Alkyl Halides
Substrates for Nucleophilic Substitution & Elimination

Organohalogen Types
R R
R X
Alkyl Halide Vinyl Halide Aryl Halide. Ar-x

Hybridizations: C sp3 for alkyl halides and C sp2 for the
others. Chlorine get’sthe sp3 hybridization if we assume that
the lone pairs also are hybridized.

Glaser, UMC, Chem210 Notes WS99, © 1999 — 1 —



Nomenclature

L ots of trivialnames (e.g. chloroform). [UPAC nomenclature
can be applied as discussed earlier. Usethe“0” after the
halogen just so it is easier to pronounce.

Example 1. lodomethane or methyl iodide

Example 2. Fluorocyclohexane or cyclohexyl fluoride
Example 3: 1-lodo-2-methylpropane

Example 4. (1-1odoethyl)-cyclooctane

Geminal and Vicinal Dihalides
Geminal: 1,1-dihalo. Vicinal: 1,2-dihalo.

Alkylhalides and Degree of C-Substitution

In the reactions of halides, it matters alot whether the X is
attached to a methyl group (H3C-), to a methylene group (-
CH2-), to a methyne group (-CH<), or to C without any Hs
attached. To facilitate the discussion below, we use these
terms. The C that carriesthe X isthe “head” C (“C heads’)

Carbon Type Short #of C #of H
attached  attached
Methyl carbon 0C 3 Hs
Primary carbon 1 C 1C 2 Hs
Secondary carbon 2°C 2C 1H
Tertiary carbon 3C 3C OH
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Uses - Past and Present

Solvents

carbon tetrachloride (dry cleaning, carcinogenic), 1,1,1-
trichloroethane (replaces tetra), methylene chloride (used
to be used to decaffeinate coffee until found to be a
carcinogen), chloroform (cleaning solvents, carcinogenic)

Anesthetics

HCCI3, chloroform, historically significant.

F3C-CCIBrH, halothane, modern use.

Ethyl chloride, local anesthetic, low boiling point (12°C) leads
to evaporation and cooling to enhance the numbing effect.

Refrigerants

Ammonia“refrigerant” in cooling systems were replaced by

chlorofluorohydrocarbons, CFC.

CCl»F», Freon 12, one of the main sources of chlorinein the
atmosphere, responsible for ozone hole.

Now in use are HCFCs, compounds that contain CH bonds.
HCCIF,, Freon 22; F3C-CCloH, HCFC-123

| nsecticides, Pesticides

1939, DDT, di(para-chlorophenyl)-trichloroethane

1972, banned by the EPA. DDT accumulatesin fatty tissue.
Currently used insecticides. Lindane, Kepone, Aldrin,
Chlordane. See visualization center to Chapter 6.
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Physical Properties

Dipole Moments. The C-X bond moments depend on the EN
difference (F > CI > Br > |) and on the bond length (CF < CCl
< CBr < Cl). For the methyl halides the values are given in the
table. CHaF deviates because of the short bond.

Me-F MeCl MeBr Me-I|

Length (A) 1.385 1784 1929 2.139
Dipole (D) 1.82 1.94 1.79 1.64
Strength (kcal/mal) 110 85 71 57

Dipole-dipoleinteractions. No H-bonds. Heavier than
water. Do not mix with water (polar, but not very polar).

Except for methyl iodide, methyl halides are gases at room
temperature. Halides with several halogens are liquids.

CH3F CH3Cl CH3Br CHasl
-78 -24 4 42
CH3Cl CH2Cl» CHCl3 CCly
224 40 61 7f
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Preparation of Alkylhalides
(a) Radical Halogenations (as discussed)

(b) Allylic Bromination with N-Bromosuccinimide (NBS)
NBS reacts with HBr to give Bro in low concentrations.
Bromine at this concentration does not add to double bonds.
Hence with NBS allylic radical brominations are possible.
The allylic bromination generates one HBr for every consumed
Bro molecule. This HBr reacts again with NBS to generate
another Bro. ...

