General consideration

Nucleophile

* Anucleophile is a chemical species that donates an electron pair to an
electrophile to form a chemical bond in relation to a reaction.

» All molecules or ions with a free pair of electrons or at least one  bond.

» Because nucleophiles donate electrons, they are by definition Lewis
bases.

+— Increasing nucleophilicity «—

CH: (NH; |OH | F
PH, |SH | CI
Br
I

1 Increasing nucleophilicity |

General consideration

Electrophile

* An electrophile is a reagent attracted to electrons.
» Electrophiles are positively charged or neutral species having vacant
orbitals that are attracted to an electron rich centers. It participates in a

chemical reaction by accepting an electron pair in order to bond to a
nucleophile.

» Because electrophiles accept electrons, they are Lewis acids
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Alkanes

General formula CpHz,42

Contains only C — H and C — C & bonds.

\/\/\/\/\
linear

cyclic

branched

Alkanes
Boiling point

As the number of carbons in an alkane increases, the
boiling point will increase due to the larger surface area
and the increased van der Waals attractions.

400 —
300 CH;—(CH,),—CH;
&)
< 2001
= n-alkanes
g N
2 W™ CH,
g L | A
F \ /(Il*((Hl)H( Hy
—100 — isoalkanes ~ CHjy
100
<0 P | L L |

0 8 10 15 20
number of carbon atoms
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Alkanes
Melting point

* Melting points increase as
the carbon chain increases.

» Alkanes with an even
number of carbons have
higher melting points than
those with an odd number of
carbons.

* Branched alkanes have
higher melting points than
unbranched alkanes.

melting point (°C)

even numbers

odd numbers

P [T NI T ST S L SR

0 5 10 15

number of carbon atoms

20

Alkanes

Sources

Natural gas
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Alkanes
Oil refining

,J c: to C, gases liquefied petroleum gas
o

density and ——
C, to C;naphta

fractions
decreasing in
boiling point

chemicals

C, to C petrol  petrol for vehicles

(gasoline)

’mE ™
C,toC,, Jet fuel, parrafin for
kerosine lighting and heating
(paraffin oil)

density and

fractions
increasing in
boiling point

diesel fuels

C,toC,
diesel oils

lubricating olls,
waxes, polishes

C, k0 C,,
lubricating oil

fuels for ships, factories
and central heating

CyutoCyy
fuel oil

> C,,residue /

bitumen for roads
and roofing

Alkanes

Desalted
crude ail (1)

Atmospheric

Tower
residue (6)

Go e e e Z
___________ 5 """"": P "!{w Sy ‘d’[;:x:i
i,_ Gosplont |-~ [ olymerizolion Polymerization naphtha (10) petroleum gos {LPG)
' ; ..o Meuine (12) | Aviotion
R ] o [
ight crude il H i Nlylote (13) | ¢
i dston) [ o |1 o ] Lo -
Light SR nophihe (3) fsomi Lt SR nophtha (3) | trmi;ng, | gosolines
] on
Heavy SR naphtha (4) r,dmqu i [ Cotohyic | Reformote (15) | blending
izofion/neafing | i |_reforming [ 1 hydrocracked nophtho {18) — Sohvents
SR Kerosene (5) ' Lt cot cracked nophiha (22)
SaMiddkdmilmlﬁl’—\(mW' H= HOS by nogho (o) ”
hydrocrocki — o
Y il [Hydrodesulohuri-| SR kerosene (5) st
SR Gos ol {7 v Dislote |
sl | o/ rvlg St e )| v, | (0
1 smaodtantsa | " [ ot
; blendi "
iR 5. 1t cat cracked distillate (24) 09 | el el ik
L] Hyy vorwum distillate (20)
vocoom it (20) Hvy <ot cracked distillote (26)
Soenteophed | | 1 harnl ok e (0 s Resiunl
.................. Cot crocked dlorified ol (27) | Weating | Regidual fuel ois
o oni

Thermally crocked residue (31) | ~ blending
Vocuum residue (21)

Aimospheric fower residue (8) |

Lube feedback (20)

Dewaxed oil Roffingte
pifrie
Deoiled wox | ond blending

Note: Numbers in parentheses refer to typicel product process flow routes. ~ Liquids—————  Gases---------

Source: OSHA 1996.
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Alkanes
Reactivity

C‘[J(I + photon (hv) — «Cl- + -Cl:

First propagation step

Radical substitution

H == H
NN |
H—C—H + Gle = H—(|Z . H—CI
H H
methane chlorine atom methyl radical hydrogen chloride
Second propagation step
H — H
|/’\w/ _\\-f". | .
H_Cl' + CI==Cl - H—(l"_( I v G Termination steps
H H
methvl radical chlorine molecule chloromethane H P H
| o™ I
H—C“ + Gl — H—C[f—(l
* Not selective process G H
. . A . .
» A complex mixture of products is at+ ¢ —  c—c
obtained ] o
H—Cl-”?\-cl—ﬂ — H—({t—?—n
H H H H
El
Alkanes
Reactivity
Catalytic cracking
LTI A S
H—C—C—C—C—C—C—C—C—H hen_, H—C—C—C—C—C—H. + \C=C*C*H
[ e O i [ [ w ]
H H H H H H H H H H H H H

long-chain alkane

shorter alkane

* Long-chain alkane is heated with a catalyst to produce an alkene and

shorter alkane.
» Complex mixtures are produced.

* Hydrocracking: with addition of large amounts of H,, alkenes are

converted into alkanes.
* Fundamental for fuel production.
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Alkenes

General formula CLH3,

* Alkenes are hydrocarbon with carbon-carbon double bonds.

» The functional group of alkenes is the carbon-carbon double bond,
which is reactive.

H 134 H
2p, 2p, \H/
} ) b C=—=C > 116.6°
H “””“"’C .va ...... H
- T~ / g
L 0 0 H & 121.7
o
Antibonding MO Cthylene
(b) C;H, mbonding
2Ha — f il H
’ N\ M
2p, 2p, $
(AO) 11 (AO) wC—C
" Hs N\
H¢S H
ethane »

Bonding MO

Alkenes

Physical properties

Low boiling points, increasing with mass.
Branched alkenes have lower boiling points.
Less dense than water.

Slightly polar:

— 1 bond is polarizable, so instantaneous dipole—dipole
interactions occur.

