6.1 Definitions of Acids and Bases

6.1.1 Brensted acids and bases

As defined by Brensted in Denmark in the early part of the twentieth' century, an acid is
a compound which donates a proton (H*) and a base is a compound which can accept
a proton; such compounds are now often called Brensted acids (or sometimes proton
acids) and bases.

Gaseous hydrogen chloride, HCI, dissolves in water and immediately reacts by proton
transfer in a typical Brensted acid—base reaction, to give hydrochloric acid. In this acid
dissociation reaction, HCl donates a proton to a water molecule so HCI is an acid and
H,0 is a base (eqn 6.1). In principle, this reaction is reversible and, in the reverse direc-
tion, the chloride accepts a proton from the oxonium ion H,0* (also called hydronium
ion); CI” is now a base (the conjugate base of HCI) and H,O" is an acid (the conjugate acid
of H,0). In practice, however, no covalent HC] molecules can be detected at equilibrium
in dilute agueous solution (it is an example of a strong acid, see later).
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Gaseous hydrogen cyanide, HCN, also dissolves in water and reacts as an acid, but the
reaction does not proceed to completion; HCN (the solute) is a weak acid (see later) and
covalent HCN molecules coexist in aqueous solution with the dissociated acid (eqn 6.2).

The reaction of eqn 6.3, however, like that of eqn 6.2, does not proceed to completion; in
fact, in dilute aqueous solution, most of the ammonia remains unprotonated because it
is only a weak base.

In contrast, there is an immediate and virtually complete proton transfer reaction

HCN + Hs0 CN- + Hy0* (6.2) when sodium amide is added to water (even though it is still written as an equilibrium
acid base conjugate base conjugate acid in eqn 6.4): NH," is a strong base in water.
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of NHz™ of Hz0



Correlate acid with its conjugate base and base with its conjugate acid in the following acid—base
reaction.
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The strength of an acid is determined by the stability of the conjugate base that forms when the acid
loses its proton: the more stable the conjugate base, the stronger the acid. (The reason for this is
explained in Section 5.7.)

A stable base readily bears the electrons it formerly shared with a proton. In other words, stable
bases are weak basez—they do not share their electrons well. Thus, we can say:

The weaker the base, the stronger its conjugate acid.
or

The more stable the base, the stronger its conjugate acid.
Mow let’s look at two factors that affect the stability of a base—its electronegativity and its size.



6.1.2 Lewis acids and bases

A more general definition of acids and bases was proposed by Lewis in 1923 with the
focus on the electron pair of the base rather than the proton of the acid; a Lewis base is an
electron pair donor and a Lewis acid is an electron pair acceptor. The central atom in a
Lewis acid is able to accept the lone pair of a base into its valence shell and thereby form
a covalent bond between them. Typical Lewis acids include AICI,, FeBr,, ZnCl,, and
BF,. For example, BF, with only six valence electrons on the boron reacts with ammonia,
which has a lone pair on the nitrogen, to form an adduct, as shown in eqn 6.5. In this way,
the valence needs of both B and N are satisfied when a covalent bond is formed between
them. The shared electron pair of the bond, however, comes wholly from the N, so there
is a transfer of charge and the adduct is dipolar.

Lewis acid—base association
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Complete the following Lewis acid—base reaction by showing the electron pairs involved.
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The ketone is a Lewis base and AlCl; is a Lewis acid in this reaction. Movement of the electron
pair to give the dipolar adduct is represented by a curly arrow.
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Classify each of the following as a Lewis acid or base.
(a) [“:Hs]zﬂ (b) FeCl; {c) [CH:J:"H (d) B{':Hs]s (e) CH;*

Complete the following two Lewis acid—base reactions by showing the structures of the products.
(@) BF; + (CHg0 — = (b) CHCH,CI + AICl; — =



6.2.1 Acid dissociation constants and pk,

Dissociation of a Brensted acid in aqueous solution is an acid-base reaction with a sol-
vent water molecule acting as the base as shown in eqn 6.6 for a generic acid, AH. A pro-
ton transfers from acid AH to H,0 to give the conjugate base A-and H,0* (oxonium ion).

Ka

AH + H0

A~ + Hy0* (6.6)

The extent of proton transfer when the system achieves equilibrium is expressed by an
equilibrium constant, K, defined in the conventional way by eqn 6.7, where [AH], [A-],
and [H,0%] stand for the equilibrium concentrations of AH, A-, and H,O"* The equi-
librium constant, K, is called the acid dissociation constant (or acidity constant), and
provides a measure of the acid strength (or acidity) of a compound, i.e. its effectiveness
as a proton donor.

[A~]1[Hz0"]
K.= ————— .
a (AH] (6.7)

Organic acids are generally weak and K, is correspondingly small. In order to deal con-
veniently with a wide range of very small numbers, a logarithmic scale is used and pKa
is defined as the negative logarithm of the numerical value of K; (eqn 6.8). It follows that
the stronger an acid, the smaller its pK, (acids as strong as HCI or H,50, have negative
pK; values). For the dissociation of ethanoic (acetic) acid, a typical weak organic acid,
K,=1.74x10" mol dm™ (eqn 6.9).

pK.=-log K, (6.8)

CHz;CO;H + H,;0
ethanoic acid

K,=1.74x10"°mol dm™ and pK,=4.76

CH3CO,~ + H3D+ [6.9]
ethanoate ion
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Ranking the Factors That Affect the Stability of Negative Charges

We have thus far examined four factors that affect the stability of negative charges. We must now
consider their order -::fprl:::ﬂt].r—lu other words, which factor takes pr-:-::dr_u-:: when two or more

factors are present?

G-:ur_rﬂﬂ}r 5p:ﬂlr.|".ug, the order u::fpriﬂrir:,'IE the order in which the factors were l:lrn:E:utr_-:]:

1. Aterm. Which atom bears the charge? (How do the atoms compare in terms of electronegativicy
and size? Remember the difference between comparing atoms in the same row vs. atoms in the
same column.)

2. Reswmance. Are there any resonance effects that make one conjugate base more stable than the
other!

3. Induction. Are there any inductive effects that stabilize one of the conjugate bases?

4. Orbital. In what orbital do we find the negative charge for each conjugate base?

A helptul way to remember the order of these four factors is to take the fisst letter of each factor,
giving the following mnemonic device: ARIO.
As an examiple, let’s compare the protons shown in the following two compounds:

P S
Ethanol Propylens



Electronegativity

The atoms in the sacond row of the periodic table are all similar in size, but they have very different
electronegativities, which increase across the row from left to right. Of the atoms shown, carbon is

the least electronegative and fluorine is the most electronegative.
relative electronagativities
C<N<O<F

miost
electronegative

If we look at the acids formed by attaching hydrogens to these elements, we see that the most acidic
compound is the one that has its hydrogen attached to the most electronegative atom. Thus, HF is
the strongest acid and methane is the weakast acid.

When atoms are similar in size,
the strongest acid has @iz fydrogen aitached fo the most elecironegalive alom.

relative acidities
CHy < MHy = H;0O = HF

stromgest
acid

If we look at the stabilities of the conjugate bases of these acids, we find that they, too, increase
from left to right, because the more electronegative the atom, the better it bears its negative charpe.
Thus, the strongest acid has the most stable (weakest ) conjugate base.

relative stabilities
"CHy < NH; < HOF < F

st
stable

The effect that the electronegativity of the atom bonded to a hrydrogen has on the compound’s
acidity can be appreciaied when the pK, valoes of alcohols and amines ae compared. Bacause
OXy@en is mome electronegative than nitrogen, an alcohol is more acidic than an amine.



Size

When comparing atoms that are very different in size, the size of the atom is more important than its
electronegativity in determining how well it bears its negative charge. For example, as we proceed
down a column in the periodic table, the atoms get larger and the stabilify of the anions increases
even though the electronegativity of the atoms decreases. Because the stability of the bases increases
going down the column, the strength of their conjugate acids increases. Thus, HI is the strongest
acid of the hydrogen halides (that is, [ is the weakest, most stable base), even though iodine is the
least electronegative of the halogens (Table 2.2).

When atoms are very different in size,
the strongest acid has its hydrogen attached to the largest atom.

relative size

FF < CI < Brr = I

HF < HCl < HBr < HI

relative acidities

strongest )
acid

Why does the size of an atom have such a significant effect on stability that it more than over-
comes any difference in electronegativity?

The valence electrons of F~ are in a 25p” orbital, the valence electrons of CI~ are in a 3sp° orbital,
those of Br areina 45;}3 orbital, and thoseof I are ina 55_:33 orbital. The volume of space occupied
by a 3sp” orbital is significantly larger than the volume of space occupied by a 2sp” orbital because a
35p° orbital extends out farther from the nucleus. Because its negative charge is spread over a larger
volume of space, Cl is more stable than F .

Thus, as a halide ion increases in size (going down the column of the periodic table), its
stability increases because its negative charge is spread over a larger volume of space. As
aresult, HI is the strongest acid of the hydrogen halides because I is the most stable halide 1on.
The potential maps shown in the margin illustrate the large difference in size of the hydrogen
halides.

Size ovemides electronegativity
when determining relative acidities.

Table 2.2 The pK; Values of Some Simple Acids
CH, NH; H.O HF
pK, = 60 pK, = 36 pK, = 157 pK, = 3.2
HaS HCI
pK, = 7.0 pK, = -7
HEr
pka = —9
HI
pK, = —10

In summary:

r atomic size does not change much as we move from left to right across a row of the periodic
table, so the atoms’ orbitals have approximately the same volume. Thus, electronegativity
determines the stability of the base and, therefore, the acidity of its conjugate acid.

m atomic size increases as we move down a column of the periodic table, so the volume of the
orbitals increases. The volume of an orbital is more important than electronegativity in deter-
mining the stability of a base and, therefore, the acidity of its conjugate acid.



overlap of the s orbital
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Table 1.6  Hydrogen-Halogen Bond Lengths and Bond Strengths
Hydrogen halide Bond length ~ Bond strength
(A) (keal/mol)
= h‘F 0917 136
™

H—Cl N:L. 1.275 103
H—Hr %ﬂ 1.415 &7
Ey

H—1 ﬁ 1609 71

=



6.3.2 Charge delocalization in anions

Anions are stabilized by dispersion (delocalization) of negative charge (or electrons). The
relative acidities of the oxy-acids of chlorines are typical:

Acid: HCIO HCIO, HCIO, HCIO,
pK,; 7.5 2 1 ~-10

The acidity of the oxy-acids increases with the increasing number of oxygen atoms
bonded to the central Cl as these are able to delocalize the negative charge in the anionic
conjugate bases. This is illustrated below by the four equivalent resonance forms of the
highly stabilized tetrahedral perchlorate anion, C10,~: perchloric acid is a very strong
acid.
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Resonance stablization of the perchlorate ion

The higher acidity of carboxylic acids (pK, of AcOH = 4.76) compared with alcohols (pK,
of ethanol = 15.9) is also explained by electron delocalization in the conjugate base of the
acid. The negative charge of ethoxide, EtO- is localized on a single O atom whereas the
charge of the carboxylate anion is delocalized symmetrically, and the two oxygen atoms
become equivalent (eqn 6.15).

