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Homogeneous' catalysis

# Acid and base catalysis
& The mechanisms of some catalysed reactions

& Catalysis by non-covalent binding

(5 2£8))

The rates of many organic reactions are enhanced by the presence
of catalysis, species which do not themselves appear in the products
but which in various way assist the progress of the reaction.

————
Reaction coordinate

Fag 91 Schemaix emergy profile for uncatalysed (A) and acd-catalysed (B) reactions i

which & subsiraie, 5. is converted 1o & product, P S, subsirate; P, product; £, principal

energy barmer fof an uacatalysed reaction; £, priscipal esergy barmer for & catabymd

reaction
Homogeneous catalysis (i-e those that act in solution rather than,
say, at solid surfaces) clearly must participate in the chemistry of
the reaction and be regenerated at the formation of the product-
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9.1.1 Specific and general catalysis
The kinetics of an acid- or base-catalysis reaction are frequently complex,

the empirical rate equation containing several terms.

This is termed general acid catalysis and can be inferred from a plot of rate
constant against buffer concentration; as the latter changes, constancy of the
hydronium ion concentration is ensured but [AcOH] varies.

Rate =Y kualSICHAI,
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General acid
catalysis On the other hand, some reactions respond to catalysis only by hydronium or
hydroxide ions (in general, lyonium and lyate ions) and are then deemed to
show specific acid or base catalysis.
4 $ioulzOt) u\a\,»—/cm u{—/a{n - Ch—OR w_ CH—CHR
2
i Specific H,0" catalysis O) ! ?‘ o = =
5 2 H (+HY)
=05 H-O,
k.o [HO"] L CH SSEREO AL AR
Water reaction S+H*=SH";
Fig. 9.2
Eflect of buffer concentration Teno ¥
ik i pikic TR Butter concentration —+ SH* (+ solvent) — products,
([AcOH] + |AcO]) [H*]= constant slow

catalysed reactions.

Similarly, a reaction may be catalysed by all bases present (e.g. H,0, OH-, A): general
base catalysis, and it is also possible to have a reaction which is catalysed by both acids
and bases.
ackds baser
Rate = 3 ku(SI[HA]+ I ke[SI(B). 2]
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Rate = k[SH*]
or, since the acidity of the substrate, K} = [SH*/[[S][H*],