— Alkyl groups are electron-donating toward the & bond, so
may have a small dipole moment.
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Alkenes

Polarity and Dipole Moments of Alkenes

» Cis alkenes have a greater dipole moment than trans alkenes, so

they will be slightly polar.

» The boiling point of cis alkenes will be higher than the trans

alkenes.

H3C<\AC’ C/H H_;C{xc_cf\/ CH, H3C¢C_C/H

VAl 7N /7R
H H H H H CH,
propene, 1= 0.35D vector sum = T vector sum = 0
nw= 033D nw=20
cis-2-butene, bp 4 °C trans-2-butene, bp 1 °C
13
Alkenes

Heat of hydrogenation

» Combustion of an alkene and hydrogenation of an alkene can
provide valuable data as to the stability of the double bond.

* The more substituted the double bond, the lower its heat of

hydrogenation.
CH, CH,
\ H,, Pt | ,
CH,—CH—CH—CH, — CH,—CH,—CH—CH, AH —127 k]
3-methyl-1-butene 2-methylbutane (—30.3 kcal)
(monosubstituted)
CH. CH,
\ H,, Pt |
CH,—CH=C—CH, — CH;—CH,—CH—CH, AH® = —113 Kkl
2-methyl-2-butene 2-methylbutane (—26.9 kcal)

(trisubstituted)
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Relative stability
Hy M
C=C
/ # u
ethylene,
less unsubstituted
stable
11 kJ
(2.7 kcal)
Y
monosubstituted
R H 1
Ye=c? 18 kJ

= H? H (4.2 keal)

&

2 e 22 kJ

o is 22K

"\( o ~R (5.2 kcal)
o i H 25k) i
e disubstituted e (5.9 keal) ; _:'»!\M ‘
(0.2 Kcal)
stable e AT
~“\, isubstituted Y
LN tetrasubstituted
c=c R R
s Nig .
[ “R
15

Substituent effect

* Among constitutional isomers, more substituted double bonds are

usually more stable.

* Wider separation between the groups means less steric interaction

and increased stability.

M

less substituted

H
109.5° HSC é q
separation ;.\\\C/ \C/
HyC'y |
H H

closer groups

—

more substituted

HiC. C

B N
120° ‘-\C/ CH,
separation ‘} H3

wider separation
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Alkenes
Reactivity: ELECTROPHILIC ADDITION

* Electrons in = bond are
loosely held.

* The double bond acts as a
nucleophile attacking
electrophilic species.

» Carbocations are
intermediates in the
reactions.

* These reactions are called
electrophilic additions.

empty p orbital

Alkenes
Reactivity: ELECTROPHILIC ADDITION

» Step 1: n electrons attack the electrophile.

%, % |l

CQ Et — —C—C+

# % | /\\
E

(+ on the more substituted carbon]

» Step 2: Nucleophile attacks the carbocation.

—C—C< + Nuc: — —le—C‘—

E E Nuc
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Alkenes

Reactivity: ELECTROPHILIC ADDITION

TABLE 8-1

Types of Additions to Alkenes

R Type of Addition
ATCC iElements Addeal®”  Froduct
I‘[ !I)H l\ T
hydration halogenation
> g O e e
[H,0] C‘ (I: [X,], an oxidation (|1 (|:
I"i I[I )l\ (l)H
hydrogenation SR halohydrin formation =~ 1 1
[H,], a reduction C“ Cl‘ [HOX], an oxidation c|‘ c|‘
(‘)II (l)}l Ill |
hydroxylation S HX addition S
[HOOH], an oxidation (‘j C[‘ [HX] (|j (|:
(hydrohalogenation)
oxidative cleavage b -
~ORIGIUNE S edrage = =
[O,]. an oxidation /C g0 C\ H\ /H
o
0 cyclopropanation e /_\ o
epoxidation - /H_M\Ci [CH,] (l? Cl‘
[O], an oxidation | |
“These are not the reagents used but simply the groups that appear in the product. 19
Alkenes
Commercial use of ethylene
H H
‘ | //0 yxidiz //
C c
(f*(l? CH3—C\ —— CH;—C
H HJ, H OH
polyethylene acetaldehyde acetic acid
]Ji)]v\'ﬂlfl'i/k‘\ oxidize
H H
/£ o, \C C/ ol
F— < = - — > ]
HZC CH2 Ag catalyst o N C‘H2 C|:H2
Cl Cl
ethylene oxide ethylene ethylene dichloride
H" | B,O i
‘ H,0 Emi;[h st a0
b b H Cl
CH,—CH, CH,—CH, N
| | (el
OH OH OH / \
H H
ethylene glycol ethanol vinyl chloride
20

23/03/2017
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Alkenes

Commercial use of propylene

H iz Pll (|3H3
/ \ ()_j \ / polymerize C—C
H2C —CH—CH3 ﬁ /CZC\ — | |
H H H H J,
propylene oxide propylene polypropylene

H* H,0
H,0 catalyst

6,4
CH,—CH—CHj4 CH3—(|:H—CH3 = CH3—(”:—CH3
OH OH OH 0]
propylene glycol isopropyl alcohol acetone
21
Alkynes

General formula C,H5,-2

q 1.54 A 133 A 1.20 A
H(”% (/H H\ (/H r

C—C.,, C=C H-—C=C—H
HN \'H e SH
N\ H
1.09 A 1.08 A 1.06 A
ethane ethene ethyne

Physical properties
* Nonpolar, insoluble in water.
» Soluble in most organic solvents.
» Boiling points are similar to alkane of same size.
* Less dense than water.
» Up to four carbons, gas at room temperature. 2

23/03/2017
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Alkynes
Reactivity: ADDITION

+ Similar to addition to alkenes.

» Pi bond becomes two sigma bonds.
» Usually exothermic.

* One or two molecules may add.

