Alkyl Halides: Properties and Reactions

Vollhardt: Chapters 6 & 7; sections 8.7 & 8.8
McMurry: Chapters 10 & 11

Systematic Naming of Haloalkanes

1. Find the longest chain, name it as the parent chain

CH3X 2. Number the carbons beginning at the end nearer the first
Nami evlhalides: halide as suffix as prefix substituent (alkyl or halogen)
Simple compounds X :gl methylélﬁlzrriitéi or fé‘:]‘l’é?c’)“etha”e 3. If by rule 2, the parent chain can be numbered from either
(common names): Br- bromide bromo- end, begin W|th th(l-:‘ end nearer to the substituent whose
I: -iodide iodo- name comes first in the alphabet
CH,CI, CHCl, ccl, CHy  Br Br CH3 k
. . I I |
methylene chloride chloroform carbontetrachloride CH3CHCH,CHCHCH,CHs CH3CHCH,CHCHCH,CHg BrCHyCH,CHCHCHg
1 °2°% W5 @ 7 £ 23 B T 172 734 5
or or or CH- CH- CHs
. . 3 3
dichloromethane trichloromethane tetrachloromethane
Br
(lll Q/ (|21~i3 ?r
H3CHCH
CH3CHCHs CH3CHCH,CH,CHCH;
2-Chloropropane Bromocyclohexane A SR
(or isopropyl chloride) (or eyclohexyl bromide) 5.1 5.2
Physical Properties of Methyl Halides Reactions of Alkyl Halides:
Nucleophilic Substitution
Bond Boiling point { C) —r—
strength
- leBl‘:ﬂd lgf)‘iﬂll R i H ! d Br 1 Our study of organic reactions will be organized around
methane @&g)th a&Jmol By || s =Ly TIRA o 3.6 424 _mechanistic similarities. This method of organization
CHaty i . el ik 123 allows organic chemistry to be understood - not just
CH:F 1385 110 CH3(CH,), -42.1 =25 46.6 71.0 102.5 . e L. ..
(460) CHLCH,) s — v T - memorized - based on unifying principles of reactivity.
CHCl 1784 85 e o o A It allows you to _reason by analogy to rationalize
(336) CHL(CH,) 1257 142.0 182.0 200.3 5.5 reactions that you may never have previously seen.
CH;Br 129 70
(203) . -
CHJI 2130 (25;3) C-X bond strength decreases with the Nucleophiles attack electrophillic centers:
increasing size of X and bond length.
+ (Nut) —— R—Nu +
Polar C-X'bond Boiling points increase with the size of X
X 5 and are higher than those of corresponding nucleophile
c—X: alkanes, due to increased strength of _ (neutral or negatively charged) | )
A dipole-dipole and dispersion interactions. electrophile eaving group
(neutral or positively charged)
5-3 5-4




The Nucleophile Introduces a Wide Variety
of New Functional Groups

N%}.CHS-@:}: —> CHy-Nu + 57

nucleophile product compound class

HG? CH;-OH alcohol
e "
RO¢ CH;-OR ether
H§<? CHs-§H thiol
nucleophile product compound class
e . .
HC=C®  CH,-C=CH alkyne RS* CH;-SR sulfide
€] -
N=C? CH3-C=N: nitrile
e . -
g CH;-I: alkyl iodide
W @ . G
M=N=R®  CHyN=N=N: alkyl azide
55

The Nucleophile Introduces a Wide Variety
of New Functional Groups

A}
\Ca ®
o [7 e
° NW +»CHzBr: — CH;-Nu + 'Br'
nucleophile product compound class
@
:NH3 CH3;—NH3; alkyl ammonium ion
H.O: CH _dl:l an alcohol
2y 3 H (after proton transfer)
H
o . an ether
RQH CH;,%& (after proton transfer)
An S\ 2 reaction proceeds in the direction that allows
+ the stronger base to displace the weaker base i
CH,OH, H-Br
pK,=-24 What's the stronger base? Br- or CH,0OH? pK, = -9 ]
B5-

Nucleophilic Substitution Mechanism (1):
the S\ 2 Reaction

The Sy2 pathway (Substitution, Nucleophilic, Bimolecular)

transition state
&
HO --Br:

. .0
HQ—@ + :Br:

