Acids and Bases 2—1
Chapter 2: Acids and Bases

¢ A comparison of Brensted—Lowry and Lewis acids and bases

Type Definition Structural feature

Examples
Brensted—Lowry acid proton donor a proton HCI, H,SO4, H>O,
2.1 CH;COOH, TsOH
Brensted—Lowry base proton acceptor a lone pair or a ; bond "OH, "OCHj3;, H™, "NH,,
2.1 CH,=CH,
Lewis acid (2.8) electron pair a proton, or an unfilled BF;, AICI;, HCI,
acceptor valence shell, or a partial CH;COOH, H,0
(+) charge
Lewis base (2.8) electron pair a lone pair or a  bond "OH, "OCH;, H', "NH,,
donor CH,=CH,

¢ Acid-base reactions

[1] A Brensted—Lowry acid donates a proton to a Bronsted—Lowry base (2.2).

2\ H
e e — T |

acid base
proton donor proton acceptor

conjugate base conjugate acid

[2] A Lewis base donates an electron pair to a Lewis acid (2.8).

CHg—C+ + :Br: CHy—C—Br:

CHs CHs,
Lewis acid Lewis base
electrophile nucleophile

Electron-rich species react with electron-poor ones.
* Nucleophiles react with electrophiles.

¢ Important facts

Definition: pK, = —log K,. The lower the pK,, the stronger the acid (2.3).

NH; versus H,O
pK, = 38 pK, =157
lower pK, = stronger acid



Chapter 22

* The stronger the acid, the weaker the conjugate base (2.3).

Increasing pK,

Increasing pK, of the conjugate acid

CHQZCHQ CchOOH HCI _
I~ H - H,=CH
pK, = 44 pK,=4.8 pKy=—7 ¢ CHicO0 CH=C
- . Increasing basicity
Increasing acidity
* In proton transfer reactions, equilibrium favors the weaker acid and weaker base (2.4).
H-C=CqH  + GNH, = H-C=C:  + :NH
PKa = 25 PK, = 38 Equilibrium favors
stronger acid T weaker acid —| the products.
| unequal equilibrium arrows
* An acid can be deprotonated by the conjugate base of any acid having a higher pK, (2.4).
Acid pK, Conjugate base
CH,COO-H 4.8 CH,COO™
CH,;CH,0O-H 16 CH,CH,O~ These bases
HC=CH 25 HC=C— can deprotonate
H-H 35 H- CH,COO-H.
higher pK,
than
CH,COO—H

¢ Factors that determine acidity (2.5)
[1] Element effects (2.5A) The acidity of H-A increases both across a row and down a column

of the periodic table.

Increasing electronegativity

Increasing acidity

H—F H—CI H—Br H—I

Increasing size

Increasing acidity
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The acidity of H-A increases with the presence of electron-

[2] Inductive effects (2.5B)
withdrawing groups in A.

CH,CH,OH CH3CH,O
weaker acid No additional electronegative
atoms stabilize the conjugate base.
~ FO H
& el
CF3CH,OH F~—C<—C=0
stronger acid l |
9 Fo- H

CF; withdraws electron density,
stabilizing the conjugate base.

The acidity of H-A increases when the conjugate base A:™ is

[3] Resonance effects (2.5C)
resonance stabilized.

CHyCH,0—H CHyCH,0:
ethanol ethoxide
conjugate base
only one Lewis structure
O: <v//o: :/o:
o= L= acetate .
acetic acid conjugate base
more acidic
two resonance structures

The acidity of H-A increases as the percent s-character of

[4] Hybridization effects
the A:™ increases.

(2.5D)
CH4CHs CHy=CH, H-C=C—H
ethane ethylene acetylene

pK, =50 pK, =44 pK; =25

Increasing acidity
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Chapter 2: Answers to Problems

2.1 Brensted—Lowry acids are proton donors and must contain a hydrogen atom.
Broensted—Lowry bases are proton acceptors and must have an available electron pair (either a
lone pair or a & bond).

a. HBr: NH; ccl,
acid acid not an acid—no H
b. CH3CH3 (CH3)sCO"  H-C=C-H
no lone pairs lone pairs
or T bonds on O
not a base base base—rx bonds 3
. ad
C. CH3CHzQH CH3CH2CHQCH3 CHS_C\
‘0OCH,3
not a base—no lone pairs
base—lone pairs on O or «t bonds base—lone pairs on O's, =t bond
acid—contains H atoms acid—contains H atoms acid—contains H atoms

2.2 A Brensted-Lowry base accepts a proton to form the conjugate acid. A Brensted—Lowry acid loses
a proton to form the conjugate base.

a.  NHg NH,* b. HBr ———— Br
Cl~ HCl HSO, 8042_
+
(CH3),C=0 (CHg),C=0H CH3OH CH30~

2.3 Use the definitions from Answer 2.2.

+ —
CH2=CH2 CH2_CH3 CH2=CH2 CH2:CH
ethylene accepts a proton loses a proton
conjugate acid conjugate base

2.4 The Bronsted—Lowry base accepts a proton to form the conjugate acid. The Brensted—Lowry acid
loses a proton to form the conjugate base. Use curved arrows to show the movement of electrons
(NOT protons). Re-draw the starting materials if necessary to clarify the electron movement.

a. H—-Cl: + HO P a— :(:D:IT +  HgO"
acid base conjugate base conjugate acid
b ony ~cH, + 0CHy = ohg CvGn, * CHOH

acid H base conjugate base conjugate acid
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2.5 To draw the products:
[1] Find the acid and base.
[2] Transfer a proton from the acid to the base.
[3] Check that the charges on each side of the arrows are balanced.