I
Pt, Pd, or Ni i
E—C=C—R' + 2H, —_— R—C|—(|3—R
H H
R R’
H,, Pd/BaSO, b s
R—C=C—R’ ~ /C=C\
alkyne @fNj CH;0H H H
- cis alkene
quinoline
(Lindlar’s catalyst)
23
Alkynes
Reactivity: ADDITION
halogenation Br R BB R
_ Br2 \ - / Br2 //"c
R—C=—(C-—R —> /C_C\ — ‘,
R Br R BT
HX addition
hydration i
HeSO, R _AH H* R . |
R—C=C—H + H,0 —_— ! C=C I ad C—C—H
alkyne ) H,S0, |:|[—()/ \|;| O/ T l .
[H]
a vinyl alcohol (enol) ketone

24
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Alkynes
Reactivity: ACIDITY
TABLE 9-2
Compound Conjugate Base Hybridization s Character pK,
H H H H
‘ | ‘ | weakest
H—(lj—(l?— H H—C‘.‘—Cf@_ sp? 25% 50 acid
H H H H
f \C C & : \C ¢ 2 33% 44
— — sp- 33%
H ~ \H H ~ \H
:NH;3 : ﬁ]ll (ammonia) 35
H—C=C—H sp 50% 25
o stronger
R—OH R—0O:~ (alcohols) 16-18 acid
25

Alkynes
Reactivity: ACIDITY

* H* can be removed from a terminal alkyne by sodium amide,
NaNH,.

H H

| Fe’* catalyst

I
H—N—H + Na ———— Na*:N—H + iH,1
ammonia sodium amide
(**sodamide’")
R—C=C—H + Na*:NH, —> R—C=C: *Na + :NH,
a sodium acetylide
Copyright © 2010 Pearson Prentice Hall, Inc.

* The acetylide ion is a strong nucleophile that can easily do
addition and substitution reactions.

26
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Alkyl halides

Polarity and reactivity

e

H. g o

NG 8

//C—Cl
b H -
chloromethane chloromethane

Halogens are more electronegative than C.

Carbon—halogen bond is polar, so carbon has partial positive
charge.

Carbon can be attacked by a nucleophile.
Halogen can leave with the electron pair.

27

Alkyl halides

Classification

Methyl halides: halide is attached to a methyl group.
CH;-Br

Primary alkyl halide: carbon to which halogen is bonded is
attached to only one other carbon.

\/Br

Secondary alkyl halide : carbon to which halogen is bonded is

attached to two other carbons. \rBr

Tertiary alkyl halide : carbon to which halogen is bonded is

attached to three other carbon.
YBI‘

!

\

28

23/03/2017
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Alkyl halides

Classification

Geminal dihalide: two halogen
atoms are bonded to the same
carbon.

-
2
/7//

Br Br

Vicinal dihalide: two halogen
atoms are bonded to adjacent
carbons.

Br.

Br

29

Alkyl halides

Dipole moment

Electronegativities of the halides:
F>Cl>Br>I

+ Bond lengths increase as the size of the
halogen increases:

C—F < C—Cl < C—Br < C—l
* Bond dipoles:

1.51D

C—Cl > C—F > C—Br > C—l
1.56 D

148D 1.29D
Molecular dipoles depend on the geometry of
the molecule.

1D =3.336:100Cm

30
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Alkyl halides

Boiling point

Greater intermolecular forces, higher b.p.
halides

- London forces greater for larger atoms

Greater mass, higher b.p.

Spherical shape decreases b.p.

YBr \/\/Br

73°C

e

102°C

- dipole-dipole attractions not significantly different for different

31

Alkyl halides

Reactivity: NUCLEOPHILIC SUBSTITUTION

The halogen atom on the alkyl halide is replaced with a
nucleophile (Nuc-).

Since the halogen is more electronegative than carbon, the C—X
bond breaks heterolytically and X- leaves.

32

16
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Alkyl halides
Reactivity: NUCLEOPHILIC SUBSTITUTION

Nuc: + R—X — Nuc—R + X~

Nucleophile Product Class of Product
R—X + ~:I: — R—I: alkyl halide
R—X + “:OH — R—OH alcohol
R—X + ~:OR’ — R—OR’ ether
R—X + ’=;S:H — R—SH thiol (mercaptan)
R—X + “:SR’ — R—SR’ thioether (sulfide)
R—X + NH; — R—NH; X~ amine salt
R—X + —:N=N=N: — R—N=N=N:- azide
R—X + :C=C—R’ — R—C=C—R'’ alkyne
R—X -+ ~:C=N: — R—C=N: nitrile
R—X + R'—COQ: — R'—COO—R ester
R—X + :PPh, — [R—PPh,]* "X phosphonium salt
33
Alkyl halides
Reactivity: ELIMINATION
Elimination
(|3 é + B —» B—H + ‘o= + ik
— Y. . : — — £ X :
| | / \ -
H :X:
» Elimination reactions produce double bonds.
« The alkyl halide loses a hydrogen and the halide.
* Also called dehydrohalogenation (-HX).
34

23/03/2017
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Alcohols and phenols

Structure of water and methanol

? 0.96 A i /-'7. 1.4 A ? 0.96 A
> S &
H s H N 4

methyl alcohol

« Oxygen is sp?hybridized and tetrahedral.
+ The H—O—H angle in water is 104.5°.

+ The C—O—H angle in methyl alcohol is 108.9°

methyl alcohol

: £
H_ / \ \ E! J .
__:C\ 0so° H r . J/’:/
water walter H H .

methyl alcohol

35

Alcohols and phenols

Classification

Primary alcohol: carbon to which OH is bonded is attached to
only one other carbon.

Secondary alcohol : carbon to which OH is bonded is attached to
two other carbons.

YOH
three other carbon.

Tertiary alcohol : carbon to which OH is bonded is attached to

YOH
Aromatic (phenol) : OH is bound to a benzene ring

OH

e

36

18
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Alcohols and phenols
Boiling point

L/_'. \},"Ij Y "./'.:\"/f-\:‘
.S(\\C)\)/?Z =1.69D &\\(IIJ)/J =130D H\C/H = 0.08 D
0%  te=l 0% Fi =13 N K0
H  CH,CH, H,C' CH, H.C  CH,
ethanol, MW 46 dimethyl ether, MW 46 propane, MW 44
bp 78°C bp:—25°€ bp —42°C

» Alcohols have higher boiling points than ethers and
alkanes because alcohols can form hydrogen bonds.

» The stronger interaction between alcohol molecules
will require more energy to break them resulting in a
higher boiling point.