Nucleophilic Substitution Mechanism (I1):
the Sy1 Reaction

The _Sy1 pathway ( Substitution, Nucleophilic, Unimolecular)

[
\)K, + Simutaneous bond making and
bond breaking
« The TS*involves the association
— R x| of two molecules (bimolecular)
Ll R -
* reaction rate =

A PQ
L

s

-

slow
S— step

CH&J

CHg
ste
CHa— c OH + @6- =2 |cH;— cg@

CH3 H” "H CH,4
H;0*
oy

., B 2
Lo\ . A |
i, =y { d k [substrate] x [nucleophile] mol L' s
{ [
v )
Nu 3 Nu

sp® hybridization at carbon

5-7

» Bond breaking precedes bond making
» The TS? of the rate-determining step involves just one
molecule (unimolecular); reaction rate = k [substrate] mol L-! s
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Comparison of Sy1 and S2 Pathways

Sn2
. Syl —
o
S
)
c
)
@
o
- \
N2 «C—Nu + 1©
\\“/

progress of the reaction

Recognizing Leaving Groups (LGs)

Leaving group reactivity correlates to basicity.

The the base, the its leaving ability.
pK, x =
= 1 T |3
H-F == H®+ F© 32 z e
S S =
H-Cl == H®+ cI® -7 S gl |2
c
‘» =2 £
HBr=—H®+ B® 9 S |8 |8
S > it
C o o
H- == H®+ IO -10 g |=
relative rates of reaction
HO™ + RCH] —— RCH,OH + I 30,000
o~ RCILE RCHLOH B 10,000 This general trend holds
e e Bl ' for S2, Sy1 and other
HO" + RCH,Cl — RCH,OH + CI 200 reactions that we’ll study

HO~ + RCH,F ——> RCH,OH + F~ I

5-9 5-10
Why LG Ability Correlates to Basicity The Substrate: Steric Effects in S\2 Reactions
In the TS* (RDS), the leaving group " " o—He & Wf —~ —E % K o
develops negative charge; thus, the 0— O~ \O+ 08— HaC Hyc—c—CH3 HaC HaC H
. : Nu---§--LG C--LG Relative \ \ \ \ \
ability of a group to function as a $§ & Bromoalkane  rate e T T L Sy
leaving group is related to the HaC H H H H
b e dneanion | TS for Sy2 TS* for Sy fg
Stapllity o € corresponding anion H—CCHLE Tertiary Neopentyl S dary Primary Methyl
H bt Relative
eac““e E\I 1 Pofiipe <1 1 500 40,000 2,000,000
| Ir _________________ -“"r I‘_I Sp2 reactivity
! CHCCHBr 0.1
1! Il R-OH | | Bromoalkane Rate (al - b
Rl > RBr > RCI33 RF ~ R—0O—C—CH; > R-OCHj3, i ) o :
a7l R-NH, | c, CHBr 145 - ey
I ___________________ HY # HY
* CH:CCHBr  0.03 SELCE b 1 . L :
| | CH,
H
CH;CHBr 0.0078
(i el )
Sulfate and Sulfonate Leaving Groups | CH; ;
0 0 0 CHS(\:CHZBr 18l | oy T
101 01 ., O CH,CB Negligibl B L
I ~ . o CH. 3‘ T egligible NJCHJ HBCC‘{H:{
L“‘_ﬁ_o L‘.r_,—ﬁ—g: CH—{ ﬁ—g: CH.
:0: 101 — :o0: _ .
Methyl sulfate ion  Metl I jon  Trifl I I jon  d-Methylbenzenesulfonate ion methyl > primary > secondary > tertiary Bulky substituents hinder the
(Mesylate ion) (Triflate ion) { p-Toluenesulfonate fon, (fast) (slower) (very slow) (does not occur) attack of the nucleophile
tosylate ion} 5-11 5-12




Solvolysis: Sy1 Reaction

R-X + HOH (solvent) —— ROH + H;0* + HX

RDS TSt Its stability influences the AG*
of RDS and the reaction rate.

Syl: 30>20> 10

ROH +
H ;0" + X

ROH,* + X°

Reaction coordinate 513

Substrates in Sy1 Reactions: Carbocation Stability

Governed by
electronic factors < Carbocation stability |
favors R;C-X R,CH-X RCH,-X CH3;-X
Syl (3" (2°) (19 (methyl) fag/ozrs
Syl S\2 & Syl S\2 S\2 N
| Access to the site of reaction > GOV_emed by
steric factors

Hyperconjugation H \Q @ o l#':o— " @
.