O: 0:
Y .- / .. )
a.  ClC-C_ . KTQ—CHs P — CISC—C< + HO—CHg (-)1 charge on each side

:0—H 07
acid base
b. H—CEC—I—T\iH? ~——= H-C=C: + H, (-)1 charge on each side
acid base
oo .. + .o
C. CHz—NH, + HZ_/QI: CH3—NH;  + :CI: net neutral on each side

base acid

CH30H2—'C.)+—H + "OSOzH net neutral on each side
|

d. CHiCH,—O-H + H1OSOH ===

. H
base acid
2.6 Draw the products in each reaction as in Answer 2.5.
3 . HCI + .
a. CHyOH CH3OH, + Cl .  (CHa)sN (CHg)sNH + Cl
g HCI +
b. (CH3CH2),0 HC (CH3CH,),0H + CIF d. CNH E)NH2 + CI-

2.7 The smaller the pKj,, the stronger the acid. The larger K, the stronger the acid.

OH CHs
a. CHeCH,CHs  or  CHaCH,OH b, O/ or O/
pK,=16

pK; =50
K,= 10710 Ka= 10741

smaller pK,

stronger acid
larger K,

stronger acid

2.8 To convert from K, to pK,, take (—) the log of the K,; pK, =-log K.
To convert pK, to K,, take the antilog of (—) the pK,.

a. K,=10"0  K,=102" K,=52x10° b. pK,=7 pKy=11 pK,=3.2

|

PKa=10  pKy=21 pKy =4.3 Ky,=107 K,=10"""K,=6.3x107*
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2.9  Since strong acids form weak conjugate bases, the basicity of conjugate bases increases with
increasing pK, of their acids. Find the pK, of each acid from Table 2.1 and then rank the acids in
order of increasing pK,. This will also be the order of increasing basicity of their conjugate

bases.
a. Increasing acidity b Increasing acidity
H20, NH3, CH4 HCECH, CH2=CH2, CH4
pK,= 15.7 38 50 pPK, = 25 44 50
conjugate bases: ~OH, "NH,, "CHj conjugate bases: ~C=CH, "CH=CH,, “CH4

Increasing basicity Increasing basicity

2.10  Use the definitions in Answer 2.9 to compare the acids. The smaller the pK,, the larger the K,
and the stronger the acid. When a stronger acid dissolves in water, the equilibrium lies farther to

the right.
HCO,H (CH3)3CCOLH
formic acid pivalic acid
PKa=3.8 pK,=5.0

a. smaller pK, = larger K, c. weaker acid = stronger conjugate base

b. smaller pK, = stronger acid
d. stronger acid = equilibrium farther to the right

2.11 To estimate the pK, of the indicated bond, find a similar bond in the pK, table (H bonded to the
same atom with the same hybridization).

a O—H—IH b <:>*O—1H c. BrCH COOlH
. . . 2

For NH3, pKj is 38. For CH3CH,OH, For CH3COOH, pK, is 4.8.
estimated pK, = 38 pK, is 16. estimated pK, =5
estimated pK, = 16

2.12 Label the acid and the base and then transfer a proton from the acid to the base. To determine if
the reaction will proceed as written, compare the pK, of the acid on the left with the conjugate
acid on the right. The equilibrium always favors the formation of the weaker acid and the

weaker base.

a. CHy=CH, + H: —= CH,=CH + Hy Equilibrium favors
acid base conjugate base  conjugate acid  the starting materials.
pK, = 44 pK, =35
weaker acid
b. CH, v OH O o HO: Equilibrium favors
acid base conjugate base  conjugate acid  the starting materials.
pK; =50 pK, =157
weaker acid
C. CH3COOH + CHsono : - CH30007 + CH3CH20H Equ”'br'um favors
acid base conjugate base  conjugate acid the products.
pK,=4.8 pK; =16

weaker acid
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d. :Cl:  + CH3CH,OH — HCI: +  CH3CH,O™ Equilibrium favors
N . o . N the starting materials.
base acid conjugate acid conjugate base
pK; =16 pKy=-7
weaker acid

2.13  An acid can be deprotonated by the conjugate base of any acid with a higher pK,.

CH3;COOH . .
pK, = 4.8 Acid PK, Conjugate base
Any base having a conjugate HCI =7 CI- not strong enough
acid with a pKj higher than HC=CH 25 HC=C-=
4.8 can deprotonate this acid. Ho 35 H- strong enough
HC=CH Acid pK,  Conjugate base
PK, =25 H, 35 H-
All of these acids have a higher pK;, NH, 38 “NH,
than HC=CH, and a conjugate CH,=CH, 44 CH,=CH-
base that can deprotonate HC=CH. CH,4 50 CH3~

2.14 An acid can be deprotonated by the conjugate base of any acid with a higher pK,.

CH3;CN
pK, =25 Base Conjugate acid  pK,
Any base having a conjugate N;\lacl-(l) Hglé _ 1%52 Only NaH and NaNH,
acid with a pK; higher than N§OH3 H203 15'7 are strong enough to
25 can deprotonate this acid. . deprotonate acetonitrile.
P NaNH, NH, 3g-— 1P
NaH003 H2003 6.4