O )
+ HBr
N—Br _— N—H
- Br-Br
O )

(c) From Alcohals

R-OH + HX -(inether)-> R-X + H20

Elimination (alkene formation) competes. For tertiary alcohols
thisisfast. For primary and secondary alcohols, we use (PBr3/
ether / 35°C) or (SOCI2 / pyridine) instead of HX. Detailsin
the discussion of the chemistry of alcohols.

(d) From Alkenes and Alkynes
Addition of halogens or of HX to alkenes and alkynes. To be
discussed in later chapters.
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Reactions of Alkyl Halides - Substitution & Elimination

The Big Picture

We'll be looking at reaction between nucleophiles (usualy
reagents with lone pairs and negative charge; e.g. OH-) and
alkyl halides. Two reaction types dominate. Substitution and
elimination. Sometimes one occurs, sometimes the other, and
sometimes they compete. We'll study each case and try to
figure when what happens and why.

H,C H
’ A Substitution
v >—4 ’ n
H Br out, OH in
A / H
» ‘ H OH
HaC H
H Br \& 3
> < Elimination
-HBr

H H

Substitution Reaction. A leaving group X isejected asa
nucleofug and replaced by an incoming nucleophile Y.

Elimination Reaction. A leaving group X and a proton are
eliminated. When the H comes from the beta-carbon, then we
talk about beta-eliminations. Beta-eliminations also are called
1,2-eliminations.
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Nucleophiles are our reagents. Nucleophiles are “nucleus
lovers’, that isthey are “attracted” to reaction centers with
positive charge. The head-C in alkyl halides are positively
polarized. Obviously, what likes to get to a positive charge
needs to be negative (anions) or at least have some lone
electrons or both (most usually).

Example: Water and hydroxide anion.

Electrophiles are the opposite (“electron lovers’). Electron
deficient often cationic molecules.

Example: A proton.

Nucleophilicity and Basicity. Negativeions are thus
nucleophiles, reagents that react with positively polarized
carbons. But wait, negative ions also are basic because they
are the conjugate bases of acids. As bases, these anions would
remove protons (elimination) and as nucleophiles they would
replace the X (substitution). So, we have a situation where a
given reagent could do either type of reaction and it’s hard to
say which is going to happen. We have no way to tell apriori.
Basicity and nucleophilicity are not related in a straightforward
manner. We'll get “afeel” for thisaswe go along. Then later
we look at this question again.
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Nucleophilic Substitution Reactions

Two basic mechanisms for nucleophilic substitution, SN.
The classical examples are

(@) the reaction of hydroxide with bromoethane and

(b) the reaction of hydroxide with tert butylchloride.

Example (a) proceeds in one step: Hydroxide comesin and
bromineisreplaced. There are no intermediates. Two
molecules take part in this step: Sn2.

Example (b) proceedsin two steps. Bromine leaves and a
cation isformed. That intermediate reacts with hydroxide. The
second step will happen fast. Inthefirst step - the slow step -
only one moleculeisinvolved: Sy1.

We'll look at these two types of mechanism now in detail. We
ask questions like this:

(2) What products and side products?

(b) Arethere intermediates? How many steps?

(c) What are the energies of the intermediates.

(d) What are the transition states like?

(e) What are the energies of the transition states.

(f) What steps are fast, which one is slow?

(g) Stereochemistry? Isomers possible?

(h) Can we control the outcome? (The name of the game!)
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The SN2 Reaction

General M echanism

Nucleophilic
Leaving Group

Partial bonds formed

Nucleophile
Y X X .
with the C p orbital.
Specific Example
CeHi CeH1a
HO )—Br - > HO— Br
R VAL

mn

M
Note the configuration changes! Stereospecific reaction

Walden inversion.
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Energy Profile

A pentacoordinate TS
E
reagents activationenergy
\DH
products

Reaction Coordineate
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Ster eochemistry

Inversion of configuration. The configuration of the chiral
carbon in the specific exampleisinverted. ThisWalden
inversion may or may not show up in the R/S system of
nomenclature. Usually the leaving group and X will both have
the highest priority; then R turnsinto Sand vice versa. If
however, a hydroxide would replace a chlorine and there was
another N, F or such a substituent in the reagent, then there
might not be a change in R/S despite the Walden inversion.

