic. The best catalyst (Rh) works at room temperature.
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3. Side-chain halogenation (SR). The same reaction conditions (light or heat) are necessary and the same mechanism (free-radical chain reaction) is operative as in the case of halogenation of alkanes. The intermediate benzyl radical exhibits an unusually high stability, which is a result of conjugation (delocalization) between the aromatic  sextet and the unpaired electron (see also pp. 7, 8).
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Fig. 6.5. Resonance structures of the benzyl radical.

4. Oxidation. Strong oxidizing agents convert benzene into maleic anhydride. The side chain of alkyl-substituted aromatics is oxidized into a carboxyl group. It is always the benzylic carbon where oxidation starts and then continues.
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Substituent effects on aromatic SE reaction:

reactivity and orientation

Substituents on the ring affect both the rate (reactivity) and the site of attack (orientation). According to their influence on SE-Ar reactions, substituents can be divided into two classes in both respects.

1. Reaction rate:

i. substituents causing the ring to be more reactive than benzene itself – activating groups;

ii. substituents causing the ring to be less reactive – deactivating groups.

2. Orientation.

Instead of having a statistical product distribution (40% ortho-, 40% meta-, and 20% para-substituted products) substituents prefer certain ring positions:
i. substituents bringing about electrophilic substitution primarily at the position ortho and para to themselves – ortho/para directors;

ii. substituents directing the incoming electrophile to the meta position – meta directors (Table 6.1).

Examples:
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Table 6.1. Directing effect of substituents
	ortho/para directors
	meta directors

	activating substituents
	deactivating substituents

	NH2, NHR, NR2, NHCOR, OH, OR (+M>–Is)
	NR3+ (–Is)

	O– (+M, +Is)
	NO2, SO3H (–M, –Is)

	alkyl (+Is)
	CHO, COR
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	aryl, vinyl (+M)
	COOH, COOR
	

	deactivating
	CONH2, CONR2
	

	halogens (+M≤–Is)
	C≡N
	


The above phenomena can be explained by taking into account the change of the ground-state electron density induced by the ring substituents or the relative stabilities of carbocations (arenium ions) formed in substitution. Here, the former interpretation is presented.
Most activating, ortho/para directors (e.g., the NH2 and OH group) have a lone pair of electrons on the atom directly attached to the aromatic ring. Conjugation between the lone pair and the aromatic  system results in increasing electron density of the ring (+M effect), particularly in the ortho and para positions, as shown by the resonance structures of aniline. Alkyl groups show similar features resulting from the +IS effect. As a result, the electrophile preferentially attacks the ortho and para positions and the corresponding substituted products are formed in faster reactions.
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Deactivating meta directors (e.g., the NO2 group) exhibit –M effect and, consequently, they decrease electron density of the ring through the –IS effect, particularly in the ortho and para positions. As a result, the electrophile preferentially attacks the meta positions having relatively higher nucleophilic character and the overall reaction rate decreases.
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Halogens, similar to the OH group, exhibit both +M and –IS effects. However, halogens are the most electronegative elements and –IS > +M. Consequently, they are ortho/para directors but deactivating substituents.

Polycyclic Compounds
Isolated ring systems

Biphenyl derivatives with four large groups in ortho positions show optical activity. The molecule is not planar but one benzene ring is twisted. The rotation about the carbon–carbon bond is restricted because of the steric interaction between ortho substituents. These molecules exhibit chirality without a chiral center: they lack any symmetry elements (see p. 14).
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Fused ring systems (polynuclear aromatics)

Naphthalene can be viewed as a ten-electron system that is bicyclic with respect to the carbon skeleton but monocyclic with respect to the  electron distribution. In reactions it exhibits higher reactivity than benzene because of the lower resonance energy per ring (benzene: 150 kJ/mol, naphthalene: 255/2= 127.5 kJ/mol). The corresponding values for anthracene and phenanthrene are 120 kJ/mol and 138 kJ/mol, respectively.

Attack of an electrophile to naphthalene (SE-Ar reaction) is preferred at the  position because of the higher stability of the intermediate arenium ion ( complex). For the same reason anthracene and phenanthrene are substituted at C-9.
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Nitration of naphthalene (SE-Ar) takes place using HNO3 in acetic acid (instead of HNO3–H2SO4).
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Sulfonation of naphthalene is a complicated process because of reversibility.
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Oxidation and hydrogenation under mild conditions of all three compounds give products of partial oxidation and reduction, respectively. The resulting compounds have isolated benzene rings indicating that benzene is more aromatic than naphthalene, anthracene, and phenanthrene.
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7. Organic halides

Nomenclature

Substitution names.
Add fluoro-, chloro-, bromo-, and iodo- prefixes to the name of parent hydrocarbon determined as the longest chain containing the halogen substituent.
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Functional group names.
Name the organic group followed by the word fluoride, chloride, bromide or iodide.
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Synthesis

1. Halogenation of alkanes (SR reaction; see Chemical properties of alkanes, pp. 18, 19).


[image: image119.wmf]R

H

+

 

 

 

 

 

H

l

g

2

R

H

l

g

+

 

 

 

 

 

H

H

l

g

h

n

 

o

r

 

D


2. Alkyl halides from alkenes (AE reaction; see Chemical properties of alkenes, p. 22).
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3. Dihalides from alkenes (AE reaction; see Chemical properties of alkenes, p. 23, 24).
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4. Halogenation of aromatic compounds (SE-Ar and SR reactions; see Chemical properties of aromatic hydrocarbons, pp. 32, and 33, 34).
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5. Alcohols react with hydrogen halides or inorganic acid halides to yield alkyl chlorides and bromides.
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Physical properties

Organic halides are colorless compounds; they are insoluble in water but soluble in organic solvents. Boiling points increase with increasing atomic weight of the halogens and the number of halogen atoms in a molecule.

Chemical properties

Because of the polarized carbon–halogen bond, the halogen atom substituent of alkyl halides is easily replaced by other groups in nucleophilic substitution (SN). Furthermore, halogen substituents offer the opportunity to introduce multiple bonds between carbon atoms through elimination reactions (E).

1. Nucleophilic substitution (SN).

General reaction:
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In addition to organic halides other organic compounds with suitable leaving groups (e.g., alcohols and derivatives) may also exhibit nucleophilic substitution reactions.

Mechanisms.

a. In a typical SN2 reaction (bimolecular nucleophilic substitution) the rate of the reaction depends on the concentrations of both the organic halide and the nucleophile (second order reaction), and the reaction is bimolecular (both the organic halide and the nucleophile participate in the transition state of the rate-limiting step). In general, in an SN2 reaction the nucleophile attacks the positively polarized carbon bearing the leaving group (halogen) from the back side (Fig. 7.1). It is a one-step, synchronous process (note the single maximum in the energy profile, Fig. 7.2) with a pentacoordinate carbon in the transition state. The substitution takes place with configurational inversion.


[image: image125.wmf]X

C

H

l

g

Y

Z

N

u

:

X

N

u

Y

Z

H

l

g

d

-

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

d

-

X

C

N

u

Y

Z

+

 

 

 

H

l

g

‡

d

+

 

 

 

 

 

d

-

w

 

=

 

k

 

[

R

H

l

g

]

 

[

N

u

:

 

 

 

]

p

e

n

t

a

c

o

o

r

d

i

n

a

t

e

t

r

a

n

s

i

t

i

o

n

 

s

t

a

t

e


Fig. 7.1. SN2 reaction of organic halides.
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Fig. 7.2. Potential energy diagrams for SN2 and SN1 reactions.

b. In a typical SN1 reaction (unimolecular nucleophilic substitution) the rate of the reaction only depends on the concentration of the organic halide (first order reaction), and the reaction is unimolecular (the nucleophile doesn’t participate in the rate-determining step). The mechanism involves two steps (Fig. 7.3) with two maxima in the energy profile and a carbocation intermediate (Fig. 7.2). Dissociation of the organic halide to form the carbocation (step 1) is the rate-determining step (Ea1 >> Ea2). Because a planar carbocation intermediate is formed during the process, SN1 reactions result in racemization.
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Fig. 7.3. SN1 reaction of organic halides.

Factors affecting SN reactions
a. The structure of the substrate.
SN2 reactions are primarily governed by steric factors: the more highly substituted the carbon bearing the halogen the slower the reaction, because the substituents hinder the backside attack of the nucleophile. Tertiary halides don’t react with an SN2 mechanism (Table 7.1).

Table 7.1. Relative rates of hydrolysis of alkyl chlorides in SN2 reaction
	Compound
	Relative rate

	Me–Cl
	
30

	Et–Cl
	
1

	isoPr–Cl
	
0.02

	tert-Bu–Cl
	
0


SN1 reactions are governed by electronic effects. Factors stabilizing the carbocation intermediate favor an SN1 process. The transformations of tertiary halides in protic solvents (water, formic acid, alcohols) involve an SN1 mechanism.

