Chap. 8 Substitution Reactions

Y + R—X ——» R—Y + X
not necessarily the same as R

Nucleophilic :
Electrophilic :
slow + . +
Syl (CHg)scCl Sronon (CH3)C™ + ClI Foon (CH3)3C ECHzCHs
—d[(CH,),CCI] ¢
rate = q —Kl(CH,y),Cal (CH3)3C—OCH,CHj
m A CH5OH ]
Sy2 CHO + CHy—Br HsC—O—CH; + Br
nucleophile nucleofuge
rate = w = k[CH,Br][CH,O]

The rxn mechanism encompasses a wide spectrum
two-dimensional rxn coordinate diagram for 2

i j / L : loose transition state
T : tight transition state
3 P : product-like TS (late)
1__:;;” . R : reactant-like TS (early)
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Three dimensional rxn coordinate with E as third axis
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Effect of moving down (stabilizing) the energy of a corner

(species)
— move the TS away from the corner “aong the rxn
coordinate” A

E ] -Jf.--':-:/ \"-. \\\

Rewtian Coerdinme

Effect of moving down (stabilizing) the energy of a corner (species)
perpendicular to the rxn coordinate, shift the TS toward the corner.

a better leaving group
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The effect of nucleophile, il S
substrate, leaving group, e o Byl =
solvent on the geometry '\
and energy of TS can be . .
with better leaving group, the
analyzed based on these TS shift toward the left.

principles



Sy 1 Reaction

d[R-Y] ry-
rate = = k,[R7][Y
- W m [RTI[Y"]
K1 ssa
+ - k2
R"+ Y —%» R Y d[dI::+]=O=|<1[R—X]—k_l[R+][X_]_k2[R+][Y_]
[R+] = k[R-X]

KX TTHkIY ]

e Kl R=XI1Y']
KX T+ kLY ]

if [X] very small (early stage) k,[X] <<k, [Y]
Rate = k,[R—X]
If [X-] increases, rate decreases (common ion effect)

Effect of Structureon S 1 reaction :

rate of solvolysis : 3° > 2" > 1" > methyl
parallel the stability of carbocation
rate of solvolysisfor R(CH,),CCl, rel.rate 1 for Me

rate of bridgehead system : 1.67 Et
. 1.58 Pr
rel reactivity
1 3% 1077 107 -
Effect of Solvent :
Grunwald-Winstein eq m : sensitivity of the substrate
to solvent ionizing power
log(k/kg) = mY Y : ionizing power

whereY = |Og(kt-BuCI, solvent? kt-BuCI, methanol)



Schleyer’seq
% rateinagiven solvent N4 : solvent nucleophilicity

log(k/ky) = | Nore + MY ore | sensitivity to solvent
nucleophilicity

i 0, . ..

rate in reference solvent, 80% ethanol Y ore ¢ ioNizing power

m : sensitivity to ionizing power

Y o7s = 109 (K'ky) for 2-Adamantyl tosylate

;\ .OTs

no nucleophilic
rxn possible

Nors=1og (k/ky)) —0.3Y 57  for CH,OTs

both nucleophilic
rxn and ionizing

Syl rxnisfirst order rxn in substrate rxn possible

if sp?-hybridized intermediate is formed
— racemization for chiral S.M.

Sometimes partial inversion is observed (characteristic of S2)
— Solvated ions and ion pairs

H"‘\. R?‘ Rﬂ H_\_\E-E! Rﬁsr H“‘-\.Ri ];{:‘I_ rl.:;_H
0 Y-xH-0 =] OV | — | ‘o¥N¥o
! B ~ 4 R / \
R [ R R 1 B Hl R
I /‘ I Solvated ion
R H R
0= ?Rﬂ T H[:II / b Rq i ;’H
- H p. ‘?_ o,
R 1 R R, R, R
Inversion
R, ////H



Figure B.18
Specan propossd
as intarmediatas in

sokealyss reactions.

Figure B.19
Sehematis diagram
of a possibia
reaclion profle for
o sohwolyais of
ety chionda in
wakar. [Adaphad
from refararca 53.)

