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Nucleophilic Substitution

A nucleophilic substitution reaction involves the
replacement of a leaving group with a nucleophile,

I.e. Nu-
\, 64-/—*6-
w6 = Nu—4 LG

Cl s (H-0]Nu Woiy

H—0_, H,C—Cl — > H,C—OH @

Note: this reaction is an equilibrium since the
leaving group can, in principle, act as a nucleophile.
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Nucleophiles - Sl

Nucleophiles (Nu) are electron rich (i.e. have lone
pair(s) of electrons) and are attracted to the
positive nuclear charge of an e poor species, the
electrophile (E).

Nucleaophilicity refers to the ability of the
nucleophile to react this way, i.e. how available are
the e in the nucleophile. The more available the e
the more reactive the Nu. These may be lone pair e
but ® bonding e are also “available”.



Nucleophiles
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Nucleophilicity trends (compared with basicity):

1) Across a row in the periodic table nucleophilicity (lone pair donation) C
>N-> O > F since increasing electronegativity decreases the lone pair
availability. This is the same order as for basicity.

2) For the same central atom, higher electron density will increase the
nucleophilicity, i.e. an anion will be a better Nu (lone pair donor) than a
neutral atom (i.e. HO > H,0). This is the same order as for basicity.

3) Within a group in the periodic table, increasing polarization of the
nucleophile as you go down a group enhances the ability to form the
new C-X bond and increases the nucleophilicity, so I > Br > Cl"> F. The
electron density of larger atoms is more readily distorted i.e. polarized,
since the electrons are further from the nucleus.

Note: this is the opposite order to basicity (acidity increases down a
group) where polarizability is much less important for bond formation to

the very small proton.
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Nucleophiles

Common nucleophiles include:

A Nucleophici
Nucleophile

Halide I, Br,, CI
Oxygen H,O, ROH OH-, RO, RCO,
Nitrogen NH;, RNH,, R,NH, RN Ny

Sulfur RSH, R,S SH-, RS

carbon N=C, R-C=C



Nucleophiles

The following tables ranks the strength of common nucleophiles
(as compared in methanol CH,0OH):

Nucleophile
j:Very Good I HS", RS- ¥ ¥
lejl d_-w Good Br, OH, RO, N=C, Ny
' Fair (moderate) NH,, CI-, RCO,
Weak H,O, ROH
v Very weak RCO,H

p)
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Leaving Groups

y
Gl

* A leaving group, LG, is an atom (or a group of atoms) that is
displaced as a stable species taking with it the bonding electrons.
Typically the LG is an anion (i.e. Cl") or a neutral molecule (i.e. H,0).
The better the LG, the more likely it is to depart.

* A'"good" LG can be recognized as being the conjugate base of a
strong acid.

* What do we mean by this? First we should write the chemical
equations for the two processes:

P
T A R — + , oM pare N +
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Leaving Groups

Note the similarity of the two equations: both show heterolytic
cleavage of a o bond to create an anion and a cation.

For acidity, the more stable A" is, then the more the
equilibrium will favor dissociation, and release of protons
meaning that HA is more acidic.

For the leaving group, the more stable LG  is, the more it
favors "leaving".

Hence factors that stabilize A~ also apply to the stabilization of
a LG



Leaving Groups

The following tables lists some of the common leaving groups.

Excellent NH, weale bases
Very Good I, H,0

Good Br

Fair Cl-

Poor F S’frol\s
Very poor OH-, RO, NH, | batee
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Mechanism of Substitution Reactions

Experimentally if you measure the rate of substitution for the
following reactions you will find the following rate laws:

OH-  H,C—Br —— H,C—OH Bre (SN1 ) rate = K[CH,BrJ[OH]

OH- (CH,),C—Br ~ ——— (CH,),C—OH Br- (SU&) rate = k[(CH,),CBI]

Why the difference?
6 in SL e rake of e reaction dopends on oyl hakl only.

in SNZ, the rake ofF Hhe reackion olepenols on —701“?5] Tal?ol.
L Nu.



