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Chapter 5

Acids and Bases
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. What are Arrhenius acids and bases?

. What are Br@nsted-Lowry acids and bases?

. How do we measure the strength of an acid or base?

. How do we determine the position of equilibrium in an Acid-base reaction?
. What are the relationships between acidity and molecular structure?

. What are Lewis acids and bases?

. What are electrophiles and nucleophiles ?

. How do we judge the strength of electrophiles and nucleophiles ?

. How to classify the organic reactions?
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Which is more acidic, lemon or vinegar?
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The development of acid-base theory
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* 7FA4LT 1 Arrhenius acids and bases

Arrhenius acid: A substance that dissolves in water to produce H* ions.

Arrhenius base: A substance that dissolves in water to produce OH- ions.

The definitions were put forward by Svante Arrhenius (1859-1927) in
1884; Nobel Prize in Chemistry 1903.

In nonagueous solution, what are acids and bases?

In agueous solution:

H* ion does not exist in water.

H*(aq) + H,0(l) — H30" (aq)
Hydronium ion
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In 1923, the Danish chemist Johannes Brgnsted and the English chemist
Thomas Lowry independently proposed the definitions.

An acid is a molecule which can provide a proton.

A base is a molecule which can accept that proton.

H,O: + NH; IOH- + NH,*

An acid-base reaction is a proton-transfer reaction.

oy s INSH —»0H + NH,
o \ o0

| H
H

Water loses a proton and is an acid. Ammonia accepts that
proton and is the base.
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& Bronsted—Lowry [&EFit

> B BERRFHIBFHEF (HA)
> fH: BEESRFHSFEEF (A)

T =

BS ffk FLA7BlR TL4EES
> [RFERIRRYRES AT LA p KaR K INE1TELER :
v pKaiEX, MIERTEEEES v pKais, NIEZEiikis

B EMHREEAREMC-H, O-H, N-H, S-H, P-HE{LFR, RIBERFERIECHTLARN LM
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HCI (aq) + H,O () —> CI'(aq) + H;0" (aq)

(Conjugate (Conjugate

(Acid) (Base) base of HCI) acid of H,0)

When an acid transfers a proton to a base, the acid is converted to its

conjugate base.

When a base accepts a proton, the base is converted to its conjugate acid.

CH;COOH + NH; — CH,COO" + NH,*
(Acid) (Base) (Conjugate  (Conjugate
Proton donor Proton acceptorP@S€ 0f HAC)  acid of NH;)

The stronger the acid, the weaker is its conjugate base.
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____Acid || Conjugatebase

AN ° "
HCI -7 cr
H,SO, -5.2 HSO,
H,O* -1.74 H,0
H,PO, 2.1 ".PO~
CH,COOH 4.76 CH,COOr
H,CO, 6.36 HCOy
NH,* 9.24 NH;
CeHsOH 9.95 CeHsO"
L NH,* 9.24 NH; v
C,H-OH 15.9 C,H;0
enk NH, 38 NH, Strong

acids C,Hg o1 CHsCR, e
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A Brgnsted-Lowry acids is a molecule which contains an acidic hydrogen.

H—F: H—Cl  H—Br H—I
6- //O. H
// * H3C_C\oo H C_No
H3C_C\o. N—H 3 .\
0—H |!| H

LN H
4 O
H;C—O:

This Iis possible if hydrogen is attached to an electronegative atom
such as a halogen, oxygen, or nitrogen.
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A Brgnsted-Lowry bases is a molecule which can form a bond to a
proton, including negatively charged ions and neutral molecules
containing oxygen or nitrogen.

Pt - ]
wo—le . gt me—8 (V)
)
—/ H,C—C A
H3C —N: A H,C—C=C:
H
H C_}‘i/ CH3 ../H /H
’ ~H H,c—0 H;C—0 H—oO
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How do we measure the strength of an acid ? HA =—= A~ + H

> pH:BFHIT Xpondus hydrogeniitdfgs, HiFASRITE, SIRAMEXpHRIEERRIIKE
BRPRSEFRENEE.
pH = -lg [H*]

v pHEX, MESMESES v pHED, MERTE#ES

felig 2* Eh S
o |

thﬂ*uﬁﬁiE‘ﬁ = 3.88 pHHC|= 4 (C = 0.1 mM)

pH ZiREFIN, XEREFSESCIR LIRS A ERAYpHE
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©
HA=A+H@

VK, BIE—THERTEEY, URR—MEREEIE THIREN.

