Chap 7. Acid and Bases

Braonsted Acid : Proton donor

Base : Proton acceptor
i i
CH;COH + H,0 H;0" + CH;—CO
acid base conj. acid conj. base
i ™
CH;COH + H,SO, CH;COH + HSO,
base acid conj. acid conj. base
CsHsNH, + 'NH, CeHsNH™  + NH;
acid base conj. base conj. acid
For A-H A+ H
solvated
_[ATI[H]
" [A-H]
[A-H]

pK, =-logK, = pH +log —
[A]

Solvent usually acts as an . .
acid (to donateH*) oras VY fivity coefficient
c_8, 8, r[A]r, . [H]

base (to accept HY) K
: a'AH rAH [A_ H ]

The stronger the acid is, the weaker the conjugate base is.
The stronger the base is, the weaker the conjugate acid is.



Lewis Acid : electron pair acceptor

Base : electron pair donor
Lewisacid + Lewisbase __, adduct
BMe, + NH, ————» Me;B:NH,

BF, + OEt, —  » F,B:OEt,

Me

.+ /

Li O\ —_—
H

+

Me
) 7/
L|:O\H

Lewis acids: SO;, BF;, AICl;, SnCl,, FeCl,, ZnCl,, H*, Ag*, Ca*?
Lewis bases: C;H:N, (C,H:),0, NH;, OH-, CO,;*, HCO?, SH-, CH,CO?*

Brensted base can be Lewis base, e.g. OH-
Brensted acid may not be Lewis acid, e.g. AICl;, or HCI

L eveling effect :

Theionization of an acid (base) depend on the basicity(acidity)
of the medium in which it isionizing.
pKa(H,0) = 15.75

A// pKa(H,0") =-1.75
H,0* + A K=10°, pK,k =-2

2

if  H-A, + H,0

for 0.1Msol'nof HA,  [H*]=009990M (i =10?)
-X
_bH =1.00043
if H-A,+ H,0 H;0" + A K=10°, pK,k =-3

2

for 01Msol'nof HA,  [H*]=009999M (oi ~10°)
-X

no measurable difference

if p}fal =4, a2 =5, the pH differ by 0.5
measurable
[H*]=3.11x10°M [H ] =1.005x10°M
pH=2.507 pH=2.998



— 1. No acid stronger than the conjugate acid of a solvent can exist
In appreciable concentration in that solvent.

— 2. N0 base stronger than the conjugate base of a solvent can
exist in appreciable concentration in that solvent

— Relative strengths of acids stronger than the conjugate acids
of a solvent cannot be determined in that solvent.

— Relative strengths of bases stronger than the conjugate bases

of the solvent cannot be determined in that solvent
(acidity can be measured for acid stronger than H,O, and weaker than H,0)

The acidity range varies dramatically. strong acid HI, HCIO,...
weak acid methane, <>

To measure very strong acid — use mix of H,O/H,SO,
To measure very weak acid — NH,, DMSO...

Acidity Function, H,

BH' —E— B+
C oA lBl . H ]
Agy,- rE;H+[BH ]
logK.,,- ZIOQ[EEII?I]*] +Iog[H+]+Iog%
pKBH+:IogI+pH—IogrB.rH+ , LB
D e (6]

H, if activity co.rg., rg .+, ry+ —> 1
then H, — pH

For abase with known pKg,,+, in aseries of acid sol’n
measure | — H, for the series of acid sol'n

use H, to measure the pKg ,+ of aweaker base
from pKg_+ to measure H, for even more acidic sol'n
from H, of these sol’n to measure pKg ,+ even weaker base



Acid-Base Catalyzed Reactions
acid-catalyzed

ﬁ ) +(||)H L J~ more reactive
R—C—R + H R—C—R
*OH OH
R—g—R + Nu —  » R—c::—R — product
base-catalyzed “Nu -
o) 0 more nucleophilic

I I
Ph—C—CH; + B’ Ph—C=CH, + BH
? Q
Ph—C=CH, + PhCH=0 ———> PhCHCH,CH,Ph — product