The SN2 reaction is ster eospecific. A given stereoisomer will
result in aproduct with a defined configuration as well (usually
the opposite). In particular, the product will not be aracemic
mixture.

How to Achieve Retention of Configuration

Do theinversion twice! Consider the reaction of (R)-2-
bromooctane with (a) iodide and subsequently with (b)
hydrogensulfide anion. Both reactions proceed with complete
inversion and the overall result is retention of configuration.
Consider for example the reaction of (R)-2-bromooctane.

H

H H
C6H1]‘_\“ ‘‘‘ ; "" Br - I <‘””' H11C6 - C6H1]‘_\\\ """ > ' SH
Me Me

Me
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Reaction Kinetics

Bimolecular - Thereal reason for the “2”. Bimolecular
reactionsin general are reactions in which two molecules
participate in the slow step of the reaction. Here we have just
one step, it is obviously the slow step, and it involves the
nucleophile and the halide.

Reaction Order. Asit turnsout, the rate of reactionis
proportional to the concentration of each of the participantsin
the slow step. (This does not need to be so.) Here:

Sy2rate = k [nuc]t [halide]L

k is the reaction constant and its unitsare s'1 | mol-1.

The units of the rate (conc. change per time) are mol I-1 s-1,
Example: 0.01 molar sodium azide reacts with 0.01 molar
iodomethanein MeOH at 0°C with arate of 310-10 mol |-1 s-1,
Y es, negative 10 in the exponent. k = 3¢10-6 mol-11 s-1,

Note the exponent “1” (which could be omitted). The
exponents indicate the order by which the reagents “enter into
the rate equation”. Well, the order is one for each in this case.
Thereaction order isthe sum of all these exponents. Here, it
IS2. We have an example of second-order kinetics. For
now, let’s just use these terms to describe the reactions. The
value of these definitions will become clear later.
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Factors Affecting the Activation Barrier of the Sy2
Reaction

Therateis of course related to the activation energy. The
lower the activation barrier, the higher the rate. So, the
guestion is what affects the activation barrier or, in other
words, what affects the energies of the substrate and of the
transition state?

(1) C-X Head Carbon Type

Turns out that methyl halides react much faster than the primary
halides under the same conditions. For reagents with primary
C-X functions, there also are some small variations depending
on the chain lengths. To get an idea of the magnitude, ook at
these numbers for the Sy2 reactions of halides.

Compound Relative Rate
H-CHo-X 30
H3C-CH»>-X 1
H3C-(CH)o-X 0.4
H3C-(CH)3-X 0.4
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(2) Steric Effects

Change in C hybridization from sp3 to sp2. The substituents at
C are more removed from each other (that is good) but they
come closer to the leaving group and in addition they will have
repulsive interactions with the nucleophile. The transition state
IS pretty “crowded” aswe say. Bulky groups don’t like that,
rates go down. Tertiary halides are so much slowed down, that
the Sy2 reaction essentially does not occur. Relative rates are
based on the reaction of the neo-pentyl bromide (tBu-CH»-Br).

Substrate relative rate
methyl bromide 3,000,000
ethyl bromide (prim.) 100,000
Iso-propyl bromide (sec.) 2,500
neo-pentyl bromide (prim.) 1.0
t-butyl bromide (tert.) << 1.0

Steric effects also are key for the lack of

reactivity of the bridgehead bromide shown.

This molecule cannot undergo Sy2 chemistry Z%
because the Walden inversion is not possible; Br

attack from the back-side is impossible.

Show transparencies on attack and on TS crowding.
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(3) Nucleophile Strength

The way to determine the nucleophilicity issimply to do one
type of reaction with all kinds of nucleophiles and compare the
rates of reactions. The simplest system is the reaction of
nucleophiles with methyl bromide or methyl chloride.