[H*]-[A]
[HA]
HF—LEEMEEISE, KalEaiSEl), REEREMLRERIEEES

K, =

pKaRIE R EEEH (Ka) WIRAXTE. BUEM/, BRMEE, R4t
FHIgE HthidisE, RiaABRziiE A ESEAVIEER.

pK, = -lg (Ka)

> RFERIRAYIRSS AT LA p KaRU K EITELER : v pkaithh, NETEESR

—
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* FFXALE 9 1 Acids Strength

A strong acid or strong base is one that ionized completely in agqueous
solution.

A weak acid or weak base is one that only partially ionized in agqueous
solution.

CH;COOH + H,0 ——=— CH;COO" + H;0*
pKa=4.76 pKa=-1.74
98.7%

H,CO; + OH ——=<—— HCO;3;" + H,0

pKa=6.36 pKa=15.7

In an acid-base reaction, the position of equilibrium always favors reaction

of the stronger acid and stronger base to form the weaker acid and weaker
base.
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What are the relationships between acidity and molecular structure?

1) Electronegativity

The more electronegative the atom, the more acidic the proton will be.

The greater the electronegativity of A, the greater the stability of
the anion A-, and the stronger the acid HA.

H,C-H H,N-H HO-H F-H
pKa 50 38 15.7 3.5
Electronegativity of A 2.5 3.0 3.5 4.0

in A-H

The more electronegative an atom is, the greater its ability to sustain

electron density around itself.
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Hydrofluoric acid has the most acidic proton since the hydrogen is

H—F attached to a strongly electronegative fluorine. Once the proton is lost,

the fluoride ion can stabilize the resulting

negative charge.

Acetic _acid is more acidic than methylamine but less acidic than
//0' hydrofluoric acid. This is because the electronegativity of oxygen lies
SN between that of a halogen and that of a nitrogen atom.
H

H3C_N/; Methylamine is a much weaker acid than hydrogen fluoride. The N-H‘

4 |bonds are less polarized, and the protons are less electron deficient.




@) 7FA4LT 2 1 Acids Strength

2) The inductive effect (F-SXR)

The inductive effect is the polarization of electron density transmitted
through covalent bonds by a nearby atom of higher electronegativity.
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This inductive effect will continue to be felt through the various bonds
of the structure. It will decrease through the bonds but it is still
significant enough to be felt at the negatively charged atom.
S586™ &6 S+ S-
CH; “—CHs“ CHz~CHy~ClI

B S MEOHRY R 5 12— 1 3R (IR R TE )
LS M <HRVE ] 5 |+ 1 W (R e TERD

| | |
—C—=X —C—H —C=—Y

- | + |
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FEHEULE Hammett o EHEFE

Hammet tE X FRBR /K P RVMRES, EHfE: XHAEE ( K , o-0, BREHEAEXREN L, EH—1EH o

—-N*Me, (FiaHE) 0.88 0.82 RRIREF, X -
-NO, (fHE) 0.710 0.778 3R -1 +38-C
—CN (F#) 0.674 0.536 SRR T

—-CF, (=3HRE) 0.562 0.711 -1, I5-C
—-SO,Me 0.502 0.540 GRS
—COMe (SEE) 0.445 0.500 -1 +-C

—COOH (¥&H) 0.467 0.459 1+-C

—CO2R (BEHE) 0.37 0.45 1+-C

—Cl (]) 0.427 0.227 -1>+C

-Br (i8) 0.373 0.227 1>+C

—1 (i) 0.321 0.140 1> +C

-F (&) 0.137 0.000 +C 5 -1 iIKiH
-H 0.000 0.000 i

—-Me (EBE) -0.069 -0.140 8§ +I

-OMe (FRFH) -0.115 -0.268 [B{SE -1, I +C
-OH (E#) -0.170 -0.357 [B{iZ -1, Rz +C
—NMe, (ZHREZHE) -0.16 -0.83 38 +C >> -|

RAREEHEFRS LHMAE, NXRFMEREG “WRETF / KEFEN" XD
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It SERERIER : BN =25 (V]
0O 0 0 0
F\)LOH Cl\)LOH Br\)LOH |\)J\OH
pKa 2.66 2.86 2.90 3.16
& HBAgHE, IRBFESWAEEE, NWESHiEE
0 o) O 0
Cl
F>HJ\OH g:%l\OH \HJ\OH CI\)J\OH
i Cl Cl
pka -0.25 0.65 1.29 2.86
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3) Resonance effect

CH,COOH + H,0 ———— CH,COO + H,0* pKa=4.76

CH,CH,0H + H,0 —=— CH,CH,O" + H,0* pKa=15.9

£ .
9 @
L @

s’

.-”
-

/ [ ]
H3C_C<

9:

The negative charge of the anion is delocalized; it is spread evenly
over the two oxygen atoms.
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2

The negative charge of the conjugate base is delocalized

BSRNHEY

[@A0-HiE, BRIEEAEmzX?