Rate = kK3(S][H"],
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P o H i SBRERAE I kg0 K0 ~1/6 9.1.2 Mechanism of acid catalysis
N, NG/ BiER RS R R T
~C-C—OH+A” = C=C-OH = products
' 7 AN B, kmolkro~1/6*7 Unimolecular rovkes
(SH) ® N\ -/
“c—OR = c-6
Rate = k[SH*J[A"], ] [ R
but K§ = [SH*V{S)[H"] and [A] = KS[HAY[H"). Hence lu im
Rate = kK3 KS[SI[HA].
Tobe s oo %o HO-C] ROH po-c, of w
1 - =,
Examples of acid- and Reaction Type* /C(‘ NN g \ N
base-catalysed reactians W0 / R
Exerifcation and hydrolysia of carbosyic snd ‘phosphoric esters N -
and amides AR C~OH , H*
M;:;:,m :'nd acelals, mndud :ﬂnuswn uv): /|
H; aleobol! ydrides
C-My;lummlmr:mw with X—NH, AB uncatalysed  acid-catalysed iy
Enolization and electrophilic substitution a- to s carbony) group AB
Hydration of alkenes and dehydration of alcobols A
Additions of CN", HSO;, H,0, ¢tc. to C==O AB
Cleavage of C-Hy, C-Sn bonds A
oo -y C e ot and 1,0 4 B TERERAL W FERHEILAL
Aldol and Michael reactions B
Aromatic clectrophilic proton exchange A
Beckmann rearrangement A
Hydrolysis of epoxides (sp) A B
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Table 9.2 -
o— AL mccheion 9.1.3 Method of distinguishing between Al and A2 reactions
| Esterification n
ROM + R'COOH . RCOOR The Hammett-Zucker postulate
rotyses of tertiary alk, . .
* RCoorsey H*, H,0 T RCOON s +Bu0H nH For A1 reactions, catalystic rates should follow Hj rather than [H;0"] and a plot
3 Vplivom ot it B of k against H, should have unit slope. On the other hand, for A2 process,
0+ H* H0 OH
(L L e
4 Hydrolyses of snhydrides RCOOCOR + H,0.H® < RCOOH 16 Rate = k,[SH*][H,0] = k, K[S)[H,0*] [9.3]
5 Cleavage of tertiary cthery "
B A L=Ot s NON Bunnett’s w-values
& Hydrolyses of acetals and ketals "
- Plot of (In & - H) against the activity of water, a;;,(, to give a slope, w, varying
2 R,C=0 + ROH o) 483 i ET, Ao, b » Wy
RO * o over the range -8 to +7, is measure of this deviation, which has mechanistic
! o significance.
RC—Cx, = R,C—COR
OH OH
& Beckmann rearrangement »
Me—C—Ar w Function of water in rate-determining step
—— ArCONHMe
e involved; Al mechanism
ring-opeaing —25100 Not involved; mechanism,
= . * +12t0 +33 Acts as nucleophile; A-S,2 reaction.
P >+33 Proton transfer agent; A2 reaction,
A2 Mechanism
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The Bunnett and Olsen parameter, § 9.1.4 Linear free-energy relationships: the Bronsted Catalysis Law
log I + Hy = ¢(Hy + log[H" ]) + pKy. 03] Catalystic rate constants can be expected to increase with increasing strength of
log k + Ho = @(H, + log[H*]) + constant. [9.6] acid or bases, and a very good linear relationship between k, and K, is known as
the Bronsted Catalysis Law.
E:-:-n-—n React *
- T = s - I = H 9.7
a0 ¢-paremerers T T k, =G,K3 or logk, = apK, + constant; [9.711
Hydrolysi of MeCHIOE ). HOL 0°C - ky = GyKx® or logky = —PBpK, + constant; [9.8]
= — =
Function of water in rate-determining step. -357 el
-04) ~ 004
<0 Not mvolved -0
+022 w0 +056 Acts as nucleophie
> +058 Acts as proton-transfer agent
Bu'OH 222 pyeon o -0
Racemization of ( + }-MeCHOHEL, HOIO,, 100 *C 13 +017
ydro-y-n of McCONH,. HCL 56 °C 4268
ydrolysis of MeCONHNH,, 60 °C +107
Hﬂfﬂy—dtﬂﬂhl—o HUO. oC 2%
Proton transfer, w > 33
Hydrolysis of HCOOMe, HCL, 25 °C +420 +07
Hydrolysis of MeCOOEr. H,80,. 25 *C +45 +084
Hydrolysis of y-butyrolacetone, HOIO, +85 +104
Pinacol i 4
Enclzation (rodimation) of acetone +083
Carbon-centred reactions
€D CH, -058 Dutance
001 “22 00l 05 T e Ty B 1 ke e s A b i et oyt
PRC'*O0H —— PRC'“O0H + (cvne prfey
Cis-trans womerization of PACOCH=CHPh 4044 ]:r'm;-';—*ml:“"ﬂﬂﬂ:mﬁiﬂ:hhm-mv»
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rates and may give curved Brensted plots.

9.1.5 Interprelation of the Bronsted coefficients

The coefficients o and B have the significance of LFER susceptibility
parameters and are a measure of the sensitivity of the catalysed reaction to the
strength in water of its catalysis as acids and as base respectively.