Specific acid catalysis

k +
s + H' 1 SH* ... fast  K=Jo_ ]
K kK, [SI[H]
SHY —2 » P ... r.d.s
dPl _ ) rqa1-k ok R
rate=——= ASH =k K[S][H ] =kg,.[S][H]
reaction proceed only depends only on the conc’'n

through protonated species of H*, not the donor in sol’'n

General acid catalysis
k1

S + HA » SH" + A ... r.d.s
-1
SH* —K2 o P ... fast

rate= % =Kk [S][HA]
If more than one acid available in sol’n,

diPFl <« _
T—Z =k [S][HA] generd

Similar for general base (or specific base catalysis)
To differentiate specific or general acid catalysis
use buffer to keep [H*] const, with changing buffer

constant rate — specific acid catalysis
changing rate — general acid catalysis



Bronsted CatalysisLaw

For general acid catalysis, the acidity of each acid will affect
the rate.

Ka= Go(Ka)“

plot logk, v.s logK, foraseriesof related acid

gives alinear curve with slope of «
sengitivity of the rate constant
log ky,p = alog K, + constant  to structural change

(log kg = Slog K, + constant )

H + H
| H
Ol —5- O
\ slow \
OEt H OEt

H,O/Dioxane

A oEt 2
ast
Q—O—C\/ — —> H-C-OEt
H { OEt
D= “H C
MO ||__{ (WH a
CHCH_ CO0H [ ]
0= _
| = 0.47 2 ® formic acid
< —0.5 —~ glycolic acid
vy |
&L | - acetic acid
=l o .
-+ Juceinic acid
1.5

- e
cacadvlic acid




Supstituent Errect on acidity

Table 7.1 pkK, data fe selocted organic compounds = agueows solutan,

Compouwnd i, Caompronind pk,
Cirboy lic acids Cyelolwesonecarlmagvlic acad &80
Farmic arid 375" Benmnic neid .2
Perfirmic neid N L 2-Methylbenzoic meid x4
Acotic acid 4. Ta" A-Methvlbonmoee neid 4,0
Flunrnacetic neid 259 4-Muthylbonzaie neid 4,374
Chloroneelic acid .87 2e-Butylbenzaic ackd .54
Bromoacetic pcid 2 gy Z-Bromaobenzole acad L
Youdoeostin aoid 118 S-Bromobenzole acad 4810
Cvanoacebic acid a 47 d-Hromaobenzoic acid 400
Methoxyacelie neid 35T E.Chlarnbenzoic acid 2914
Fistromcotic mosd 145 A Chlarabenzoe nead q.83
Mercnpliacetic acid 3 B J=Chlarabonzoic neid a.a95
Z:Hydroxyncetic ncid 2-Flunrohenzoic acid 327
iCilvenlie ackd) &aRe S3-Flunrobenzose acid 4.8p¢
Phenviacetic neid ) L 4-Fluorobhenzose acid 4.14%
l’l:ul.'rl;.'-'-:'-'ll-'.'!'l:r wid 316" 2-lodubenzaic acid 286"
Dhiflwirnacotic ackd 1341 d-ladnbenzaic neid 3857
[Mehlboroseetic aced 1.%54 4-lodubenzoic noid 4.00°
Ehbramoncetbe scid I 44" :E-]i:‘c-rl.m:-::-.'h-l'n:.-.ni-: g
Trifluorarestic acid i fab iaHcylle) acid R
d-Hwdroxv b nzoic acid €07
Trchloroweetic acid LB d-H oy tominic: nesd 4 KR
Tribrmeacetie aed {2k 2.Cyanabenzoic acid 1 144
Propanaic acid 447" FCwamolenzoic acid S
Acrylic acid |H = CH-COH) 425" 4-Cyanabenzoic acid 355
Propiakic acid (HC=C-C0GHY  1o88¢ 2 Mitrabenziale ackd AL
Pyruvie neid 1] I::l':i'::'r-.:':--:'.'l‘l:' 2.39* 3-Mitrobenzoe acid 3484
2,233, -Pentafluarapropannic d-Mitrobenzme acud 344
acid —.41 Acotylsnlicylic neid 1.4
Butanoic acid 4 42 Pentalunrabenzoic acid  TH
civ-2-Bulenoic acid 4.42° 1-Naphthoie ncsd 4B
trans-2-Butenoic acid 4.70 2-Naphthole acid 414t
2-Butynmie aeid
(CH O l:'-l:{.:l;]'!l 3500 Abenleils aml Placisls
3-Butvnime acid I'Water 15 74%
iHC = l'-IZ'H:{‘{]_I!I a.ag Methanol (CH (3H) 15.5¢
Cyelapentamecurbaxyvlic acid 4,898 Ethamod 1544

the acid strengthening effect of ortho-substituent
(0] o
J _/ - 7
A =< O=<_
)Z\ (o) (o) (o)

the ortho group resonance effect : inductive effect :
reamove the bl anarityv decreace the acidity acid grenatheni na