On the basis of their reactivity in nucleophilic substitutions, organic halides can be divided into three groups.

i. Vinylic and aryl halides are very unreactive in substitution. The reasons are: i) hindered backside attack, ii) stronger carbon–halogen bond (the halogen is attached to an sp2 carbon and the carbon–halogen bond has some double bond character because of conjugation).

ii. Primary and secondary alkyl halides show normal reactivity.

iii. Tertiary, benzylic and allylic halides exhibit increased reactivity. They react in an SNl process because the derived carbocationic intermediates are more stable (see “Carbocations”, p. 81).

b. Nature of leaving group. The higher the stability of the leaving group (L), the easier the cleavage of the C–L bond. Weak bases are good leaving groups (I–, Br–, Cl–, MsO–, TsO–, H2O), whereas strong bases (HO–, RO–, H2N–) are poor leaving groups. Good leaving group ability correlates with the acidity of the corresponding conjugate acids.
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c. Nature of nucleophile. Strong bases are good nucleophiles (NC–, HO–, I–, Br–, NH3) and an anion is a better nucleophile than the uncharged conjugate acid (HO– > H2O).
d. Nature of solvent. Aprotic polar solvents (acetone, acetonitrile, dimethylformamide, nitromethane) are the solvent of choice for SN2 reactions, whereas protic solvents (water, alcohols, acetic acid) are preferred for SN1 reactions.

2. Elimination.

When two fragments are removed from the same carbon the process is called an  (or 1,1) elimination. During -eliminations (1,2 eliminations), which have higher synthetic utility, the two fragments are from adjacent carbons.


[image: image129.wmf]R

C

H

C

H

2

R

C

H

2

C

H

2

X

b

 

 

 

 

 

 

 

a

a

-

H

X

R

C

H

2

C

H

c

a

r

b

e

n

e

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a

l

k

e

n

e

.

.

b

-

H

X


Mechanisms.

According to the relative rates of the C–X and H–C bond breaking three mechanistic pathways can be distinguished.

a. In a bimolecular elimination (an E2 process) the nucleophile acting as a base removes a  proton. At the same time the bonding electron pair of the C–H bond moves in to become the  bond of the double bond, and the leaving group begins to depart with its electron pair. As with the SN2 mechanism, the E2 mechanism is a synchronous process proceeding through a high-energy transition state with partial bonds (Figs. 7.4 and 7.5). The leaving groups must occupy an antiperiplanar conformation.
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Fig. 7.4. Steric arrangement and transition state for an E2 reaction.
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Fig. 7.5. Potential energy diagrams for E2 and E1 reactions.

b. The E1 process (unimolecular elimination) is highly similar to the SN1 reaction: it is a two-step process (two maxima in the energy profile, Fig. 7.5) and starts with the breaking of the C–X bond giving a carbocation intermediate. This, however, instead of reacting with the nucleophile, loses a proton to form the alkene.

c. The first step of the E1cb process is the dissociation of the proton to form a carbanion intermediate followed by the loss of the X– anion (cb stands for conjugate base). It is rarely occurring mechanism and observed when proton loss is easier than the breaking of the C–X bond and the resulting carbanion is a stable species.
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3. Reaction with metals. Monohalides react with metals in single electron transfer (SET) reactions to form organometallic compounds.
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8. compounds containing C–O and c–S single bonds

Hydroxy Compounds And Thio Analogs
Alcohols (and thiols) are defined as compounds with the hydroxyl (thiol) group attached to an sp3-hybridized carbon. In phenols (and thiophenols) the OH (SH) group is attached to an aromatic ring (to a carbon of sp2 hybridization).

Nomenclature

Systematic names of alcohols are based on the name of the longest carbon chain containing the hydroxyl group by replacing the “e” ending with “ol”. The chain is numbered so that the carbon bearing the OH group has the lowest possible number. Functional group names involving the name of the group bearing the hydroxyl function followed by the word „alcohol” are also used.
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When there is an additional functional group in the molecule having higher priority then the hydroxy group the “hydoxy” prefix is used.
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In the name of many compounds phenol is used as the base name and many compounds have trivial names.


[image: image137.wmf]O

H

O

H

C

l

O

H

M

e

O

H

O

H

p

h

e

n

o

l

 

 

 

 

 

 

 

 

 

 

 

 

4

-

c

h

l

o

r

o

p

h

e

n

o

l

 

 

 

 

 

 

 

 

 

 

 

2

-

m

e

t

h

y

l

p

h

e

n

o

l

 

 

 

 

 

 

 

 

 

 

 

b

e

n

z

e

n

e

-

1

,

3

-

d

i

o

l

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

o

r

t

h

o

-

c

r

e

s

o

l

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

r

e

s

o

r

c

i

n

o

l


Sulfur analogs are named using the “thiol” ending (aliphatic compounds) or the “thio” prefix (aromatics). A few important groups are also listed.
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Synthesis

Alcohols

1. Hydration of alkenes (see Chemical properties of alkenes, p. 23).
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2. Hydrolysis of organic halides (SN reaction).
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3. Alcohols from carbonyl compounds or carboxylic acid derivatives.

i. Using Grignard reagents.
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ii. By reduction.
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Thiols are synthesized from alkyl halides using HS– prepared from H2S with KOH (SN reaction analogous to hydrolysis of organic halides, see above).
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Phenols

1. Aromatic SN reactions (hydrolysis of chlorobenzene and alkali fusion of sulfonic acids) requiring forcing conditions.
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2. Decomposition of arenediazonium salts.
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3. Industrial manufacture from cumene prepared by Friedel–Crafts alkylation.
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Physical properties

Alcohols (and phenols) boil at much higher temperatures than hydrocarbons of the same molecular weight (Table 8.1). The reason for this is that alcohols (and phenols) are highly associated in solution because of the formation of hydrogen bonds. The positively polarized hydroxyl hydrogen atom from one molecule forms a weak hydrogen bond to the negatively polarized oxygen atom of another molecule (Fig. 8.1). The presence of hydrogen bonds between molecules means that extra energy must be added to break them during the boiling process; therefore, boiling points are raised.

Table 8.1. Boiling points of some representative compounds.
	Compound
	Molecular weight
	b.p., °C

	CH3–OH
	32
	65

	CH3CH3
	30
	–88.6

	CH3CH2OH
	46
	  78.5

	CH3CH2CH3
	44
	–44.5

	CH3OCH3
	46
	
–25
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Fig. 8.1. Hydrogen-bonded alcohol molecules.

Chemical properties

Alcohols and phenols

1. Acidity of alcohols and phenols. Because of the polarized O–H bond, alcohols are weak acids (slightly weaker than water, Table 8.2). The conjugate bases called alkoxides are strong bases (stronger than water). Phenols are much stronger acids than alcohols (Table 8.2).

Table 8.2. Acidity of some representative organic compounds
	Compound
	Ka

	RC≡C–H
	
10–25

	RO–H
	
10–16–10–19

	HO–H
	
10–16

	RS–H
	
10–10

	Phenols
	
~10–10

	Thiophenols
	
~10–8

	CH3COO–H
	
10–5

	Picric acid
	
10–1


Considering the ground-state polarization of alcohols, the oxygen with partial negative charge has a low probability to release a proton (kinetic factor). In addition, the anion is destabilized by the +IS effect of the alkyl group (thermodynamic factor). Overall, alcohols are very weak acids. The higher acidity of phenols can be explained by the resonance theory. The lone electron pair of oxygen interacts with the aromatic  electron system in both phenol and phenoxide anion. In phenol the partial positive charge of oxygen induces a higher degree of dissociation. In the phenoxide anion the negative charge is delocalized over the benzene ring ensuring a higher stability for the ion.
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2. Reactions taking place with O–H bond breaking.
i. O-Acylation (ester formation) with organic or inorganic acids and derivatives (see pp. 68, 69).
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ii. O-Alkylations (ether formation; see p. 49).
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3. Reactions taking place with C–O bond breaking.
i. SN reactions. Since the HO– ion is a poor leaving group it cannot be directly exchanged for a halogen. However, by reacting alcohols with HHlg acids, the OH group is protonated and then the intermediate oxonium ion loses H2O, which is a good leaving group (SN2 or SN1 reaction). Alternatively, the alcohol is transformed into a sulfonate ester, since sulfonyloxy groups (RSO2O–) are also good leaving groups (SN2 reaction).
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ii. Elimination of water from alcohols is an acid-catalyzed process called dehydration.
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4. Oxidation.
1o alcohols can be oxidized to either aldehydes or carboxylic acids depending on the reaction conditions. K2Cr2O7 in acidic solution results in aldehyde, but it also oxidizes aldehydes to carboxylic acids if the aldehyde is allowed to remain in contact with the reagent. Basic potassium permanganate and CrO3/H2SO4 (Jones reagent) also convert primary alcohols to carboxylic acids. CrO3–pyridine is the reagent of choice to prepare selectively aldehydes.
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The oxidation of 2o alcohols is more straightforward because the only possible product is a ketone. All reagents mentioned above can be used. The ketone is stable and no further oxidation occurs unless very vigorous conditions are provided.
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3o alcohols cannot be oxidized without breaking a carbon–carbon bond. Under forcing conditions they can be oxidized into smaller molecules.