37

Alcohols and phenols
Solubility in water

0]
TABLE 10-3 N 0
H  H, /N

Solubility of Alcohols in Water
(at 25 °C)

Solubility hydrophilic region

Alcohol in¥¥aten hydrophobic region 4

AAVORN
methyl miscible R
ethyl miscible 0
n-propyl miscible £ N
f-bl]tyl IT]tSCi blC Copyright ® 2010 Pearson Prentice Hall, |£.[ H
isobutyl 10.0% o )
n-butyl 9.1% Small alcohols are miscible in
n-pentyl 2.7% T
el 3 6% wate_r, but solubility decreases as
n-hexyl 0.6% the size of the alkyl group
phenol 9.3% .
hexane-1,6-diol miscible Increases.

38
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Alcohols and phenols
Reactivity: ACIDITY

TABLE 10-4

Acid-Dissociation Constants of Representative Alcohols

Alcohol Structure K, pK,
methanol CH;—OH 32 % 10710 155
ethanol CH;CH,—OH 1.3 x 10710 15.9
2-chloroethanol Cl—CH,CH,—OH 50x 1071 14.3
2,2,2-trichloroethanol Cl;C—CH,—OH 6.3 x 1071 12.2
isopropy! alcohol (CH;)>,CH—OH 3.2 %10 16.5
tert-butyl alcohol (CH;3);C—OH 1.0 x 10718 18.0
cyclohexanol CgH;,—OH 1.0 x 10718 18.0
phenol CgHs—OH 1.0 X 10710 10.0
Comparison with Other Acids
water H,0 1.8 x 10716 15.7
acetic acid CH;COOH 1.6 X 1073 4.8
hydrochloric acid HCI 1 x 10%7 -7
39

Alcohols and phenols
Reactivity: ACIDITY

R—O—H 4+ Na — R—O"*Na + :H,?

Example
CH,CH,OH + Na —> CHCH,0"*Na + iH,!
ethanol sodium metal sodium ethoxide hydrogen gas

40
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Alcohols and phenols
Reactivity: ACIDITY

pisly

Qr-H T 0 "Na
+ Na* :QH = O/ + H,0

phenol, pK, = 10.0 sodium phenoxide pK,=15.7

Phenol is more acidic than aliphatic alcohols due to the ability of aromatic

rings to delocalize the negative charge of the oxygen within the carbons of
the ring.

H (li H H : H !‘ H l‘il‘ H
O =
~c~ \C/ ~c \Cj \fC/ ~c NN e
I | «— Il \ — Sl Il — | I
H/C\le/c\ﬂ H/C\(Ifﬁc\H H/C(\ ‘ /C\H H/C\ | /C\H
H H H
41
Alcohols
Reactivity: SUBSTITUTION - ELIMINATION
TABLE 11-1
Types of Reactions of Alcohols
R—OH —’mJ S Product
O
dehydration esterification " ,
R—OH ESS alkenes R—OH R—0O—C—R
esters
oxidation
R—OH ——— ketones. aldehydes,
acids R—OH tosylation R

substitution SVlate estor
R—OH R R—X tosylate esters

ity (good leaving group)
reduction (1) form alkoxide
R—OH = > R—H R—OH T R—O—R’
alkanes (@ ethers
42

23/03/2017
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Alcohols
Reactivity: alcohol as a nucleophile

\ _0O: '\
- R—X
* ROH is a weak nucleophile.

« RO- is a strong nucleophile.
* New O—C bond forms; O—H bond breaks.

43

Alcohols
Reactivity: alcohol as an electrophile

(0] @)

| |
R—O—<+H + H()fSGCH3 = ROSOCW + H0
alcohol H

0 0
TsOH alkyl tosylate, ROTs
p-toluenesulfonic acid a p-toluenesulfonate ester

» OH-is not a good leaving group.

» Protonation of the hydroxyl group converts it into a
good leaving group (H,0).

» Alcohols can be converted to a tosylate ester.

* The tosylate group is an excellent leaving group.

44
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Alcohols

Reactivity: alcohol as an electrophile

SUMMARY  Sp2 Reactions of Tosylate Esters
R—OTs + “OH — R—OH + “OTs

hydroxide alcohol

R—0Ts + ™C=N — R—C=N + "OTs

cyanide nitrile

R—OTs + Br — R—Br + TOTs
halide alkyl halide

R—OTs + R'—0 —— R—O—R' + TOTs

alkoxide ether

R—OTs + :NH; — R—NH; "OTs

ammonia amine salt

R—OTs + LiAlH4y —— R—H + “OTs
LAH alkane

45

Alcohols
Reactivity: OXIDATION
O
Na,Cr,0;, H,SO,
Primary " H
> MO

Secondary
/\)Oi /\)CJ)\

46
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Ethers
General formula

+ Formula is R—O—R’where R and R’ are alkyl or aryl.

* Symmetrical or unsymmetrical

CHz—0O—CHs QO—CHs

Ethers

Structure and polarity

« Oxygen is sp3 hybridized.

* Bent molecular
geometry.

« C—O—C anglesis 110°.
* Polar C—O bonds.

» Dipole moment of 1.3 D.

23/03/2017
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Ethers

Boiling points

Similar to alkanes of comparable molecular weight.

TABLE 14-1

Comparison of the Boiling Points of Ethers, Alkanes, and Alcohols
of Similar Molecular Weights

Compound Formula Mw bp (°C) Dipole Moment (D)
water H,O 18 100 1.9
ethanol CH;CH,—OH 46 78 1.7
dimethy] ether CH;—0O—CH; 46 —25 1.3
propane CH;CH,CH; 44 —42 0.1
n-butanol CH;CH,CH,CH,—OH 74 118 1.7
tetrahydrofuran / E 72 66 1.6
O
diethyl ether CH;CH;—O—CH,CH; 74 35 1.2
pentane CH;3;CH,CH,CH,CHj; 72 36 0.1

Note: The alcohols are hydrogen bonded, giving them much higher boiling points. The ethers have boiling
points that are closer to those of alkanes with similar molecular weights.
Copyright @ 2010 Pearson Prentice Hall, Inc.

Ethers

Hydrogen bond acceptor

Alcohol Ether Alcohol + ether

/ \ \
R R

Q ‘ /H ‘ /R ‘ /R
O—H- 0 O—R &0 O—H~---&O

/ N o % |

R R| R R

hydrogen bond no hydrogen bond hydrogen bond

donor acceptor no donor acceptor donor acceptor
Copyright © 2010 Pearson Prentice Hall, Inc.

Ethers cannot hydrogen-bond with other ether
molecules.

Molecules that cannot hydrogen-bond
intermolecularly have a lower boiling point.