2.15 The acidity of H-Z increases across a row and down a column of the periodic table.

a. NHj, H,O b. HBr, HCI c. H,S, HBr
O is farther to the right in Br is farther down Br is farther across and down
the periodic table. the periodic table. the periodic ta_ble.
stronger acid stronger acid stronger acid

2.16 Compare the most acidic protons in each compound to determine the stronger acid.

a. CH30H20H2NH2 or (CH3)3N b. CH3CH20CH3 or CH30H2CH20H
N-H bond C—H bond C—H bond O-H bond
N is farther to the right in O is farther to the right in
the periodic table. the periodic table.

stronger acid stronger acid
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2.17 Look at the element bonded to the acidic H and decide its acidity based on the periodic trends.
Farther right and down the periodic table is more acidic.

most acidic most acidic most acidic

a. CH3CH,CH,CH,OH b. HOCH,CH,CH,NH,
Molecule contains C—H
and O-H bonds.
O is farther right; therefore,
O-H hydrogen is the most acidic.

¢. (CHz)oNCH,CH,CHoNH,
Molecule contains C-H, Molecule contains C—H and N-H
N-H, and O-H bonds. bonds.

O is farthest right; therefore, N is farther right; therefore,

O-H hydrogen is the most acidic. N-H hydrogen is the most acidic.

2.18 The acidity of HA increases across the periodic table. Pseudoephedrine contains C—H, N—H, and
O-H bonds. The O—H bond is most acidic.

— H-0 'T'
N\
pseudoephedrine

2.19 More electronegative atoms stabilize the conjugate base, making the acid stronger.

Compare the electron-withdrawing groups on the acids below to decide which is a stronger acid
(more electronegative groups = more acidic).

a. CICH,COOH  or FCH,COOH c. CHsCOOH or  O,NCH,COOH
more acidic more acidic
F is more electronegative than Cl, making the . . . .
O-H bond in the acid on the right more acidic. NO; is electron withdrawing, making the
O-H bond in the acid on the
right more acidic.
b. CI,CHCH,OH or CI,CHCH,CH,OH
Clis closer Cl is farther from the
to the acidic O-H bond. O—-H bond.
more acidic
2.20 More electronegative groups stabilize the conjugate base, making the acid stronger.
HOCH,CO,H CH3CO,H
an o-hydroxy acid acetic acid
The extra OH group contains an electronegative
O, which stabilizes the conjugate base.
stronger acid
2.21

The acidity of an acid increases when the conjugate base is resonance stabilized. Compare the
conjugate bases of acetone and propane to explain why acetone is more acidic.

o base (E: :2: 2 resonance structures
PN PAAEN ALy more stable conjugate base
CHy™ CHs CHy™ CHa CHs™ "CHz " Acetone is more acidic.
acetone One resonance structure places the (—) charge on the
pKy=19.2

more electronegative O atom. This is especially good.
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base .
CH3CH,CH3 CH3CH,CH, only one Lewis structure
propane less stable con!ugate bas-e
pK, = 50 (Any C-H bond in the starting

material can be removed.)

2.22  The acidity of an acid increases when the conjugate base is resonance stabilized. Acetonitrile
has a resonance-stabilized conjugate base, which accounts for its acidity.

H H H
| base | | . The neqgati h is stabilized b
H—G—C=N: R A _C=C=N: gative charge is stabilized by
|l| H ,Q\jC N H=C=C=N delocalization on the C and N atoms.
acetonitrile

(one Lewis structure) Having the (-) charge on the electronegative N atom adds stability.

2.23 Increasing percent s-character makes an acid more acidic. Compare the percent s-character

of the carbon atoms in each of the C—H bonds in question. A stronger acid has a weaker
conjugate base.

H H
a. CHSCHZ—CECT—H or CHSCHQCHZ?HQ—H b. @& or OiH

sppybridized & sp° hybridized C sp? hybridized C | sp° hybridized C
0S¢ ?ra.:lcter 25% s-character 33% s-character | 25% s-character
base more acidic ~ base base

more acidic
base

CHsCH,~C=C:  or CH3CH,CH,CH, @.. QH
or
stronger

conjugate base
stronger

conjugate base

2.24 To compare the acids, first look for element effects. Then identify electron-withdrawing
groups, resonance, or hybridization differences.

a. CH3CH,CH4 CH3CH,NH, CH3;CH,OH c. (CH3)3N CH3CH,NH, CH3CH,0H
Cisfarthestleftin  intermediate O s farthestrightin ~ C s farthestleftin  intermediate O is farthest right in
the periodic table. acidity the periodic table. the periodic table. acidity the periodic table.

CH bon_d is OH bond is CH bond is OH bond is
least acidic. most acidic. least acidic. most acidic.

b. CH3CH,CH,OH CH3;CH,COOH BrCH,COOH

OH group intermediate  Bris electron withdrawing
least acidic acidity and the conjugate base

is resonance stabilized.
most acidic
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2.25 Look at the element bonded to the acidic H and decide its acidity based on the periodic trends.
Farther right and down the periodic table is more acidic.

most acidic

|

(0] -
t
oh most acidic

b. O O cooH  © “\“o NJ\
H

OH~—most acidic

THC ketoprofen propranolol
tetrahydrocannabinol The molecule contains C-H The molecule contains C-H,
The molecule contains C—H and O—H bonds. N-H, and O—H bonds.
and O—H bonds. O is farther right; therefore,

O is farthest right; therefore,
O-H hydrogen is the most
acidic.