HO Az HEE)_\_
B
Solvabed [‘::I lf;l
el D R-XED
&9
imiermial ben redesn ‘I ||||| lisn
]
Intimate Q] o
itights C R X
fxn preair
0 9
sxiernal ien rekmm :::':“-
| Eeparsiin
'
-, ~
Bolvent- FI':-L l"\j LS

sepurated () R ) A
favrn peRir

00«

i lwriad jon reum

Fee O i

FT

Lt

-Bull

Cl

First order in ch

CHj

independent of added ClI-
— No common ion effect

chloride in B may come from
the molecule itself
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Anchimeric assistance (Neighboring group participation)

BT Br Br
—r—Br_ b, 2 M C\%\l (,_LD H,C._ H
o—— — ,AHA e H,C—~ #—H : _
H,C H,C r H_,Il“." H HC | H
OH “OH, Ar
(1)-threo Brt Z +
Br
H3C:4 ﬁCH:% H,C. JH
; I
achiral HC T H
Br
Il
iIf the S 1 rxn has no anchimeric assistance, =~ —8r , Br—
the product will contain meso-product in B |
addition to the racemic 2,3-dibromobutane
CH,
CH, CH, OH,
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e A
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rate of acetolysisfor trans-tosylate : cis-tosylate
108: 1
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1. stereochem. Q‘; -
2. rate OTs OTs
5 1
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S\2 reaction

backside attack with inversion at carbon
[ : 4

CH, | cH, CH,
B B

"4 g1 AT I H 4]
R H R R

from chiral iodide, the rate of racemization is
twice the rate of incorporation of radioactive *|

Solvent effect
depend on solvation energy of reactants and transition state
1. negative nucleophile + neutral substrate

i
I+ CH,Cl — | I---CH, f]J — [CH,+Cl

rate increases with lower polarity, non-hydroxylic solvent
2. neutral nucleophile + neutral substrate

t
it 3
(CH,),N + CH,C1 — Lrtﬂiaaﬁ-----uub ----- E:I—‘ — {CH,,N*CH, + CI’

rate increases with increasing polarity
3. negative nucleophile + positive substrate

%
L1 [
HO~ + CH,~N*(CH,),— | HO-- CH, mcﬁmj — HOCH, + N(CH,),

rate increases with lower polarity
4. neutral nucleophile + positive substrate

L i ?
(CH,),N + CH,— §*(CH,),— |(CH,\,N----CH, srcH_,|;| — (CH,),N* + CH,SCH,
rate increases with lower polarity

Polar solvent can increase solubility of ionic nucleophile, less
polar solvent increase the rate. — use crown ether or special
solvent to increase solubility / reactivity of nucleophile



CH,l + Cl- — CH.CI + I

E_ Selvent % ook the nucleophilicity can change
32.7 CH,OH 0.9 . dramatically in different solvent
784 W0 0 protic - :

11 mem i in protic solvent
359 C]L;N'D!- 14 100 . .I_ > BI" >LI_
359 CHCN a5 200 otic in aprotic solvent strongly solvate
36.7 DMF TOR.000 ® Cl->Br>1I
20.6 Acctone 1.410.000
80 —
G0 — rHJN' . 'EHQ' S - L -'_-____-______
- ram . . .
— """ phans in solvents with polarity
e L s i lower than H,O, the
= =" . . s . . .
:g —a0] H.M 4 CH,OCI salution act|vat| on energy ||es
& ! . H,NCH, + €1- between that of gas
=3 Solvation "'-._
— 80— firmn anargy __ phase and HZO
120 —
— 160 = T | T T T T I 1
4 35 2 1 L] 1 2 4 4
Re (A0
Substrate Effect

Steric effect R-Br +*Br-— *Br-R +Br- in acetone

R k(rel) E (kcal'mol} logA

CH, 76 15.8 10.7

CH,CH, 1.0 17.5 10.1

Increasing CH,CH,CH, 0.65 17.5 8.8

Sterte (CH,),CH 0.011 19,7 9.7
hindrance .