Ether molecules can hydrogen-bond with water and
alcohol molecules.

23/03/2017

25



Ethers
Ether complexes

» Grignard reagents: Complexation of y  ®O—R

an ether with a Grignard reagent \
H—C—Mg—X

stabilizes the reagent and helps / #
keep it in solution. H v 0@

k

H

« Electrophiles: The ethers Qot]'g_H
nonbonding electrons stabilize the II{
borane (BHs3).
BH; - THF

Ethers
Williamson synthesis

R—O" “R'—X: —> R—O—R' + :X:
s

The alkoxide is commonly made by adding Na, K, or NaH to the alcohol (Section

11-14).
Examples
OH OCH,CH,
(1) Na
-
(2) CH;CH,OTs
cyclohexanol ethoxycyclohexane
(92%)
OH OCH,
(1) NaH
e
(2) CHyl
3,3-dimethyl-2-pentanol 2-methoxy-3,3-dimethylpentane
(90%)

Copyright ® 2010 Pearson Prentice Hall, Inc.
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Ethers

Alkoxymercuration—-Demercuration Reaction

\C C/ He(OAc), (|: (\: NaBH, (I: (I:
- 5 e i e C—C—
SN R [ ] [ ]
AcOHg :0—R H OR
mercurial ether
Example OCH,

(1) Hg(OAc),, CH;0H |
CH,(CH,),—CH=CH, ————>—2—»  CH,(CH,)—CH—CH,
23 2 (2) NaBH, EL :

1-hexene 2-methoxyhexane, 80%
(Markovnikov product)
Copyright © 2010 Pearson Prentice Hall, Inc.

Use mercuric acetate with an alcohol. The alcohol will
react with the intermediate mercurinium ion by attacking
the more substituted carbon.

Ethers

Industrial ether synthesis

* Industrial method, not good lab synthesis.
 |If temperature is too high, alkene forms.

HySO4
CHsCH,—O—+H + H—O-+CH,CH; —> CH3CHy;-O—CH,CH3
140°C
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Ethers
Autoxidation of ethers
OOH
R—O—CH,—R’ U::;? R—O—CH—R' + R—O—O0—CH,—R'
ether hydroperoxide dialkyl peroxide

OOH
H.C H, H H H
1C\ /C - excess Oy "C\ jC\ /C 3
/CH_O_CH\ (weeks or months) /CH_O_C_CH" * /CH_O_O_CH\
H,C CH, H,C CH H,C CH,
3
diisopropyl ether hydroperoxide diisopropyl peroxide

* In the presence of atmospheric oxygen, ethers slowly
oxidize to hydroperoxides and dialkyl peroxides. Both
are highly explosive.

* Precautions:
» Do not distill to dryness.
» Store in full bottles with tight caps.

Epoxides

Cyclic ethers

o
* Epoxides (oxiranes) ¢ cy,
- Oxetanes [ ]
* Furans Q (Oxolanes Q)

* Pyrans @ (Oxanes O )
0 0

*Dioxanes [Oj
(0)

23/03/2017
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Epoxides
Synthesis

Reaction with peroxyacids

O
N, S I /\ I
C=C, + R—C—O0—O—H — —C—C— 4+ R—C—O—H
e X |
alkene peroxyacid epoxide acid
Halohydrin cyclization
= 2
tO—H :0:
Y S ] N
B Al 2l i i o'
X X X
(X=CLBr,])
Epoxides
Ring opening
H,C OH
H*, CH,CH,OH H3C—(|3—CH2
0 s
H,C—C—CH, 2-ethoxy-2-methyl-1-propanol
| acid-catalyzed product
CH,

2,2-dimethy16xirane

CH,CH,0 ", EtOH

OH

H,C O—CHCH;
1-ethoxy-2-methyl-2-propanol

base-catalyzed product

23/03/2017

29



Thioethers (sulphides)
Nomenclature

+ R—S—R’, analog of ether.

» Name sulfides like ethers, replacing “sulfide” for
“ether” in common name, or “alkylthio” for “alkoxy” in
IUPAC system.

S—CHg methyl phenyl sulfide
or
©/ methylthiobenzene

Thioethers (sulphides)

Williamson synthesis

T ey

N e
CHCH,—S~  + CH3CH,CH,<Br —  CH3CH,CH,—S—CH,CH; + Br~

ethanethiolate |-bromopropane ethyl propyl sulfide

Thiolates are easily synthesized by the Williamson ether
synthesis, using dithiolate as the nucleophile.

23/03/2017
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Aromatic compounds

Hiickel’s Rule

If the number of pi electrons is (4N + 2) the compound is
aromatic (where N is an integer)

Benzene

1.397A

Aromatic compounds

Pyridine

pyrrole orbital structure of pyrrole
(six pi electrons, aromatic)

23/03/2017
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Aromatic compounds

Other heterocyclics
i = =
«C—H :N—H :0:
e T =S
cyclopentadienyl pyrrole furan
anion

six pi electrons six pi electrons six pi electrons
Copyright © 2010 Pearson Prentice Hall, Inc.

=
1St
=

thiophene

1N =

six pi electrons

Aromatic compounds

H H H H H H
: H H H H H H
Qo |, - O — O
N H H H H H
H H H H H H

Naphtalene
Anthracene
8 9 I
7 2
6 &
3 10 4
Pyrene

Benzo[a]pyrene

12 1
‘le 5
|O‘ ” ‘O -
10 3
9
8 OO‘ 4
7 6 5

Many are
carcinogenic

23/03/2017
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Aromatic compounds
Physical properties

* Melting points: More symmetrical than corresponding
alkane, pack better into crystals, so higher melting
points.

* Boiling points: Dependent on dipole moment, so ortho >
meta > para, for disubstituted benzenes.

* Density: More dense than nonaromatics, less dense
than water.

» Solubility: Generally insoluble in water.

Aromatic compounds
Reactivity: ELECTROPHYLIC SUBSTITUTION

attack on an electrophile sigma complex substituted

» Although benzene’s pi electrons are in a stable
aromatic system, they are available to attack a strong
electrophile to give a carbocation.

» This resonance-stabilized carbocation is called a
sigma complex because the electrophile is joined to
the benzene ring by a new sigma bond.

» Aromaticity is regained by loss of a proton.