O is farther right; therefore, O-H hydrogen is the most acidic.
O-H hydrogen is the most acidic.

2.26 Draw the products of proton transfer from the acid to the base.

a. (CHg),CHOZH + Na*H:™ == (CHg),CHO:Na* + H,
acid base conjugate base conjugate acid
2\ +
b. (CHz),CHO-H + HQSO3H ——=  (CHg),CHQH,  + HSO,~
base acid conjugate acid conjugate base

C. (CH3),CHOH + Li* "N[CH(CHa)sl

(CHg),CHOT Li*  + HN[CH(CHa),lo

acid base conjugate base conjugate acid
A +
d. (CH3),CHO-H + H—/\OCOCHs ——>  (CHg),CHOH, +  ~OCOCH;
base acid conjugate acid conjugate base
2.27 To cross a cell membrane, amphetamine must be in its neutral (not ionic) form.
C,:HS protonation ?HB deprotonation ?HS
. by HCl in n in the intestines .
N2 the stomach NHe NHz
amphetamine H ‘absorption here T
in the neutral form
2.28 Lewis bases are electron pair donors: they contain a lone pair or a 7 bond.
a. NHy b. CH3CH,CHj c. H: d. H—C=C—H
yes - has no - no lone pair yes - has yes - has
lone pair or t bond lone pair 2 it bonds
2.29

Lewis acids are electron pair acceptors. Most Lewis acids contain a proton or an unfilled
valence shell of electrons.

a. BBrg b. CH3CH-OH c. (CHg)sC* d. Br
yes yes yes no
unfilled valence shell contains a proton unfilled valence shell no proton
onB

onC no unfilled valence shell
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2.30 Label the Lewis acid and Lewis base and then draw the curved arrows.

new bond
T ") o N .
a. BF, + CHy-O-CH, F8'Gr b (CHJCH + O ——  (CH).CHGH
CH
Lewis acid Lewis base F ° Lewis acid Lewis base
unfilled valence shell lone pairs unfilled valence  lone pairs
on B on O shellon C on O

2.31 A Lewis acid is also called an electrophile. When a Lewis base reacts with an electrophile other
than a proton, it is called a nucleophile. Label the electrophile and nucleophile in the starting
materials and then draw the products.

Br

| _
- . /—\ CI-AI-ClI
Br—B—Br ‘0 O

. |
a. CHgCH,~O—CH,CHs + BBr3 — = CH.CH,—~O-CH,CH. b. + ACl; — I
bt 3 C 3C > O C o 3 CH3/ \CH3 3 e}

, o , Lewis acid 7N
Levxlns barlg.le: Lewis acid Lewis base electrophile CHg CHs
nucleophile _electrophile nucleophile | illed valence shell
lone pairs unfilled valence shell lone pairs Al
on O onB onO o

2.32  Draw the product of each reaction by using an electron pair of the Lewis base to form a new
bond to the Lewis acid.

e
Y CH;~B=CHj

a. CHyCH, "N —CH,CH;  +  B(CHgls —— CHyCH,~N™CH,CHj

CH,CHj3 CH,CHj,
Lewis base Lewis acid
nucleophile electrophile
lone pair unfilled valence shell
onN onB
GHs

— CH;—C—CH

b. CHyCH,~N—CH,CHs  + *C(CHg)s —>CH30H2—I}I+—CHQCH3

CH,CHs CH,CHj
Lewis base Lewis acid
nucleophile electrophile
lone pair unfilled valence shell
onN onC
CIJI
CI—PIxI:CI
C. CHyCHp~N—CHzCHy  + A, ——= oHson—rlf—CHon3
CHQCHg CHZCH3
Lewis base Lewis acid
nucleophile electrophile
lone pair unfilled valence shell

onN on Al
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2.33  Curved arrows begin at the Lewis base and point towards the Lewis acid.

new C—H bond
CHg H H CH
(. | > 1 | / 3 ..
CH2—C\ + H,O, _— H—(l:—C\+ + H0
H H H
Lewis base Lewis acid

contains a m bond contains a proton

2.34 To draw the conjugate acid of a Brensted—Lowry base, add a proton to the base.

+ +
- * § H . CHaCH,NH,CH
a. H,0: H , hot d. CHzCH,NHCH, 3CHNH,CH;
e H+ .. .. H+ lﬂ+
b. :NH, ——— NH,4 e. CH3OCH; CH3—0O—CHjg
— + _ H +
c. HCo; _H | H,co, f. CHyCOO CH3COOH

2.35 To draw the conjugate base of a Bronsted—Lowry acid, remove a proton from the acid.

+ 7t -
a. HCON —M - -con d. HC=CH —1—~ Hc=c
+ p—
b. HCO; —H . COz2~ e. CHyCH,COOH CHyCH,COO0
+ *H+ + B
¢. (CHg)2NH, (CH3)oNH f. CH3SOzH CH3S03