(CH,),CHCH,  0.033 18.9 9.6

v (CH,C 0.003 21.8 10.7

(CH,),CCH,  0.000015 22.0 8.6




logk + B

Electronic effect

R-Cl + *I-— R-l +CI- in acetone
R k (rel.)
= dual attraction 9,
n-butyl 1.0 0 ] 0
““E'?Hjﬁ 1,3ow] (b . O H\\g D_.-"’ﬂ
eyelohexyl <0.0001%" ne’l cH, O Je—¢ O
C,H,CO0CH, 59, zml/ H 8’ O*n
EEHECUEH': 106,000 Lo IE:.“
allyl % +— gahilizationof TS .
benzyl 195%¢ «— via 7 -system rl \
H,NCOCH, 99 x
NCCH, 3,070
Et0,COCH, 1,720
Nucleophilicity : relate to polarizability
k
Nucleophilicity: Y- +R—X — Y—R+X~  kindic
K .
Basicity: Y- +H—X — Y—H+ X~ equilibrium

Nucleophilicity and Basicity are related but not necessarily

Bransted correlation

. The correlation does not
Nucleophilicity oc Basicity hold if the attacking atol
18} is different, e.g.
o p-hivdroxybenzoate
o m-hydroxybenzoate A @—O'
11 . p-toluate
o m-toluate :
© p-bromiobenzoate O Prhitrophenylacetsie 3 .
a- _.--Zp-chlorobenzoate : 10= mroe basic
" H-chlorobenzoate— ndsen
.- p-nitrobenzoate )
7 o-chlorobenzonte OS
chloroacetate
104 more nucleophilic
5 T T T m T ]
2.5 3.0 b 4.0 4.0 il 5.5



Swain-Scott equation
n : nucleophilicity of a nucleophile
Iog(kn/ ko) =sn S @ sengitivity of substrate to the
nuclephile

Edward’s equation

ok /k) = aEus gy HTPar1n deiobaay

Eu=E,+ 260 relateto oxidization
potent

B : basicity (from pK)
P : polarizability (from mole refractivity

log(k /k;) =A P+ B H

L eaving group Effect :

The more stable the detached leaving group, the more stable
the product system

— Leaving group ability (Nucleofugality)
H,O>CH;OH>Br >NO; >1">F >C| > SCN" > (CH,),S>
CgHsO > NH; > C(H:S > CH,O > CN" > > NH, >>H" >H,C

Compare the basicity of the leaving group
(or the acidity of the conjugate acid)

Different solvent can change the leaving gp ability

log [k(CHX)/k(CH,I)

Y- Solvent .i: = [-:I Br I OTs Mpﬁ-q
My L:HJ{JH —2.40 -2 0.0 +1.8 -.’.'-._“;.-

DMF -3.3 —0.9 0.0 -1.8 —4 8
Cl CH,0H +0.3 0.0 +0.4

DMF ~0.8 .0 —1.7



Electrophilic Aromatic Substitution ScAr

' k
Basic step E* + Ar—H —= [Ar<H]"

2

k.
[Ar<H]* — Ar—E + H*

General Mech.
1. generation of attacking species

strong { NO," 2H,SO, + HNO; —> NO," + 2HSO, + Hz0"
Br, or Bro-MX, Bry + MX, =—== Br,-MX,
{R3C+ RiCX + MX, =——= R C" + [MXp]
medium ')
RC=0" R—CX + MX, =—= RC=0" + [MXp4]
weak —» NO* HNO, + H" ——> N=O' + H,0

2. Formation of encounter complex ( 77 -complex)

(\” RS | o=N=0
- iy

3. Formation of g -complex —encounter complex

[ O0=N=0 H H Ho |
|[i’\5 ___.'r e |7 Hr--wur S ;?J%"ND_. —s I‘rJ:;I{"NU; :
O— = | ™

sgmE complex
4. Loss of proton
r‘ﬁ.h':"-' N0,

E’ I No, B .
Depending on the electrophile & substrate, rate-determining
step can be either of these.
Kinetic evidence for the mechanism
reaction rate,
Kinetic isotope effect,
OCHjs OCHg (notH)
[NO,'] substitution of a substituent
[ Ipso o © © by another substituent. J
substitution :

1 NI



Earty framsaman
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b Bewmaes

positive charge is small on thering

resemble X T ——_ — lesssensitive to substituent
reactant — low p and low positional
E. H selectivity
+ E7
1A
- - E
highly reactive X X i
electrophile B ]
P er-compley *H
X
I-F... H
st e positive charge is substantial on the ring
saltlifinl @ et
livrmais=n . H-\-._‘"
resemble , X / — — high o and high positional
o -complex P H E/_\ selectivity
E
(B - lllll"\-.
+E \\-_ +H*
X
X ar-compley X

Fig. 9.7. Transitioon states for highly reactive { A1 and less reactive | Bl electrophiles.