Phenols are oxidized to quinones. Quinones are strong oxidizing agents in organic chemistry and play vital roles in biochemistry.
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5. Ring substitution of phenols (SE-Ar).

i. Because the hydroxyl group is a powerful activating group electrophilic substitutions occur faster than in the case of benzene. Illustrative is the synthesis of aspirin involving the SE-Ar reaction of sodium phenolate with carbon dioxide followed by acetylation with acetic anhydride (Ac2O).
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ii. Phenol reacts with formaldehyde to produce Bakelite, a cross-linked, three-dimensional, thermosetting resin.
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Thiols and thiophenols

1. Acidity. The S–H bond is longer than the O–H bond and, consequently, it is weaker and more easily polarized. As a result, thiols and thiophenols are stronger acids than alcohols and phenols (Table 8.2).

2. Oxidation. Thiols are easy to oxidize to form various sulfur derivatives. Disulfides are formed under mild conditions whereas transformation to sulfonic acids requires strong oxidizing agents.
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Ethers and Tioethers
Nomenclature

Both substitution names and functional group names (ether or sulfide nomenclature) are used.
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Naming of cyclic ethers and thioethers.
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Synthesis

1. Dialkyl ethers can be prepared by intermolecular dehydration of alcohols (O-alkylation, SN reaction). Useful for the synthesis of symmetric dialkyl ethers.
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2. Another O-alkylation (SN reaction), the Williamson synthesis, is used mainly to prepare non-symmetric dialkyl ethers, thioethers, and phenol ethers.


[image: image165.wmf]R

O

N

a

+

 

 

 

R

'

B

r

R

O

R

'

-

N

a

B

r

R

S

N

a

R

S

R

'

A

r

O

N

a

A

r

O

R

'


3. Oxiranes (epoxides) are synthesized by treating olefins with peroxy acids (epoxidation) (see Chemical properties of alkenes, p. 24). Ethylene oxide, the industrially important parent compound, is manufactured on a very large scale by air oxidation of ethylene in the presence of Ag as catalyst.
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4. Phenols (but not alcohols) are transformed to the corresponding methyl ethers by reacting with diazomethane (CH2N2). This reaction requires an OH group with acidic character.
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Chemical properties

1. Cleavage of ethers.

i. Dialkyl ethers are very unreactive compounds. They are resistant to basic reagents, but can be cleaved by heating with very strong acids (HI).
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ii. Enol ethers can be cleaved by dilute acids.
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iii. Epoxides are much more reactive because of the highly strained three-membered ring in the molecule. They can be converted by nucleophilic substitution. Reaction with water at high temperature induces polymerization to yield polyethylene glycols.
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iv. Because of the lower nucleophilicity of the ether oxygen, the cleavage of phenol ethers requires more forcing conditions compared to dialkyl ethers (see resonance structures on p. 35).
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2. Oxidation.

i. Ethers are easily oxidized to give unstable, explosive peroxides (autoxidation).
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ii. Thioethers are oxidized to various sulfur derivatives.


[image: image173.wmf]R

S

O

O

R

'

a

 

s

u

l

f

o

x

i

d

e

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a

 

s

u

l

f

o

n

e

R

S

R

'

R

S

R

'

O

o

x

i

d

a

t

i

o

n

o

x

i

d

a

t

i

o

n


Crown ethers are cyclic polyethers. The most common crown ethers are the oligomers of ethylene oxide. They are able to strongly bind certain cations through complexation with oxygen atoms located at the interior cavity of the ring. For example, [12]-crown-4 (see preceding page) has a high affinity for Li+. When potassium permanganate is dissolved in a nonpolar solvent in the presence of [18]-crown-6, K+ is complexed to the crown ether. The MnO4– anion is not solvated (called a “naked” anion) and, consequently, it exhibits very high reactivity.
Sulfonic Acids
Synthesis

Aliphatic sulfonic acids are prepared by the oxidation of thiols (see above), whereas sulfonation of aromatics yield aromatic sulfonic acids (see pp. 33, 34).

Chemical properties and applications

1. Sulfonic acids are strong organic acids (pKa = ~2), which is interpreted by considering ground-state polarization of the acid and stabilization by delocalization of the sulfonate anion (compare to the acidity of carboxylic acids, pp. 68, 69).
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2. Sulfonic acid derivatives are of significant practical importance. Sodium salts of aromatic sulfonic acids are detergents, whereas their amides (sulfonamides) are important drugs (sulfa drugs, see pp. 55, 101, 110, 111).
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9. NITROgEN-CONTAINIng CompoundS

Nitro Compounds
Nomenclature

In naming of nitro compounds the “nitro” prefix is always used.
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Synthesis

1. Direct nitration of alkanes (SR reaction; see p. 20) and aromatic hydrocarbons (Ar-SE reaction; see p. 32) yields nitro compounds.

2. Nitro compounds can be prepared by reacting alkyl halides with sodium nitrite. In addition to nitro compounds formed as a result of N-alkylation according to an SN2 mechanism, the reaction may give alkyl nitrites (alkyl esters of nitrous acid, O-alkylation, SN1 mechanism), which is due to the ambident nature of the nitrite anion (ambident: a species with two reactive centers).
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Physical properties

The electronic structure of the nitro group can be represented as a resonance hybrid of two equivalent zwitterionic polar structures. As a result, nitro compounds have large dipole moments and high boiling points and they are sparingly soluble in water.
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Chemical properties

1. Acidity of nitro compounds. As a result of the strong electron-withdrawing character of the nitro group (–M effect; note the + charge of nitrogen) the C–H bonds in  position are strongly polarized and, consequently, aliphatic nitro compounds are CH acids and give salts with strong bases. The carbanion formed by deprotonation is resonance stabilized. The nitro form (pseudoacid) and the nitronic acid form are in tautomeric equilibrium.
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2. Reduction of nitro compounds leads to primary amines.


[image: image180.wmf]R

N

O

2

r

e

d

u

c

t

i

o

n

R

N

H

2

(

A

r

)

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(

A

r

)

M

/

a

c

i

d

 

o

r

c

a

t

a

l

y

s

t

,

 

H

2


3. The nitro group attached to an aromatic ring is a deactivating, meta directing substituent in SE-Ar reactions (see p. 35).

Amines
Nomenclature

Alkylamines are named by identifying the group(s) bound to nitrogen and adding the suffix „amine” or by substituting the ending „e” of an alkane with „amine”. Arylamines may be named similarly, although they are also named as derivatives of aniline.
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Structure of amines

Nitrogen in amines is sp3 hybridized and, consequently, it has a trigonal pyramidal geometry with a C–N bond angle of 108°. Considering, however, the lone pair of nitrogen, amines are tetrahedral and, as a result, secondary and tertiary amines exhibit optical activity. Amines, however, are configurationally unstable, since they undergo rapid pyramidal inversion at room temperature (energy requirement = 20–25 kJ/mol). The transition state of the inversion is achiral with an sp2-hybridized central nitrogen. Pyramidal inversion results in change of configuration, that is, racemization occurs when the starting amine is a non-racemic, chiral compound.
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Synthesis

1. Ammonolysis of alkyl (aryl) halides (N-alkylation/arylation, SN reaction). Ammonia reacts with alkyl and aryl halides to produce primary amines. The method has a limited synthetic value because multiple alkylations can occur. The primary amine, present as a result of acid–base equilibrium, reacts with the alkyl halide to give a secondary amine. Repetition of the same reactions can ultimately lead to quaternary ammonium salts.
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2. Reductive aminations. Carbonyl compounds can be converted to amines by first reacting with nitrogen-containing bases (NH3, primary amines, NH2OH) followed by catalytic reduction of the intermediate products.
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3. Reduction of nitro compounds (see preceding page).

Physical properties

Both primary and secondary amines form hydrogen bonds. Because of this they have higher boiling points than nonpolar compounds with the same molecular weight (see also Physical properties of alcohols, p. 45). The molecules of tertiary amines not having N–H bonds don’t form hydrogen bonds and, consequently, they boil at lower temperature than 1° and 2° amines of comparable molecular weight (Table 9.1). Low molecular weight alkyl amines are soluble in water because they can form strong hydrogen bonds to water.

Table 9.1. Boiling points and basicity of some representative amines in water

	Compound
	b.p., °C
	pKa
	Compound
	b.p., °C
	pKa

	NH3
	
–33.3
	
9.26
	
	
	

	MeNH2
	
–7.5
	
10.66
	
	
	

	Me2NH
	
7.5
	
10.73
	MeNHEt
	
36
	

	Me3N
	
3
	
9.81
	PrNH2
	
49
	
9.81

	PhNH2
	
	
4.63
	
	
	

	Ph2NH
	
	   
1.03
	
	
	


Chemical properties

1. Basicity of amines

Amines (and ammonia) are basic and react with acids to form salts. Basicity of amines can be expressed by describing how readily they accept a proton. The equilibrium constant for this reaction is called the basicity constant, Kb. For practical reasons, basicity of amines is characterized by the acidity of the conjugate acids (Ka or pKa). A higher pKa indicates higher basicity. The order of basicity is different when measured in the gas phase and in water.
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In the gas phase (no solvation, no hydrogen bonding effects), the basicity of alkylamines increases in the order NH3 < RNH2 < R2NH < R3N, which is consistent with the electron donating ability (+IS effect) of the alkyl groups. These groups stabilize the ion by dispersing its positive charge. In water, however, trialkylamines are slightly less basic than secondary alkylamines (Table 10.1). It is believed that this is the result of a “solvation” effect. Hydrogen bonding and dipole–dipole interaction result in stabilization, again, by charge dispersion. However, organic groups around the nitrogen make it more difficult for the solvent to stabilize the positive charge. Furthermore, interaction with water is less likely with the introduction of more and more nonpolar organic groups. In water, the increased basicity (by the increasing number of alkyl groups) is countered by the decreasing stabilization of the cation, which decreases with increasing number of alkyl groups (Fig. 10.1).
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Fig. 10.1. Solvation of ammonium ions and the order of basicity of amines in water.