Addition to Carbonyl Group

Hydration of aldehyde and ketone
General base catalysis and general acid catalysis

base-catalysis
B H e —-\E'\lh HI : ]t
W alo anl
‘j D B~ T BH + D —  — -~ {_-_:III -+ H.
H_.-" R!'}= HG /&EH ]'I'E' Hr.
acid-catalysis
H= l__-—-\._Hj i . R 1-It|
'\.ﬂ \'\.;:r-__{:} .-EL-.[_IF alow 1 "E GH i ;R' ‘r;‘—“ .___% {JH t .|I'I|I.H
W R HO Vg HO™ My

the catalytic efficiency

for theequ”'b”um depends on acid strengthening

OH 0

K

R,:LGH = Jl _ +HpO
R,

Ry "Ry

Table 7.8 Equiibrium canslants lor dissociasion af ydrates af carbomyd com-

0. OH o pourds. ' )
,0% 60°A angle strain _ Compound B
A8 =492 Ae=602 favors hydrate —— Coslogprupanine very small
) ] / Chloral (i gus-Trichloroacetaldebyde | A6 1000
e-withdrawi ng group ~_ Formaldehyde!'s A5 w10 1—
n-ChlorpeLaldehe 27 = 1H
fa\lors hydrate \ n-Lhbarahid vealdehvde 6.3 % 10F
o =[ReBlnmaceiome 010
wnan-D el nal o1l
ﬂ-Lﬂl;mlllL"lE:l1lﬂ.‘ 14
.E-ﬂhhlhl-:l!-ﬂ'll'\ll||._|.'|||-r\-:||||-||-||-|| o (':l) 018
h{-ul.ll_l.l |!-_I.III'hH|i'II'I CH;C—COCH; .32
l:l_u-[:lll‘hll.-l'i.ﬂll"lll-\.lm;-' u |}-35
o o bUI ky group a-Bromohieptanal .35 INCcreas ng

y favorsketone S it Pz aky

Biscotyl'™ 050 . .
Acetaldehydo'® 083 substitution

A
(o] (o] _ _—
%H %H Steric effcet —— Propanal L4
\ Butanal 21
\ E-Metbylprmpanal 2.3
Fivaldehyde' 4.1

m-Chloroacrionp'™™ 8.1
Sodiuwm pyruvate'™ 18.5
] ) Benzaldehyde! 5 120
conj Ugate aromatic Sewinne'® T30
group favorsketone | Aestophenone' LEAC1E

E!'ﬂ.!u"hl-luurlg 1 B x 10"




The hydration may be unfavorable, but the equilibrium

IS established fast
*OH

|
R,C=0 + H,0* —= R,C—OH =—= R,C=0*+ H,0

t,, ~ Iminin neutral condition
<< 1 mininacidic or basic condition

hemiketal, hemiacetal, ketal, acetal

OH
R,C=0 + ROH —— RZ(I:—OR' hemiketal — can be catalyzed
by acid or base

+
<|)H OH,
v + I _ [
R,C—OR' + H = RC—OR can only be catalyzed
+?H2 by acid
+ .
R,C—OR'" === R,C=OR' + H,0 S0 stable in base
H(J;)R' l
+
R,C=OR' + ROH == R,C—OR' == R,C(OR"), + H'
ketal
For ?R' <
R,C—OH 2 R,C=0 + R'OH
Ketone K, imethanol) K, iethanol)
@)
\H\I/ Dipropy] ketone 89.0 \
o :
Cvelobutanone d 1.11 da7 ;;/ggnaiﬁzl tlr?asr?
é Cyclopentanone 15.1 810 methanol for
steric reason
Cyelohexanone <:>=O 2.16 237

