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Chapter 11: Nucleophilic Substitutions & Eliminations

Alkyl Halides - Halogen bonded to an sp3 carbon
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Alkyl Halides React with Nucleophiles and Bases

Alkyl halides are %70\(’;,(’{?60( at the carbon-halide bond, making the

carbon __ ¢ 1€k (O\P\/\\\QC/ and can act one of two ways:

Substitution: Nucleophiles will replace the halide in C-X bonds of many alkyl halides
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Elimination: Nucleophiles that are Bransted bases produce elimination, forming water and a
double bound

: _ H'&C o 3 . ©
H\c;cl" - \Q‘—‘ g ¥ Hlo v B
.+ OH — B %,
/ Br ch‘ Chiz,

page 309 in 9th edition textbook ' 1



The Nature of Substitution

Substitution, by definition, requires that a \,e,(m departs from the
reacting molecule. A nucleophile is a reactant that can b expected fo participate effectively

in a substitution reaction.
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Substitution Mechanisins

Sy1 Two steps with carbocation intermediate. Occurs in ‘\'CV\‘\O\M OL\\L\A\ S C}\LH\S "

bex\:z-.\l\s

Sy2 Two steps combine - without intermediate. Occurs in :‘D(M(’Nbﬁ z S{Cmd&q NMS

A mechanism that accounts for both the inversion of configuration and the second-order
kinetics that are observed with the nucleqphilic substitution reaction

Nucleophilic substitution reactions are one of the most common and versatile reaction types
in organic chemistry
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Inversion Racemization
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The Sy2 Reaction
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The nucleophile “OH uses its lone-pair
o P P (S)-2-Bromobutane

electrons to attack the alkyl halide carbon
180° away from the departing halogen. oJ
This leads to a transition state with a

partially formed C-OH bond and a

partially broken C-Br bond. HCH3_

Q= Suloshhuhon

- YV Te- ! s (\C,
VR = WAUACOPW:
1 N= WU
CHaCH3 Low
- e wn A O
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as the C-OH bond forms fully and the o
bromide ion departs with the electron l

pair from the former C-Br bond.
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The transition state of an Sy2 reaction has a
carbon atom and the remaining three groups
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Order of Reactivity in § 2

The more alkyl groups connected to the reacting carbon, the Now e
reaction
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Characteristics of the SN2 Reaction /\
é— % No reaction

Sensitive to steric effects

Aryl halide
Methy!l halides are most reactive
Primary are next most reactive R. CCI .
. csc, > i
Secondary might react R’/ R v No reaction
Tertiary are unreactive by this path Nu:~
No reaction at C=C (vinyl halides) Vinylic halide
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Stable anions that are weak bases are excellent leaving groups and can delocalize charge

OH™, NH,~, OR™ F cr- Br~ I TosO™
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Poor Leaving Groups

If a group is very basic or very small, it is prevents reaction

R—F R—OH R—OR' R—NH,

2's

These compounds do not undergo Sy2 reactions.
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The S, 2 Reaction Summary

Good ‘ Bad

Steric hindrance raises the energy of
the transition state, so the reaction
rate decreases, tertiary substrates do
not react by an Sn2 reaction

Methyl and primary substrates work
Substrate  best, secondary substrates will react
slowly

Basic, negatively charged
nucleophiles are less stable & have
Nucleophile a higher ground-state energy,
decreasing the activation energy &
increasing the Sn2 reaction rate

Stable anions are good leaving
groups, they lower the energy of the

Leaving transition state, which decreases the
Group activation energy and increases the
SN2 reaction rate
Polar aprotic solvents surround the .
accompanying cation but not the nfcrlz t(l)c ﬁﬁg’ex:]sicsr? lIé?;ﬁr?’?he
S nucleophilic anion, raising ground- pniie, : .
olvent ground-state energy, increasing the

state energy, decreasing the
activation energy and increasing the
reaction rate

activation energy and decreasing the
SN2 reaction rate

The S,1 Reaction

o Tertiary alkyl halides react rapidly in protic solvents by a mechanism that involves
departure of the leaving group prior to addition of the nucleophile

e Called an Sy1 reaction — occurs in two distinct steps while Sy2 occurs with both events in
same step

e If nucleophile is present in reasonable concentration (or it is the solvent), then ionization is
the slowest step ( Rate- WMW\WW% S¥erp = Spm+ancm5 remover of
e Carbocation is biased to react on side opposite leaving group (e,o.dmcs OS{O\AP)

e Suggests reaction occurs with carbocation loosely associated with leaving group during
nucleophilic addition