MeBr + HoN- ---> Me-NH> + Br- fast
Me-Br + HaN ---> Me-NH3t + Br- slow
MeBr + HO- ---> Me-OH + Br- fast
Me-Br + H)O ---> Me-OHyt + Br- slow
Me-Br + HaN ---> Me-NH3t + Br- fast
Me-Br + H)O ---> Me-OHyt + Br- slow
MeBr + HoN- ---> Me-NH> + Br- fast
Me-Br + HO- ---> Me-OH + Br- slow

Remember these trends (which are related to electronegativity):
(A) Nucleophilicity parallels basicity (but is not always equal to
it); eg. HS >> HO-.

(B) Nucleophilicity increases in going down a column, e.g
iodide > bromide > chloride.

(C) Nucleophilicity decreases within a period

Show table 6-3 on transparency.
Show figure on size effect on LUMO attack.
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(4) Leaving Group Ability
The leaving group will almost always be an anion. Everything
that stabilizes the anion makes the anion a better leaving group.

Anions always suffer from electr on-electron repulsion and
this destabilizing effect isrelated to size. The larger the anion
the better. For example, |- isavery good leaving group and F-
Isthe worst leaving group. (Yes, iodide is the best nucleophile
and also the best |eaving group.)

The best leaving groups are “groups’ where the anionic
character is distributed over several atoms. Examplesinclude
Alkylsulfates RO-SO,-O-

Methanesulfonate ion (mesylate) Me-SO»-O-
Trifluoromethanesulfonate ion (triflate) CF3-SO»-O-
4-Methylbenzenesulfonate ion (tosylate) Me-CgHys-SO»-O-
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(5.1) Solvent Effects on Nucleophile Strength
Protic solvents can form H-bonds with nucleophiles and they
make it harder for the nucleophile to react. Aprotic solvents do
not form such H-bonds and the nucleophiles are therefore more
available for attack.
| mportant aprotic and polar solvents are:

Acetonitrile

Dimethylformamide, DMF

Acetone

(5.2) Solvent Effects on Activation Barrier

Substrates: Anionic nucleophile and neutral substrate.

TS: Minus charge distributed over nucleophile and nucleofug!
Product: Anionic nucleofug and neutral substrate.

Very polar solvents stabilize substrate and product more than
TS; the activation barrier increases with solvent polarity.

(6) Steric Effects on Nucleophilicity

Bulkiness hinders nucleophilicity (the power to approach a
positively polarized carbon) while it has hardly any effect on
basicity (the poer to attract protons).

Tert.-butoxide: good base, poor nucleophile. No Sy2.
Ethoxide: lesser base, better nucleophile. Good Sy2.
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Backside versus Frontside The Sy2 Reaction

So far, we discussed the backside attack with the Walden
inversion. In principle, there also isthe possibility for frontside
attack with retention of configuration.

i d.
Ho H | H + o
d d A g d
o — | d) | —
\\\\\ \\\\\ \\\\\
Me et i M e Br | Me et
H [ H ] H
+ d d d"‘ d d
+
}d\Br —_— I+Br — | d
Me Er MS  Et ;’MeEt

The stereochemical outcome is the only source of information
that can tell us about which of the two pathsistaken. Since
most Sy reactions do go with inversion, the Sy2 reaction is
generally considered as the favorable option.
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Backside versus Frontside The Sy2 Reaction
Whereisthe LUMO?

The antibonding MO of the C-X bond is oriented to favor
backside attack.

Occupied Empty anti-bonding MO
bonding MO of the C-X bond.
The MO is the acceptor for
the nucleophiles el ectrons.