0 Hz0 <9 4
)I\ + H,O0O ——— )Q“«._ - /K + H;0%  [6.15)
CHy OH oK. =476 CHg o CHg O
ethanoic acid ethanoate ion

Phenol (pK; -10) is considerably more acidic than cyclohexanol (pK; -16, i.e. about the
same as ethanol); see eqns 6.16 and 6.17. This is principally because the phenoxide

The electron-withdrawing
effect of the carbonyl
group also contributes to
the addity of a carbaoxylic
acid being greater than
that of an alcohal.



OH H,0 o~
O/ + H50 O/ + Hy0* (6.16)
pK, =165

cyclohexanal cyclohexyloxide ion
OH Ho0 o
p'ﬁ:a = -Hj
phenol phenoxide ion
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resonance of phenoxide ion

pKa ~15 pKa ~5
amide anion carboxylate
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nitromethanes propanone ethyl ethanoate ethanenitrile
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Carbon acids become stronger (i.e. their conjugate bases become more stable) if two or

even three EWGs are bonded to the C bearing the acidic H. The conjugate bases of carbon

acids are important as reactive intermediates, and reactions involving them will be cov-
ered in Chapter 17.

The pK, of pentane-2,4-dione (acetylacetone) is 8.84. Of the two kinds of hydrogen, which is the
maore acidic, and why is this compound much more acidic than propanone?

o o
L
“TCH;

pentane-2,4-dione

H;C CHj; (pK;=8.84)

Solution

The hydrogens on C3 of pentane-2 4-dione are the more acidic, and deprotonation from this
position gives a resonance stabilized conjugate base as illustrated below with the negative
charge delocalized mainly onto the two oxygen atoms (as opposed to onto just one as in the
enolate from propanone).
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6.3.3 Substituent effects

When a hydrogen atom on a carbon in a molecule is replaced by another atom or group,
the atom or group introduced is called a substituent and its effects on properties of other
parts of the molecule, especially a functional group, are called substituent effects. We
saw in Chapter 3 that organic compounds are classified according to the functional
group, which is that distinctive part of the molecule responsible for the characteristic
chemical properties of the compound. Such a property is often modulated by a substitu-
ent elsewhere in the molecule without qualitatively changing the nature of the property.
Two kinds of substituent effects have been recognized which affect not only the acidity of
a compound but other chemical and physical properties as well. This ability to atiribute a
quantitative change in a property of a functional group to a systematic change elsewhere
in the molecule is a major unifying feature of mechanistic organic chemistry.
Inductive effects are transmitted through the o bonds of a molecule and weaken rap-

idly as the number of ¢ bonds between a substituent and the reaction site increases.? This
tendency can be seen in a series of chlorobutanoic acids:

cl cl cl
CH3CH;CH,CO5H CHCH;CH,CO,H Cl'l:;CIHCHQC'DgH CHgCHgLI':HCDgH
pHa 48 45 4.1 28
Predict the relative acidities of the following carboxylic acids. *

CH,CO,H  FCH,CO,H  HOCH,COH

Methyl and other alkyl groups are electron donating (electron releasing), although the
effect is small, so ethanoic acid is less acidic than methanoic (formic) acid.

HCO,H CH,CO,H
pK,:  3.75 4.76



a. Inductive effects

When a proton is abstracted from an acidic functional group of an uncharged molecule,
the conjugate base becomes an anion and, in the absence of any special effect, the charge
resides as a lone pair localized on the functional group. An electron-withdrawing (elec-
tron-attracting) group elsewhere in the molecule will stabilize the anion by dispersing
the negative charge and thereby enhance the acidity of the molecule. The highly elec-
tronegative chlorine, for example, is a substituent which stabilizes an anion by attracting
electron density.

The pK, values of chloroethanoic acids given below illustrate this effect:

CH,CO,H CICH,CO,H CLCHCO,H  ClLCCO,H
pKa . 4.76 2.86 1.35 —.5

When the methyl hydrogen atoms of ethanoic acid are replaced by chlorine atoms one
by one, the acid becomes increasingly stronger. The origin of this inductive effect is the
strong polarization of the C—Cl o bond.

Inductive effects are transmitted through the ¢ bonds of a molecule and weaken rap-
idly as the number of ¢ bonds between a substituent and the reaction site increases.” This
tendency can be seen in a series of chlorobutanoic acids:

cl cl cl
CHsCH,CH,COH  CH3CHRCH,COsH CHsCHCHoCOsH  CHyCH,CHCOH

ek 4.8 45 4.1 2.8

Predict the relative acidities of the following carboxylic acids.

CH,CO,H  FCH,C0,H  HOCH,CO,H

Methyl and other alkyl groups are electron donating (electron releasing). although the
effect is small, so ethanoic acid is less acidic than methanoic (formic) acid.

HCO,H CH,CO,H
pK,:  3.75 4.76



Hybridization
Because hybridization affects electronegativity and electronagativity affects acidity, the hyvbridiza-
tion of an atom affects the acidity of the hydrogen bonded to it. An sp hybridized atom is more

electronegative than the same atom that is spl hybridized, which is more electronegative than the
same atom that is sp° hybridized.

relative electronegativities

miost P1 3 least
electronegative /— * = = 4P electronegative

Themefore, ethyne is a stronger acid than ethene and ethene is a stronger acid than ethane, because
the most acidic compound is the one with its hydropen attached to the most electronegative atom.

7 et et » i<
ethane

ethens
pi{ = pk, — 44 pk, = 60

Why does the hybridization of the atom affect its electronegativity? Electronegativity 1s a mea-
sure of the ability of an atom to pull the bonding electrons toward itself. Thus, the most electro-
negative atom 15 the one with its bonding electrons closest to the nuclens. The average distance of
a 25 electron from the nucleus is less than the average distance of a 2p electron from the nucleus.
Therefore, an sp hybridized atom with 50% 5 characler is the most electronegative, an .rpl hybrid-
ed atom (33.3% 5 character) i1s next, and an 5'p3 hybridized atom (23% 5 character) is the least
electronegative.

Pulling the electrons closer to the nucleos stabilizes the carbanion. Once again we see that the
stronger the acid. the more stable (the weaker) its conjugate base. Notice that the electrostatic
potential maps show that the strongest base (the least stable ) 1s the most electron-rich (the most red).

An sp carbon is more electronegative
than an sp? carbon, which is more
electronegative than an sp’ carbon.




b. Conjugative effects

Substituents can also affect the electron distribution within a molecule, and hence its
properties, by conjugation. Such effects of substituents are known as conjugative (or
resonance) effects and are found in molecules (or ions) containing n electron systems;
they can be represented by drawing the contributing resonance forms.

The effect is exemplified by the acidity of nitrophenols. A m-nitro group enhances the
acidity of phenol through its inductive effect but a p-nitro group enhances the acidity
even more strongly even though it is further away from the reaction site.

o gt O

phenaol m-nitrophenol p-nitrophenal
pK, 9.99 8.35 714

The negative charge of p-nitrophenoxide ion is delocalized over the molecule as illus-
trated by a resonance contributor with direct conjugation between the anionic oxygen

and the nitro group through the n system of the benzene ring. Although a lone pair on
the OH of un-ionized p-nitrophenol can also be delocalized by resonance into the NO,,
this leads to charge separation which is absent in the corresponding delocalization in the
p-nitrophenoxide. Consequently, resonance stabilization is greater in p-nitrophenoxide
than in the p-nitrophenol, and p-nitrophenol is a stronger acid than phenol. For the
m-nitro derivative, such direct conjugation is impossible, and only the inductive elec-
tron-withdrawing effect of the nitro group stabilizes the m-nitrophenoxide ion relative
to the un-ionized m-nitrophenol.

p-nitrophenoxide ion



A p-methoxy substituent is an example of an electron-donating group (EDG) by reso-
nance, in contrast to the electron-withdrawing inductive effect of the methoxy group
(oxygen is an electronegative element). These opposing properties of the methoxy group
are illustrated by the acidities of the methoxybenzoic acids: p-methoxybenzoic acid is
weaker than the unsubstituted benzoic acid, whereas the m-methoxy analogue is stronger

than both.
el CO;H UCDEH /O/CDEH
: MeO
4,08 4.20 4 47

M
PKa
The m-methoxy group can only attract electrons through ¢ bonds, and this effect is
stronger in the anionic conjugate base than in the carboxylic acid. In contrast, a p-meth-
oxy group can conjugate with the carboxy group of benzoic acid through the r system of
the benzene ring (a lone pair of the methoxy is delocalized to some degree into the car-
bonyl of the carboxy group). And because this resonance effect is greater in the carbox-
vlic acid than in the carboxylate anion, the acid is stabilized with respect to its conjugate
base so the acidity is decreased by the p-methoxy substituent.



6.5 Basicity of Organic Compounds
6.5.1 Definition of base strengths

A Brensted base is always related to its conjugate acid, so the pK; of the conjugate acid
can be used as a quantitative measure of the basicity of a base (see Sub-section 6.2.1).
However, when a compound (B) is uncharged and the focus is on its base strength with
the reaction written as eqn 6.24, we usually refer to the pKyy. of B rather than the pK,; of
BH* (eqn 6.25), but the numerical value is, of course, the same. We see, therefore, that the
larger the value of the pKgy+, the more basic compound B is.