33



Aromatic compounds
Reactivity: HALOGENATION

H H
H H H Bi
FeBr, <
+ Br, —_— + HBr AH 45 k]
H H H H (—10.8 kcal)
H H

bromobenzene
(80%)

NITRATION

NO,
H2SO4 2

SULFONATION

SO3H
SR e

Aromatic compounds
Reactivity: FRIEDEL-CRAFTS ALKYLATION

H R
Lewis acid
- PRl el AR L
©/ + R—X (AICI,, FeBr,, etc.) ©/ + H—X

(X = CLBrI
Copyright @ 2010 Pearson Prentice Hall, Inc.

FRIEDEL-CRAFTS ACYLATION

I
0 C
I AlCL, SR
+ B—C—l —_— + HCI
benzene acyl halide an acylbenzene

(a phenyl ketone)

23/03/2017
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Aldehydes and ketones
CARBONYL structure

length energy

ketone C=0 bond 123 A 745 kJ/mol
(178 kcal/mol )

R..\J\/

12001 W”C—OQ )

Rﬁ&é\ —/ alkene C==C bond 1.34 A 611 klJ/mol
: )

(146 kcal/mol)

efprm—

= Carbon is sp? hybridized.

= C=0 bond is shorter, stronger, and more polar than
C=C bond in alkenes.

69

Aldehydes and ketones
Boiling points

0] 0]

I I
CH,CH,CH,CH, CH;—O—CH,CH, CH,CH,—C—H CH,—C—CH, CH,CH,CH,—OH
butane methoxyethane propanal acetone 1-propanol
bp 0 °C bp8°C bp 49 °C bp 56 °C bp 97 °C

+ Ketones and aldehydes are more polar, so they have
a higher boiling point than comparable alkanes or
ethers.

» They cannot hydrogen-bond to each other, so their
boiling point is lower than comparable alcohol.

70
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Aldehydes and ketones
Solubility

= Good solvent for alcohols.
g = = Lone pair on oxygen of

Sﬁ,/'o'\ﬁ* - /'(,)'\8+ carbonyl can accept a
~H H +H R hydrogen bond from O—H
50 51 or N—H.
a+(|j 51‘! = Acetone and acetaldehyde
R/ \R: R/ \H are miscible in water.

71

Aldehydes and ketones
Industrial importance

= Acetone and methyl ethyl ketone are important
solvents.

» Formaldehyde is used in polymers like Bakelite®.

» Flavorings and additives like vanilla, cinnamon, and
artificial butter.

72
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Aldehydes and ketones
Industrial importance
TABLE 18-4
Ketones and Aldehydes Used in Household Products
(0] CH,O CHO (0] H
L0 Ote o
CH,—CH,~— CH,—C—H C—CH,4
butyraldehyde HO
vanillin acetophenone trans-cinnamaldehyde
Odor: buttery vanilla pistachio cinnamon
Uses: margarine, foods foods, perfumes ice cream candy, foods, drugs
o (6]
(0]
=
camphor pyrethrin carvone muscone
Odor: “camphoraceous” floral (—) enantiomer: spearmint musky aroma
(+) enantiomer: caraway seed

Uses: liniments, inhalants plant insecticide candy, toothpaste, etc. perfumes 73

Aldehydes and ketones
Reactivity: NUCLEOPHYLIC ADDITION
Nuc:=
NUL Nuc
H— Nuc N H

- % o _ P
R “CE’+ : O‘ p— ‘.\\\ C—0F —/——— _.wC—0° + Nuc:™

* ik ®

R

nucleophilic attack alkoxide product

= A strong nucleophile attacks the carbonyl carbon,
forming an alkoxide ion that is then protonated.

» Aldehydes are more reactive than ketones.

74
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Aldehydes and ketones
Reactivity: HYDRATION

" A hyd
C—=0 + H0 <= C _ —[hydrate]
/ - 7N [ketone][H,O0]
R R OH
keto form hydrate

(a geminal diol)

Example
0 HO OH

I
CH,—C—CH, + H,0 <> CH,—C—CH, K =0.002

acetone acetone hydrate

» |n an aqueous solution, a ketone or an aldehyde is in
equilibrium with its hydrate, a geminal diol.
= With ketones, the equilibrium favors the unhydrated

keto form (carbonyl). L

Aldehydes and ketones
Reactivity: CTANOHYDRIN FORMATION

(s} : Q¢ :0—H
t © N\a |

Copyright © 2010 Pearson Prentice Hall, Inc.

= Attack by cyanide ion on the carbonyl group, followed
by protonation of the intermediate.

= HCN is highly toxic.
OH
(R)-(+)-mandelonitrile

N
SN

76

H C=N: H—C=N:
cr = p—c—r =B p—c—vw
R R |
C=N: C=N:
ketone or aldehyde intermediate cyanohydrin

23/03/2017

38



Aldehydes and ketones
Reactivity: IMINE FORMATION

I T
i H
& + R—NH, — == ot E + H,0
7N AR \ | .
primary amine
ketone or aldehyde R=h=H R—N

carbinolamine imine (Schiff base)

= Ammonia or a primary amine reacts with a ketone or
an aldehyde to form an imine.

* Imines are nitrogen analogues of ketones and
aldehydes with a C=N bond in place of the carbonyl
group.

= Optimum pH is around 4.5

77

Aldehydes and ketones
Reactivity: CONDENSATION WITH AMINES

S 2 =1 H* ~ & 7]
>c=0 + HN-HZ] — Sc=N{zZ] + HO

Zin Z—NH, Reagent Product
—H Hzﬂ—}—ﬂummonia >C:N—Tﬂ an imine
—R Hlf\-l—“-ﬂprimury amine >C=N—‘-R an imine (Schiff base)
—OH Hzl'\‘I—J[OH .hydmxylumine >C:1(J_JOH" an oxime
—NH, Hll'\'l—}-ﬂ-li‘hydmr.ine >C=l.\'1—rNHL a hydrazone
—NHPh H:I:\.J—rNHPh |phenylhydrazine >C:I(I—rNHPh l a phenylhydrazone
[0}
| 3 [ S |
—NHCNH, H,N-—-NH—C—NH, | _C=N—NH—C—NH, |
semicarbazide a semicarbazone

Copyright © 2010 Pearson Prentice Hall, Inc.