e Alternative that Sy2 is also occurring is unlikely 3
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HaC—C—Br [ e
LY CHy—C—OH
) Spontaneous dissaciation of the alkyl 3 CH3
bromide occurs in a slow, rate-limiting ) Rate-timiting
step to generate a carbocation step ) The -OH group is first protonated by HBr. @ ”
intermediate plus bromide ion.
CHs CHs
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HaCmCr e * CHy—C—GHa | + B
CHg 7
10H, T CHy
Carbocation © Spontaneous dissociation of the
@) The carbocation intermediate reacts with p.iro.t(')nated alcoh.ol et S_IOW' Ffe= (2] H
water as a nucleophile in a fast step to Q” :'a:; !'m‘t'"g s_tep to yield a carbocation
yield protonated alcohol as product. intermediate plus water. i
3
CH3 H N
[ / Carbocation CH3-C+\ + Hy0
HeG=C—~0% S =
N CHy
CH3 H— 3 \
The carbocation intermediate reacts with Re:
€ Loss of a proton from the protonated “Oliz 34 £ ) i $6ry
- . ) bromide ion in a fast step to yield the (3)
alcohol intermediate then gives the (3] .
neutral substitution product.
neutral alcohol product. oH
(|:H3 - H3
HC—C—OH  + Hy0* C“S—“:—-Bf
CH3 CH3

Stereochemistry of S, 1 Reaction

The planar intermediate leads to loss of chirality. A free carbocation is &C\’\N‘\\

Product is racemic or has some thverSion
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50% inversion of Planar, achiral carbocation 50% retention of

configuration intermediate configuration
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J Resonance helps with JM«‘IH—-G.

Characteristics of the SN1 Reaction

Tertiary alkyl halide is most reactive by this mechanism
Controlled by stability of carbocation

/
H H CH3
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Methyl < Primary < Allylic = Benzylic =~ Secondary < Tertiary

Carbhocation stability

ol when tne Stobikzed cobotation 15 fotmed - tue more
lermedlicte Me fosler fne Sy! yveathon wilt 0Cew

Jore ?nwcm/( o«ll\1\ic» omd benzylic swbstraied ore also veactiie R Sy oL §
(along with Sl )

Leatkon iS fovore _
Jroole e carbocahen

Rank the following substances in order of their expected Sn1 reactivity:

Il3r I?r
CH3C|‘!23I‘ H,C=CHCHCH3 H,C=CHBr CH3CHCHg

Effect of Leaving Group on S 1

Critically dependent on leaving group
Reactivity: the larger halides ions are better leaving groups

In acid, OH of an alcohol is protonated and leaving group is Hzo, which is still less reactive

than halide

p-Toluensulfonate (TosO-) is excellent leaving group

HO™ < CI- < Brf < I = TosO" < Hy0

Leaving group reactivity
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Nucleophiles in S 1

Since nucleophilic addition occurs after formation of carbocation, reaction rate is not affected
by the nature or concentration of nucleophile

The reactions occur through a rate limiting step in which the added nucleophile has no part,
the nucleophile can not affect the reaction rate

CH CH
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Mrough a Yok CHy—C—OH + HX —— CHy—C—X + H,0
limiting Sep M CHs CHs
WA Ahe odeked 2-Methyl-2-propanol (Same rate for X = Cl, Br, I)
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Substrate Tertiary, allylic, and benzylic halides

Nucleophile must be non-basic to prevent the competition of

Nucleophile elimination of HX reactions, Neutral nucleophiles work well

Stable anions are good leaving groups, they lower the
Leaving Group energy of the transition state, which decreases the
activation energy and increases the Sn1 reaction rate

Polar solvents stabilize the carbocation intermediate by

Solvent solvation and therefore increasing the reaction rate

Alkyl Halides: Elimination
Elimination is an altemative pathway to substitution
Opposite of addition

Generates an alkene

Can compete with substitution and decrease vield, especially for Sy1 processes
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Stereochemistry of E1 Reactions

“ Product has Zaitsev orientation because step that controls product is loss of proton after
formation of carbocation

no geomert vequivement
CH3 CH3 HsC H

- e E\ Zyn becus CIZ— H,0, ethanol H _(!;_ \C— /
’(\AQ \A(L\(dxe end ,th H3C—| Cl T 3C l OH + / —C\
goheen V& e CH CHg Hee A
s 2-Chloro-2-methylpropane 2-Methyl-2-propanol 2-Methylpropene
geperare $1P oo ' . (64%) (36%)
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Comparing E; and E??;ét:nm (*\ S\ but "(M Inel Skp S e leSs of e
(H) (:mm e ad\acan’r Cobon vyatne/ tuen o
J¢ Strong base is needed for Ez but not for E; SUOSRMRN

“ Ezis stereospegcifc, E1 is not

Jv E1 gives Zaitsev orientation

Summary of Reactivity: Sy1, S\2, E,, E,

Substrate SN1 SN2 E1 E2
1 X Yes X w/strong base
o Benzylig and W/E2 Benzyllc_: and Favored w/

‘ allylic allylic strong base
Favored in Favored w/
3 hydroxylic X w/SN1

bases

solvents

Primary — mostly SN2
Secondary — SN2 w/ non-basic solvents or E2 w/ strong bases

Tertiary — Mos.tly E2 (SN1 and E1 in non-basic solvents)
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Solvents

Polar aprotic solvents (no NH, OH, SH) form weaker interactions with substrate and permit

faster reaction (solvate + better than - )
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Solvent is Critical in Sy1
Stabilizing carbocation also stabilizes associated transition state and controls rate
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