B + H08 —/———= BH'* + H,0 (6.24)
base conjugate acid

Kpy+
BH* + HO —/——= B + H30"

K _ [E][H;D"] [5.25]

BH* — [BH*]

An alternative definition of base strength used in older books is based on the reaction of the base with
water:
Ky [BH"] [HO']

B + H0O ——= BH' + HO Ky = Bl and pKp=—log Ky

Since the autoprotolysis constant (ionic product) of water is defined as K,,=[H;0*][HO]=10"", we can
work out that pk, +pKg,+=14.
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Carboxylic Acids

The most common organic acids are carboxylic acids—compounds that have a COOH group. Acetic
acid and formic acid are examples of carboxylic acids. Carboxylic acids have pK, values ranging
from about 3 to 5, so they are weak acids. The pK, values of a wide variety of organic compounds
are listed in Appendix 1.

o o

& &
CcH TOH H” ToH
acetic acd formic acid
pK, — 4.76 pK, —3.75

Alcohols

Alcohols—compounds that have an OH group—are much weaker acids than carboxylic acids. with
PK, values close to 16. Methyl alcohol and ethyl alcohol are examples of alcohols. We will see why
carboxylic acids are stronger acids than alcohols in Section 2.8,

CHyOH CHCH,OH
methyl alcohal ethyl alcohol
pk, = 155 pk, = 15.0
pk, < 0 pK,~ 5 pk, - 10 pk,~ 15
LB
+ | +
ROH- C RMH;5 ROH
protonated R TOH protonated alcohol
aloohiod carboxylic armine
acid H20
-'?H water
C
R TOH
protonated
carboxylic acdd
H;0"
protonated
water

Amines

Amines are compounds that result from replacing one or monz of the hydrogens bonded to ammaonia
with a carbon-containing substituent. Amines and ammonia have such high pK, valoes that they
rarely behave as acids—they are more likely to act as bases. In fact, they are the most common
orgamic bases. We will see why alcohols are stronger acids than amines in Section 2.6.

CH:;NHz MH;
methylamina AMImonia
pk, =40 pk, =36

Protonated Compounds

Wi can assess the strength of a basa by considering the strength of its conjugate acid—remembering
that the sironger the acid, the weaker @5 conjupate base. For example, based on their pK,; valoes,
protonated methylamine (10.7) is a sironger acid than protonated ethylamine (11.0), which means

that methylamine is a weaker base than ethylamine. (A protonated compound is a compound that has
gained an additional proton.) Motice that the pk; values of protonated amines are about 11.

+ +
CH3yMNH3 CH;CHzMNH;3
protonated methylamine protonated ethylamine
pK, = 10.7 pK;=11.0

Protonated alcohols and protonated carboxylic acids are very strong acids, with pK; values < 0.

the sp? oxygen
+OH “\is protonated

& &
CH:0OH CH:CH;0H C
H R cH;” “OH
protonated methyl aloohol protonated ethyl alcohol protonated scetic add
pK;=-25 pK=-24 pK,—-6.1

Motice that it is the doubly bondad oxygen of the carboxylic acid that is protonated (meaning that
it acquires the proton). You will see why this is so when you read the Problem-Solving Stralegy on p. 68.
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YBpLdLouoc atouou

H BaolkotnTa €VOC ATOUOU e€apTtatal armo tov uBpLtdlopo tou.

AuéavouEVoU TOU ‘S’ XapaKTAPO LELWVETOL N BaoLkOTNTA

SL0TL 0 ‘s’ YapaKkTApaG oupPpPLKVWVEL TN oTolfada yUpw amo Tov upnRva

Me ta NAEKTPOVLA VOL CUYKPOATOUVTOL LOXUPOTEPO YUPW ATIO QLUTOV Kol
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Enaywylko ¢avouevo

Aebopévou evoc atopou pe dtaBgotpo (evyoc , opadec mou e€aokouv o€ auto —| amoduvapwvouy TNV NAEKTPOVLAKN)
TIUKVOTNTO O€ QUTO CUVETIWG HELWVOUV TN PaotkotnTd Tou. AVTIOETWE opddeg mou e€aokouv +1 evioxlouv tTnv
NAEKTPOVLOKI TIUKVOTNTOL O€ AUTO CUVETIWC TO KaBlotouv Baolkotepo.

F F F
o) F

) () NN EY PN

N N NH NH NH NH

H H 2 2 2 2

PKBH+ 11.1 8.5 10.6 9.19 7.45 5.4
~_NH
10.8



Dovopevo cuUVTOVIOCUOU — EAATTWON ThC BAoLKOTNTOC

Amines are the most commonly encountered organic bases. For most typical alkyl-
amines, pKgy+ is about 10 (e.g. eqn 6.26), but arylamines are much weaker (pKgi+=4.6
for aniline, eqn 6.27). This relationship is similar to the one between an alcohol and a
phenol (see eqns 6.16 and 6.17 in Sub-section 6.3.2) except that some degree of delocali-
zation is possible for the phenol as well as phenoxide.

NH, NHj*
Q/ + Hy0t ————= O/ + Hy0 (6.26)

cyclohexylamine (pKgy.=10)

HH2 HH3+
@/ \ Ho _._@/ ‘1o ©6:27)

aniline (pKps = 4.86) anilinium ion

Aniline is isoelectronic with phenoxide and the benzyl anion. The lone pair on the nitro-
gen of aniline is delocalized into the benzene ring as the resonance forms below show.
But this is not possible for the protonated form, the anilinium ion, so appreciable reso-
nance stabilization is lost upon protonation.

N-HE ':H::_ [:‘\ N'-HE ~ ;,“-l2 Ml.l2
:) - i — - i — - ——— O/
E,/ - -

Resonance stabilization of aniline
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Amines are often used as bases in synthetic reactions and, when a simple alkylamine
is not sufficiently basic, modified versions are available. The pKg+ values of acetamidine
and guanidine are 12.4 and 13.6, respectively, so they are quite strong as neutral bases
in spite of the hybridization of the nitrogen (sp? compared with sp? of the N in simple
alkylamines). The high basicity of these amines compared with the analogous imines is
atiributable to the extra resonance stabilization of their conjugate acids.

" i "
c c c
Me”  ~Me Me” “NH: H:N" ~NH.
an irmire an amiding guaniding
PRaw -B 124 13.6
+ +
8 = +
Me~" ~NH, Me”  “NH, HsN”™ ~ NHz HoN™ 7 NH, H,N® ~NH,

rasonancea of the comjugate acid of an amidine resonance of the conjugate acid of guanidine

If still stronger bases are needed for organic syntheses, anionic bases such as alkoxides
RO~ (pKy+—16) or amides R,N- (pKgy+— 35) have to be used.

)]
I/\,l DEN
N~ (1 5-diiazabicycio-
[t-i,ﬂ.ﬂhnn-ﬁ-enn}

pK g = 13.5)

"Fuj N

(1,B-diazabicyclo-
[5.4.0lundec-T-ena)
Py = 12.5)

Amidines used in organic
synthesis.

The conjugate acid of an
c-amino acid containing a

guanidine group:
N CO.H
N +
Hs F‘""z
HH&HH,
argining

(pk, 217, .04, 12.48)



Ertippon tou StaAutn o€ 0éeoBacLKEC avTidpAoelc - To eEloopponnNTIKO datvopeVo Tou (StaAutn) vepou

6.7.1 The levelling effect of water

We saw above that water is amphoteric. For example, it can accept a proton from HCI
to give H,O* or, in a different solution, it can donate a proton to NH, to give HO-. Only
a limited range of acids and bases can be used in an amphoteric solvent; in water, the
range is from acids with pK;s>--2 to bases with pKyy+<-16). This is because an acid

which is more acidic than the conjugate acid of the solvent is completely deprotonated
by the solvent, while a base which is more basic than the conjugate base of the solvent
becomes completely protonated by the solvent. In other words, the strongest acid and
base which can exist in a solvent are the conjugate acid and conjugate base of the sol-
vent, respectively. It follows that H,50, (pK,;=-3) and HCI (pK;=-7) cannot be distin-
guished as acids in water (pKg,+=—1.7); both dissociate completely in dilute aqueous
solution to give H,0*. This property of a solvent is called its levelling effect. So, if we

want to exploit the greater acidity of HCl compared with H,0O*, for example, we need
to use a solvent less basic than water. Ethanoic acid is a commonly used weakly basic
solvent and we can even use H,50, as an extremely weakly basic (and strongly acidic)
medium.

Correspondingly, in order to use bases stronger than OH-, e.g. NH, or H- as their
sodium salts which would simply deprotonate water to give NaOH, we need to use a sol-
vent less acidic than water. Liquid ammonia (pK,=35, bp=-33 °C), which is also appreci-
ably basic as we have already seen (pKy;+=9.25), or dimethyl sulfoxide (DMS0, pK,=33],
which is only weakly basic and a good solvent for organic compounds, are such solvents
used in organic synthesis.



OfcoBacIKEC AVTIOPAGELC OE UN-VSATIKA StaAvpoTa

Previously, we have been concerned mainly with acids and bases in aqueous solution
even though some aqueous pK; values have been estimated from results in other sol-
vents (because they cannot be measured in aqueous solution when water is either too
acidic or too basic). However, acids and bases are widely used, e.g. as catalysts, for
organic reactions in non-aqueous solvents, especially so-called polar aprotic solvents,
e.g. dimethyl sulfoxide. so measures of relative acidity (and basicity) in such solvents
are desirable.

Some pK; values in water and DMSO are compared in Table 6.1 where K, of acid AH
in solvent (5) is defined as K5 =[SH*][A"]/[AH] (eqn 6.28):

Kais)

AH + S SH* + A- (6.28)

We expect the K5 value of an acid to depend on the basicity of the solvent S because
the acid donates a proton to the solvent in its dissociation (see Sub-section 6.7.1).
However, water and DMSO are similarly basic (pKgy+ values —1.7 and —1.5, respectively,
in water) and vet we find interesting differences. The most distinctive feature in the
data of Table 6.1 is that the neutral acids (HC] and MeCO,H) are much less dissociated
(larger pK; values) in DMSO than in water whereas cationic acids (NH," and Et,NH?) are
similarly dissociated (similar pK; values) in these two solvents. This is because dissocia-
tion of the neutral acids results in charge separation (eqn 6.28), while dissociation of the
cations does not (eqn 6.29), and solvents exert a strong effect upon acid-base behaviour
only when proton transfer changes the ionic states of the compounds involved. The
charge-separated state is more stable in a more polar solvent, so neutral acids dissociate
more readily in water than in a less polar solvent.