Substitution Reactions: S,2

The first reaction is dependent on the concentrations of both the

@ substrate and%ucleoghlle, i.e.

® ©
te = K[CH B 1][0H ]

—_—

[ab)

of- H,C—Br — 4,C—0H n r

This implies it is a bimolecular reaction that occurs in one step.

There is a single TS in which the new bond to the Nu is forming
while the old bond to the LG is breaking, i.e.

H
Nu’ Q—l... I 6+ * . l-G'
OH-  H,C—Br HOD Sy &5 g o H,C—OH

Br-

P — NAA

o l d: )} T
pu  substrate by HH aby ;S



Substitution Reactions: S, 2

The reaction coordinate
diagram right indicate this

one step mechanism. éi‘»l'?;&m"
» Rate = [substrate] & [nu] £ owbéci,euwu
4 bl (9,55
* S\2 results in an inversion CHR
. . e . ['ransition state d&ul ) 5 5 .
of configuration if it COMe 3 Cogatlge e b
i & | §R9W Qs js energy Adls, L= Sh
L&S Occurs at a Chlral Center. _'% Trans'n}inh s“\e’ St . O\DLL))(}.;A
75" (Back-side attack of the N,
| E ¥ == - 2.5 b
HO' B CH,CHbr PI o
* Fastest for 1°, slowest for = ] O
30 CH,CH,0H + Br- AN

Reaction coordinate



Substitution Reactions: S 1

The second reaction is dependent only on the concentration of
the substrate, i.e.

PEE - — e = e HCE KRR

This implies it is a unimolecular reaction that occurs in several
steps. The reaction involves the loss of the LG to generate an
intermediate carbocation, i.e.



Sy1 Mechanism

* S\lisillustrated by the solvolysis of tert-butyl
bromide.

. lonization of the C-X bond gives a

carbocation.
CHS\ slow, rate (|:H%
oo determining -
\\\.-Cﬁfir . > CC + ‘Br:
CHg\\ (X \\s o

A carbocation intermediate;

carbon is trigonal planar

Copyright © John Wiley & Sons, Inc. All rights reserved.
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the locations of the two lobes of the
empty p orbital of the carbocation allow
the nucleophile to attack from either face

(|:113 (:Hg\ /CIIz; Cl ‘3\ CHs
O ol g . fas + e F
CH;0: ( 7"‘;:.(:4&/:0(11_13 _L> :O—(),,,”’ . + “\“\(J—O:

| 55 \ l / \ /(_AI’I 3 CPI:;\ l \

H CHg CH; H H CH; CH, H

Copyright © John Wiley & Sons, Inc. All rights reserved.

Proton transfer to
methanol completes the reaction.

CHj CHj H CHj CH; H
i —*V_m Yook o+ m
CHj \\\\“ 'L\ ‘-/ \ CE 13\“\\7 # \ .
CHg CHj, CHs

Copyright © John Wiley & Sons, Inc. All rights reserved.



Substitution Reactions: S 1

The reaction coordinate
diagram right indicate this
multi-step mechanism.

* Rate = [substrate]

Carbocation® =

intermediate

(CH,),C* + -
H,0 + Br i @

NS Syl results in racemization petionisg
N~ rotonatec

of configuration if it occurs ey
at a chiral center. AT - =0
H " Reacts ml( .

e Generate intermediate
S carbocation

Energy

Products
(CH,),C—0OH + H—Br

e Fastest for 3°, slowest for 1°

Reaction coordinate

(parallels C* stability)



Sy2: Stereochemistry

J Chiral I é\l[s_<>
Inversion of configuration for chiral atomes, i.e.
\?\J‘”G-g S 4

‘%DJ SJ-:@.) % Js

@2-bromobutane /utan-Z-ol

TNnversion of cmp;juraj'lom




S,1: Stereochemistry

Z—-/ C\I\\Tﬂ\-k U\)\.o\“" <>
Racemization of chiral atoms, i.e.
NS AT
Nu-
Sor 5o, /R
N_>U_C\" ]
\ I? ’SD .- . R'R
Rl Z . 0
.C—Nu
Ru\ l —
Rl
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