2.36 To draw the products of an acid—base reaction, transfer a proton from the acid (H,SOj in this

case) to the base.
E}“&}H + HSO,

H

+ _

E>7NH3 + HSO4
tee _
E}QCHs + HSO,

OH + H{QSOH

E} + H{OSOH
E}OCH3 + H=0SOH
\ H

../_ﬁ + H —
d. N—CHs, + N—0SO.H N_ .t HSO,
C 8 Vs CHj

2.37 To draw the products of an acid—base reaction, transfer a proton from the acid to the base ((OH
in this case).

. v T -
a. ?]H + K'=OH 0O: K+ + H,0
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O:
0r

d. CHSOO H + KOH CHsngw + H,0

2.38 Label the Bronsted—Lowry acid and Brensted—Lowry base in the starting materials and transfer
a proton from the acid to the base for the products.

SH o+ K*‘OH

<:>_/< +K+OH
QE

a. CHyOyH + NH, CHO:  + NHs
acid base conjugate base conjugate acid
_ _N / .
b. CHyCH, C:\O_ H/+_:?_)_—CH3 =" CHiCH,C_  + HO—CHs
acid base ‘0 conjugate acid
conjugate base
C. '/_\ — _
CHzCH,y— =J + YH — CH;CH,—C=C: + Ho
acid base conjugate base conjugate acid
2 . + .
d. (CHgCHp)sN  +  H—CE (CHeCHo)sNH  +  :CF
base acid conjugate acid conjugate base
e. CH30H2—(:):—/H—+\H;§'{r: CHscHz—{?';H +  Br

base acid . H .
conjugate acid conjugate base

f. CHC=CT% HGH CHiC=CH  + HO®

base acid conjugate acid conjugate base

2.39 Label the acid and base in the starting materials and then draw the products of proton transfer
from acid to base.

.” . :0:
c\-.,ﬁf\
O
a. + NHS 4— + NH4

acid base
(3: &
b. F.c— C /—\, — %
3 + Na* HCO FsC—C + HyCO3
Ok’H 3 3 N4
acid base O: Na

C. CHg—C=C5H + Na*:NH, =  CH;-C=C: Na' + NH,
acid base
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d. CH30H2—§‘ZH + K* :OH — CH3CH2—§5_T K* + HO:

acid base

/’/@_ ?

e. CH3_'|\I_H + CH3

CHj
base aci
n
:0: :O—H
f /&\ﬂ—OSOsH P—— /c':'\ + HSO,
) CHg CHg \VJ CHg CHg
base acid

2.40 Label the acid and base in the starting materials and then draw the products of proton transfer
from acid to base.

' + .
a. CH,CH(CHgNH,  + H—\}CI CHo,CH(CHg)NH;  + :Cl:

base acid
b. QCHZCH(CH3)N H + Na"H — @CHch CHYNH + H,
o,
acid H base

2.41 Draw the products of proton transfer from acid to base.

H CH,
COO- I:\ COO™ Na*
+ Na*:OH— + H26:
CH O n CH30

acid base

H CH,CH,NHCH, H, CH,CHoNH,CH,
L CH;

b. OOCFs RN/ — O
base acid

2.42  Draw the products of proton transfer from acid to base.

CFs CFs

.T”ﬁ +
QCHch(CHs)NHCHzCHs + H{OCOCH; CH,CH(CH3NHCH,CH; -+ “OCOCH;,

base acid H

'R " _
CH20(CH3)2NH2 + HLOCOCH:; CH20(CH3)2NH3 + OCOCH3

base acid
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2.43 To convert pK, to K,, take the antilog of (—) the pK,.

a. HyS b. CICH,COOH c. HCN
pKy=7.0 pK;=2.8 pK; = 9.1
K,=107 K,=1.6x1073 K,=7.9x10710

2.44 To convert from K, to pK,, take (—) the log of the K,; pK,=-log K,.

+ +
a. QCHzNHs b. QNHS ¢. CF3COOH

K,=4.7x 10710 K,=2.3x1075 K,=59x 10"
pK, =9.3 pK, = 4.6 pK, = 0.23

2.45 An acid can be deprotonated by the conjugate base of any acid with a higher pK,.

a. H,0 Acid PK.  Conjugate base
pK,=15.7 CHsCH,OH 16 CH4CH,O"
Any base with a conjugate HC=CH o5 .
acid having a pK; higher than HCTC Strong
15.7 can deprotonate it. Ho 35 H enough to
NH5 38 “NH, ae%rotonate
CH,=CH, 44 CH,=CH-~ 2
CH, 50 CH3~ _
c. CH,
b. NH
pK, = 338 Acid pK, Conjugate base PKa=50
Any base with a conjugate  CH2=CH> 44 CH=CH" 1 Strong enough to There is no base with a
acid having a pK higher than ~ CHa 50 CHg~ | deprotonate NH,, ~ Conjugate acid having a pk,

higher than 50 in the

38 can deprotonate it. table.

2.46 An acid can be deprotonated by the conjugate base of any acid with a higher pK,.

Base Conjugate acid pPK,

CH3CH,CH,C=CH H,O H,O* -1.7
pPK,=25 NaOH H,O 15.7
Any base having a conjugate NaNH, NH; 38~ T 5nv NaNH.. NaH
acid with a pK; higher than NH3 NH4* 94 ClrjlyL- 8 % afl and h
25 can deprotonate this acid. NaH Ha 3510 deprotonate (he acid.
CHLi CH, 50 | to deprotonate the acid.