Arylamines are less basic than ammonia (Table 10.1) because the combined inductive and resonance effects (–IS and +M) result in a decrease in the electron density of the nitrogen (see p. 35 for resonance structures) and solvation is even more unfavorable.

2. Alkylation and arylation (see Ammonolysis, preceding page).

3. Acylation. Primary and secondary (but not tertiary) amines react with carboxylic acid derivatives (acid chlorides, anhydrides, esters) to yield carboxamides. A convenient way to carry out this reaction is the use of acid chlorides. The HHlg formed is neutralized by using 2 equivalents of amine. Pyridine is also commonly used as acid scavenger in acylations. Moreover, it reacts with acid chlorides to form N-acylpyridinium ion, which is itself a very effective acylating agent. Acylation is often used to protect amine groups from reaction while transformations are carried out elsewhere in the molecule.


[image: image187.wmf]R

C

C

l

O

R

,

 

R

'

 

=

 

H

,

 

a

l

k

y

l

,

 

a

r

y

l

:

B

 

=

 

H

N

R

R

'

 

o

r

 

p

y

r

i

d

i

n

e

R

C

N

R

R

'

O

+

 

 

 

H

N

R

R

'

:

B

a

c

i

d

 

c

h

l

o

r

i

d

e


When a sulfonyl chloride is used as the acylating agent, a sulfonamide is produced. Sulfonamides (sulfa drugs) are important antibacterial drugs (see also pp. 101, 110, 111).
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4. Reaction of primary amines with nitrous acid. Nitrous acid (HONO) produced in situ from NaNO2 and a mineral acid reacts with primary amines called diazotization or nitrozation. Aliphatic primary amines give unstable diazonium salts decomposing spontaneously to nitrogen and carbocations. The latter can transform into a range of products.
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The diazonium salts of aromatic primary amines are more stable. They can be kept around 0°C and are of synthetic importance (see Diazonium salts, next page). In their synthesis a large excess of acid is required to liberate HONO and form the reactive nitrosyl cation (NO+) (write equations analogous to the formation of NO2+ in SE-Ar nitration of aromatics; see p. 32). In addition, the acid is also used to significantly protonate the starting amine to avoid side reactions.
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5. Primary amines react with carbonyl compounds to form imines (AN+E; see in detail in Chemical properties of carbonyl compounds, pp. 59, 60).
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6. Ring substitution of arylamines (SE-Ar). Because the amino group is an ortho/para directing powerful activating group electrophilic substitutions occur faster than in the case of benzene often without catalyst leading to trisubstituted derivatives. Acylation of the nitrogen decreases reactivity; however, the acyl group is a useful amine protective group.
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Compounds with N–N Linkage
Diazomethane

Diazomethane (CH2N2) is a toxic gas with a delocalized electron structure.


[image: image193.wmf]N

:

C

H

2

N

:

N

:

C

H

2

N

:

.

.

N

C

H

2

N

:

.

.

N

C

H

2

N

:

.

.

.

.


Compounds with acidic hydrogen such as phenols, enols, and carboxylic acids can be transformed to methyl ethers and methyl esters, respectively. (Explain, why alcohols do not react.)
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Diazonium salts

Primary arylamines react with nitrous acid at 0 to 5°C to produce solution of diazonium salts (see Chemical properties of amines, preceding page). They are very useful intermediates in the synthesis of substituted aromatic compounds because the diazonium group can be replaced by a number of groups.

1. Reactions with the liberation of nitrogen.

i. Replacement by OH group can be accomplished by simple warming the aqueous solution of a diazonium salt to produce phenols.
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ii. Replacement by halogens is achieved by reacting diazonium salts with cuprous chloride or bromide in the presence of the corresponding hydrogen halide (Sandmeyer reaction). Exchange for cyanide can be achieved in a similar manner.
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2. Diazo coupling reactions. Diazonium salts are weak electrophiles (draw resonance structures!). They react only with reactive aromatic compounds (aromatic ring with activating substituent) in aromatic electrophilic substitution and yield azo compounds. The electrophilicity and, consequently, reactivity of diazonium salts can be increased by electron-withdrawing substituents (Y). Azo compounds are usually colored because the azo linkage (N=N) brings the two aromatic rings into conjugation creating an extended system of delocalized electrons and allows absorption of light in visible regions. They are used as dyes. In addition, they have played an important role in the discovery of sulfa drugs (see pp. 50, 55, 101, 110, 111).
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10. CARbonyl compoundS

Nomenclature

Aldehydes are named by dropping the final “e” from the name of the responding alkane and adding the ending “al”. Ketones are named in the same way except that the ending is “one”. When the formyl group is attached to a ring the suffix “carbaldehyde” is used. Many compounds have trivial names (in italic). For aldehydes these are derived from the Latin or Greek name of the corresponding carboxylic acid (acidum formicicum ​– formaldehyde, acidum aceticum ​– acetaldehyde).

[image: image198.wmf]C

H

3

C

C

H

3

C

C

H

3

O

C

H

3

C

H

O

 

 

 

 

e

t

h

a

n

a

l

 

 

 

 

 

 

 

 

 

 

 

 

p

r

o

p

a

n

-

2

-

o

n

e

 

 

 

 

 

 

 

 

 

 

p

e

n

t

a

n

-

2

,

4

-

d

i

o

n

e

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

c

y

c

l

o

h

e

x

a

n

e

c

a

r

b

a

l

d

e

h

y

d

e

a

c

e

t

a

l

d

e

h

y

d

e

 

 

 

 

 

 

 

 

 

 

 

a

c

e

t

o

n

e

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b

e

n

z

a

l

d

e

h

y

d

e

C

H

2

O

C

O

C

H

3

C

H

O

C

H

O


When there is an additional functional group in the molecule having higher priority then the carbonyl group the “oxo” prefix is used. Important group names derived from carbonyl compounds are also listed.
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Synthesis

1. Alkynes can be converted to ketones by hydration (see Chemical properties of alkynes, p. 28).
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2. Aryl-substituted ketones are made by Friedel–Crafts acylation (aromatic SE reactions, p. 33).
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3. Oxidation of primary and secondary alcohols leads to aldehydes and ketones, respectively (see Chemical properties of alcohols, p. 47).
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Chemical properties

The carbonyl carbon is sp2-hybridized with a planar arrangement of the substituents. This carbon also has a substantial positive charge which arises mostly from the resonance effect. As a result of the highly polarized carbon–oxygen double bond the characteristic transformation of carbonyl compounds is nucleophilic addition (AN). AN reactions are often catalyzed by acids resulting in an increased electrophilic character of the carbonyl carbon (Fig. 11.1).
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Fig. 11.1. Electron distribution of the carbonyl group and the effect of acid in AN reactions.

The striking difference between addition to the C–C double bond and addition to the carbonyl group is the greater tendency of the latter to undergo reversal (addition–elimination). Exceptions, however, do exist (see below!). The reversibility results from the larger bond energy of the C=O group compared to that of the C=C bond (~750 kJ/mol vs. ~600 kJ/mol). A second characteristic of the carbonyl group is an unusual acidity of the -hydrogens (Ka values are in the order of 10–16–10–19; compare to the values in Tables 5.1 and 10.1). The reason for this is that the anion formed by the loss of an  proton is stabilized by resonance (see Enolization, pp. 60, 61).

Aldehydes exhibit higher reactivity in AN reactions than ketones since alkyl groups decrease the electrophilicity of the carbonyl carbon (+IS effect). Aromatic aldehydes are even less reactive because the aromatic ring allows delocalization of the positive charge of the carbonyl carbon into the ring (Fig. 11.2).
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Fig. 11.2. Relative reactivity of carbonyl compounds in AN reactions.

An additional effect in parallel with the electronic effect discussed above is the change caused by increasing steric strain (higher crowding) in the addition product brought about by the change from sp2 hybridization of the carbonyl carbon to sp3 hybridization.

1. Nucleophilic addition reactions (AN).

i. Addition of oxygen nucleophiles.
Addition of water to various carbonyl compounds is reversible, but the equilibrium lies far on the side of the carbonyl compound in most cases.
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Addition of alcohols to carbonyl compounds is usually catalyzed by acids and yields hemiacetals (hemiketals) and eventually acetals or ketals.
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Acetals and ketals are hydrolized to aldehydes or ketones in aqueous acids but they are stable in aqueous base. Because of this they are valuable as protecting groups. When certain reactions of other functional groups in a molecule are intended to carry out, the carbonyl function can be temporarily protected.