Kas)
BH* + § __—™ SH* + B (6.29)

In addition to a general medium effect, specific solvation of H,O* and of anionic conju-
gate bases, e.g. Cl-, by hydrogen bonding is much more effective in water than in DMSO
(Figure 6.5).

pK, values of some acids in H,0 and DMS0

DMSO
MeCO,H 4.76 12.6
NH4* 0.24 10.5
Et;NH* 10.75 9.0



Inorganic Compounds Organic Compounds

H.0 15.74 Carboxylic acids Alcohols Conjugate acids of
Hy0" - miscellaneous organic
HI _10* HOD,H 3.75 CH,OH 15.5
compounds
HBr —ag* CH,C0H 4.76 CHyCH,0H 15.9
e o [CH3);CC0,H 5.03 (CH4)CHOH 17.1 CH50H, _2.05
HF 3.17 HOCH,CO,H 3.46 (CH,),COH 19.2
Hlo, —10* CF;00;H —0.6 HOCH,CH,0H 15.4 u:miﬁu -2.48
H,50, —3* H NCHCO,H 2.35 CFyCH,0H 12.4 s
HSO 1.5 [H::[HED;H 4.25 |:[F]:|3[HDH 0.3 “:HB]:EEH 699
HNO, 164 CeH-00-H 4.20 (CF5),COH 5.1 *QH
I
HNO, 3.29 P-NO,C5HLC0H 44 CH,CCH, -3.06
PO, 197 HO,CCH,CO,H 2.85 ‘oH
0,CCH O — Phenols i
H PO, 6.82 ! ' CH;COMe -390
HPOF 123 Sulfonic acids o o hig
H,C0, 637 P-NO,CH O (R CH,CHMe, 0N
4-(NO,),CH,0H 41
HCO5 10.33 CHS04H 2.8 24D, CH, *OH
2,4,6-{NO),C.H,0H 0.3 Il
HOOH 11.6 CH,S0-H 1.9 CH,SCH, 154
H,S 7.0 CF;50,H -5.5 .:P
NH; 9.24 CH;—N, -1+
HONHS 6.0 Hydroperoxy compounds Thiols and thioacids oH
HZNNHS 8.07 cH, 00 a2 CHSH 033 PhoC=NHCH,CH,CHy,  7°
NH; 35* CH,0O0H 11.5 CH:SH .51 cH —ﬂ=l-:l—H 10%
(CH3);CO0H 128 CH,ClO)SH 3.43 BT

CH,O5)SH 257



Amines and amides

(Me;CH),NH 3gk
CgHMH; 27.7
CH,CONH, 15.1

Ammonium ions

CHMHS 10.64
[CHa J2NHz 10.73
(CGH)yNH* 10.75
(CH ) NH* 0.75
CeHzNH3 460
p-NO;CHNH 0.99
2,4-[ND, ); CHNH; —-4.31
2,4.6-[NO, 5 CHNH; -10.04

CﬁHz 11.30

NH3 11.12

NH 8.4

L

1.0

QOO

N - NH 8.4
./ (DABCO)

H:N  NH;

40

Ohe

6.99

5.25

124

13.5*

12.5*

13.6

12.1

163

Carbon acids

2.1
25*
44
I
43
9*

16

19.3

25.6

g.84

10.7

133

289

10.2

n*

33*
24*%



H pK,10
<o
N NH;

the major form of histamine
at physiological pH (7.4)

b

histamine

2

Development of Tegamet (a histamine H, receptor antagonist)

pk, 14.5

<\: j]\/\/ H\I/ NH,

Py
)

NH,
the guanidine analogue: the extra carbon in
the chain increased the efficacy of the drug

H. _R N,n
]
j]@ _— JI\ +H
HaN=" " NH; H;N NH,

substituted guanidinium ion substituted guanidine

pk,s of substituted guanidinium ions

R H Ph
ok, 145 108

CHCO NH,CO MeD CN NO,
833 7.9 75 -04 0.9

Clearly, the cyano and nitro-substituted guanidines would not be protonated at all. These
were synthesized and found to be just as effective as metiamide but without the side-effects.
Of the two, the cyanoguanidine compound was slightly more effective and this was devel-
oped and named ‘cimetidine’.

H  me _CN
<\ L j‘ll\ the &ndév_asult
g Me cimetidine
N T N H - (Tagamet)

H
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o/ \s* & .0
N

u C—A - - Nu—C A

A

Znuewwote otL n ofutnta/Baockotnta agdopd o pia wooppornia SnAadn Eva Oepproduvapiko Gpatvopevo
H nupnvodidia adopd katda kavova (Vrtapxouv e§aPECELG) o€ pia Pn-avtiotpent aviidpaon SnAadn Eva KvnTiko pavopevo.

Aoyw avti¢ tng Stadopdc n Baoikotnta dev mapaAAnAiletal navra pe tTnv tupnvodiAia kot omtwe Oa e§nyrioouv e apyotepa...

Nucleophilicity: IF=Br=Cl-=F- R5-=RO-
Basicity: F-=Cl=Br=1I" RO-=R5



H avtibpaon S, — Newpetpkn npoiinoBeon / Metapatiko otadio

The transition state is the highest energy point I
on the reaction pathway. In the case of an S, - B
reaction it will be the point where the new = I
bond from the nucleophile is partially formed & . '
while the old bond to the leaving group is |'|1|':"=I*'[D:I'I-:;_ _—
partially broken. It will look something like this: — ,3.-; -g_"{:t'.;p;_{tﬁ;;ﬁ.;
Nl . 1% T
The dashed bonds in the transition state indicate N {f‘f}L}{ H_u--.’..'; - __I}E] - : + IG
partial bonds (the C—Nu bond is partly U H H HE b Nu é’*H
formed and the C—X bond partly broken) and the _ H
charges in brackets indicate substantial ransinon staie reaction coordinate

partial charges (about half a minus charge each in -
this case). Transition states are often shown
in square brackets and marked with the symbol #.

Another way to look at this situation is to consider
the orbitals. The nucleophile must have available empty ¢ orbital

lone-pair electrons (HOMO), which will interact o H of C—Xbond r H O E H
with the o* orbital of the C—X bond (LUMO). Nu @-_,_x; - Nuz - - )| — = Nu {
H / HAH \ H



Experimental Evidence for the Mechanism for an Sy2 Reaction Rate Determining Step (RDS)

We can learn a great deal about a reaction’s mechanism by studying its kinetics—the factors that To kaBopifov Tnv TaxvTnTa BApa =
affect the rate of the reaction. . B o ) To BAMAL TOU HNXAVIOHOU HE TO MEYOAUTEPO EVEPYELAKO KOOTOC
For example, the rate of the following nucleophilic substitution reaction depends on the concen-
trations of both reactants. H H #
b \ 5 s
CH;Br + HOT — CH,0H + Br H—O fli ------ Br:
H

» Doubling the concentration of the alkyl halide (CH;Br) doubles the rate of the reaction.
» Doubling the concentration of the nucleophile (HO ) doubles the rate of the reaction.
= Doubling the concentration of both reactants quadruples the rate of the reaction.

Because we know the relationship between the rate of the reaction and the concentration of the
reactants, we can write a rate law for the reaction:

rate = [alkyl halide || nucleophile

Potential energy ———

The proportionality sign (=) can be replaced by an equal sign and a proportionality constant (k).
This is a second-order reaction because its rate depends linearly on the concentration of each of u Hﬁ

the two reactants. o — LN
H_O\‘l'-/ _Br
rate = k [alkyl halide | nucleophile’ H/ H
. LA -
I::1he- rate cnnitant:} H—Q—C\, + :Br:
H

The rate law tells us which molecules are involved in the transition state of the rate-determining
step of the reaction. Thus, the rate law for this substitution reaction tells us that both the alkyl halide
and the nucleophile are involved in the rate-determining transition state.

The proportionality constant is called a rate constant. The magnitude of the rale constant for a

Reaction coordinate

particular reaction indicates how difficult it is for the reactants to overcome the energy barrier of the
reaction—that is, how hard it is to reach the transition state (Section 5.11).

the lower the energy barrier, the larger the rate constant o

Node

Hydroxide
— nucleophile —
attacks here

e

‘000 HEYAAUTEPO TO EVEPYELOLKO KOOTOG YLA TNV EMITELEN TOU
petafatikov otadiov, 1000 Bpadutepn kabiotatal n avtiépaon

HOMO of hydroxide LUMO of methyl bromide
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HO™
H{
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HO™

O ouluyeig Baoeig Loxupwv oEwv (pkK, < 1)

Mapdyovteg tov ennpeafouv tnv avtidpaon S,, — H Atoxwpouca opada

5

OUVLOTOUV KOAEG AMOXWPOUCEG OUASES

o/ \s*
N

5
C—A
N\,

RCHil —— RCH;OH

RCH:Br — RCH;0H

RCH.Cl — RCH0H

RCH,F —— RCH;0H

Er
or

@ .0
B—H A
.0
Nu-C A
relative rates  pK, valoes
of reaction of HX
30,000 -10
10,000 -9
200 -1
I 3.2

Strongest
acd

Acid

1—H

PK,

1

18.7

16

18

Most stable
base

Least stable

Conjugate base

- —— — — — — ———— - o - —— - - - " - - T S - o

©
[

8r

Best
jeaving
Qrows

Good
leaving
groups

Bad
leaving
groups

leaving
group



Mapayovteg ov ennpealouv tnv aviidpaon Sy, — NpocBacipotnta touv nAektpovidodpilov C
(2ZtEPIKOC CUVWOTIOUOC YUPW A0 TO NAEKTPOVIOPLAO KEVTPO)

acetone

RBr + Lil — RI + LiBr
Alkyl bromide  Lithium iodide Alkyl iodide Lithium bromide

the rates of nucleophilic substitution of a series of alkyl bromides differ by a factor of over 10°.

Increasing relative reactivity toward Sy2 substitution Increasing regigve rf_‘ft_l""“)' tﬂwarg;%Z substitution
(RBr + Lil in acetone, 25°C) (RBr + Lil in acetone, )

_— - — —-
%Bf >—Br N\, CH;Br %—\Br >_\B[_ \_\B %

unreactive 1 1,350 221,000 0.00002 0.036 0.8 l
e_»o
8, g P ¢
& @
¢ ’ ¢ : © © of ‘
2 22 2 ot w
¢
(CH.);CBr (CH,),CHBr CH.CH,Br CH.Br > ‘ " “
' B o

«

& % @ Neopentyl bromide
(1-Bromo-2.2-dimethylpropane)




Mapayovteg nmov ennpeafouv tnv avtidpaon Sy, — Apaoctikotnta NAektpoviodilou

Some actual data may help at this point. The rates of reaction of the following alkyl chiorides with Kl in acetone at
50 °C broadly illustrate the patterns of 5,2 reactivity we have just analysed. These are relztive rates with respect to
n-BuCl 2= a "typical primary halide”. You should not take too much notice of precise figures but rather observe the trends
and motice that the variations are quite lange—the full ange from 0.02 to 100,000 is eight powers of ten.

lf.'_tu““~|

4 Sy2 5]
/\/\(c} N MI + CI

Relative rates of substitution reactions of alkyl chlorides with the iodide ion

Alkyl chloride Relative rate Comments
AM\UAWKOG C
[N cl 79 allyl chloride accelerated Dy m comjugation in transition
State
| == = 200 benzyl chiorde a bit more reactive than allyl: benzene ring
= slightly better at w conjugation than isolated double bond
BevluAikog C
o o .
conjugation with carbonyl group much more effective than
- Cl 100,000 with simple alkene or benzene ring; these o-halo carbonyl
== p g ¥
| compounds are the most reactive of all
=

O, -lor ~ Hhor |*
Oy NG oR J\’) @
S N o "D
allyl bromide (-)Br -)Br

transition state stabilization of the transition state by
conjugation with the allylic = bond

Kata tnv npooBoAn evog (—/6-) mupnvodilou oe évav nAektpoviodio C (otn
LUMO/o* tou deopoUl C-X), au€avetal n NAEKTPOVIAKA TIUKVOTNTA OE QLUTOV.
‘Eva t cuotnua cuvdedepévo pe tov nAektpoviodiro C Bonba va Sdtoxeteutel
N av&avOEVN NAEKTPOVLOKN TIUKVOTNTA OTLC OTIRBASEC TOU TT CUCTAMATOG
(otnv m* ouykekplpEva) kot va otaBeporolnBel to petafatikd otddlo TG
Sno- TO PaLvopevo eival okOUa TILO EVTOVO OTAV TO €V AOYW T GUCTNHA €ival
ETUITAEOV KAl NAEKTPOPVNTLKO (0mwg to C=0) dnAadn pe akopa HeyaAUTepn
S1aBeon (LUMO/T* KpOTEPNC EVEPYELOG) VO altoppOoPrioeL e- TtukvOTNTA
oo TO YELTOVLIKO C.