: m C—H HY
stabllczhe;rg:smve ; (o " (l.,/
' 2l YA
9 § H
Methyl cation 1, 1-Dimethylethyl cation
A B (rert-Butyl cation)

Substrates in Sy1 Reactions: Carbocation Stability

| Why are these 1° carbocations as stable as 2° carbocations? ‘

H 1 H CHg
/ / /
H—C+ HzC—C+ HyC—C+ HzC—C+
A" A \ \
H H CHz CHy
Methyl < Primary < Allylic = Benzylic = Secondary < Tertiary
Carbocation stability
H
i N ! ; n A »
C C
H‘“*C#c““-é/H H\C‘4\/\IE/H P H\%/ %(I:/H = ."“(l:/@\‘f/
| | H
" " H H H H
Allyl carbocation

H H

Ho+_H Ho __H H_ _H Ho M
Also Stable é @ @

Benzyl carbocation

The Nucleophiles

Nucleophilicity depends on:
basicity, polarizability, and solvent properties.

more basic, more nucleophilic
higher polarizability, better nucleophile

Basicity is the affinity of a base for a proton;
Nucleophilicity is the affinity of a Lewis base for a carbon atom.

» Comparing nucleophiles having the same reactive atom, the species with the
negative charge is the more powerful nucleophile than their conjugated acid.

more basic and more polarizable H,0 < HOS

CHiCl: + HO:™ — CH;OH  + :Cl:™ Fast Haﬁ < Hzf‘i@

©

CHiCl: +H,O0  — CHyOH," + :Cl:™ Very slow . .
" o o CH3—§H < CH3—§3 6




Generalizations about Nucleophilicity (1)

[ Increasing Nucleophilicity >

Within a row, nucleophilicity

Summary on Nucleophilicity of Nucleophiles

| Increasing Nucleophilicity >

o increases from right to left —solvent
H O < NH . alt . u@ u@ oo@ n@
200 3 and parallels with basicity Polar aprotic (7 < B < GF < .
e e e) ) —_—
row2 E7 < HO¥ < HoN¥ < H3C: basicity W
basicity more bel‘s'.c a”? , ) O ) )
O ) O more polarizable Polar protic o < Clf < Brr < :I:
row3 GF < H§" < HyP:
] __ CHs e Nucleophilicity also depends on the solvent
| Increasing Nucleophilicity > e The interaction between solvent and
‘0 nucleophile: solvation
)?\--6 < H&@ < CH o-@ In a series of 5-:0 DMSO P
CH;” Q¢ ¥%" | nucleophiles with the CHs 5, 5 s In polar aprotic solvents (DMSO, acetone,
nucleophile carboxyiste hydroxide alkoxide | same nucleophilic $5=0: K* h0 St acetonitrile, DMF) relative nucleophilicities
0" a;ont;, the sr:ronger CH{ " CH, |parallel relative basicities.
conjugate &3 sy | the base, the greater ' 5.0 '
acid CHs)L OH HOH CHaQH the nucleophilicity. Nu? ob Reason: Cations are effectively solvated
" 28 but anions are poorly solvated and thus
pK, 4-5 15.7 17 e 1r CH; = CH, the nucleophile is not shielded by solvent. |
Nucleophilicity and Solvent Common Nucleophiles
In polar _protic solvents, the solvent shell is tightly held E‘l" ___________________
around the nucleophile due to hydrogen bonding b «O e o !
. X : Brr I CH,S: HO: 1
The smaller the ion, the tighter the solvent 54 * I
shell. Thus, for nucleophiles of different o % 51 ©) w @ WO !
size (moving up or down in the periodic O H- - Nyz--H— CH;QF :N=C: {N=N=N: :
table) the better the size, the larger the P
nucleophile (opposite to base strength). 5 4 /H ———————————————————————————— |
ey .'o'.
; oo oo 1
[a 52 reaction] w Mo CHs8H  CH,8CH, I
5 CH3 Q: b4 b4
CH3CHCHaCHa—Br  + N~ —>  CHgCHoCHyCHp—Nz + Br” :
Solvent CH3OH H,0 DMSO DMF CH4CN HMPA N\ _ _:N_Hi B _C_HiN_Hi _ iC_H;,_)zl‘lE _ _(EE:"E"‘i !
Relative 1 7 1300 2800 5000 200,000
L= T N I T~ o < g S,
.'o'. I
Solvent reactivity o .0 |
Generally, polar protic solvents slow down the Sy2 reactions by solvation of the H20- CH3QH CH )LéH I
nucleophile, thereby lowering its energy and reactivity , and polar aprotic solvents . . . ___ i o _I
increase the rates of Sy2 reactions by raising the ground-state energy of the nucleophile. | 5 19 520