Table 9.6. Values of p for Some Electrophilic Aromatic Substitution

Reactions”
Reaction o relativeto g
Bromenaton (CH,COyHI -13.1 <«— |gtetransition state
Chilorenation (CHy N0, | =130
Chiorination [CH, OO0 H-H, 0l -%_8 _
Proton exchange (H:50,-CF,C0.H-H. 04 ~8.6 ] middle T.S.
Acetylation (CH,COCL, AICY,, CyH,Cly) -8.6
Mditration (H;SO0g-HMNCk ) —fd
Chibotination { HOCT, H™ ) =#.1 o
Alkylation (C.HBr, Galir,) -24  <«— early transition state

& From P. Rys, P Skesbal, and H. Zollinger. Angew. Chem lar. Ed. Engl 11, 874 11977}



1.U.O.

LE] .
Z e, |ess reactive substrate

vo,  rate depend on substrate conc’'n

r
ﬁf ! aswell as electrophile
d i L i

E
HNO, + H-
Reaction Coordinate
(k)
' r.ds. _— Mmore reective substrate
v/ CH,
i T}y}[ rate independent of subst. conc’
LT:FJ N,

B ArHINO® CH,

Wi '*e] ., thedeprotonation step is not shown
Eﬁf ' if r.d.s. aprimary KIE will be observed

HNO, + H*

Reaction Coordinate

Evidence of g -complex

CH, CH3

.\ ) salt isolated at low temp.

CoHsF + BFs > BFs m.p.(dec) -70",
840  H CyHs elem. anal.
3.30
CHs ! CHY ™
SO H

© + HF-SbFy —> sbFy  NMR temp. dependent

H H
9.38 j HH 4—7/ 5.05

CH
3 CH, CHa,,

Q=@ =er—Q



For Substituted aromatics, the reaction sites are non-equivalent.
— activating & ortho, para-directing gp - alkyl, OCH,, -NR, =
— deactivating & meta-directing gp : -NO,, -*NR;

— deactivating & ortho, para-directing gp : Cl, Br

CHs

. more stabilized N\ more stabilized | more

by alkyl group by lone pair “e  stabilized by

}/‘/ / " conjugation

o. +
N+ Cl
)
+
||
H E o
strongly destabilized
bromination nitration
_ 2 CH,
Partial Rate factors o Jus 4spadae
a5 1.3
fé= [(k'/2)/(k/6)] % (percent ortho product/100) Eﬁ.l]
f2 = [(k'/2}(k/6)] % (percent meta product/100) L o 3.3
£y = [(k'/L)V(k/6)] % (percent para product/100) Py B
. o |'|..|.-"“L=:;._,-u‘|:|||3:!- 103 |~x1._,.s 0,030
k’ : ratefor the rxn of substituted derivative 000083 0.00098

k : ratefor the rxn of benzene
if f£>0 : activating ; f4<0 : deactivating

fof;>fr o, p—directing

£Z _fZ ¢Z m _ directi na



Partial rate factorsrelate 1. substrate selectivity
2. positional selectivity

high substrate selectivity — large differencesin rate of rxn
— |ow reactivity of electrophile
low substrate selectivity — high reactivity of electrophile

positional selectivity relates to substrate selectivity
In general :

Electrophilie with high substrate selectivity will have
low ortho : pararatio and negligible meta