78

23/03/2017

39



Aldehydes and ketones
Reactivity: FORMATION OF ACETAL

O

| H* R'O OR’
_C.__ + 2R—OH = > + HO
R H R H
aldehyde acetal

i

H* R"O OR”

_C__ + 2R—OH = >+ HO
R R’ R R’

ketone acetal (IUPAC)

ketal (common)
Copyright © 2010 Pearson Prentice Hall, Inc.

79

Aldehydes and ketones
Reactivity: FORMATION OF ACETAL

H—C—C—H
A R

0
I H H S ¥l

(& &
\H | ‘ Ht \H
+ ]l—/(‘—(,‘-\—[] == + H,0

/
HO OH
benzaldehyde
benzaldehyde ethylene glycol .
ethylene acetal

Copyright © 2010 Pearson Prentice Hall, Inc.

= Addition of a diol produces a cyclic acetal.
= The reaction is reversible.

= This reaction is used in synthesis to protect carbonyls
from reaction

80
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Aldehydes and ketones
Reactivity: WITTIG REACTION

The Wittig reaction

R’ R Ph R’ R
. ) Y. g N pd
C=0 + {C—P—Ph —>—> (=C + Ph,P=0
rd 7 N 7 N ’
R’ H Ph R’ H
ketone or aldehyde phosphorus ylide alkene

Copyright @ 2010 Pearson Prentice Hall, Inc.

» The Wittig reaction converts the carbonyl group into a
new C=C double bond where no bond existed
before.

= A phosphorus ylide is used as the nucleophile in the
reaction.

81

Aldehydes and ketones
Reactivity: OXIDATION

[l [0} |
R—C—H e R—C—OH

(oxidizing agent)

Examples

Na,Cr,0, ”
CH_;—(le—C_H W CH3—C‘H_C—OH
CH, CH,
isobutyraldehyde isobutyric acid (90%)
O o]
@ g
Q Sy Ag,0 ©/ ~oH
_
THF/H,0
(97%)

Copyright © 2010 Pearson Prentice Hall, Inc.

Aldehydes are easily oxidized to carboxylic acids.
No reaction on ketones.

82
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Aldehydes and ketones
Reactivity: REDUCTION
o) OH

)k NaBH, )V
—_—
R R(H) CH;0H R L R(H)

aldehyde or ketone

NaBH, can reduce aldehydes to primary alcohols and ketones

to secondary alcohols but not esters, carboxylic acids, acyl
chlorides, or amides.

@) OH

)L LiAIH, )V
R R(H) ether R HR(H)

aldehyde or ketone
LiAlH, can reduce any carbonyl (aldehydes, ketones,

carboxylic acids and derivatives) because it is a very strong
reducing agent.

83

Aldehydes and ketones
Reactivity: REDUCTION

Catalytic Hydrogenation
O OH

Ho
Raney Ni

* Widely used in industry.

* Raney nickel is finely divided Ni powder saturated with
hydrogen gas.

+ It will attack the alkene first, then the carbonyl.

84
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Aldehydes and ketones
Reactivity: CLEMMENSEN REDUCTION

(0]
|

C CH,CH,CH;
©/ “CHCH;  zn(Hg)
_—
HCL, H,O
O
I Zn(Hg)
CH—C_ —— s CH,—CH;
H HCL H,O

85

Aldehydes and ketones
Reactivity: WOLFF-KISHNER REDUCTION

i [
: it e : kou ~ Ho _H . 2
_C_ + HN—NH, — _C._ + HO S € + HO + N=N
hydrazone
Examples
0 NNH,
N,H, KOH, 175 °C
—= 5 —_— + N,
HOCH,CH,0CH,CH,0H 2
propiophenone hydrazone (diethylene glycol) n-propylbenzene (82%)

* Forms hydrazone, then heat with strong base like
KOH or potassium tert-butoxide.

» Use a high-boiling solvent: ethylene glycol, diethylene
glycol, or DMSO.

» A molecule of nitrogen is lost in the last steps of the

reaction.
86
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Amines

Biological activity of amines
* Dopamine is a neurotransmitter.
* Epinephrine is a bioregulator.
» Niacin, Vitamin Bg, is an amine.
» Alkaloids: nicotine, morphine, cocaine
* Amino acids

CH} 0

CH7CHg\\ I,
C OCHz
\' CH;0 OCH
o— C Ph 3 3
\ H3 OCH;
cocaine nicotine mescaline morphine
in coca leaves in tobacco in peyote cactus in opium poppies

« The alkaloids are an important group of biologically active
amines, mostly synthesized by plants to protect them from being
eaten by insects and other animals.

+ Many drugs of addiction are classified as alkaloids. 87

Amines

Classification
Primary (19): Has one alkyl group bonded to the nitrogen (RNH,).

\/\NH2

» Secondary (29: Has two alkyl groups bonded to the nitrogen (R,NH).

\/\N/\
H

» Tertiary (39: Has three alkyl groups bonded to the nitrogen (R3N).

\/\N/\
|

* Quaternary (49: Has four alkyl groups bonded to the nitrogen and the
nitrogen bears a positive charge (R4;N*).
g p ge (R4N") \/\/N\/\

23/03/2017
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Amines
Structure of amines

0 Y

/I\{L’«'“-H /T«’i""'CHs
H AN H;C

H 107° : CH; 108°
ammonia trimethylamine

electrostatic potential
map for trimethylamine

« Nitrogen is sp? hybridized with a lone pair of
electrons.

* The angle is less than 109.5°.

Amines
Interconversion of chiral amines

/3‘173 orbital p orbital
Py i on,
.CH ~. & aCH,CH;
Ny, =— |H—NW''3 = N
H/ \ “CH, “~(CH,CH, @/Wﬁ orbital
CH,CHj
(R)-ethylmethylamine [transition state] (8)-ethylmethylamine

Nitrogen may have three different groups and a lone
pair, but enantiomers cannot be isolated due to
inversion around N.

23/03/2017
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Amines

Chiral quaternary ammonium salts

I G 2 Y a5
(CH3)2CH"“‘“N\C 1:(]:1{ - SP)I N c(cHy),
H;C 2LH; 32 cH,

* Quaternary ammonium salts may have a chiral
nitrogen atom if the four substituents are different.

* Inversion of configuration is not possible because
there is no lone pair to undergo nitrogen inversion.