2.47 OH can deprotonate any acid with a pK, < 15.7.

a. HCOOH b. H,S c. <j%cr|3 d. CH3NH,

pKa=3.8 pKa=70 pKa=41 pKa=40
stronger acid stronger acid weaker acid weaker acid
deprotonated deprotonated T T

These acids are too weak to be
deprotonated by ~OH.
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2.48 Draw the products and then compare the pK, of the acid on the left and the conjugate acid on the
right. The equilibrium lies towards the side having the acid with a higher pK, (weaker

acid).
0: K_j //O: ..
a. CF3—C_ :OCH,CHz ==~ CF3—C_ _  + HOCH,CH;  products favored
:QDH doF pK, =16
pK,=0.2
0O: O: B
b. CH30H2—C}/ mf P CH3CH2—C//\ F HCI: starting material favored
QH ‘07 Na*  pK,=-7
pK, = ~5
N + -
c.  (CHg);COH + H-\’OSOSH = (CH3)3COH, + HSO4  products favored
pKa = —9 pKa =~ _3
Q:)H’/_\ B O Na
d. * Na"HCO; *  HyCO;  starting material favored
pK, = 6.4
pKy=10

4 ) _
—C=C— it = —C=C: i+
e H-C=C-H + LCHCHy =~ H-CSCi Ll + OHiCHy | 00 red

pK, =25 pK, =50
2N + _
f.  CHzNH, + H—\jOSO3H = CH3NH3 + HSO, products favored
pK, = -9 pK, =10.7

2.49 Compare element effects first and then resonance, hybridization, and electron-withdrawing
groups to determine the relative strengths of the acids.

a. Acidity increases across a row: f. increasing acidity: H,O < H,S < HCI

NH3 < H,O < HF Compare HCI and SH bonds first:
acidity increases across a row.
H-Cl is more acidic.
b. Acidity increases down a column:
HF < HCl < HBr Compare OH and SH bonds:
acidity increases down a column.
SH is more acidic.

C. increasing acidity: "OH < H,O < H30 * g. CH3CH,CHj, CICH,CH,OH, CH3CH,OH
d. increasing acidity: NH3 < HoO < H,S only C-H bonds O-H bond and O-H bond
Compare NH and OH bonds first: weakest acid  electron-withdrawing ClI
acidity increases across a row. strongest acid
OH is more acidic. increasing acidity: CH3CH,CH3 < CH3CH,OH < CICH,CH,OH
Then compare OH and SH bonds: h. HC=CCH,CH; CH3CH,CH,CH;  CHZC=CCHg
acidity increases down a column. B |l|<—
SH is more acidic.
spC-H all sp® C-H sp? C-H
e. Acidity increases across a row: strongest acid weakest acid
CH3CH3 < CH3NH2 < CH3OH

increasing acidity: CH3CH,CH,CH3 < CH3CH=CHCH3; < HC=CCH,CHj4
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2.50 The strongest acid has the weakest conjugate base.

a. Draw the conjugate acid.
Increasing acidity of conjugate acids:
CH30H3 < CH3NH2 < CH3OH

increasing basicity: CH0 < CHzNH < CH4CH, QCHQCHs < QCH:CHz < QCECH

b. Draw the conjugate acid.

Increasing acidity of conjugate acids:
CH4 < Hzo < HBr

increasing basicity: Br <HO < "CHj

d. Draw the conjugate acid.
Increasing acidity of conjugate acids:

increasing basicity:

QCEC < QCH:CH < QCHZCHZ

c. Draw the conjugate acid.
Increasing acidity of conjugate acids:
CH3CH,OH < CH3COOH < CICH,COOH

increasing basicity: CICH,COO < CH3;COO < CH4CH,O

2.51 More electronegative atoms stabilize the conjugate base by an electron-withdrawing
inductive effect, making the acid stronger. Thus, an O atom increases the acidity of an acid.
+ /T \+
NH, 0 NH,
_/
pKy=11.1 The O atom makes this cation the stronger acid.
pK, = 8.33
2.52 In both molecules the OH proton is the most acidic H. In addition, compare the percent s-
character of the carbon atoms in each molecule. Nearby C’s with a higher percent s-character can
help to stabilize the conjugate base.
HC=CCO,H CH3CH,CO,H
pK,=1.8 pK, =4.9
The sp hybridized C's of the triple bond have a higher percent
s-character than an sp® hybridized C, so they pull electron
density towards them, stabilizing the conjugate base.
stronger acid
2.53
CHs ?
CHsonon_H CH2=C\ C The ne i
N gative charge on O
CH,—H CHy™ CH2_'{' is good. This makes this
resonance structure
pKa =50 PK, =43 pK,=19.2 especially good.
conjugate base:
- /CH3 B /CHS :0: :0:
CH30H20H2 CH2:C - :CHQ_C\ él; o — é\
~CH, CH, | |CHs™ "CH,  CH3  “CH,

one Lewis structure
weakest acid

two resonance structures
negative charge delocalized
on two carbons

two resonance structures
negative charge delocalized
onone O and one C
strongest acid
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2.54 To draw the conjugate acid, look for the most basic site and protonate it. To draw the conjugate
base, look for the most acidic site and remove a proton.