_ two low-energy
orbitals of: empty orbitals ()
ar :_;_'.::; -'l_-';,d ?lr o of the Br
O T e C—Brbond  combine ’
't“qb,-"/ ________ .

L\ nucleophilic attack

occurs easily here

AUTO 10 POLVOUEVO Elval EMUTPOCOETO TOU EMAYWYLKOU TIOU £€QlOKEL O &+
avBpakag tou KapBovuliou otov Yeltoviko C-X. MNa mapadeyua, av avti yia
C=0 unipxe CF; cuvbedepevo oto C-X, n avtidbpaon Sev Ba Atav e§iocou
ypnyopn ot to CF; av kat e§aokel -1, b€ Slabetel m cuotnpa nou va Bonba
TIEPLOCOTEPO HE TOV TIOPATIAVW TPOTIO.



Mapayovteg nou ennpealouv tnv avtibpaon Sy, — Mowdtnta nupnvodlou avidpaoctnpiov

e

N
H'i “CH CHs &) “CH,

KaAutepo
S -
Mupnvodilo
© ) o
R—NH R-0O F
stronger base, weaker base,
better nucleophile poorer nucleophile
HO > H, O
CHyO > CH;OH
NH; > NH;
CH,CH,NH = CH;CH,NH,
0:
R—D 3 is more nucleophilic than RC—O:

Stronger base Weaker base
Conjugate acid is ROH:
pK, =16 pK,=5

cHs cF:
Yuluyég ogu C|)H2 (|3H2 Juluyég ogu

PK,=16  Og Og PK,=125

Conjugate acid is RCO,H:

AwaBsopotnta {elyoug nAeKTpoviwv
(Au€avel Tnv tupnvodia Kal Tn Baotkotnta)

®doprtio
(Au€avel Tnv tupnvodia Kal Tn Baoikotnta)

Evioxvon e- nukvatntag (+1 /+M)
(Auéavel tnv upnvodAia kat tn faotkotnta)

Juykpivovtag
ATOMA TNG
(L mepLodou
otov 1. I1.

JuyKpivovtag
OUOAOYEC
OMAdEC TOu
(dLou atopou



Mapayovteg nou ennpealouv tnv avtidpaon Sy, — ZTEPLKOG CUVWOTIONOG GTO IUPNVOdLAO

Nucleophilicity is much more affected by steric hindrance than is basicity (affinity for erp%Kr] arnatnon (OVKOS): zuv,provraq,
the small proton). For example, the t-butoxide ion is one of the most basic alkoxides, but Melwvel thv tupnvodAia OMOAOYEC OHABES

is a very poor nucleophile due to its steric bulk.

Basicity: CH,CH,O < (CH,),CO-
Nucleophilicity: CH.CH,O == (CH,),CO-
Steric bulk: small — large
Baolkotnta
H* H*

To MPpWTOVLO €ival ApEANTEOU OYKOU KOl ATOPEUTTOSLOTO.
Ot eTunA€ov aAKUAOMASEG evioxUouv TN Baockotnta tou N péow +l
Ko Sev mapepnodifouv tn cUAANYN TOU EEALPETIKA HLKPOU TTPWTOVIOU

(mapepunodiletal n mpoogyyion pe tov 6* C) ToU i6lou atopou

gH /\gH Lg/\ )\ONJ\
P 2 P P P OL emumAgov

KaAd mupnvodila Xpnotuomnolouvtal we BACELG, aAKUAOASEG eVioYUOUV
OXL w¢ MupnvodLAa Vv nupnvodia péow +l

oAAQ aTtO KATIOLO ONUELD

Kol ETIELTO AELTOUPYOUV

UTTOVOHLEUTIKA AOYyw TOU
Mupnvod\ia OTEPLKOU CUVWOTLOMOU

CBr QBr TIOU EL0GYOUV

@ % a a Anwon petagv
H.-H aAKUAOpAS WV
Euvoeital n mpooéyylon Avoxepaiveton n TPoogyyion

Tou upnvodLAov ToU TVpnNVOPLAoU



Mapayovteg mou ennpealouv tnv avtibpaon Sy, —

The larger ions have more diffuse electrons (higher polarizability) and are less strongly
solvated by hydrogen bonding. They also have HOMOs of higher energy which can over-
lap more effectively at greater distances with the LUMO of the electrophilic carbon lead-
ing to stronger orbital interactions in the transition structures.

Nucleophilicity: IF>Br>Cl->F- RS-=R0O- RSH > ROH
Basicity: F-=Clr=Br =1 RO-=RS
fsign ficant I::-:-n-:ir*g?

. A\ " :

» e >
C—X —_— C-——X
£ #
. Hy H H

transition state

MoAwoipotnta otofadwv nupnvodiiou

MNoAwolpotnta otolBadwv:
Auv&avel tnv mupnvodia

(AvTtlotpodwe yLo tn Bactkdtnta) ZuyKpivovtag

_ atoua tng dlag

opadag otov . M.
R,P >R;N

i "'\-\.
{Iittle bonding)

Hx ol

| 5

C—X — C-—X
| E
Hy H H

transition state

Ta nAektpovia 00€voug Tou aviovtog lwdiou Bpiokovtoatl o€ MOAU peyaAUtepn oTiBAda Kot LaKPUTEPQ OO TOV MUPRVO CUVETIWG CUYKPATOUVTAL XaAopd oo
QUTOV. AUTO KOOLoTA pLa TEToLa oTifada moAwaoin SnAadn eUMAaotn/eAACTIKY) HE TA NAEKTPOVLA VA ETATOT{OVTOL EUKOAOTEPQA IPOG & TLEPLOXEG.
‘Etol, otav pia moAwoiun otifada npooeyyilel Evav nAektpoviodiio avOpaka, Ta NAeKTpoOvIa EAKovToL Ko StaxEovtol EUKOAA MPo¢ autdv, aAAnAemdpwvtag He
(vepiZovrag tnv) o* (LUMO) tou deopol C-X pe anotéAeopa tn otadiakn anoBoAn tou X-. Ta avtiotowa nAektpovia c0£voug tou avidvtog ¢pBopiou Bpiokovtal
O€ TLOAU HLKPOTEPEG OTLPASECG KOl TOAU KOVTA GTOV TUPNVA CUVETIWG EAKOVTAL LOXUPA Kal SV StaxEovtal eUKOAa tpog AAAeG &6* mepLloxEg (AAAouUG MUPAVEG).



Mupnvodiiia vs Baowotnta - IKAnpd / padoka

Ma kaBe +/6* 1 —/ 6~ okedteite To Adyo Q/S omou Q 1o doptio Kal S n enidpavela otV onmoia PPLOKETAL KATAVEUNUEVO

Eva +/6* 1 —/ & mou elval evtomiopévo og oAU pLKPO Xwpo (peyaio Q/S) Ape otL eival okAnpo.
AvtiBeta, eva +/6* 1 —/ 6~ mou eival Steomappevo os peyaln emupavetla (Lkpo Q/S) Agpe OtL elval PoAaKO.

Mo mopadetypa eva aviov wdiou 17 1 1o 6~ evog (euyoug e- pwodopou oe pia pwaodivn R,P, eivat paraka Sott

Ta eV AOoyw —/ &6~ elval katavepnueva opolopopda os peyalec otolfadec (peyaAn emudavela = pkpo ninAiko Q/S). AvtiBeta
gva aviov pBopilou 1~ i to 6~ evoc levyouc e- ofuyovou oe pia aAkooAn ROH sival okAnpad S10tL ta ev Adoyw —/ 6~ elvail
OUYKEVTPWHEVA O€ TIOAU ULKPO Xwpo (Hikpn eridavela = peyaio ninAiko Q/S).

Avtiotouwa, to 6* atopo udpoyovou oto H-Cl elvat okAnpo (to &* evtomIlopevVo o€ AMELPOEAAXLOTO XWPO = peyaAo mnAiko Q/S)
evw 1o 6" VoG atopou avBpaka onwg oto CH,-Cl elval palako SLoTL sivat kaTtavenUEVO O HEYOAUTEPO ATOopo/emibaveLa

[eVIKA LOXUEL OTL T OKANPA —/ 6~ avtidpouv pe ta okKAnpa +/6* kot ta paAakd —/ 6~ avtidpouv pe ta paAoka +/6*

Mo mapadetypa, av oto okAnpo aviov udpoéediouv napouctaloviav eva H-Cl (okAnpo &*) kat eva CH;-Cl (pothako &%), to
ubpoéeidlo Ba avtidpovoe taxutepa pe to H-Cl evw to moAv peyohutepo/parakotepo/moAwaotpo I~ Ba emeleye to CH,-Cl.

Ta okAnpa —/ &~ ovumepiupEpovtol meplocotePo we Baoelc (avitidbpaon pe ta okAnpa H +/6% ) evw ta paiaka —/ 6~
OUMTIEPLDEPOVTAL TIEPLOOOTEPO WC MUPNVODIAA (avTLOpoUV KUpLlWwE e To PoAaKkoTEPA +/6* peyaAUTEpWV ATOpWY OTw o C).