Hydroxyaldehydes can form cyclic hemiacetals (lactols) as a result of the intramolecular reaction of the two functional groups (note the generation of a new chiral center). Hemiacetal formation is an extremely important transformation in the chemistry of carbohydrates (see pp. 128).
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When carbonyl compounds react with dihydroxy compounds (diols) instead of 2 equivalents of an alcohol, cyclic acetals are formed. Five- and six-membered cyclic acetals (1,3-dioxolanes and 1,3-dioxanes) prepared from 1,2- and 1,3-diols, respectively, are useful protecting groups of carbonyl compounds.
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ii. Hydride addition by the use of complex metal hydrides (LiAlH4) results in the reduction of carbonyl compounds to alcohols (see Synthesis of alcohols, p. 44). The H– anion is an extremely strong base, that is, a poor leaving group; consequently, this reaction is not reversible.
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iii. Addition of nitrogen nucleophiles. Mechanistically the reaction of ammonia and its derivatives with carbonyl compounds is an addition–elimination process, also called condensation.

General reaction:
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Mechanism:
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Ammonia and primary amines give imines, hydroxylamine (H2N–OH) yields oximes, whereas hydrazines (H2NNH2, RNHNH2) are transformed to hydrazones.
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Acid catalysis is commonly used in the condensation of carbonyl compounds nitrogen nucleophiles. Coordination of a proton with the carbonyl oxygen makes it more subject to attack by the nucleophile (see. Fig. 11.1). The use of large amounts of acids, however, diminishes the rate. This is due to the protonation of the nitrogen transforming the reagent to the non-nucleophilic ammonium derivative.
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iv. Addition of carbon nucleophiles.
Addition of hydrogen cyanide by base catalysis yields cyanohydrin. The process is called cyanohydrin synthesis, which plays important roles in the chemistry of carbohydrates (see p. 132).
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Grignard reagents regarded as carbanion equivalents add to carbonyl compounds to form alcohols. Formaldehyde gives primary, aldehydes yield secondary, and ketones furnish tertiary alcohols. Since the R– anion is an extremely strong base, that is, a poor leaving group; consequently, this reaction is not reversible.
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2. Enolization of carbonyl compounds. Carbonyl compounds having hydrogen atoms on the -carbon exist as equilibrium mixtures in solution. The isomers are called the keto (carbonyl) form and the enol form. This interconversion is termed enolization or keto–enol tautomerization. Because of the electron-withdrawing effect of the carbonyl group (–M and –IS effects) the -hydrogens exhibit low acidity (Table 11.1). Such groups are called active methylene groups.
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Table 10.1. C–H acidity of representative compounds

	Compound
	pKa

	Aldehydes and ketones
	16–19

	Acetaldehyde
	17

	Pentane-2,4-dione
	9

	Ethyl acetate
	24

	Diethyl malonate
	13

	Ethyl acetoacetate
	11


In most cases the keto form is much favored. Specific structures, however, may stabilize the enol form. For example, in pentane-2,4-dione, hydrogens on C-3 have significant acidity (Table 11.1) and the newly formed C–C double bond is in conjugation with the C–O double bond. Furthermore, hydrogen bonding also contributes to the stability of the enol form.
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The interconversion of the keto and enol forms may be catalyzed by both acid and base.


[image: image218.wmf]R

C

H

C

R

'

O

H

R

C

H

C

R

'

O

R

C

H

C

R

'

O

H

H

.

.

R

C

H

C

R

'

O

R

C

H

C

R

'

O

H

s

l

o

w

f

a

s

t

H

H

O

-

H

3

O

s

l

o

w

H

O

H

f

a

s

t

:

O

H

2


Enols are acidic due to the ground state polarization and the resonance stabilization of the enolate anion (+M effects) (compare the structure and acidity with that of phenol!). Enolization results in racemization when the -carbon is chiral. Deuterium exchange in this position can also be performed.
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3. Reactions on the -carbon of carbonyl compounds.

i. Aldehydes reacting in dilute acidic or basic solution at room temperature dimerize to yield -hydroxyaldehydes or aldols (aldol reaction).

General reaction:
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Mechanism: the base-catalyzed reaction includes the formation of the enolate anion (step 1) followed by the attack of the enolate ion (nucleophile) to the aldehyde carbon (step 2). Finally the alkoxide ion stabilizes by abstracting a proton from the solvent (step 3).
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Aldols formed as a result of nucleophilic addition can easily lose water in acidic or basic solutions. The two processes (AN+E) combined are called condensation.
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ii. Carbonyl compounds react with halogens to form either monohalogenated (acid-catalyzed reaction) or trihalogenated products (base-catalyzed reaction).
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The latter transformation called haloform reaction may be used to transform methyl ketones to carboxylic acids and haloforms. When carried out with iodine it gives iodoform (HCI3) as a yellow precipitate (the iodoform test).
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4. Mannich reaction is an acid-catalyzed, three-component condensation process in which compounds with active methylene group, a non-enolizable aldehyde, and a primary or secondary amine are reacted. When formaldehyde is used an aminomethylated product called Mannich base is formed. The product id often reduced to prepare amino alcohols. Mannich condensation is also involved in the biology of alkaloids.
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5. Oxidations and reductions.

i. Aldehydes are readily oxidized to yield carboxylic acids. Most oxidizing agents used for the oxidation of alcohols can be applied (see Chemical properties of alcohols, p. 47). The best reagent is CrO3/H2SO4 (Jones reagent).
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The easy oxidation of aldehydes by mild oxidizing agents can be used as test reaction. The Tollens’ test involves treating an aldehyde with silver ammonia complex resulting in the formation of silver metal (silver mirror). In the Fehling’s test a cupric complex in basic solution is reduced to Cu+ appearing in the form of the red precipitate Cu2O.
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Ketones undergo carbon–carbon bond breaking when treated with powerful oxidizing agents and carboxylic acid fragments are produced. The reaction is only useful for symmetrical ketones (unsymmetrical ketones can produce a mixture of up to four carboxylic acids). Adipic acid, for example, is an important monomer to fabricate polymers (nylon superpolyamides) (see p. 80).
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ii. The carbonyl group can be reduced to yield alcohols (see Synthesis of alcohols, p. 44) or can be transformed to a methylene group (see Synthesis of alkanes, p. 18) depending on the reaction conditions.

6. Conjugate addition. Hydrogen cyanide adds to ,-unsaturated carbonyl compounds to form 1,4 addition products (compare to the electrophilic addition of buta-1,3-diene; p. 25). Since the final step is a keto–enol tautomerization, HCN appears to add to the C–C double bond.
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11. CARBOXYLIC ACIDS and DERIVATIVES

Nomenclature

Systematic names are obtained by dropping the final “e” of the alkane corresponding to the longest chain in the acid and by replacing it with “oic acid”. The carboxyl carbon is assigned number 1. Many carboxylic acids have common names derived from Latin/Greek words that indicate their natural sources.
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Various fragments of a carboxyl group are named as follows:
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Carboxylic acid derivatives are named by replacing the “ic acid” or “oic acid” ending of the carboxylic acid with the endings listed in Table 11.1. In the naming of anhydrides “acid” is replaced by “anhydride”. In the name of esters the group name of the alcohol is first cited. If the nitrogen atom in amides is substituted, first the substituent groups are identified.

Table 11.1. Naming of carboxylic acid derivatives
	Group name of the derivative
	Structural formula
	Ending
	Example

	Acid halide
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	-yl halide
	
[image: image234.wmf]C

H

3

C

C

l

O


	acetyl chloride

	Acid anhydride
	
[image: image235.wmf]R

C

O

O

C

O

R


	anhydride
	
[image: image236.wmf](

C

H

3

C

O

)

2

O


	acetic anhydride

	Ester
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	ethyl acetate

ethyl ethanoate

	Amide
	
[image: image239.wmf]R

C

N

H

2

O


	-amide
	
[image: image240.wmf]H

C

N

H

2

O

C

H

3

C

N

H

C

H

3

O


	formamide

N-methylacetamide

	Nitrile
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Synthesis

Carboxylic acids

1. Oxidation of primary alcohols and aldehydes (see Chemical properties of alcohols, p. 47, and Chemical properties of carbonyl compounds, p. 62).
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2. Oxidation of alkylbenzenes (see also Chemical properties of aromatics, p. 34).
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3. Grignard reagents react with carbon dioxide to form carboxylic acids (AN). It is a very useful method because alkyl halides, readily obtained from alcohols, can be converted to carboxylic acids containing one more carbon atom.
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4. All carboxylic acid derivatives can be transformed to carboxylic acids (see Chemical properties, p. 69).

Carboxylic acid derivatives

1. For the synthesis of acyl halides inorganic acid halides or highly reactive organic acid halides are used.
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2. Intermolecular dehydration of acids is used to prepare symmetric acid anhydrides.
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3. Esterification is an acid-catalyzed equilibrium between carboxylic acids and alcohols yielding esters. The use of an excess of either the carboxylic acid or the alcohol, or removal of water increases the yield. Details are discussed in Chemical properties (see pp. 68, 69).
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4. Carboxylic acids reacting with ammonia yield ammonium salts, which can decompose to carboxamides upon heating.
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5. Aliphatic nitriles are often prepared from an alkyl halide and sodium (potassium) cyanide in an SN2 reaction, carried out in a polar, aprotic solvent. Similar to the NO2– ion (see p. 51), the C≡N– ion is an ambident nucleophile and may yield isonitrile as byproduct in an SN1 process.
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6. Carboxylic acid derivatives can be interconverted. These reactions are treated in Chemical properties (pp. 68, 69).