The Frontside Sy2 Reaction

The frontside attack can become possible in cases where the
attacking nucleophile reacts as an ion pair, that is, the
attacking nucleophile carries a cation around. In such acase,
the frontside attack might become farvored because the cation
can interact with the leaving group. For theion pair to react via
the backside attack, one would have to overcome the energy
associated with generating separated ions as the cation provided
by the reagent and the nucleophilic leaving groups are far apart
from each other.

q
H

H
| oo
+ \ M \d d
d _ —_— : M Br
Mé\\\\ d/ Mé\\\\l
Et Br

Et
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The Sy1 Reaction
General M echanism
U
—{ «
2w
U

Nucleophilic
Leaving Group
U U
2 z
\ >~T O v
vis &° X Elim /-ZW Y Add
W Vv v : X
%/v v
Nucleophile
Empty C p orhital.
Carbenium lon.
Specific Example
Me Me
cL —> HO*< Br
Me Me

Me
3 \ Br >
Me/ \Me
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Energy Profile

A

R TS

reagents activation energy \

\ o

products

>
Reaction Coordineate

Stereochemistry

The important thing here is that the intermediate is planar.
Conseguently, the addition of the NUC can occur from either
side with equal probability. Hence, if there are three
different substituents on the carbocation, then the fourth one
can giveeither Sor R - and it will. Racemization! No matter
what configuration you start out with, you looseit! Thisisone
of the reasons why we would like to be able to avoid Sy1
mechanisms as much as possible. (Others below.)

(Show transparency here)
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Molecularity of the Reaction

Thisis acase of a monomolecular or unimolecular reaction --
just one molecule isinvolved in the slow step, the dissociation
of the C-X bond.

Reaction Rate and Reaction Order
The rate thus just depends on the concentration of the halide,
first order. The [Nuc]0 does not matter!

Snlrate = k [halide]L
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Solvolysis

Reactions in which the solvent also acts as the reagent are
called solvolysis reactions. The hydrolysis reaction isthe
special case in which water isthe solvent. The reaction with
ethanol in the solvent ethanol would be called ethanolysis.

Let’slook at the ethanolysis and the hydrolysis of tert
butylbromide. The bromideis 3 and Sn1 chemistry is
indicated. There are threethingsto learn here: (1) There are
side products and (2) the ratio of product/side products is not
the same for the two reactions and (3) there might be additional
fast stepsinvolved. Thisiswhat happens:

80:20

Ethanaol ys > )\
Me '\l/le
>—. Br —p
: C
YEAS ~ \ :
Me )\

Hydrolysis

('Dll

70:30

Proton elimination competes. Water is a better Nuc than
ethanol and captures more cations. The nucleophile in both
cases are neutral molecules. Once the O adds, it becomes
positively charged as it sharesits e-pair with the C. Proton loss
occursfast. (Homework: Draw it out!)

Glaser, UMC, Chem210 Notes WS99, © 1999 — 23 —



Relative Reactivitiesin Syl

Therules; 3 halidesreact via Sn1

2" halides sometimes do Sn1 (also Sy2)

1" halides never do Sn1.
The SN2 reaction requires a strong nucleophile or it won't go.
Typical solvolysis conditions do not have strong nucleophiles
(neutral solvent molecules). Solvolysis are mostly Sy1 and
they go only easily with 3" halides because these can form
relatively stable carbenium ions.

Carbenium lon Stabilization
(@) Vinyl substitution giving allyl cations (Conjugation)

ey

(b) Phenyl substitution giving benzyl cations (Conjugation)
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(c) Multiple akyl substitution (Hyperconjugation)

Electron donation from the sigma bond into the empty p-AO of
the carbenium ion center. This sort of intercation requires
alignment of the C-H bond and the p-AO in the same plane.

C-H bond donate better than C-C bonds. That is, trimethyl-
methyl cation is more stable than tri-tert.-butyl-methyl cation.

Representation of Hyperconjugation using Resonance Forms:
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Solvent Effects

Polar solvents facilitate dissociation: Two ions are gener ated
from a neutral species! The polar solvent stabilizes theions
much more than it stabilizes the polar substrates and products.
The dielectric constant estimate solvent polarity. Let'slook at
some important solvents and their DCs.