+ .. . . .. .. _
O — O — w0

A

conjugate acid most basic site most acidic proton conjugate base
2.55 Remove the most acidic proton to form the conjugate base. Protonate the most basic electron
pair to form the conjugate acid.
only O—H bond N

most acidic proton most basic electron pair :0:
| ing basicit Octs
ncreasin icity:
COOH creasing basicity 5
_é_ —N—
ibuprofen | cocaine
conjugate base: coniugate acid: + /7
jug id {4 N 0
_ OCHj3
COo0 B
0
HoR

2.56 A lower pK, means a stronger acid. The pKj, is low for the C—H bond in CH3NO, due to
resonance stabilization of the conjugate base.

H o H :oF H :0o7 H

{! / ‘B | — / |72
H—CIJ—N\+ H—Q—N\\+ H—C=N\+ ~——> H-C—N+

H :0f . 0r o

The negative charge is delocalized on the
electronegative O atom. This stabilizes
the conjugate base.

2.57 Compare the isomers.
O.
dimethyl ether CH3~  ~CHj CH;CH,0H ethanol

!

All' H's are on C. One O-H bond
O-H bonds are more acidic
than C—H bonds.

more acidic
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2.58 Compare the Lewis structures of the conjugate bases when each H is removed. The more stable
base makes the proton more acidic.

RN

e | ‘B . .
°N _N _N
HeH . J\ HeH . J\ ;Q? . J\
YR YN Oy
:OH H :OH H :OH H
H more acidic proton H The negative charge on N is
|

stabilized by resonance.
H“N H/!\'l This conjugate base is more
O J\ O _ J\ stable, so it is formed by
s A N - . s A N removal of the more acidic H.
Oy oY
:OH H :OH
‘B no resonance stabilization
formed from the weaker acid

less acidic proton

2.59 Draw the conjugate base to determine the most acidic hydrogen.

0: O) 07
~ Ao el
H H H H

Resonance stabilization of the conjugate base resonance-stabilized conjugate base
makes this the most acidic proton.
In Appendix A, the closest compound for
comparison is CH3CO,CH,CH3 with a pKj of
24.5; therefore, the estimated pKj of ethyl
butanoate is 25.

2.60 Look at the element bonded to the acidic H and decide its acidity based on the periodic trends.
Farther right across a row and down a column of the periodic table is more acidic.

F OH ﬁH most acidic

coglf <o : O N'f' CH,0
most acidic ¢} most acidic

The molecule contains C-H and O-H  The molecule contains C—H and N-H The molecule contains C-H, N-H,

bonds. O is farther right in the bonds. N is farther right in the and O-H bonds. O is farthest right in
periodic table; therefore, the O-H periodic table; therefore, the N-H the periodic table; therefore, the O-H
hydrogen is the most acidic. hydrogen is the most acidic. hydrogen is the most acidic.
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2.61 Use element effects, inductive effects, and resonance to determine which protons are the most

acidic. The H’s of the CH; group are least acidic since they are bonded to an sp® hybridized C
and the conjugate base formed by their removal is not resonance stabilized.

(0]
. . c>b>a
lactic acid %OH Both O-H protons [(b) and (c)] are more acidic than the C—H proton
H OH T (a) by the element effect. The most acidic proton has added
\ c resonance stabilization when it is removed, making its conjugate
base the most stable.
a

S o—

conjugate base o:

resonance stabilization
by loss of (c):

O negative charge on O in both resonance structures
H :0OH This makes (c) most acidic.

negative charge on O, an electronegative atom

conjugate base
by loss of (a):

H :OH
HoH

conjugate base %Q‘H no resonance stabilization, but
by loss of (b): H o

:0:
This conjugate base has two
OH ~Z>0H resonance structures, but one

:OH :OH places a negative charge on C.

2.62 Lewis bases are electron pair donors: they contain a lone pair or a t bond. Bronsted—Lowry

bases are proton acceptors: to accept a proton they need a lone pair or a x bond. This means
Lewis bases are also Brensted—Lowry bases.

:(I?: ~— lone pairs on O

H™ ™H

b.  CHz—Cl:=— lone pairs on ClI neither = no lone pairs m bonds
h both or = bond both

2.63 A Lewis acid is an electron pair acceptor and usually contains a proton or an unfilled valence

shell of electrons. A Bronsted—Lowry acid is a proton donor and must contain a hydrogen
atom. All Bronsted—Lowry acids are Lewis acids, though the reverse may not be true.

a. H0* b. ClC* c. BCl d. BF,
both - Lewis acid - Lewis acid - neither -
contains a H unfilled valence unfilled valence no H or unfilled
shellon C shellon B

valence shell
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2.64 Label the Lewis acid and Lewis base and then draw the products.

/ ¢ -0
a. :Clt + BClg ——  Cl-BCI c. &\..
;- . ! T CHg™ 3 "CI:
Lewis base Lewis acid Cl >
new bond Lewis acid
CHy ,CH, CHy  CHy
b. ML _ \ -
c=¢C + H-0SO,H —— C—C—H + HSO
/N b cHy | \ '
CH, CHg Lewis acid 3 CHs new bond
Lewis base
2.65

:él):
4 :OH —— CHz—C—ClI:
. e new bond
Lewis base ‘OH

A Lewis acid is also called an electrophile. When a Lewis base reacts with an electrophile other

than a proton, it is called a nucleophile. Label the electrophile and nucleophile in the starting

materials and then draw the products.