Physical properties

Carboxylic acids are polar substances and their molecules form strong hydrogen bonds with each other (Fig. 11.1). As a result, carboxylic acids have high boiling points (Table 11.2). They also form hydrogen bonds with water; therefore, acids with low molecular weight are soluble in water. However, the increase in length of the carbon chain decreases water solubility.
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Fig. 11.1. Associated carboxylic acid molecules.

Table 11.2. Boiling points of representative compounds
	Compound
	Molecular weight
	b.p., °C

	Butan-1-ol
	
74.1
	
118

	Propanoic acid
	
74.1
	
141

	Methyl acetate
	
74.1
	
56.9


Chemical properties

General characterization

Fig. 11.2. shows all important bond polarizations in carboxylic acids.
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Fig. 11.2. Electronic interactions in carboxylic acids.

The characteristic transformations of carboxylic acids and derivatives are the cleavage of the C–X bond by nucleophiles. Similar to carbonyl compounds, the carbon atom of the carboxyl group is well-polarized to the attack of nucleophiles. In contrast to carbonyl compounds, however, the X groups being good nucleophiles can be lost. This two-step process, which involves an addition to form a tetrahedral intermediate followed by an elimination step, is called nucleophilic acyl substitution (SN-Ac). Furthermore, carboxylic acids exhibit acidic property and reactions on the -carbon can also take place.
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Reactivity of carboxylic acid derivatives

The order of reactivity of carboxylic acid derivatives is shown in Figure 11.3. There is a fairly good correlation between the basicity of the leaving group and reactivity: the more basic leaving groups the cause the nucleophilic acyl substitutions to occur less readily. Note also the correlation with the acidity of the corresponding conjugate acids.
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Fig. 11.3. Change in reactivity of carboxylic acid derivatives.

Another factor is the stabilization of the functional group, that is, the  character of the C–X bond, resulting from the +M effect of the heteroatom. The overlapping of the 2p orbital of carbon with of the 3d orbital of chlorine having different size and shape to form the C=Cl double bond is highly unfavorable (2p–3d overlapping). The C–Cl bond, therefore, is of high  bond character and acid chlorides show high reactivity in SN-Ac reactions. In contrast, in acid anhydrides and esters no such difficulty exists (2p–2p overlapping). In carboxamides, even more characteristically, easy electron donation from nitrogen (having the lowest electronegativity) results in a high  character of the C–N bond and, consequently, carboxamides exhibit low reactivity in SN-Ac reactions. As a general rule, the more reactive carboxylic acid derivatives can be transformed to the less reactive ones.
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Chemical reactions

1. Acidity. Carboxylic acids have a considerable acidic nature. Dissociation of proton from the OH group occurs to a much greater extent than in alcohols because of the +M effect of oxygen. Evidence for this electronic intercation is the short C–O bond relative to the bond length of alcohols (1.43 pm). The alkoxide ion formed by the dissociation of an alcohol has no special stability relative to the alcohol. In acids, however, the carboxylate anion is stabilized by delocalization. Two resonance structures can be drawn for the anion in which the negative charge is delocalized over a carbon and two oxygen atoms. Evidence for this delocalization is the equal C–O bond lengths in the carboxylate anion.
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Alkyl groups attached to the carboxyl group decrease acidity because they make the anion less stable by releasing electrons (+I effect) (Table 11.3; a lower pKa value corresponds to higher acidity). On the other hand, the electron-withdrawing halogen atoms (or any electronegative substituent) increase acidity by stabilizing the carboxylate anion. By moving the halogen further in the chain from the carboxyl group acidity decreases very rapidly.

Table 11.3. Acidity of some carboxylic acids

	Compound
	pKa
	Compound
	pKa

	HCOOH
	3.75
	FCH2COOH
	2.66

	CH3COOH
	4.75
	ClCH2COOH
	2.86

	CH3CH2COOH
	4.88
	BrCH2COOH
	2.90

	
	
	ICH2COOH
	3.17

	
	
	Cl2CHCOOH
	1.29

	
	
	Cl3CHCOOH
	0.65


Resulting from their acidity, carboxylic acids react readily with inorganic bases (hydroxides, ammonia) to form stable salts. Most acids are acidic enough to react with sodium bicarbonate which is a test reaction for carboxylic acids. Water-insoluble acids will dissolve in aqueous sodium bicarbonate solution, while water-insoluble phenols and alcohols will not.
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2. Nucleophilic acyl substitutions.

i. Reactions with O-nucleophiles (O-acylations).

Carboxylic acids are converted directly into esters by the acid-catalyzed reaction between acids and alcohols called Fischer esterification (for the general reaction, see p. 65). Experimentally the reaction is carried out using a large excess of alcohol with a small amount of sulfuric acid as the catalyst. Mechanistically the acid catalyst activates the carboxyl group by protonation towards the nucleophilic attack by the alcohol to form a tetrahedral intermediate (slow, rate-determining step). Loss of water results in a protonated ester, which regenerates the acid catalyst and gives the free ester. Note that all steps are equilibrium processes. Isotope labeling studies indicate that esterification takes place with the breaking of the acid C–O bond (acyl–oxygen cleavage).
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The reverse reaction of the acid-catalyzed esterification is the acid-catalyzed hydrolysis of esters (read the above reaction sequences from right to left).

Intramolecular esterification of - and -hydroxycarboxylic acids results in the formation of cyclic esters called lactones (see Hydroxycarboxylic acids, p. 73).
Base-catalyzed ester hydrolysis is called saponification. Since the last step is a non-equilibrium process, esters cannot be prepared by base catalysis. Esters reacting with other alcohols give new esters in a process called transesterification.
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All carboxylic acid derivatives reacting with water as the nucleophile yield carboxylic acids. The reaction is called hydrolysis and the mechanism is illustrated by the hydrolysis of acid chlorides. Esters and carboxamides being less reactive require acid or base catalysis.
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ii. Reactions with N-nucleophiles (N-acylations).
Aminolysis (reaction with ammonia or amines) gives carboxamides. Since direct reaction of carboxylic acids with amines requires forcing conditions (see p. 65), carboxamides are prepared from acid derivatives. In acylations with acid chlorides pyridine is often used both as acid scavanger and effective acylating agent (see also Acylation of amines, p. 54).
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iii. Hydride addition. Reduction of carboxylic acids is a difficult task to carry out. LiAIH4 is one of the few reagents that convert an acid into the corresponding primary alcohol. The reduction, in general, is carried out with acid derivatives in anhydrous ether followed by acidic hydrolysis to liberate the alcohol (explain why carboxylic acids are not used).
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iv. Reactions with C-nucleophiles. Grignard reagents (carbanion equivalents) add to acid derivatives followed by loss of the leaving group. The intermediate ketone reacts further with a second molecule of Grignard reagent to form alcohols (explain why carboxylic acids are not used).
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The intramolecular reaction of - and -aminocarboxylic acids affords cyclic carboxamides, called lactams.
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3. The loss of carbon dioxide from an acid is called decarboxylation. Decarboxylation of simple acids requires rather forcing conditions, while certain 1,3 bifunctional acids (malonic acid, acetoacetic acid) can easily lose CO2 (see Substituted carboxylic acids, p. 71).

4. Reactions on the -carbon. Hydrogens of the -carbon of carboxylic acids and derivatives show enhanced acidity (active methylene group). However, as pKa data for acetaldehyde and ethyl acetate in Table 11.1 show (17 vs. 24), the acidity of hydrogens of the -carbon of carboxylic acids (derivatives) is less than that of carbonyl compounds. This results from the stabilization of the carboxylic function because of the +M effect. A second carbonyl group on C-3, however, significantly enhances acidity (see data for diethyl malonate and ethyl acetoacetate, Table 11.1, and the reactivity of their -carbon, pp. 72 and 73).

[image: image265.wmf]C

H

2

C

H

O

H

C

H

2

C

H

O

.

.

C

H

2

C

H

O

C

H

2

C

O

E

t

O

.

.

C

H

2

C

O

E

t

O

C

H

2

C

O

E

t

O

H

.

.

s

i

g

n

i

f

i

c

a

n

t

 

c

o

n

t

r

i

b

u

t

i

o

n

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

n

o

 

s

i

g

n

i

f

i

c

a

n

t

 

c

o

n

t

r

i

b

u

t

i

o

n

C

H

2

C

O

E

t

O

H


Carbanions generated by deprotonation of the -carbon can be used as nucleophiles in SN reactions. Such reactions have synthetic utility in the transformation of 1,3 bifunctional acid derivatives (diethyl malonate, ethyl acetoacetate; see Substituted carboxylic acids, pp. 71, 72, and 73).

12. Substituted carboxylic ACIDS

Dicarboxylic Acids
Acidity

Dicarboxylic acids are stronger acids than monocarboxylic acids (Table 12.1), which is due to the electron-withdrawing effect of the second carboxyl group. The lower acidity of the second carboxylic acid group (lower pKa2 values) results from the effect of carboxylate anion already formed.