Assuming the thermodynamic properties of the transition state for a proton
transfer to be intermediate between those of reagents and products, a
structural change will affect the free energy of the transition state by the
amount 3G* such that

5G* = adG, + (1 — 0)5G,, [9.9)

where G, G, are free energies of products and regents. Therefore, o is a
arameter measuring the position of the transition state on the reaction
coordinate.
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Table 95
Examples of Brensted Reaction - I Reference
coefaents lor tome
acd- and base catalysed -
reactions. MeCH{OH); — MeCHO + H,0 0%
2-D-glucose. 030
(@ & fr0 glucose.
mutarotation 040
CHOM, ™ HOHO + K e -
oM, — 0 040
(E30),C —— 4E10H + €O, 068 "4
— o
(E:0),CH ;' IE1OH + HOOOH
— 100
—
(E10),CPhy — 2E10H + Ph,CO (3]
*u ~ | indicates specific H,0"
!cl*h-—i“ﬂr‘ﬂ-l measure of the exient lfm.-
tramssion siate
Table 9.7 =
Percentage of product B H,0 AcOH H;0
by acidic species
present in 01 M acetate 1 98 02 5x 10747
bufer as  function of 05 36 964 001
Broasicd o 01 0002 2 9%
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9.1.6 Nucleophilic catalysis

The following characteristics enable general base and nucleophilic
catalysis to be distinguished.
(a) Catalysis by the leaving group: a general base action; negative catalysis:

nucleophilic catalysis  jypsempifeqr. HHEMMEL: fiEk: REMEL
(b) Reaction with respect to the catalyst in a second order kinetics: a general

base action, 6 BRAMORSE BT MR
(c) non-parallel for base strength and nucleophilic activity at carbon:
nucleophilic catalysis PRI SR LRSI AR R

(d) isolated reactive intermediate: nucleophilic catalysis, 9a
SEINEE RN REREL
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9.1.7 Solvent isotope effects

Acid-catalysed reactions are faster in D,0, and values of ky,o/kp,o =0.3~0.43
for pre-equilibrium protonation; 0.45~1 for concerted reactions.

When proton transfer becomes RDS, a full PKIE

o,N CH,COOE + B: — O,N~CH— ~Co0E—
L

O,N—CHICOOE!;  kykp =77

Table 9.8

Some solvent isotope eflects  Substrate kuolko,0

in hydrolyses.
Ethyl orthocarbonate, (E10),C 0714
Ethyl orthoacetate, MeC(OE1), 0534
Ethyl orthoformate, HC(OE?), 0335
Acetaldehyde dicthylacetal, MtCH(OE!), 0379
1.3-Dioxane, [’1 036
2-Methoxytetrahydrofuran, Q—nﬂ- 034
Sucrose (- glucose + fructose) 0568
Tonization of a (SKIE)1.24

3

atH* (L= H,D)
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9.1.8 Electrophilic catalysis

The elecrophilic catalyst may release a proton from water (11); it may
coordinate with an elecrophilic reagent and increase its electrophilicity (12) or

to a nuleophilic leaving group and increase its nucleofugacity (13, 14).

5 2
C=0"H B cﬁ\H H/ox .c/;‘ ) 5‘ .
u " l R g W As
R
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e , \t
€=6_m* — £-o u
/ b
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9.2 The mechanisms of some catalysed reactions

9.2.1 Substitution a to a carbonyl group

rate = ky[H*] + kpoul ACOH) + ko [OH ] + ko, [AO"]
+ ko + KTACOH][ACO)

9.2.2 Keto-enol equilibra

Table 9.10

Acid-base properties of Carbonyl compound ~ pK;  pKi  pK%  10°k(enolization)/s™*

H
[ o”