TURIRISE IR, BSIHkss
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4) Size and the delocalization of charge in A-
HF , HCI ,HBr ,HI ?

Bo: H((2.2)
F (4.0) Cl (3.0) Br (2.8) | (2.5)

The more stable the anion, the greater the acidity of the acid.
I->Br->Cl->F

The larger the volume over which the charge of an anion (or
cation) is delocalized, the greater the stability of the anion.

HF < HCI < HBr < HI
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2

BRUEY
H H H
S I T BERLSRTRENERE?
pAka 56 48 25
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I SYIESIERIESR : BRFRN—HHE R

COOH COOH COOH COOH COOH
4.4 4.34 4.2

¢ SREFIEHN, IBEEPREFREE, NELEREE
¢ R FIEHRN, FELEPRBFZEE, NEREEE

CHO

pka 3.70

COOH

NO,
3.44

26
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0d

[EE%3: BTSSR

@

BT MIBZISSRYIREHESY

OH OH OH OH OH
OMe N Cl H CF3
A B C D E

& [ FHYERE: B>A>C ¢ IFEREFESIER: C
SRlIEHEF=EE: B>A>D>C>E

EStE3EZIs5: E>C>D>A>B

& IR FIYE(ER: E
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RMIMC S MBS IERIEIER : SR

CH, CH,
H3C—OH HsC” ~OH H3C)\OH H3C_|_OH
CH,
pka 16 17 18 19
EZRIIEARIRRO B KiaRE, HIRiRiSEEE, NESROIES Eikis
/O\
/O\ / /O\ H/O\H H/O\H
Y o LN HsG, CHs
\\ @,H, \H \\ I' 3 !
HsC-0>" /_O‘C:)___H,O\H >—QC:)---H’O‘H H,c—-09- -,
§ \H‘o HC A H3C \H CH,
1O 1 Ao 0
|
H H
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RIS PETERIEE

OH
[ :[ .OH

O
pka 2.81

ol T

29
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Bttt amEg EEduEn LAREEE Y
O O O SO,CF3
O )]\CHs MsC=NO2 )L(I—:Iz)j\ F3COZS)TSI_(I)2CF3
pAka 56 20 10.2 9 <-5
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The basicity of neutral molecules can be explained by comparing
the stability of their positively charged conjugate acids.

Amines are more basic than alcohols since nitrogen is less
electronegative than oxygen and more capable of stabilizing a
positive charge.

Alkyl halides are extremely weak bases because the resulting
cations are poorly stabilized by a strongly electronegative
halogenatom.

Ammonia pKa =33 Ethylamine pKa =40 actamide pKa = 15

=+

R +
(NH, NH, NH; NH,

Phenylamine pKa = 15 Ej e ©)<_>© <—>—©
=7 N
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The basicity of negatively charged compounds depends on

the electronegativity of the atoms bearing the negative
charge.

Electronegative atoms prefer to have a negative charge rather
than a positive charge.

Solvation affects basic strength.

H\b/H
: 4
-0 H
| ,H ~H N /
RNH-Q: o RN H | RyNEH----Q:
| N\H \H"" \H
H ‘/O,—H
H



(&) FFXALE 3 What are Lewis acids and bases?

Lewis acid Is a species that can form a new covalent bond by accepting

a pair of electrons.

Lewis base Is a species that can form a new covalent bond by donating

a pair of electrons.

H

!, f/_\ .. .
HC—OH + HC—N—H —==H,C—0: + H;C—N—H

H H H H

Lewis acid Lewis base

T _—
H3c—<'|5;/;\‘|-|—\:§|: ——= H3C—O0—H + :CI
H H

Lewis base Lewis acid



(@) 7FA4LT 3 What are Lewis acids and bases?

N o

. |

H?,c—c+|;—CH3 + H—Q—H ——> H;C—C—CH,
H H

Lewis acid Lewis base An oxonium ion

Lewis bases are ions or neutral molecules containing an atom with
a lone pair of electrons.

Lewis acids are ions or electron deficient molecules with an
unfilled valence shell.

BFE;and AICI; are examples of Lewis acids.