Electrophiles of low substrate selectivity — low position selectivity

f, for toluene strongly correlate
f fortoluene  Withfe

Selectivity factor S, =log

high substrate selective — high positional selective

Tuble 9.5, Selectivity in Some Electrophilic Aromatic Sebstitution Reactions®

Partial rate factors for taluene

Reiwtinm - [ fm fe

Mutratiem
Sl LT E L8| LR 1.3 457
Hulopenatnon intermediate
C1ACHC0Hi 1T £ 20
BrACH OO H=HLOn il 54 14700
Privtosaiien
H--H-500, gl 1.4 K3 i
H-O-CF L0 H = H 50, ER1 7.2 11 hlghly
Acwlition SeIeCtlve
Ph{ O AT . PhNC, X 50 Kil
CHGOOCN A CHTHCHSCT 4.5 4 K T449
Alkylamon
CHaBriCiaBr.) 0.5 1.7 113 <+— |ow salectivi
CH = CH B CGialr,d .5 1.4 5.0

PO HCH AT 4.2 .4 1B 0H

a From 1M Stock anmd FL © Brven, Ady. Py, Oe, Chem 1. 35 001983



PMO Theory of directing effect

if the T.S. issimilar to the intermediate ¢ -complex
(late T.S)

a pentadienyl cation with 4e
— vy, a-17p5 HE  coefficients of MOY/,

- W4 o — B 057 ij 0.57
—y, a o\ o
+ WZ a+ B 0.57

—t 4 a+1.73 asubstituent will have little effect if at
meta-position, since it’s anode there

The cation charge is on C,, C;, C; for a substituent with
positive charge on atom directly bond to the ring, there will

be electrostatic repulsion. — meta-directing for _=C=0,
=~

C & —NO,

Nucleophilic Aromatic Substitution S Ar
First order

.-"'J=i' Y ym slow . i ."'-._ i
O == Gp — Orm
Mu-
Driving f
Second ord%rood\ eal\,-mg ap @_’ .rIVIng orce
""@ e A G j_']" !
i;._,,j — | |. ,P— || | 3 [

| >

1. The site of reaction IS the Ieavmg group position, as H is
not a good leaving group — no isomeric mixture formation.

2. a strong e-withdrawing —-NO,, -CN at ortho, para-position
Is needed to stabilize the adduct

Br
N Br
NO,
N NO,
—_—
NO,



pcliZylic

O e O - 00

X=CLBrJ(X# F:I

= | = | NaNH, & | = | aminoisat the
lig NH, | ' '
o 1} iq oS o site of leaving gp
I I | :

or one carbon

OCHj OCHs away
NaNH, _ the S.M. or product does
lig. NHs NH, not isomerize under same

rxn condition
CF3 CF,

©/Cl @\ reactivity : Br>1>ClI>>F
NH,

*C-labeling expt.

@ o8 O
same intermediate

46% 52% or mechanism for
X = GI 43% Hd% the formation of
proposed rxn mech. both product
r\‘\ trapping exp.
O — O
+
Concerted pr B @I
Y — ) o
+ NHE ‘ —
) X
i C OO
D-labeling expt.
D
D@F KNH,/NHq » 100% loss of D 0% Anilinar formation
D
D

@F — > 100% 0%
D b
SF 5 > 100% 0%

D@—Cl —  13% 289 <  SePWIse
N - e —E B\ 290/




Product Distribution in Benzyne RXns

\@Im )/\é( Gnﬂa
T RN

relative stability determines the prod. distribution
R=CF,, m-product favored
CH,, ~equal mixture

¥ KMH,
A O

_KNH, fHH R if R e-donating group R

P ortho-
. ] —» Mmetla-
e

R if R=e-withdrawing R

[ j - NH Y
N —— 2 or =
g o [i[n @

R
iIf R =e-donating group iIf R =e-withdrawing

Table 8,19 Product distributions for reaction of subslituted hakbenzenas with amide
iin liquid ammania.

R X Yield (%) % Ortho % Metn % Para

o-CF, cl 4 100

o-CH, cl 66 45 55

o-CH, Br L] 48,4 Bl.B

o-0CH, Br a3 100

p-CF, cl 25 50 50
p-CH, cl a5 82 38
p-0CH, Br a 45 1
m-CP, 0l 18 100

m-CH, cl 66 40 52 8
m-CH, Br Gl 22 L ]
m-0CH, RAr 54 100

OCH, 4 _ considered as e-withdrawing since

h (L\,[g; the anion isin sp?, orthogonal to
. ' the 7 -svstem