Table 12.1. Acidity of dicarboxylic acids

	Compound
	Compound
	pKa1
	pKa2

	Oxalic acid
	HOOCCOOH
	1.3
	4.3

	Malonic acid
	HOOCCH2COOH
	2.8
	5.7

	Succinic acid
	HOOC(CH2)2COOH
	4.2
	5.8

	Glutaric acid
	HOOC(CH2)3COOH
	4.3
	5.8

	Adipic acid
	HOOC(CH2)4COOH
	4.4
	5.5


Malonic acid (propane-1,3-dioic acid)

Malonic acid (and acetoacetic acid) easily undergoes decarboxylation (loss of CO2) because of the formation of a six-membered cyclic, hydrogen-bonded transition state.
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Diethyl malonate (diethyl propane-1,3-dioate)
The methylene group in diethyl malonate is between two carbonyl groups and, consequently, the hydrogens are more acidic than those in monocarboxylic esters (Table 11.1). Deprotonation of the -carbon readily yields a resonance-stabilized anion.
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Diethyl malonate (often called simply as malonic ester) is an important compound in organic synthesis. A sequence of steps leading to mono- or disubstituted acetic acids is called malonic ester synthesis. The two key reactions of this multi-step process are the alkylation of the ester and the easy decarboxylation of the free acid after hydrolysis.

The anion generated with a strong base (the EtO– anion of sodium ethylate) reacts with an alkyl halide in an SN2 process leading to monosubstituted malonic esters (C-alkylkation). Substituted malonic acids prepared from the esters via hydrolysis can easily lose CO2 on heating to produce substituted acetic acids. Double alkylation will lead to disubstituted acetic acids.
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Ketocarboxylic Acids
Pyruvic acid (2-oxopropanoic acid)

Pyruvate the anion of pyruvic acid plays an important role in biochemistry. In the metabolism of glucose known as glycolysis glucose breaks down to give 2 molecules of pyruvate. -Ketocarboxylic acids also participate in the biological synthesis of -amino acids called transamination (an exchange of the amino group from an amino acid to a keto acid). The process is catalyzed by the transaminaze enzyme.


[image: image269.wmf]C

O

O

H

C

O

R

C

O

O

H

C

H

N

H

2

R

C

O

O

H

C

H

H

2

N

R

'

C

O

O

H

C

N

R

C

O

O

H

C

H

R

'

C

O

O

H

H

C

N

R

C

O

O

H

C

R

'

C

O

O

H

C

O

R

'

+

+

a

 

n

e

w

a

m

i

n

o

 

a

c

i

d

-

H

2

O

t

a

u

t

o

m

e

r

i

z

a

t

i

o

n

*

*


Ethyl acetoacetate (ethyl 3-oxobutanoate)

Ethyl acetoacetate is synthesized from ethyl acetate by the Claisen ester condensation. The process has a close resemblance to the aldol dimerization.
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The methylene group of ethyl acetoacetate has enhanced acidity (Table 11.1) and it is easily transformed to the resonance-stabilized anion.
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The anion can be alkylated (C-alkylkation) in the same manner as diethyl malonate. Hydrolysis followed by easy decarboxylation (see p. 71) yields substituted methyl ketones.
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When the intermediate C-alkylated ester is treated with a strong base, the retro-Claisen reaction furnishes an R-substituted carboxylic acid after acid treatment of the reaction mixture.
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Hydroxycarboxylic Acids
Hydroxycarboxylic acids having a hydroxyl group in  or  position (4-hydroxy- and 5- hydroxycarboxylic acids) undergo spontaneous ring closing to form cyclic esters (- and -lactones).
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Lactic acid (2-hydroxypropanoic acid) plays a role in various biochemical processes. L-(+)-Lactic acid is the product of anaerobic glycolysis formed in muscles during intense exercise produced from pyruvic acid by enzymatic reduction. The enantiomer D-(–)-lactic acid is the product of bacterial fermentation of carbohydrates and found in sour milk, sauerkraut, and pickles. Lactic acid formed by degradation of sugars in the mouth is responsible for tooth decay. Lactic acid is polymerized to form polylactic acid or polylactate, which is a biodegradable polymer.
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Citric acid is and intermediate in the citric acid cycle or tricarboxylic acid cycle (also known as Krebs or Krebs–Szent-Györgyi cycle), which is a series of enzyme-catalyzed reactions of high importance in cellular respiration. It is found in fruits (mainly in citrus fruits) and vegetables.


[image: image276.wmf]C

H

2

C

O

O

H

C

C

H

2

C

O

O

H

C

O

O

H

H

O

c

i

t

r

i

c

 

a

c

i

d


Tartaric acid exists in three forms. (+)-Tartaric acid occurs naturally as one of the main acids in wine (in the form of the monopotassium salt), whereas (–)-tartaric acid its enantiomer and meso-tartaric acid are unnatural compounds. Tartaric acid played a pivotal role in the discovery of stereochemistry (chirality) of organic compounds by Pasteur (see p. 14).

Malic acid played an important role in the discovery by Walden of the rules of nucleophilic substitution reactions. He observed the transformation of (–)-malic acid in two steps into (+)-malic acid and concluded that inversion of configuration occurred in one of the two steps. Actually, it is the replacement of OH by Cl with PCl5 via and SN2 process. (+)-Malic acid can be further transformed into the starting (–)-malic acid by repeating the two reaction steps (Walden cycle).
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13. carbonic ACID derivativeS

A number of carbonic acid derivatives can be derived by formally replacing the hydroxyl groups of carbonic acid. The corresponding sulfur analogs are also known. Derivatives with free OH group are unstable and decompose spontaneously with the loss of carbon dioxide. Other derivatives show tautomeric rearrangements. Carbonic acid derivatives are highly reactive and offer a wide range of use in both synthetic and industrial chemistry.
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Phosgene is made by reacting carbon monoxide with chlorine and used to manufacture N-substituted ureas, alkyl chloroformates (alkyl chlorocarbonates), and dialkyl carbonates (SN-Ac reactions).
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Alkyl chlorocarbonates (alkyl chloroformates), synthesized from phosgene as shown above, are used in peptide synthesis to form protective groups (see p. 119).
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Dialkyl carbonates are used to manufacture polymers of organic carbonates called polycarbonates by condensation polymerization (see p. 79) with dihydroxy compounds (transesterification). Polycarbonates are used, among others, as high impact-resistant glasses.
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Amides of carbonic acid

Carbamates or urethanes are prepared by reacting ammonia or amines with alkyl chlorocarbonates or addition of alcohols to isocyanates.
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Polyurethanes, used, among others, as flexible or rigid foams for thermal insulation, are manufactured form diisocyanates and diols, for example, ethylene glycol, by condensation polymerization (see p. 79).
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Urea (also called carbamide) is the waste produced by the metabolism of proteins excreted in urine. It is manufactured in a large scale by the chemical industry from ammonia and carbon dioxide and used as fertilizer.
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Urea is a crystalline material exhibiting strong basicity because of the delocalized electron structure of protonated urea. Note that protonation occurs at oxygen and not at the nitrogens. N-Acylated derivatives are the ureides (see barbiturates, pp. 110, 111). N-Substituted ureas are synthesized from phosgene and amines (see p. 75).


[image: image286.wmf]H

2

N

C

H

2

N

O

H

2

N

C

H

2

N

O

H

H

H

2

N

C

H

2

N

O

H

H

2

N

C

H

2

N

O

H

H

2

N

C

H

2

N

O

H


It is also used to manufacture urea–formaldehyde a thermosetting resin (aminoplast) by reacting urea and formaldehyde in the presence of a base (pyridine). It was mainly used as an adhesive but because of the toxic properties of formaldehyde it has been replaced by nontoxic materials.
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Guanidine is the strongest organic base (pKa = 12.7). Its protonated form has a highly symmetric delocalized electron structure with the positive charge symmetrically delocalized over four atoms.
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14. synthetic polymerS

Addition or Chain-Growth Polymers
The process when monomer units are linked together to form polymeric materials without the loss of material is called addition or chain-growth polymerization. The products, the addition or chain-growth polymers, are made of alkenes or substituted alkenes to produce polyethylene, polypropylene, polyisobutylene, polystyrene, poly(vinyl chloride) (PVC), polymethylmethacrylates, polyacrylonitriles, polytetrafluoroethylene (Teflon). Polymerization occurs in a stepwise manner through reactive intermediates as illustrated by the free-radical polymerization of styrene initiated by a suitable radical initiator (an alkoxy radical) to form polystyrene. The polymerization process is a chain reaction with the most stable (higher order) radical formed in each step.
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Termination steps are radical combination and disproportionation.
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The polymers formed are not strictly linear, because intermolecular (a) and intramolecular (b) chain transfer reactions also occur. As shown by polyethylene as the example the driving force is the formation of more stable radicals.
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Another method, cationic polymerization initiated by BF3 with the tert-butyl cation formed in the initiation step, is used to prepare polyisobutylene (Butyl Rubber). Polybutadiene, in turn, is manufactured by anionic polymerization of buta-1,3-diene initiated by Li. It is a highly 1,4 polymer with about equal amounts of cis and trans polymers.
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Because of chain transfer reactions indicated above, polyethylene manufactured by radical polymerization at high temperature and pressure (1000–3000 atm, ~300°C) has a highly branched and mainly amorphous structure (mainly C2–C8 alkyl side chains). It is a soft, waxy material of low tensile strength and higher ductility (low density polyethylene, LDPE; density < 0.94). Low density results from the branched structure and weak intermolecular forces (dipole–dipole interactions). In contrast, Ziegler–Natta polymerization allows the manufacture of a polymer with low degree of branching. It has high molecular weight, high density (HDPE; density > 0.94), and a more crystalline structure.