O:o Cyecloheptanone 53.5
O
Cvelooctanone 0 268

To drive equilibrium to ketal, dehydration or azeotrope are used




Enolization of Carbonyl Compounds
] i

I
C H x C A
e T M - S L 4+ HX
[.l C H-I:Id L ﬂ
“’f| P base a’fl LN

1. catalyzed by acid or base
2. first order in ketone, zero order in X,

3. if chiral a « -carbon, the rate of bromination is the same as
rate of racemization and rate H-exchange

— rate-determining step is the formation of enol or enolate

in acid-catalysis

_H _H
0 ()
) (T Ta— | G

|

|

'
=Y
/

H
~H )
o C
- . M
e * X, — -éT +  HX
/ X
in base-catalysis
) O -
Jl . ]_:l.: .:I:;w_ RH . A R s
-p,l./ - __I,"J‘J‘\H _Ilff¢‘
H ! ;
i i
| . fixst |
_Ir..i_.-"‘\-\.,\_\_ T }L_I -h___- . T Ih:



For unsymmetrically substituted ketone, the enolization /
hal ogenation depends on condition

In acid-catalysis, more substituted enol is formed
N - S
' 1
- 0 I \,E’/H L ‘I _
L;j’ s (Y + (T
: HM, {rutakyali “T-"' 'n.[_.--' ~1

To% 21%

S

0

In base-catalysis, less substituted enolate is formed
0 0 0 0

i I I 3 il
JL\ e Lﬂ__cHIE H,0, HO" R”'JJ\L'II

R.,-r"'*xC”“ MO, Hir R CHTI ﬁ"m R
O 0 0

. . o « A E,J\ + HCI,

R I, R™ TOH 0

i

the preference is based on both kinetic and thermodynamic reasons

Kinetic reason :

R, R, Relative Hate
” H -I-i__ 238 h
bR, '_
CH H CH, A7
|
R H 1L“:.1.LH| 20
) CH, CH, 7

Thermodynamic reason :

H G K H, 1, FI KOG H, by lD*-. = R
i, '_I — e .-l.}:..-':..

R CHR, HCOCH, CH,OCH, HH@-{- "|_'!|-|]1I H,COCH,CHO0H, RH,C R

favored



Hydrolysis of Acetal by acid-catalysis

Possible Trangition State

— + 1
H H
_nn' R A H.'"
A . 1.--"'I:I
.-"t -'"f i
L O—R | O—R
A unimolecular A unimolecular
[ - o R H [
LR | ;
[ H,O - -z}:‘ . O R OH,
(0] R 0
. A
| R | L O0—R
A2: bimolecular A2- himolecular

M echanistic Evidences

1. C-O cleavage between carbonyl C and O is shown by
Isotope labeling experiment, stereochemistry of R group.
(no racemization or inversion)

2. Hammet p value
OEt o
/ l

©~cr{ — @CH + 2EtOH
OEt

X
p=-3.35

X

3. A St nearly zero or dightly positive
4. kinetic solvent isotope effect Ky o4/ Ky or ~2-3

5. the reaction is specific acid catalyzed
— apre-equilibrium exist for protonation of ketal/acetal

+
R OR’ R (T'|OR' R
\C/ H* N/ \C—ER' H,0
/ fast slow o
R \OR' R/ C.QR' R/



General Acid catalysisfor some “reactive’ acetal-ketal

reactive dueto
OC,H; stable carbonium (stabilized by alkoxy
( and aromaticity)

OC,H;
. NO;
protonation Q d leayi
partially 0 good leaving group
rate-
determining — O ing strain relived
ring strain reliv

step OC,Hs

(Ar),C(OC,H5s), stable carbonium

\ PhCH[OC(CHa);]; aryl stabilization and relief of steric strai

R, " R, i R,

N A H —

R—Niyb J=0) 5= gigrtABE oS o BNEHID
addition *  dehydration
r.d.s. add’'n r.d.s.

o of amineto acid-catalyzed
the rate-determining step | carbonyl Vs =  dehydration
changes depending on pH 1.5 — / ‘;_I_

'.'_ \ I."II Il'nl /
P '~.
. 1.0 — "*:
/ 1
different o may be observed b
for at different pH 05 A
o -
S \