APROTIC DC PROTIC DC
SOLVENTS SOLVENTS
Hexane 2 Acetic Acid 6
Benzene 2 Et-OH 24
Diethyl ether 4.3 Me-OH 34
Chloroform 5 Formic Acid, HCOOH 58
HMPA, Hexamethyl- 30 Water 80
phosphoramide
Dimethylformamide 38
DMF
Dimethyl sulfoxide 48
DMSO

Me\N (lj, I\I/Me |\ll/l|e ] v e

/L Me” 's7
I\/I?\/Ie N MeMe \I(])/ g
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Rearrangements in Sy1 Reactions: 1,2-Shifts
Purpose: Generate a carbenium ion that is more stabilized.

1. Hydrogen Shifts

The reaction of 2-bromo-3-methylbutane with ethanol give two
products:. The expected 2-ethoxy-3-methylbutane and the
rearranged 2-ethoxy-2-metylbutane.

Me I Me @ Me Me
H M 0]
e 20 H Me 3
l +EtOH /- H” +EtOH /- H*
\J
OEt T T OEt
Me % | Me Me ‘ | Me
H Me H Me
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2. Alkyl Shifts - Methyl Shifts

A very similar situation, except that H-shift isno longer an
option. Now an akyl shift is used to generate the more stable
cation. If an alkyl group migrates, askeletal rearrangement
OCCuUrs.

Br Me
| | H replaced by Me.
Me | N H-shift is no longer
a possibility.
H Me Alky! shift occurs.
l -Br
Me Me
.| |-
Me | Me Me Me
H M 0]
e 20 H Me 3
l + EtOH /- H* + EtOH /- H*
Y
OEt Me Me OEt
Me % | Me Me % | Me
H Me H  Me
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3. Alkyl Shiftsin Concert with lonization

This quite interesting and something to keep in mind. There
are situations where primary alkyl halides may undergo Syl
reaction! In situations where an alkyl shift can occur during the
lonization, the primary carbenium is bypassed and the more
stable rearranged carbenium ion is formed right away.

Br Me
H % | Me
H Me
NO! - Br @
- Br
A
Me Me
- |-
H | Me H ‘ Me
H Me 10 H Me 30
NO! l + EtOH /- H* + EtOH /- H"
\J
OEt Me ONLY Me OFEt
H % | Me Me % | Me
H Me H Me
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Elimination Reactions

Halides and other functionalized alkanes can form akenes by
elimination of HX. Thetiming of the reaction either involves

E2: smultaneous elimination of X and H or
El: first X, then H
Elcb: first H, then X.

Elcb stands for “E1 cum base’. Let’slook at each in some

detail. During the entire discussion always look for similarities
and differences compared to nucleophilic substitutions!
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The E1 Reaction

General M echanism
Nucleophile

Nucleophilic
Leaving Group Y
R-CH, /

R-CH,
2

S &P X Elim /™ H Elim

v W by Nuc

V'w
Intermediaite
R-CH,
Empty C p orbital.

Carbenium lon.

2
-
-
-

Note the similarity with the Sy1 mechanism. Thefirst stepis
the same; the differences is with the reaction of the carbenium

ion. Proton elimination.

Specific Example
Me Me HO_ Me
-H,0
Br > + .
i C - M
B me” Me

N
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Energy Profile

Thisis qualitatively the same as for the Sy1 reaction. The only
difference isthat the second TS now isthe TS for H-elimination
(instead of Nuc-addition) and that the product is the olefine.

} TS
TS for Nuc assisted

R TS H elimination.
+
E R .C.

reagents activation energy \
\ >
products
)

Reaction Coordineate
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Regiochemistry and Stereochemistry

We don’'t need to worry about stereoisomers. The original
configuration is lost because of the symmetric intermediate and
the H loss does not generate chiral carbons either.

We do have to worry about r egiochemistry. Regiochemistry
refers to the specific region where the action is. There might
be a choice regarding which “b-H” is eliminated.