Ziegler–Natta or coordination polymerization is performed at atmospheric pressure with catalysts prepared by reacting transition metal halides with organometallic reagents. The most studied catalysts are made from titanium tetrachloride and aluminum alkyls. In addition to high density polyethylene, Ziegler–Natta polymerization permits the synthesis of polypropylene in a stereospecific manner and the manufacture of cis-1,4-polyisoprene, that is, natural rubber (see p. 149).
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A unique example of polymerization is the chemistry of Superglue (Krazy Glue). Chemically the product is polycyanoacrylate. In contrast to other alkenes, the double bond in the alkyl cyanoacrylate monomer is highly electron depleted because of the strong electron withdrawing effect (–M) of the two functional groups. As a result, the double bond is reactive against nucleophiles, such as traces of water, which start the polymerization process. The butyl and 2-octyl esters are used as medical glues.
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Condensation or Step-Growth Polymers
Polyfunctional compounds may react to give polymers by losing small molecules and forming carbon–heteroatom bonds. The process is called condensation or step-growth polymerization which, in general, takes place slower than addition polymerization. Many naturally occurring macromolecules, such as proteins and polysaccharides are, in fact, condensation polymers.

A characteristic condensation polymerization is the formation of nylon 66, a superpolyamide, by the reaction between two bifunctional six-carbon monomers adipic acid and 1,6-diaminohexane. The repeating units are linked by carboxamides bonds and intermolecular hydrogen bonds between polymer chains ensure high strength and durability.
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A related polymer, tough not formed by condensation polymerization, is polycaprolactam (nylon 6). It is manufactured by ring-opening polymerization from a single monomer caprolactam (6-aminohexanoic acid; see p. 87).


[image: image297.wmf]N

H

O

N

H

H

N

O

N

H

O

O

2

6

0

°

C

N

2


Polycarbonates (see pp. 75, 76) and polyesters are often manufactured by transesterification between esters and diols. Polyethylene terephthalate (PET), for example, is prepared from dimethyl terephthalate and ethylene glycol. Ethylene glycol is also used to prepare polyurethanes (see p. 76).
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Similar condensation polymerization may be used to manufacture phenoplasts (phenolic resins). These are thermosetting resins made by the polymerization of formaldehyde and phenol. Bakelite (see pp. 47, 48), the first polymer prepared from synthetic materials, is a nonconductive, heat-resistant, chemically inert resin and has many uses (electric insulators, radio housings, telephone casings, kitchenware). Aminoplasts are the products of polymerization of formaldehyde and amines. Examples are urea–formaldehyde (see pp. 76, 77) and melamine–formaldehyde (melamine is a trimer of cyanamide). The resin is used, among others, to fabricate kitchen utensils and high-pressure laminates.
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15. carbocations
Carbocations are electron deficient species with a carbon atom bearing a positive charge (an earlier name, carbenium ion, refers to the unsaturated nature of such species). The positively charged carbon is sp2-hybridized and, consequently, the structure of carbocations is trigonal, planar. Because of electron deficiency, carbocations are highly electrophilic, highly reactive species and are involved in monomolecular reactions (see SN1 and E1 reactions, pp. 40 and 42, respectively).
1. The stability of alkyl cations parallels those of free radicals: 3° > 2° > 1° > CH3+ (Fig. 15.1). This is explained by charge delocalization: a charged system is always stabilized when the charge is dispersed (delocalized). Alkyl groups, compared to hydrogen, are electron releasing (+Is effect), that is, they shift electrons towards a positive charge. Through electron release, alkyl groups attached to the positive carbon of a carbocation delocalize the positive charge by gaining a partial positive charge. Modern interpretation of Markovnikov’s rule is based on the stability of carbocations (see pp. 22, 23).
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Fig. 15.1. Structure and stability of alkyl carbocations.
Because of the stability differences less stable carbocations tend to rearrange to form the more stable carbocations. An example is Friedel–Crafts alkylation of benzene with propyl chloride resulting in the formation of isopropylbenzene as the main product (instead of the expected propylbenzene).

[image: image301.wmf]C

H

3

C

H

2

C

H

2

C

C

H

3

C

H

3

H

H

+

-

H

2

O

C

H

3

C

H

2

C

H

2

+

C

H

3

C

H

C

H

3

+

O

H

a

 

p

r

i

m

a

r

y

 

c

a

t

i

o

n

l

e

s

s

 

s

t

a

b

l

e

a

 

s

e

c

o

n

d

a

r

y

 

c

a

t

i

o

n

m

o

r

e

 

s

t

a

b

l

e

-

H

+


2. Delocalization may also be observed in conjugated systems. Allyl cations (structures I, see also p. 26) and benzyl cations (structures II) (even when the C+ is primary) have stabilities similar to that of tertiary carbocations.
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3. Carbocations are stabilized by electron donation from the unshared electron pairs of the heteroatoms adjacent to the carbocation center (+M effect) as illustrated by acyl cations.
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Important terms

Addition. Parts of a molecule add to a multiple bond.

Asymmetric molecule. A molecule which lacks any symmetry element.
Carbanion and carbocation. Formed by heterolysis of a bond to carbon as follows:
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Chiral center. Four different groups (ligands) on an atom.

Chiral molecule. A molecule which is not superimposable upon its mirror image.

Chain reaction. Multistep reaction with each step producing a reactive intermediate that causes the next step to occur.

Configuration. Three-dimensional permanent spatial arrangement of atoms (ligands).

Conformation. Spatial arrangement of atoms (ligands) in a molecule generated by rotation about the single bond.

Conformer. Conformations with energy minimum.

Diastereoisomers. Stereoisomers which do not have mirror image relationship (stereoisomers which are not enantiomers).

Electrophile. Molecules or ions that can accept an electron pair; reagents seeking electrons.

Elimination. Pieces of a molecule depart. If they are eliminated from adjacent atoms the process is called  elimination. Compounds with multiple bond are formed.

Enantiomers. Non-superimposable molecules with a mirror image relationship.

Energy diagram. Graphical representation of energy changes associated with any chemical transformation.

Energy of activation. The minimum amount of energy that must be provided for a reaction to take place.

Epimers. Diastereoisomers that differ in chirality at only one center.

Functional group. Certain arrangement of atoms in a molecule where most of the chemical reactions occur. It determines chemical properties.

Hydrogen bonding. A weak attraction of a hydrogen bonded to an electronegative atom (N, O, F) to the lone pair electrons of another electronegative element.

Homologues series. A series of compounds arranged in increasing carbon number in which the structural formula of each member differs from the preceding one and the following one by a constant unit (CH2) and can be described by a general formula.

Isomerism. Two or more molecules have the same molecular formula but different structures.

Isomerization. Change in the bonding structure of a molecule.

Isomers. Different molecules with the same molecular formula.

meso Compound. A molecule that has chiral centers but is itself achiral. An achiral diastereoisomer.

Molecularity. The number of molecules (species) that participate in the transition state of the rate-determining step.

Nucleophile. Molecules or ions that have an unshared pair of electrons. It attacks a positive center of a molecule or a positive ion.

Oxidation number of a carbon. The number of bonds attached to atoms other than hydrogen and carbon; that is, the number of bonds attached to heteroatoms. In unsaturated hydrocarbons (alkenes, alkynes), it is the number of hydrogens required for saturating the carbon.
Prochiral molecule. A molecule which can be transformed into a chiral molecule in a single step.

Racemic mixture (racemate). A mixture with equimolar amounts of enantiomers.

Radical. Formed by homolysis of a bond and has an unpaired electron.

Reaction mechanism. Detailed description of how starting materials (reactants) are converted to products. All events taking place at the molecular level during any chemical transformation.

Regioselective reaction. A reaction that gives predominantly one of two or more possible structural (constitutional) isomers.

Resonance. The representation of a real molecule through hypothetical “contributing” structures. Employed when no single electronic configuration can be used to adequately represent a given compound.

Retention of configuration. The configuration in a chemical reaction is retained, that is, the product has the same relative configuration as the starting material.

Stereoisomers. Molecules which differ in arrangement of their atoms in space.

Stereoselective reaction. A reaction in which one particular stereoisomeric starting material produces only one stereoisomeric product.

Structural (constitutional) isomers. Molecules which differ by their atom-to-atom bonding sequence.

Tautomerization. Refers to any equilibrium between species that differ in two ways: in the location of a hydrogen atom, and in the position of a single and double bond.

Tertiary carbon. Carbon atom bearing three other carbon atoms attached.

Thermoplastic polymers. Plastics, which become soft and moldable upon heating.

Thermosetting polymers. Plastics, which are irreversibly cured to a stronger form as a result of cross-linking.
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