(LN

623 1050 1673 13

1163 1549

O—<—c \-O
H

- for which X‘. 2
SR Ky = 560 % 107%5" o
—— i’ 1= —COR —ON. k, -1 1070 f— 1Y 335 97 1321
z-C, E* < Hal®, D", R* ko =787 i (::.',
kg =335 x 10 o
Ko = 0006 x 10 Compd. keto:enol n_J 07 946 1283
Acid catalysig kK =35x10"*M sy
b o ta acetone 1:4x10° o
Ph. 098 940 1042
o= (": P acetaldehyde  1:5.9x107 W:l
“Me Me” You, Me” CH B s
: ° o _ ({H\? Q} e Q /:\ 833 1094 1927 27
- — —
et et F o om )‘n
b, - [ o 79 104 1831 126
o
— P Belhe —. 1 - = \H\n
CHy Ih’c'(;l? Hn’c‘ﬂl,ll pu Me ON Ma O o 648 17 1826
aniyi caniic 7 §i ,\ 2‘_( = Ho é
1® ! 10 OH BOC H 4 #
2019/11/11 19 Fel5e/11/11 VY 20
" n A
Table 9.9 The ketal family.
. oH
9.2.3 Hydrolyses of acetals, ketals, orthosters and related compounds - L/o "\L/ " f_/ou "\c/
A A
\JR l/ \DR \Ul { \Ol
LN L) Ketal Acetal Hemiketal Hemiscetal
. N NI . b e
/C; gz /ctozn - 7~ SR H SR OH H, OH SH
(o’ I‘ l“‘ I,C/ N l,c/ >(./ n,c/
u H o-» ® ¥ s s T “sr
Y N Thioketal Thioacetal i
W N . [ [ .
! Ok OH OH
t"’ Zor R—C-OR T
l ok Sor e
O RO . \ SO
LT = 5 ! ! :
oH oH or SR or oH H_om
el e wc! ne] h4
Table 9.1 sk S, S, on » Von
LFER constants for acetal Compound hydrolysed " w L] kp,o/kn,0 0.5-Ketal N.S-Ketal ON-Ketal Ketone hydrate Aldehyde hydrate
and ketal hydrolysis 1 - . L.
ArCH(OE1), ~33510 —41 —102 HO,
RR'C(OR"), -39 06 26 OR
CH,(OR); -43 . HOCH, o OR
ArC(OMe), -20 07 212 1‘“ o—7"H
(Glucose)—OAr (acid-catalysed) =006 RO HO H
(basecatalysed) +248 O Su OHOH
Tetraalkyl i Glycofurancside
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9.2.4 Dehydration of aldehyde hydrates and related compounds 9.2.5 The formation of oximes(fiF), semicarbazones(4i &% R) and
hydrazones(fi%)
The structural unit >C(OH), is found in the hydrates of aldehydes and N
e H-0" N N OH N\ A
ketones, and in hemiorthoesters, which are intermediates in hydrolyses of ,‘é 0 ,C\ﬁ"! & O = A
carboxylic esters and which rapidly revert to the carbonyl form. Aliphatic f‘l x )‘g :u
. . o, 2
aldehydes are largely hydrated in aqueous solution (HCHO ~99.95%). i - l -
u
N,
So=N = /c,ﬁ{;
H\ H\ "
H..y" /H 1‘!\ -0 DJI’D OH _ H R
€ o By f : el
; ! oy \ ¢ _co; == pfad, 2 4§
ap F @ Yo ] ¢ cof
,0 H C [+ 9 9.2.6 Decarboxylation R ) RNH P
H ) PN H RNH, R an
- O-H » l
C=0
£ % Na*OH~ 4+ CH,CO0" — [Ns*CH;CO0 ]~ e HR
» ey L. N o0
[Na*CH}") + CO, — CH, ¥ o b
® oy,
T
" R Yoy
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9.2.7 Acid-catalysed alkene-alcohol interchange

H

Table 9.12 Some catalysed rearrangements.