Acid-catalyzed Hydrolysis of Ester

A,.2 Mechanism

. .H _H
§ - 2
R "OR R™ FOR
* »H 2
0 0 \
: i / /. ue OH
R™ OR R™TOR = % OR
ol ' HO0 %
JH
_j-.ll n 0 HiOH OH H
R™ "OH S !“‘m-[ e HO 'L‘HGH
l H
2 H
o il
I o
R~ “0OH R'JUQI:}EI
A,.1 Mechanism
0
] H _J.I_ L) (9 R
.L o R ——1 Il T
ooy ™ R {j? ' L J H
H
Fast I H i
n] O
.-'J'I"\-\. [T ..__I-I.\__ H
# DH = B 0
H
H,C ) H. l." "0

~CH,

T H S0, ““OH
LK B gL
H,C CH,

at 9.8M H,SO,, AS™ +17eV  (support A, 1)
A H* 28.4kcd

No carbonyl oxygen exchange (ruleout A,.2)



A,l Mechanism

(o)

I H,SO,

CH;—C—OR

the hydrolysis mechanism depends on structure and condition

(o)

I
CH;—C—OH + ROH

xl

evidence for switching
of mechanism kinetic
parameters, exchange

experiment
CH3—£|:—OEt S50 CH3—E:|)—OH + EtOH
% H,SO, AH AS

40.0 16.9 -15.3

62.2 16.3 -17.0

98.4 2.7 2.3

e T
e S

||I -,
'I Y, f
- II A Vo1
g " " e L
< J 4 Vo
| / T 7
- I|I . L |
H] ] e ] '. ]
7 // J’-’Lﬂf
i U W T e
-.1 q:md - o
Figure [.  Tymical mits prufiles for gosinte Ayidrolyss: typa I,
mathyl; 11, ssecbutyl; [0, peenyl; [V, teri-butyl



Base-Catalyzed Hydrolysis of Ester
B,,2 Mechanism

xl

Ruled out for most ester by labeling experiment

xl

but in highly strained case

*OH
! T )\/k
neutral pH
O*—r—CH (0 OH
* OH
J_ HO )\)\
acidic (pH<1) ™
0 basic (pH>9) o OH
H H.0 OH
O—1—CH; neutral pH O)\/kOH
)_ OH (+)-hydroxy butyric acid
Ao )\)\
O acidic A< @ OH

(+)-B-butyrolactone basic (pH>9)
(-)-hydroxy butyric acid

B2 Mechanism

-
0 o o o
S+ OH == L{ —~+-or =S + OR — i +ROH
R* OR £ | i #. R TOH RO
| OH |

/
V=0

Evidences : kinetics, isotope labeling

dependence of [OH], Acyl-O cleavage,
activation parameters exchange with
solvent...

Substituent effect : Electron-withdrawing groupsin R and R’
favor hvdrolvsi<



| sotope labeling experiment for B, .2 mech.

180 kl

R~ DOR k-1

cao |

18

R

18

o) 18 K1 R

)k + 0 ]
1 k-l O

o

Lo =& | F L

OH

18

—Ka o )k + RO-

ks R OH
o)
k
—— |, =+ro
K-3 R OH

If the recovered ester loses 180, atetrahedral intermediate is indicated.
If no loss of 180, the B2 mechanism can not be eliminated yet (k,<<ks, k_,)

O

|
If the 180 islabeled as R C-180R, loss of 180 in the product should be observe



B, 1 Mechanism

O O
” : Blow II o
RHLHD_,.R o g - JHD + R
H
7
R HO —— RI__D*:\
fl—l H
R"—0, +go = ROH+HOD
H

for eater from a strong acid (carboxylate ion stable)
for R atertiary or benzylic alky group (carbocation stable)
or conc’n of basetoo low

with B,,1 mechanism, R’ OH will be racemized
COOH COOH
e @
COOR coo
R= CH3—O *CH , , racemization occurs

e

Nucleophilic Catalysis

—
' . — + RO
R l'DH' R Nu
Nu:
O O 4
I + HOD — I + Nu: + H
B Nu R OH
a MO o ™D
oy C.H. (NG, ) Il M
i . Y cH” o |r ﬁ‘] "0 CH,
S ¥
Mixed anhydride
i} IH[) i ] "":_:'

| l o 1H{ ) ] ‘f_!H, e | l:-l . g ] H 5_. g Ll 4]