Mapayovteg novu ennpealouv tnv avtidpaon Sy, — Enidpacn touv AtaAvtn

(a) Protic solvents (polar to weakly polar)

HyO (80) CH3OH (32) C;H;OH(25) HCOsH(58) CH3CO;H (6.2 H-II.'l.:-HHCH;,- (182)

water methanol ethanol methanoic acid ethanoic acid MN-methyl formamide
(formic acid) (acetc acid) (NMF)

(b) Polar aprotic solvents

0 0 0 E€atpeTikol
CH3-E-CH3 (21)  CH3CN (36) H-E-N{CH;.,]E (37) CHTQ-CH;,- (47) SLaAUTEG YL
propanone ethanenitrile N MN-dimethyl formamide  diimethyl sulfoxide avuﬁpaostq SN2

(acetone) (acetonitrile) (DMF) (DMS0O)

(c) Aprotic solvents (nonpolar to weakly polar)

CHs(CH5)sCHs (1.8)  CgHg (2.4) CHCl3(49)  (CyHg),O (4.9) Cu (7.5)

hexans benzene trichloromethane diethyl ether tetrahydrofuran
(chloroform) (THF)

Y TIc mapevOeoelg avaypadetal n SinAektplkry otabepa (€) Tou KABe StaAvtn (HETPO TTOALKOTNTOC)



Mapdyovteg tov ennpeafouv tnv avtidpaon Sy, — Enidépacn tov AtaAutn

Why, in a protic solvent, is the smallest atom the poorast nucleophile even though it is the strongest

base? How does a protic soivent make strong bases less nucleophilic ?

Protic solvents are hydrogen bond donors. Therefore, when a negatively charged species is placed
in a protic solvent, the solvent molecules amrange themselves with their partially positively charged
hydrogens pointing toward the negatively charped spacies. The interaction betwean the ion and the
dipole of the protic solvent is called an ion—dipole interaction.

YkAnpa—-/ & (RO-, F-, Cl-) ' - Malakd —/ 6= (RS, |7) Sev
3 i) OUVATTTOUV LoXUpoUG 800G
||

OUVATTTOUV
Loxupoug beopoug udpoyovou ; @ udpoydvou pe Ta okANpa H3* evog
e Ta okAnpa H3* evéc rﬁ;ﬂ:‘f&?&‘n‘d'mk MPWTKOU SLoAUTN. Altotéleopa
TIPWTLKOU SLOAUTN KaL £ToL "“ | w glval va pnv «ayKLoTpwvovTaL»
«maytdevovtay spdavidovrag arno to SLaAUTN Kal va epdavilouv
eAATTWHEVN SPACTIKOTNTO WG I'};I-digt?h auvénuevn 6paoTIKOTNTA WG
INTEraction ’ '
mupnvodLAa o€ aUToV

nupnvodLAa o€ AUTOV.

Because the solvent shields the nucleophile, at least one of the ion—dipole interactions must
be broken before the nucleophile can participate in an 5,2 reaction. Weak bases interact weakly
with protic solvents, whereas strong bases interact strongly because they are better at sharing their
electrons. It is easier, therafore, to break the ion—dipole interactions between an iodide 10n (a weak
base) and the solvent than between a fuoride ion (a stronger base) and the solvent. In a protic
solvent, therefore, an iodide ion, even though it is a weaker base, is a better nucleophile than a
fluoride won (Table 9.2).



Mapayovteg novu ennpealouv tnv avtidpaon Sy, — Enidpacn touv AtaAvtn

(the 5- is on the 5.urfa|:|=_j

) o ; of the molecule
Table 5.2 Relativa Nucleophilicity toward CHsl in Mathanol ) ’?" \
0"
CH;S” > I > 'C=N > CHy{0" > Br > NH; > CIm > F > CH,OH | o
H"EFHN_CHJ, I
. _ dici
| increasing nudeophilicity | - E‘:""E‘H
the &+ i not
vary accessible
An aprotic polar solvent does not have any hydrogens with partial positive charges to form N.N-dimethyl- dimethyl
. . . . | ) | . T formamids sulfoxide
ion—dipole interactions. The molecules of an aprotic polar solvent (such as DMF or DMS0) have a (DME) (DMS0)
partial negative charge on their surface that can solvate cations, but the partial positive charge is on
the inside of the molecule and, therefore, kess accessible to solvate anions. Thus, fluonde ionis a
eood nucleophile in DMSO and a poor nucleophile in waler. HE':H%:_,E'H;.,
I
G-
_ . . . . R W
The anion in such solvents is sometimes described as ‘naked » | CN- .-'iﬂ:l::”-_ Kt -_:§}=S‘:“a
and often very reactive as a nucleophile (and base); H-C I CH;
consequently, polar aprotic solvents are generally excellent for reactions IHI}:
of nucleophiles such as Sy, reactions. Brg
P N2 CHf "~ ™CH;

DMSO solvates a cation better |
than it solvates an anion J




2tepeoxnpeia avidpwviwv/mpoioviwv otnv avtidpaon Sy,

Br  NaoH
"’/H ethanol—

water Hda_

5‘;Br

R-(—)-2-Octanol

§-(+)-2-Bromooctane Transition state
2TNV Sy, AOYW TNG YEWHETPLKNG TtPoUTIO0e0NG yLa TNV emiteuén tou petaBatikov otadiou, 0To MPoiov
napatnpeital aviiotpodrn TNG oTEPEOXNUELOG TOU AVOpPAKA TTOU UTTECTN AVTLKATAOTOON.

the configuration of this
carbon has bean inverted
EH3—C>- Br + HO CHjs -nOH + Br
cis-1-bromo-4-methyloydohexane trans-4-methyloyclohexanol

Auto cupBaivel og KABE Sy, CUVETIWG av TipaypatononBouv 6Uo SLadOXLKEG avTLOPATELS Sy, OE Eva
UTIOOTPWHA B €XOUE CUVOALKA Slatripnon TS aPXLKNG oTEpEOXNUELOC

CI-IEEH:!\ _DE inversion f_-‘]- / CH2CHs inversion © H:']CHZ\

CH3" —Br- “CHa -+ cHs
H H ' H
( H)-2-bromobutane (5)-2-iodobutane (H)-butan-2-ol

overall retention
of configuration



Napadeiypata avidpdcewv S,

Alkoxide ion: The oxygen atom of a metal L K\ - L
alkoxide is nucleophilic and replaces the halogen RO:~ + TR=X: ROR" + X
of an alkyl halide. The product is an ether.

Alkoxide ion Alkyl halide Ether Halide ion
- isobutyl
W/\ONH N ~_-°of alcohol \[/\O/\\
Sodium isobutoxide Ethyl bromide Ethyl isobutyl ether (66%)
Carboxylate ion: An ester is formed when the :lﬁ): N :lﬁ):
negatively charged oxygen of a carboxylate T . - =
replaces the halogen of an alkyl halide. sl R sl E
Carboxylate Alkyl halide Ester Halide ion
ion
O O
Il acetone Il
CH3(CH 2)15CDK + CH3CH2| W CH3(CH 2)15(:0 CHQCH3
Potassium Ethyl iodide Ethyl octadecanoate
octadecanoate (95%)
Hydrogen sulfide ion: Using hydrogen sulfide as ™

!
— 1 —

a nucleophile permits the conversion of alkyl HST™ 4+ “R*X: ——— HSR + X
halides to thiols.

Hydrogen Alkyl halide Thiol Halide ion
sulfide ion
th I
KSH  + CH3(|3H{CH2)5CH3 — CH3<|2H(CH2}5CH3
Br SH
Potassium 2-Bromononane 2-Nonanethiol (74%)

hydrogen
sulfide



Napadeiypata avidpdcewv S,

Cyanide ion: The negatively charged carbon of
cyanide is the site of its nucleophilic character.
Cyanide reacts with alkyl halides to extend a
carbon chain by forming an alkyl cyanide or nitrile.

Azide ion: Sodium azide makes carbon-nitrogen
bonds by converting an alkyl halide to an alky/
azide.

lodide ion: Alkyl chlorides and bromides are
converted to alkyl iodides by treatment with
sodium iodide in acetone. Nal is soluble in
acetone, but the NaCl or NaBr that is formed is
not and crystallizes from the reaction mixture,
making the reaction irreversible.

N
NSC7 + *RAX: NSCR + X©
Cyanide Alkyl halide Alkyl Halide ion
ion cyanide
dimethyl
sulfoxide
NaCN - QCI O*CN
Sodium Cyclopentyl Cyclopentyl
cyanide chloride cyanide (70%)
I S \ ¥ oy L
N:N:N + R—?S: —_— N=N=NR + :?g:
Azide ion Alkyl halide Alkyl azide Halide ion
1-propanol
NaN N I N
3 i I water N3
Sodium azide Pentyl iodide Pentyl azide (52%)
N ) L
= 4+ TR=X: — R + X
lodide Alkyl chloride Alkyl iodide Chloride or
ion or bromide bromide ion
Nal + \( acetone \(
Br I
Sodium iodide 2-Bromopropane

2-lodopropane (63%)



Mn-doptiopéva nupnvodla oe avtldpaceLg Sy,

Ot apiveg, ol pwodiveg, ol BeldAec kal Ta couAdidla gival TTOAU KaAd
nupnvodAa kot avtdpoUv oAU aNOTEAECUATLKA OTLG Sy,. Otav éva
oubetepo upnNVOPLAo poodEpel LeLyog e o Eva NAEKTPOVIOPLAO
amoBallovtag tnv anmoxwpouoo opada X-, poptiletal BETIKA APA TO APXLKO
nipolov eival €va alag. Eav to mAéov Betikd popTtiopévo upnvodilo dpépel
TIPWTOVLO TOTE Unopel va anodoptiotel amofailovrtog Eva mpwtovio HY

Amoomartat ano 1o
Br—n to StaAutn

0 ) 0
fast Br l
Sy2 _H* -
. H e ]

Edv oto apyikd oxnuoatiopevo alag dev umapyxel n duvatotnta anoBoAng
EVOG 0ELVOU pwToVviou ToTe To TtPoiov TnG SN2 elval to dAag.

H-C H-C
\\ I/-'ai. \\+ - —
s+ CH3—[ — 'S—CH; :1:
H;C H;C

Dimethyl sulfide  Methyl iodide Trimethylsulfonium iodide

Other common examples of substitutions involving neutral nucleophiles include solvolysis
reactions—substitutions where the nucleophile is the solvent in which the reaction is
carried out. Solvolysis in water (hydrolysis) converts an alkyl halide to an alcohol.