Stereochemistry of the Sy2 Reaction

By
s
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Walden inversion
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o
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The S\2 reactions proceeds
with inversion of configuration.

Stereospecific or
Stereoselective?

5
Nu L Nu . Nu
sp’ hybridization at carbon

Stereoelective: A reaction
that leads to the predominant
(or exclusive) formation of
one of several possible
stereoisomeric products.

Stereospecific: Required by the reaction
mechanism, a stereoisomer of the starting
material is transformed into a single,
specific stereoisomer of the product.

Stereochemistry of the Sy 1 Reaction

Enatiomers formed with equal
probability, with 50% each.

iy ! 6CH
H + H (L) 3
Cl Cl Ci
R enantiomer ‘
N\ J

planar
carbocation
(achiral)

‘ racemic mixture ‘

5-21 5-22
Winstein lon Pair in a Sy1 Reaction A Summary of S2 Reaction
HsC o~ y CH-CH CHy HsC
ci—c T e El::i:ul cHy 2oy + Ho—cr 2 cng
CHaCHyCHoCHCH, CH3CHCHZCH,CHA CHzCH,CH,CHCH; S\2 reactions exhibit an inversion of configuration at the reacting center;
(R)-6-Chloro-2,6-dimethyloctane 60% S 40% R
(inversion) (retention) Follows second order reaction kinetics (a bimolecular reaction at RDS);
This sid This side shielded : : e : : H .
G T o e Reaction rate is sensitive to the steric hindrance in the substrate: S,2
\ reactions are best for methyl and primary substrate, slow for secondary
@ + .— @ + @ substrates, and tertiary substrates do not react by Sy2 mechanism;
‘ Basic, negatively charged nucleophiles are favorable for Sy2 reactions;
I“"["i’ Free ”’Imti“" Good leaving groups accelerate the S\2 reaction rate;
Protic solvents slow down Sy2 reactions due to solvation of the nucleophile;
H H + ?:_‘Q polar aprotic solvents are more favorable for Sy2 reactions.
Inversion Racemization 5-23 5-24




A Summary of S\ 1 Reaction

» S\ 1 reactions result in (partial) racemerization of optical pure reactants;

> Follows first order reaction kinetics as a unimolecular reaction at RDS;

» Reaction rate is controlled by stability of the carbocation intermediate;

tertiary alkyl, allylic and benzylic halide are best for this mechanism
(Hammond postulate: "Any factor that stabilizes a high-energy intermediate
stabilizes transition state leading to that intermediate”);

» Good leaving groups increase the reaction rate;

» Reaction rate is not normally affected by nature or concentration of the

Y

nucleophile, but nucleophile should be nonbasic to prevent competitive
elimination reaction;

Polar solvents are usually more favorable for Sy1 reactions.

Solvent Effect on S\ 1 Reaction

Polar solvents are usually more favorable for Sy1 reactions.

A A
TS*is more polar \[  AEUSIREE ) Nuf eeeet é ...... X TS*is less polar
than the reactant B'C/ g 4 than the reactant
Syl S\2
Opposite charges Negative charge
are separated is dispersed

Rearrangements May Occur with Sy1 Mechanisms

¥
CH3 CH3 CH3
| -Br | ® sH 8
H3C-—CCH2—(;r ﬂ-' H3C—C—CH2 HSC_C‘_%HQ
| & ¥
CHa 3 H3

1° carbocation

methyl shift
CH3 CH3
I OH"
H3C_%_CH20H3 —_— H3C—?—'CH20H3

3° carbocation OH 5-26

Rearrangement in Sy1 Reaction

CHj
CH3Q: CHj
Awe

AchBH

H H H
@ CHy| —————>
cn. | hydride shift ® CHs
3 CH;

carbocation
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