Many transition metal compounds can also act as Lewis acids (e.g.
TiCl, and SnCl,)
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Both Al and B are in Group 3A of the periodic table and have
three valence electrons in their outer shell. They means that
these elements can form three bonds.

TN S
R_cl): + BF; —> R—cl)—BF3
R R

Lewis base Lewis acid

Boron is surrounded by six electrons. However, boron’s valence
shell can accommodate eight electrons and so a fourth bond is
possible if the fourth group can provide both electrons for the
new bond.
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TN +

:E: + BF3 —>;i§_BF3

Lewis base Lewis acid

A Lewis base can be a negatively charged group or a neutral
molecule, as long as there is an atom present with a lone pair of
electrons (i.e. O, N, or a halogen.)

Therefore, all negatively charged ions and all functional groups
containing a nitrogen, oxygen, or halogen atom can act as Lewis
bases.

All the Brgnsted-Lowry bases discussed earlier can also be defined as
Lewis bases.
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H

A
R—C|3 X
H
ﬁ LT
AR {RALC- X2
R—X + Nu > R—Nu + X@

FZEUTRE: R FREaRFEE NI R
(F#%: SEEENKRFEF EHFER I IERT)
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R—X

Sz
=tz
R
FFEAZIAL

+ Nu == R=—Nu + X@

il BEEA
FZid# (Nucleophile) : BESSIRMHEBFARAN (FHEGRBEHIBMITEFAY)

RONa NaOH ROH H,O RCOOH
RSNa NaSCN RSH
NaCN ‘CH(COOCHs), Na C=CR
RNH. R,NH RsN NaN;
RPH, R,PH R,P P(OCHa)s

itz

=

E—XHRFHER (BEAREFESEINES)

BZEEB (Leaving Group) : HEIST
ENEXEEH: =, @R (FEiRE. YRFERIE) . R, BEESHERARENSS
= ( pseudohalide)

;

A
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Nucleophiles: Nucleophiles are electron-rich molecules and react with
electrophiles.

Nucleophilic center: The nucleophilic center of a nucleophile is the
specific atom or region of the molecule which is electron rich.

The easiest nucleophiles to identify are negatively charged ions with
lone pairs of electrons, but neutral molecules can also act as
nucleophiles if they contain electron-rich functional groups (e.g. an

amine).

The nucleophilic center or a neutral molecule is usually an atom with a
lone pair of electrons (e.g. nitrogen or oxygen), or multiple bond (e.g.
alkene, alkyne, aromatic ring).
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> R—RBNERFEAFEEZPON, sFBFZESHE—S, sl
. FRTERRGE,

R.,C >R,N">RO > F
> E—FoeE=RFEZET, FERIESRTERYEEET—2.
RO > HO > C,H.O > CH,COO > H,O

NH,” > NH,

The more electronegative the atom (e.g. F), the more tightly it holds on
to its electrons and the less available these electrons are for forming
new bonds (less nucleophilic).
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> FZAFINZEMEMRRR, aRWEEEROK, FERESESS.

CH,O" > CH,CH,O > (CH,) ,CO > (CH,) ,CO

» In aprotic solvents nucleophilic strengths more closely match
relatively basicity.

» In protic solvents, anions having large nucleophilic centers (atoms
lower down the periodic table) are less solvated and are stronger
nucleophiles.
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el RIS R—X +  Nu - R—Nu + X°
I T -

W'IE,E;'IE% R 1.36A 1.61A 1.95A 2.16 A | 2,6. — _ %; _

w0 @ O &L@ """ el L s

- B l : l 376 l-314 272 & =
kJ/mol * ‘ =

FFEEH), BHCERME
> IRIEFEFIEBENR, FRafRERME, BRCERIRRE: F->Cl- > Br-> I 4;1 #':- -
Bt SHBE SR, FILEMMEE, FZEEHFE: 1->Br >Cl->F ‘; @

> IHHERFIEEN, RSEHEFEEIE, AEFHMEEMHE -?AH

FizalESHE—: F>Cl >Br>F Tt

42
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In_protic solvents such as water or alcohol, the stronger nucleophiles are
those which have a large nucleophilic center, that is, an atom lower down
the periodic table (e.g. S- is more nucleophilic than O- but is less basic.)

RS> RO~

I=> Br->Cl~> F-

This Is because protic solvents can form hydrogen bonds to the anion.
The smaller the anion, the stronger the solvation and the more difficult it
Is for the anion to react as a nucleophile.
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Comparison of the Basicity of RO~ and RS~ and Their Nucleophilic
Reactivity in Protic Solvents

Basicity RO->RS-

Nucleophilicity ~ BF &l RS->RO-
JERFiBEH: RO->RS-
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In_protic solvents, the order of nucleophilicity of some common
anions is as follows:

SH> CN">I" >OH >N; > Br > CH,;CO, >ClI > F

When an organic solvent i1s used which is incapable of forming
hydrogen bonds to the anion (e.g. DMF or DMSO), the order of
nucleophilicity changes to more closely match that of basicity.