RX + 2H,0 — ROH + H;07 + X~

Alkyl Water Alcohol Hydronium Halide
halide ion ion
N RIS 5 ‘e \ 20 .
0+ RAX: —= X7 4+ 0=R —2 O-R 4 H0
/ é, - /+ fast g
H H
Water Alky] halide Halide Alkoxonium Alcohol Hydronium ion
ion ion

Analogous reactions take place in other solvents that, like water, contain an —OH group.
Solvolysis in methanol (methanolysis) gives a methyl ether.

Ho H, ﬂ CH.OH = +
T r sl — 3u y—
0 + \‘R—X: o (X o+ D—R —_— ';0 R + CH;0H,;
/ L‘ . fast -
H;C H_;C H;C
Methanol Alkyl Halide Alkylmethyl- Alkyl methyl Methyl-
halide ion oxonium ion ether oxonium ion

Eneén ta H,0, ROH, ArOH, R-CO,H 6&v gival kaAd nupnvodila otnv ovdétepn Toug

Hopdn Kot oL Sy, AVTLOPACELG TOUG Eivat apyEG, XPNOLHOTIOLOUHE KUPLWG TA aVIOVTA TOUG.

O

(‘Br

B ——

OMe

KO'B 2.0
MeOH A» MeQ: K

(- 'BuOH)



Napatnpeiote 6tL ta KAAQ TUPNVOGLAa avTLSpouV AmeEVBELG KoL APYOTEPO ATIOTIPWTOVLWVETAL TO TTPOIGV TNG Sy, EVW T
urtodegotepa mMUPNVOPLAQ TIPETIEL TTPWTOL VAL AITOTIPWTOVLOO0UV ITPOKELUEVOU VOL OLVTLOPACEL TO AMTOTEAECHOTLKOTEPO AVLOV TOUG

ESw xpnotpomnoleital pia Baon yla va
KaAo mupnvodiro m.x RNH, - aneuBeiag avtidpaon Sy, Nu—H amonpwtoviwoel o Nu-H (m.x. H,0, ROH,
ArOH, R-CO,H) mpoKELUEVOU VOL OXNUATLOTEL
To KoAUTEPO Tupnvodilo Nu™.
H Bdon npémnet va €xeL edpAAAN

R—X Strong

Sn2
Deprotonation neyaAutepn pK,, (pKzy,) amo tnv pK,, Tou NuH.
@ ©
NlII—R X Nl?

Deprotonation

Mild
ESw xpnowuomoleital pia fma faon ywa va Base
QITOTIPWTOVIWOEL TO 6ELVO AAQG.
Anonpwtoviwon tou Nu-H Ba amnattovoe
TIOAU LoXupOtepn Baon.

R-X Avtibpaon Sy, He To aviov Nu~, oxt pe to NuH

Nu—R



Metatpornn tou udpofuliov (OH) Twv aAkooAwv o€ amoxwpovoa opada

Ol aAKOOAEG €lval EUPEWG SLABECLUES KOl OXETIKA PONVEC YLOL AUTO KAl ATOTEAOUV XPHOLUEC TIPWTEC UAEC /SOULKA UALKA OTNV OPYOVLKN)
ouvBeon. QOTO00 SEV AMOTEAOUV UTIOCTPWHATA Yo TNV Sy, SLOTL To aviov udpoéeldiou (OH) dev eival kaAr anoxwpouca opdda. Na va
onaoel 0 eopog C-0, Ba mpenetl to O va pPmopel va otaBepomnoLel EMapKwE TO apvnTIKO ¢popTio ou Ba armokTHoEL Katd TNV anoBoAr tou/
EKTOTILON TOU Ao €va upnvodLio nou tpocsPfalet tov C. MNa autod, 6To ATOHo 0§uyOvou piag aAKOOANG TPOCAPTOUE Hiat NAEKTPAPVNTLKH
opdda Tou va EAKEL e- Kal va oTaBgpOomOoLEL AMOTEAECUATIKOTEPA TO APVNTLKO doptio o€ auto. Etol To dtopo o§uyovou tng aAKoOANng
EVOWMOATWVETAL O€ o VEO opada Tou pmopel va amokormnel/anoxwprost amnod tov C. TEToleg opadeg ival ot cOUAPOVUAOUASEC

Methanesulfonic p-Toluenesulfonic Trifluoromethanesulfonic Conversion of alcohols (R-OH) to alkyl sulfonate esters with:
acid acid acid
MsOH TsOH TfOH Methanesulfonyl p-Toluenesulfonyl Trifluoromethanesulfonic
0) e} 0] chloride chloride anhydride
N - N1 PLON N PlON
O\§/O H O\S O H O\§ O H MsCI TsCl Tf,0
0\\$/CI 0\\§/CI 0\\;?/0\3//0
| |
pKa -2.6 pKa -2.8 pKa -6.0 CH; CF; CF;
CHs,
Strong acids
O o
. O E) O . .
Conjugate bases MsO TsO TfO™ are excellent leaving groups alkyl sulfonate esters are excellent substrates for Sy, reactions
S) &) &)
0\9/0 O\(I'I)/O O\?/O 0\9/0\ 0\9/0\ 0\9/0\
3 o3 3 —> 3 R R 3 R
CHj; CF3 CH, CF;

CHs CHs



2UvOeon aAkuAo GOUADOVIKWV ECTEPWV - UTTOCTPWHOTA VLA Sy, ATLO AAKOOAEG

Alkyl sulfonates are derivatives of sulfonic acids prepared by treating an alcohol
with the appropriate sulfonyl chloride, usually in the presence of pyridine.

O
.lf 'Ir-" '\.\
/2 N — | 7\
CH,CH,OH + H3C—g/ \ ?CI%CHE_{?HEDS—{{ \}—CH3
\ Ne—
O O
Ethanol p-Toluenesulfonyl Ethyl p-toluenesulfonate
chloride (72%)

Alkyl sulfonates resemble alkyl halides in their ability to undergo nucleophilic
substitution. Those used most frequently are the p-toluenesulfonates, commonly known
as tosylates and abbreviated as ROTs.

KCN
\ ethanol—water \
OTs CN

(3-Cyclopentenyl)methyl (4-Cyanomethyl)cyclo-
p-toluenesulfonate pentene (86%)

As shown in Table 6.6, alkyl tosylates undergo nucleophilic substitution at rates that are
even faster than those of the corresponding iodides. lodide is the weakest base and the
best leaving group among the halide anions. Similarly, sulfonate ions rank among the
least basic of the oxygen-containing leaving groups. The weaker the base, the better the
leaving group. Trifluoromethanesulfonate (triflate, CF:S0,07) is a much weaker base
than p-toluenesulfonate and is the best leaving group in the table.



Yrnootpwpata yia Sy, ano Xeipopopdeg aAKOOAE(

An advantage that sulfonates have over alkyl halides is that their preparation from
alcohols does not involve any of the bonds to carbon. The alcohol oxygen becomes the
oxygen that connects the alkyl group to the sulfonyl group. Thus, the stereochemical
configuration of a sulfonate is the same as that of the alcohol from which it was prepared.
If we wish to study the stereochemistry of nucleophilic substitution in an optically active
substrate, for example, we know that a tosylate will have the same configuration and the
same optical purity as the alcohol from which it was prepared.

NaN
Br OH p-toluenesulfonyl OTs DMS% [}13
- PBr3 \/\/\/k chloride R W\/k _— = \/\/\/\
NP U U N - -
eUTAEKETAL Sy, pymicne
—> TPOIOV UE (85)-(+)-2-Octanol (8)-(+)-1-Methylheptyl p-toluenesulfonate ZUY?ALKG Mia Sy, > ’
avtLoTpodn [a]Z +9.9° [ +7.9° TPOLOV Ue avuo}rpodm
NaNj otepeoynMUeiag (optically pure) (optically pure) TNG OTEPEOXNMELAG TNG
aPXLKNG AAKOOA
DMSO| Sy~ pXUKIG NS

The same cannot be said about reactions with alkyl halides. The conversion of optically

mpotov U'E, active 2-octanol to the corresponding halide does involve a bond to the chirality center,
avTLoTpodn and so the optical purity and absolute configuration of the alkyl halide need to be inde-
otepeoXnUEiag pendently established.
N3 .
DMSO
ZuvoAwka Avo SLaboxikéG Sy, > TsO

TPoLoV pe dlatripnon g

, ] , (15, 25, 55)-5-1sopropenyl-2- (1R, 25, 55)-5-Isopropenyl-2-
OTEPEOXNUELOG TNC OPXLKN G AAKOOANC

methylcyclohexyl p-toluenesulfonate methylcyclohexyl azide (76%)
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Avo miBava ocevapla ya tTnv anooAr tou Br
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CH2
|
H

V)
\SNZ

HZC

d

CH2

HZC)
-

C)
Br
/CH2
H,C
Nu-H

vs E,
Br Br
H Sy, H A\ $H2/h
L y A
E,’ E E,. 4H E,

Otav n anoxwpovca opdda eival oe mpwtotayn AvOpaka EVvoeital MEPLOCOTEPO

n Sy, yoti o avBpakag gival tpooBacipog oto mupnvodlo

Otav n anoxwpovoca opdda sival oe dsutepotayn avOpaka apxilel va euvoeitatl

ko n E, ylati o avBpakag yiveton Alyotepo npooBacipog oto upnvodiio

Otav n anoxwpouoa opdda eival o€ tpttotayn avopaka, AOyw Undapving

NPOGBactpotnTag Tov nupnvodLlov ce autov, givat adivato va cUpBEL Sy, kot
nopatnpeitot anokAslotika E2.

Fevikd, omou givat mBavi téco n Sy, 600 Kkat n E, ckAnpotepa (Baowotepa) f/kat
oykwdEotepa nupnvodila divouv av§nuéva nocootad E, (iowg kat amokAeLoTIKA)
EVW MIKPOTEPA Kol HalaKkOTepa Sivouv ePLOCOTEPO S, (lowg Ka AMOKAELGTIKA).