.o I +
a.  CHiCH,OH + BF, i L OH,
nucleophile electrophile CHCH—OxH O + H0 O/
.. hucleophile
electrophile
N “AIClg
b.  CHsSCH; + AICls CHy—S—CH, /\ o
nucleophile electrophile o :Brpr: + FeBr, 4’3ér—l'3'r—l|:g—8r
CHs CHy nucleophile electrophile Br
c. f£=0 + B C=0-BF,
CHs CHa
nucleophile electrophile
2.66 Draw the product of each reaction.
CH,CHg CH,CHg CH,CH CH,CHg
| .o | | N |
a. CH30H2—9+A:Q CHsCH, ~C—OH, d. CHSCH2—9+‘/+-?\1H3 CHaCH,—C-"NH;
9H2CH3 CH30H2 ?Hs QHZACH/\ CH3CH2 QHS
b. CHyCH,~C" ==+ CHyOH CH30H2—(|3—+QH 6. CHyCH,~C"++ (CHy)NH CH3CH2—C|)—+NHCH3
CH,CHs CH,CH, CH,CHj CH,CHj
QHV CHACH, CH
¢. CHyCH,—C* % (CHg)0 CHyCH,~C—0—CH
CH,CHz CH,CHj3
2.67
nucleophile
=m - OH, | Br

roton transfer Y
a. )\ + HBr PN e +:Bre

*L/

electrophile

+ H263
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— Br
b. @K\H—@(r proton transfer ©+ + B O/

electrophile T
nucleophile

H )

H Br
c. @Z\BW @Br +:Br:  proton transfer @ + HBr
H T H H

nucleophile electrophile

2.68 Draw the products of each reaction. In part (a), OH pulls off a proton and thus acts as a
Bronsted—Lowry base. In part (b), OH attacks a carbon and thus acts as a Lewis base.

a. /\?izjo(CHs)z H,O: + CH,=C(CHj), b. ‘OH + (CHg)sC*
“oH M

(CHg)3COH

2.69 Answer each question about esmolol.

most acidic

lsecond most acidic
Esmolol contains C—H, N-H, and O-H bonds.

OH
H . e
a. O&Nj/ Since acidity increases across a row of the

periodic table, the OH bond is most acidic,
CH50 followed by the NH bond.

(0] esmolol

;o-ﬂ\ Na 57
b. O\)\/NY Na* H: O\/K/NY
CH40 CH40 + He

O 0]
O-H A OH HH
CH30 u CH30 + :QI‘:
0] 0]

The 8* C's are indicated with a (*).

OH
d, e, f. “~ i l ) X All sp? C are indicated with an arrow.
* * * * The N is the only trigonal pyramidal atom.
CH;0 i = -~—
o T
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2.70 Draw the product of protonation of either O or N and compare the conjugate acids. When
acetamide reacts with an acid, the O atom is protonated because it results in a resonance-
stabilized conjugate acid.

:S/H :-d/H resonance stabilization of the + charge
tonate O I - | O is more readily protonated
protonate _CJ.. _Cso because the product is
0: CHy™  NH, CH™ "N, resonance stabilized.
C...
P . .
CHy"  NHz  protonate N Qs h truct
acetamide A no other resonance structure
3 3
2.71
(0] (0] (0] (0] (0] o~
HOMOH HOMO* -0 0
pK, = 2.86 pK, = 5.70 . -

HOO

&* stabilizes the (-) charge
of the conjugate base.

The nearby COOH group serves
as an electron-withdrawing group to
stabilize the negative charge. This
makes the first proton more acidic
than CH3;COOH.

This group destabilizes the
second negative charge.

COO™ now acts as an electron-donor group
which destabilizes the conjugate base,
making removal of the second proton more
difficult and thus it is less acidic than CH3;COOH.

2.72 The COOH group of glycine gives up a proton to the basic NH, group to form the zwitterion.
. //O proton transfer + %
a. actsasabase — NH,CH,—C NH;CH,—C
OH = acts as an acid o~
glycine zwitterion form
b. jo ML . 0
NHyCH,—C, /. NHCH,—C + CI-
ZQ .

:QH
most b¢asic site

C. HENHZ_CHZ_C\

(o) o
most acidic site

) ..
NH2CH2_C/\/ + Na* + H,O:
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2.73 Use curved arrows to show how the reaction occurs.

@HOH @

Protonate the negative charge on this carbon to form the product.

2.74 Compare the OH bonds in Vitamin C and decide which one is the most acidic.

Vitamin C
This is the most acidic proton ascorbic acid

since the conjugate baseis — HO
most resonance stabilized.

loss of H*
OH OH OH
[ [ /
A
0: :OH :0 ‘OH 0 :OH
Removal of either The most delocalized anion
of these H's does not with 3 resonance structures.

give a resonance-

stabilized anion.
\M-I OH
(0]

HO o loss of H* HO HO

A\
HO OH :

: HO  :0
only 2 resonance structures

This proton is less acidic since its conjugate base is less
resonance stabilized.