The order of nucleophilicity of the halides in DMSO:

F>ClI->Br >1I
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Electrophiles: Positively charged ions (cation), easily be identified as
electrophiles but neutral molecules can also act as electrophiles if they
contain certain types of functional groups (e.g. carbonyl groups or

alkyl halides)

Electrophilic center: The electrophilic center of an electrophile is the
specific atom or region of the molecule which is electron deficient.

H oy !
é /9\ =zC< Cx /(_E\
H/+\H H (I':I H H IC-I: H
o 1
I
/C\ DMF Me/S\Me DMSO
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The electrophilic strength of hydrogen atoms depends on the

electronegativity of the neighboring atom. N

X 3 5 & T
" 0: s+ N 5 SAI_ &
., 8t _h H—F e "
H/ H° H |!| i :g|/ \QI:

The hydrogen in ammonia is a very weak electrophilic center since the
anion formed is unstable. As a result, nitrogen anions are only formed
with very strong bases.

Molecules such as hydrogen fluoride or aluminum chloride prefer to
react as electrophiles.

This Is because the nucleophilic centers in both these molecules are
weak, whereas the electrophilic centers (H or Al) are strong.




£ ad D, h » A g7

‘H-\l " S .4

| { W v 2
N

\,\» ’V// XIAN NHAOTONG UNIVERSITY

Water is a molecule which can react equally well as
a nucleophile or as an electrophile.

H/O\H + NHy —>:0-H + H-NH,

Electrophile Nucleophile

/+.\

~0. + HY ——
H/ \H H H

Nucleophile  Electrophile

Water reacts as a nucleophile with a proton and as an
electrophile with an anion.
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C-H
nonpolar covalent

C-C

C-N polar covalent

N-H
O-H

polar covalent

C=0
C=N polar covalent

C=N

Neither carbon nor hydrogen is a nucleophilic
or electrophilic center.

The carbon atom can usually be ignored as an
electrophilic center.

Nitrogen and oxygen are strong nucleophilic
centers. Hydrogen is a weak electrophilic

center.

The O and N are nucleophilic centers and the
carbon is an electrophilic center.
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C-O

polar covalent

C-X

The oxygen atom is moderately nucleophilic
whereas the halogen atom iIs weakly
nucleophilic. The carbon atom is an electrophilic
center.

Hydrogen atoms attached to halogens are more
electrophilic than hydrogen atoms attached to

H-X polar covalent

oxygen. Hydrogen atoms attached to nitrogen
are very weakly electrophilic.
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Most organic reactions involve the reaction between a molecule which is

rich in electrons (nucleophiles) and a molecule which is deficient in

electrons (electrophiles).

Classification of reactions

B REE R IBSRET R R, B EIZRN ST
h3:

1) 9% > BHERM
H@—(T-I il = H;C e + oH

SUPZEREHENRMIWEEBERN, —RREN. RIRCUEE FHT
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2
CHy— cI: ¢
CH,

ZESFNRMNFHEBEMAT. RiERT. RIESIEE.
A7 HIEREXABEEHNEF, g

R,
3) | [

CH;

| == » CH,—C+

+ CI°

CH;

ik

IR,

WEEIMATES, IHRAYERZEH
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A mechanism describes how a reaction takes place by showing
what is happening to valence electrons during the formation and

breaking of bonds.

Curly arrows are used to show what happens to valence electrons
during the making and breaking of bonds.
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H*, Lit, Na*, K*, Mg?*, Ca?*, Al**, Fe?*, Cu?*, RX, ROTs, Cu™,
Cr3*, Fe3t, BF;, AI(CH,);, AICI;,  Zn?%*, B(CHj);, Ag*, RS*, Br™, I,
i SO, RCO*, CO,, SO, R,C", HO*, Br,, |, FE
HX (BETE RS R 77F) CeHs™

H,O, HO", F, CI-, AcO, PO,*,  PhNH,, C.H:N, RSH, R,S, RS, I,
w5047 ClOs, NOg, ROH, R,0, N3 Br,NO,,  SCN-, CN, R¢P,
* RO, NH,, RNH,, N,H, S0.2, N, C,H,, CeHe, R, H-
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