FewpeTpKA MPOUTIO0E0oN yia syn Kat anti AMOCTIACELC

new 1 bond made up of old
C—H o and C—X ¢" and o orbitals

~ £ ol X H
L — K — 9
.‘-||_‘||- H ,I_-||_"|."|' J‘;‘:’
.* -

i
hwo conformations with - - - - '
H and X coplanar ?
best arrangement bonds fully parallel possible but less good arrangement
X X H Hx
'\‘H g}: 1‘M‘J @:
. . H . - - . .
ant-periplanar  Mewman projection syn-penplanar Mewman projection
(staggered) of this conformation (eclipsed) of this conformation
|
HOY “y CH
= aCH
'l.'l.::‘:-‘:'.'_‘i_'::'“‘I :
wy X7




H avtiépaon E, — Mnxaviouog

Br
p— ' « bond breaking
partially t
CHy
CH;™ / CHy CH,
. new n bond
- . e
H «_H lorming partially / + H,0 + Br
H
o bond bfeaking -
partighy H
H
new o bpnd ' 2-methylpropene
e forming partially <
‘OH i s T _

2-bromo-2-methylpropane
O oXNHATIONOG KoL StdoTach OAWV TwWV EUNAEKOHEVWV SEGUWV yiveTan Tautoxpova. Ae oxnpatiletan Stakpitd 1 otov B-avOpaka otnv E, !
Base, OH™, uses its electron pair to attack a B-hydrogen on B-carbon, and starts to form a bond; at the same time, the B C-H sigma bond begins to move in to

become the n bond of a double bond, and meanwhile Br begins to depart by taking the bonding electrons with it. A transition state is formed in the reaction process
with partially breaking and partially forming bonds. At the completion of the reaction, the C=C double bond and H,O molecule are fully formed, with Br~ leaves

completely.

Since both the substrate (halide) and the base are involved in the single-step mechanism, E2 is the second order reaction.

Reaction Rate = k x [(CH3)3Br] x [OH] second-order reaction



H avtiépaon E, — TommtoeKAEKTIKOTNTA

in this instance — potassium t-butoxide — is an extremely bulky base, and the proton we
remove to form the Zaitsev product is on a tertiary carbon. As the oxygen from the base
draws nearer to this proton, a steric clash occurs. In essence the electron clouds around the
methyl groups are interacting with each other, and the repulsion between these clouds will
raise the energy of the transition state [remember — opposite charges attract, like charges
repel]. This will slow down the reaction.

Mast elimination reactions follow Zaitsev’s rule : you should expect that the *more
substituted™ alkene will be formed if at all possible. Like in the elimination reaction below, for
instance, we get 80% of the tetrasubstituted alkene [*Zaitsev™ — more substituted because
there are 4 carbons attached to the alkene] and 20% of the disubstituted Hofmann product

(= less substituted alkene)

HsC :Br: Na@ eOCH:, H;C . CH; HiC CH, Why the reversal?
HI“'CH; B > < :’ N\ @
HiC  CH, CH;0H HsC  CH, H4C CH, K ®
A CH
80% H,C ¢ : HiC CcH; © CH,

HCQ 3 9—{~cH, C

| - P0
Zaitsev product Hofmann product H _H ) CH s H< - CH,
O 1 : He NI NG ew,
e ‘H' i "HH steric clash! Bry) H
: %)
For instance, instead of using sodium methoxide, (NaOCHs) if you use the base s . . )
. . i Zaitsev" mechanism Hofmann mechanism
NaOC(CHz)s [or KOC(CH4)3, changing sedium for potassium doesn’t really matter here] you (disfavored) (1avored)
end up with an interesting reversal of products! the bulky base has

severe sleric interactions
with the substrate, r'ncreasfng
the energy of the transition

Changing the base can change the product distribution .
‘ state (and lowering the yield

‘Br: H,C  CH, '

HsC Br LS (CHy) HiC  CH, ' : ) of Zaitsev product)
/ 3 N _/
”':Hg b .r" > \1_

HiC  CH, (CH;3);COH H,C CH, H,C CH; /\

Zaitsev product Hofmann product



Relative Reactivities in an E2 Reaction Enippor| oTepLkic amaitnong tne Baonc

Because elimination from a tertiary alkyl halide typically leads to a more substituted alkene than does Table 9.4 Effact of tha Steric Properties of the Base on the Distribution of Products

elimination from a secondary alkyl hahde. and because elimination from a secondary alkyl halide in an E2 Reaction
penerally leads to a more substituted alkene than does elimination from a primary alkyl halide, the
relative reactivities of alkyl halides in an E2 reaction are: £ i .
] A S - CHiCH—CCH; + ROT — CH;C—CCH3; +  CHiCHC—CH;
ralative reactivities of alkyl halides in an E2 reaction | | |
CH; Br CHj3 CHjy
tertiary alkyl halide > secondary alkyl halide = primary alkyl halide
Base More stable alkene Liess stable alkene
RCH I'El'ﬁ'. RCH;CHR RCHCH;Br CH,CH,O T 2
Br Br H
l l l CHJ.?:F 1% 3%
R
Y CH;
RCH=CR || RCH=CHR RCH==CHj;
— Hs
| 3 alkyl substituents {2 alkyl substituents 1 alkyl substituant CH OO 195 g%
CH;CH;
CHiCH;3
CH3CH (O™ 8% 2%
Emppon anoxwpouoag opadag CHyCHz

Table 9.5 Products Obtained From the E2 Reaction of CH30™ and 2-Halohaxanes 000 QUEAVETAL N OTEPLKT amaiTnon TC BAONC TG0 Bt KATEUBUVETAL

TPOG TO TILo TTPOoPActpo mpwtovio divovtag to Hofmann mpoiov

_ MNeploootepo
CHyCHCHyCH,CH,CH; + CHy{)" —— CHyCH=-CHCHCH,CH; + CH,=CHCH,;CH,CH;CH; Ayotepo POGRACLO
{mitcture of £ and I} TpooPacipo TIPWTOVLO
_________________________ - — . N OWTS CHj
. . . pWTIOVIO  OR /‘\
Leaving group Conjugate acid pK, More stable product Less stable product “0—C—CH
CH3CH20_ /—\ Hb 3
r= HI -0 Bl 1% Unhindered v ﬂ CH; Hindered
X =Br HEr 9 72% 5% base H, " HE base
X=Cl HCl -7 67% 3% (EtONa) ¥ - (1-BuOK)

X=F HF 3.2 30 T0%

QG




Limitations of Zaitsev's Rule

You must be careful when using Zaitsev's rule. Keap in mind that the major product of an E2 reac-

tion is generally the more stable alkene, and Zaitsev's rule 1s just a shortcut to determing whach of

the possible alkene products is the more substituted alkene. The more substituted alkene, however,

15 not always the more stable alkene, and in such cases, Zaitsev's mile cannot be used to predict the  Zaitsev's rule leads to

maju]- Frﬂd“fl. the more substituted alkene.
For example, in each of the following reactions, the major product is the alkene with

conjugidted double bonds because it is the more stable alkene, even though it is not the more
substituted alkene.

conjugatead 7
double bonds

Hsz Hs CHsx
CHaO"
CHy=—=CHCH;CHCHCH; iﬂ- CHy=CHCH=—CHCHCH: + CH;=CHCH;CH=CCH; + CH;OH + CI”
.,l:] conjugated diene isolated diene
major product minor product
conjugated
double bonds
THJ CHjy CHj
CH30" Y l }
E‘H;}lZ'HEHEH3 —_— CH=-CHCHCH; + CHCH=CCH; + CH:OH + Br
Br the double bond is the double bond is
conjugated with the not conjugated with the
benzens ring benzene ring
majpor product mimor product

Bredt’s rule: Mia avtibpaon anoonaong

Sev unopet va dwoel SmAS6 Seouod otov
___@_ OT[OLIO ou uusrs’xst anpaKaq védupag
(EKTOG KaL AUTOG TIEPLEXETOL OF
bicyclo[2.2.1]hept-1(2)-ene bicyclo[2.2.1)hept-2-ene Saxtuliouc dvw Tou OKTAPENOUC).



H avtibpaon E, — AlooTEPEOEKAEKTIKOTNTA

E2 eliminations therefore take place preferentially from the anti-periplanar conformation.
We shall see shortly how we know this to be the case, but first we consider an E2 elimination
that gives mainly one of two possible stereoisomers. 2-Bromobutane has two conformations
with H and Br anti-periplanar, but the one that is less hindered leads to more of the product,
and the E alkene predominates.

NaOE major minor plus 199%
d
81% but-2-ene

H and Br must be anti-periplanar for E2 elimination:
two possible conformations

Br
- Me., I'I.le H
e e
ME! H>~"Me
H major
minor two meth'_-.rl groups two methyl groups anti-

gauche—maore hindered periplanar—less hindered

There is a choice of protons to be eliminated—the stereochemistry of the product results
from which proton is anti-periplanar to the leaving group when the reaction takes place, and
the reaction is stereoselective as a result.
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this diastereoisomer --- - eliminates to give
this alkene (E)
Me
pp NaOH e
Ph ' >=\
Me Ph
Br
redraw i
¥
Me_ r
Phme—t——fmupPh Br
Me f\‘[’x Ph
H H
L% Ph+"H
HO Y H
only this proton can | H and Br must be
be attacked by HO anti-periplanar

this diastereoisomer - - - - = elimnates to give
this alkene (£
Ii'le
i Ph NHDH
Ph/\‘/
Br
redraw : slower: gauche
Ph—Ph interactions in
1\""E-r reactive conformation
M M- mmPh Br
L
H H Ph ﬁihﬂe
h Ph"H
HO 1 H
only this proton can | H and Br must be
be attacked by HO anti-periplanar




H avtidépaon E, o€ KUKAWKA cucThpoTa

g@nﬁ
ZC"_::’;T“ X rin ;ﬂ-&_ rSIon '\‘.::‘jliD @
»
X

equatonal X s anti-penplanar

only to C—C bonds . A
and cannot be eliminated by an axial X is anti-periplanar to C—H bonds,
E2 mechanism so0 E2 elimination is possible

@ For EZ elimination in cyclohexanes, both C-H and C-X must be axial.

i Tt
Me Dy "
%ﬁ- lfr’\_ — Cﬁ Hofmann product

HH Fe methyl hydrogen H

\{*bn anti-periplanar to Cl methyl hydrogens
two ring hydrogens ring hydrogens more RO less hindered: this
anti-periplanar to Cl hindered: no reaction product formed

Ta B-mpwtovia oto SaktuAlo givat oAU Aydtepo pooBacia otn Baon.
Noapatnpeital andonaocn evog arno ta EE0KUKAKA B-pwtovia tou peBUAiou — tepLocoTtepo NpooBactipa
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eliminaticn of diasterecisomer & elimination of diasterecisomer B
CHs CHs CH; CH;
—_—
F 3 &
—\ cl —\
ratio of 1:3
conformation of diasterecisomer A . . conformation of diasterecisomer B
two anti-periplanar C—H , o
Mo C—H bonds anti- bonds: either can eliminate Mo C—H bonds anti- one anti-periplanar
periplanar to the C—Cl to give different products periplanar to the C—CI C—H bond: single
band: no elimination bond: no elimination alkene formed
POEt Me
Me ring ring Cl

IMVErsion H

M INVersion
[

< "
cl disfavoured: Et

disfavoured; axial -Pr tavoured; equatonal ~Pr favoured; equatornal -Pr axial ~Pr