Example: 1,1-dimethyl-1-bromo-propane

Two olefines can be formed depending as to whether the
methylene H or the methyl H is eliminated.

/H /H
HaC  H2C HaC  H2C HaC CH3 CHj
\ N \ \ |
/CH Br /CH - Cl: HC— H,C
H
N : HC CH, CH,

Which one is going to be produced more? A question of
Statistics and Stability.

Statistics. There are 6 methyl Hs and only two methylene Hs.
Methyl H elimination is statistically more likely.

Stability: The stability of the product is more important.

The Saytzeff rule. The more alkyl substituted double bond is
formed!
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Saytzeff Rule

This rule can be understood by considering the energy profiles
of the two possible reactions. We'll have to look at the second
TS, the TS for the faster reaction step. ThisTSislower in
energy for that reaction that leads to the more stable product.
Note that the TS is early and still has some carbenium ion
character. We aready learned that carbenium ions are more
stable if there are alkyl substituents attached. So, the alky!
groups stabilize both the transition state structures and the
products. What really mattersisthe relative energy of the TSs
(1) but because the same stabilization mechanism operates for
them and for the products, we can simply look at the products
when we decide about the regiochemistry.

early TS
cationic character

carbenium
ion
structure
isomeric
alkenes
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Reaction Rate

Same as with the Sy1. The slow step is the formation of the
carbenium ion in both cases and the rate for that processis of
course one and the same rate.

Competition with Sy1 Reaction
Discuss three scenarios (substitution only, elimination only,
both occur).

A El or SN1
TS Second TS meattters

reagents activation energy \\

\\\

products

>
Reaction Coordinate
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The E2 Reaction
The E2 reaction is usually done with strong bases (alkoxides)
and at high temperatures in an alcohol solvent (e.g. ethanal).

General M echanism
X ‘ X
| - - _,> <

Specific Example
Use EtO-/EtOH at high T.

Br B ]

H,C—CH—CH;  —»

H Me

H2 > /:

Me

Energy Profile
Just like for the Sy2. The differenceisthe structure of the TS
of the “one-hill” potential energy profile. (Draw it.)

Rate Equation
Bimolecular reaction. Just like for the Sy2.
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Competition with Sy2 Reaction
The Nuc either acts like a base (E) or like a nucleophile (S).
Which one happens one needs to find out via an experiment.

Ster eochemistry

There areregiochemistry and ster eochemistry issues! The
regiochemistry goes with the rule of Saytzeff as discussed. As
to the streochemistry: We can form geometrical isomers.

Nomenclature of Geometrical 1somers of Alkenes

For each methylene group, determine the priorities of the
substituents. |If the high-priority substituents are on the same
side, then the molecule is Z (zusammen) and if they are on
opposite sides, then the molecule is E (entgegen).
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Therules.

(@) awaysamust: H and X inthe same plane

(b) antiperiplanar if possible and

(c) syn otherwise.

Depending as to whether (b) or (c) happens we get geometrical
Isomers in case we started with a halide with chiral carbons.

Example 1: Stereospecfic HBr Elimination

H H Ph Ph
foPh ANTI
. ' > z
Ph"
Me Br Me Me
Y
H o Br Ph Me
SYN
\“..-”. .""l/ - E
Ph RN "Me
Me Ph Mé Ph

Example 2 (at home): Suppose we replace the methyl group
“on the left C” with asecond H. What are the possible
products of the anti elimination? What are the possible
products of the syn elimination? (Either one of the two Hs
could be eliminated). Do the products have the same stability?
Why not? Which oneis preferred?
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Example 3. Cyclohexanes

In cyclohexane, the 1,2-substituents are either trans or gauche
but never cis. The elimination prefers the “anti” mode and thus
the (a,a) isomer isthe way to go. Note that the (a,a) isomer is
|ess stable than the (e,e) isomer. Nevertheless, the
Interconversion requires much less energy than the elimination
reaction. There will always be some (a,a) and it reacts fast,
then more (a,a) is made by equilibration.