Name Reaction
Beckmana, 33 "
_OH SOH, RS
N N =
by = C)\ — R—C=N-r - ¢ fum
R7OR R o
r—c=R—r l
R\

:‘:ae‘" N e "‘c-cg"'
. N\, s “,
K R gin R H
H*
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Febe 812 {eomt)
H
Name Reaction R\N'x RodX E‘N’Hx' k\N/“ “\Nz"
= —_— S =
= P *
Jacobsen - I l”" X
L H ArX

@ ar

X = —Hal (Orton), —Ne=NAr, —OH (Bamberger)

s-&: Schmidt o x
r-¢ = gm0 Me. O
NP Me _O _ =
oH ~&) C\a,A.l(], O,Mc:,
Al +MeLa0
o SIS
Lomnys  LiOSSEN RNH; <= RNHCOOH =~ R=N=C=0 Cj — Q _.é —
o o
I—C/\’ = R '_ T R-N=C=0+0Ac" a C
NH—OAc kﬁ—e‘u / o' \
/o
. H
oeims Curtius K Mﬁ‘—"::(‘u‘ — AN, +0—0 —= — pC—ANHR
*S as N b
N=N=R R R a
L]
20191111 27 2019/11/11 28
. . Table 9.14 . R
9.3 Catalysis by non-covalent binding e sacices i by RSCHOM lonic type of surfactam kuke
oy—D—o—oot‘JlmO!r - 30
o pap o m :
¢— [ == No; OH
n"g N R R ro” “x oN—{  Y—0—coc,qiy + 0 ) 2
&
n,u—<}oo-om +OH" 5 .
R K {7 18
R—O0S0,0~ + H,0* = ROH + H;S0,; cC,-C 1 Na*850,0—CoHy + Hy0* - 36
3
o
56
g:: 100 + n.%
ON 0—PO(OH), H*
NO; {+ 50
f’ - n
L A dBN WQmth
U" k3
T NO,

T8

Py
T+
g
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T Truc acid catalysis (in which the catalysing acid s ROl consumed) must a0 |
require the availability of a base. Consider the logic of this statement.

9.3.1 Host-Guest interactions PROBLEME 2 A general scheme for acid catalysis is the following:
L . =
(a) Crown ethers S+HAz=SH" +A";
on
(b) Cryptands SH® g PH";
L
¢) Calixarene :
) PH* + A —— P+ HA
(d) Cyd"d%tnns Derive kinctic expressions for catalysed reactions when
(a) k- ,[A")» k; and k[A")» k_y,
() ky» k_ (A7)
o™ 3 Strong bases promote isomerization of alkenes with a tendency 10 move
( O] double bonds into conjugation. The following isomerizations were carried out
o o in a d d solvent and P was determined
Lo I Ph, B H B A
’
N C—CHmCH, 2. ool 4 o=(
" aan ) M{ M m¢ o
Eﬁ»&o ) Me o -
i
Hoisou PACH,CHe=CH, 2220 by CcH e CHCH,
ol =
il 4 PhCH=CHCH,D
ay
2019/t 31 How may these results be accounted for?
int .
4 Sketch out the steps needed to convert ethyl orthocarbonate into CO, (@) The Sommelet-Hauser rearrangement
H*Hi0 N
C(OE1), - — CO, + 4EtOH.
z f\
cu, cu, i
5 S for the following lysed r u-!,——N
(a) Amlde dehydration: s SR
o]
&
Ph—C,_ 22 py—C=N.
NH, (¢) The Bamberger rearrangement:
(b) The ‘abnormal’ Beckmann rearrangement: NHOH NH,
Ph,CH Me
¢” . MeC=N + Ph,CHOH ﬁj .
’|} 2]
“oH OH
(c) The Stieglitz rearrangement: () Wagner-Meerwein rearrangements in the terpene series:
Me

-
a - 46
“oH OMe

Stm Qcli i

a=ci—cu’ = e —CHr-Bu
Na

(h) The Ritter reaction:

Mc,CHOH + PhON 22 mf
NHCHMe,

6 Suggest a mechanism for the Baeyer—Villiger oxidation of a ketone to
an ester consistent with the isotopic labelling shown and with the
presence of a **C-PKIE at the carbon indicated:

ug "o

1, C\ w 1 N
O Me — o Me
n-c.
o—oH

Substitution in the aromatic ring of the ketone leads to a Hamment
plot, p* = —1-45. Does this accord with your mechanism?
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