H H
H
- Br
H ) H
Br H
H
D

Example 4. Syn-Elimination

Br
e >
- HBr
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The E1cB Reaction - Hoffmann Products

Relatively rare and we will not dicuss it in as much detail asthe
others. Briefly, inthese reactionsthe proton isremoved
first. If the starting material was neutral, then this removal
creates a negatively charged (anionic) intermediate which then
loses the |eaving group.

The Classical Hoffmann Elimination

The important point is that E1cB (cum base) reactions do not
lead to the Saytzeff product but to the Hoffmann product (the
less substituted olefine). The classical case for the Hoffmann
elimination involves quaternary ammonium salts.

MeN
+
CH; M&N CHy
\
CH, CH, CH,—==CH,
/ | |
CH; H CHj
not this this
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Other reasons for the production of Hoffmann Products
Steric hindrance in the removal of the b-H from the site that
|eads to the thermodynamically more stable product because

(@) The baseislarge. Example: tert. butoxide
(b) The b-H is“hidden” and is not approached easily by base.
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Kinetic I sotope Effects

Basically the big difference between the three elimination
mechanisms rel ates to whether the H participates in the rate
limiting step (slow) step of the reaction or not. How do we
know whether it does? The answer has to do with the
differences between H and its heavier isotope D.

The key observation: CD bonds have slightly higher bond
dissociation ener gies mor e stable than are the CH
bonds. At thistime we need not worry about why that is so.
In any case, the consequence is that the activation energies for
the breaking of C-H and C-D bonds are different; in other
words, the C-H bonds break with higher rates than do the C-D
bonds. We call theratio kp/kp the kinetic isotope effect.

The KIE isabout 7 for reactions in which the C-H/D bond is
broken completely in the slow step. KIE isof course 1, if the
C-H/D bond is broken in afast step that is not the rate-limiting
step of the reaction. Anything in between these values also
may occur and the magnitude tells us the degree by which the
C-H/D bond is broken in the slow step of the reaction.

Mechanism Kinetic | sotope Effect
El 1
E2 1< KIE<6
ElcB closeto 7
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Substitution and Elimination

The Nature of the Alkyl Halide

() Methyl and primary halides do Sy2 and E2 (with strong
base). No unimolecular chemistry.

(b) Tertiary halides undergo solvolysis reactions via Sy1 and E1
and they can do E2 eliminations with stronger bases.

(c) Allylic and benzylic halides do Sy1 pretty clean.

(d) Secondary halides can do any of the mechanisms. The
outcome can be manipulated significantly through choice
of reaction conditions.

Nucleophilicity of the Base
Primary akyl halides do Sy chemistry with any base.
Tertiary alkyl halides greatly favor elimination unless the base
Isvery weak (water, alcohol) as in solvolysis conditions.
Secondary akyl halides:

Strong nucleophile:Sy2

Weak nucleophile: Syl

Strong Base: E2
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The Solvent

Solvents are classified regarding (a) their polarity, (b) their H
bonding capability and (c) their proton donating/accepting
capability. What matters most for these reactions here isthe
polarity.

Bimolecular reactions have less charged transition states,
unimolecular reactions have highly charged transition states.
Polar solvents stabilize the charged transition states, that is
polar solventsincrease the rates of Sy1 and E1. Sy2 and E2
reactions are affected much less by solvent polarity.
Solvents with protic H can solvate anions and reduce the
nucleophilicity of the nucleophile.

Nucleophile Concentration
High concentration makes the bimolecular process faster while
the concentration does not affect the unimolecular process.

Temperature

More elimination the higher the temperature. Entropy term
kicks in more (TDS).
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Syntheses with Sy and E Chemistry

NUC Carbon Type Product
alkoxide 1and 2 ether
alkoxide 3 olefine

hydroxide 1and 2 alcohol
cyanide 1and 2 nitrile
sulfide 1and 2 thioether
carboxylate 1and 2 ester
lodide 1and 2 iodo compounds
amines 1and 2 ammonium ions
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