Amines

Boiling points

H R
R ™

. overall R//NQ"'H\ R//NQWH\();“;‘I
)Z'NJMCH CH dipole R /NQ R Il/. \T'
H/ AN 23T moment R”/ 2

CH; oo .
" 1% or 2° amine: 3% amine:

hydrogen bond donor and acceptor  hydrogen bond acceptor only

* N—H less polar than O—H.

+ Weaker hydrogen bonds, so amines will have a lower
boiling point than the corresponding alcohol.

+ Tertiary amines cannot hydrogen-bond, so they have

lower boiling points than primary and secondary
amines.

23/03/2017

46



Amines
Solubility and odor

+ Small amines (< 6 Cs) are soluble in water.

» All amines accept hydrogen bonds from water and
alcohol.

+ Branching increases solubility.
* Most amines smell like rotting fish.

NH2CHyCH2CHoCH2CHoNH,

1,5-pentanediamine or cadaverine

Amines

Basicity of amines

» Lone pair of electrons on nitrogen can accept a proton
from an acid.
Reaction of an amine as a proton base
H E‘l
R*:\'I\\\JH—\Z( — R*T*H X
H
H

base proton acid protonated

» Aqueous solutions are basic to litmus.
* Ammonia pK, = 4.74

+ Alkyl amines are usually stronger bases than ammonia.

* Increasing the number of alkyl groups decreases
solvation of ion, so 2° and 3° amines are similar to 1°
amines in basicity.

23/03/2017
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Amines

Base-dissociation constants

H H
2 Ky, i a
R—Ni\ + H—O—H «—— R—N—H + "OH
H H

[RNH; ][ OH]
b = [RNH,] pKy, = —log oKy,
* An amine can abstract a proton from water, giving an
ammonium ion and a hydroxide ion.

» The equilibrium constant for this reaction is called the
base-dissociation constant for the amine,
symbolized by K,.

Amines

Alkyl groups stabilization of amines

o Ly
H—N, + H0 = H—N-H + ~OH pKy, = 4.74
g | (weaker base)
H H ‘
/H T
HC—N{  + H0 &= HCHNTH + ~OH pKy, = 3.36

H i (stronger base)

stabilized by the alkyl group

Alkyl groups make the nitrogen a stronger base than ammonia.

23/03/2017
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Amines
Resonance effect

pK, = 9.42
aniline anilinium ion
stabilized by overlap with the ring no overlap is possible
5
4
— ; — b H
‘N—H + HOe— N\ + “OH
= ~/
: 2
pyrrole, pKy = 13.6 N-protonated pyrrole, pK, = 0.4
(weak base) (strong acid)

When protonated, stabilization by aromatic stabilization is lost.

Amines
Ammonium salts

aq. HCI

+
R3N: R3NH (1
“free” amine aq. NaOH amine salt
(water insoluble) (water soluble)

* lonic solids with high melting points.
+ Soluble in water.
* No fishy odor.

» Amines purifications takes advantage of formation of
ammonium salts.

23/03/2017
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Amines

Ammonium salts

H

e /CH & .

Cl N i NaOH
C—OCH; m c OCH;
Hof
O—C—Ph 0 C Ph
cocaine hydrochloride cocaine “free base™

Copyright © 2010 Pearson Prentice Hall, Inc.

» Cocaine is usually smuggled and “snorted” as the
hydrochloride salt.

» Treating cocaine hydrochloride with sodium
hydroxide and extracting it into ether converts it back
to the volatile “free base” for smoking.

Amines
Reactivity: AMINES AS NUCLEOPHILES

Y

/Tlﬂ CH~4

H;C CH; 108°

trimethylamine

electrostatic potential
map for trimethylamine

23/03/2017
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Amines
Reactivity: CONSENSATION WITH CARBONYL

Y i
| 3 _/\
Q HO_ N—H N
élt b oY—RH, == \C/ Al |C + H,O
—NH,
£ ; i s
R R R R R R
ketone or aldehyde carbinolamine derivative
Y = Horalkyl gives an imine (Schiff base)
Y = OH gives an oxime
Y = NHR gives a hydrazone
Amines

Reactivity: ALKYLATION

R—NH,—CH,—R’ "Br + R—NH, = R—NH—CH,—R' + R-—NH; Br
2° amine
CH,—R’
R—NH—CH,—R’ + R'—CH,—Br —— R—NH—CH,—R’ “Br

2° amine salt of a tertiary amine

NOT SELECTIVE

Even if just one equivalent of the halide is added, some
amine molecules will react once, some will react twice, and
some will react three times (to give the tetraalkylammonium
salt).

23/03/2017
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Amines
Reactivity: ALKYLATION

Examples of useful alkylation

Exhaustive alkylation to form the tetraalkylammonium salt.

N(CHa)s* I

Q\/\ i N
“NaHCO, *

Reaction with large excess of NH; to form the primary
amine.
NH, exc.
/\/Br —» /\/NH2

Amines
Reactivity: HOFMANN ELIMINATION

* A quaternary ammonium salt has a good leaving
group—a neutral amine.

* Heating the hydroxide salt produces the least
substituted alkene.

23/03/2017
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Amines
Reactivity: FORMATION OF DIAZONIUM SALTS

+
R—NH, + NaNO, +2 HCI —»R—N=NCI" + 2 H,O + NaCl

1 +

* Primary amines react with nitrous acid (HNO,) to
form dialkyldiazonium salts.

» The diazonium salts are unstable and decompose
into carbocations and nitrogen.

Amines
Reactivity: REACTIONS OF ARENEDIAZONIUM SALTS
Products
H;0™, warm
r— Ar—OH phenols
CuCl(Br) :
> Ar—ClI (Br) aryl halides
+ | Cucl Ar—C=N benzonitriles
Ar—N=N—
[ FIBF,(RD, Ar—F (I) aryl halides
H;PO, .
> Ar—H (deamination)
| H—at Ar—N=N—Ar’ azo dyes

By diazotizing an amine, an aromatic position can be
converted into a wide variety of functional groups.

23/03/2017
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Amines
Synthesis: REDUCTIVE AMINATION

Primary amines

0 \—OH NH,
| H,N—OH | (1) LiAIH, |
f— e - —_—
C—H = C—H ) H,0 CH,
benzaldehyde benzaldehyde oxime benzylamine
Secondary amines
0 - N—Ph NHPh
| Ph— NH, I (1) LiAIH,
CH;—C—CHj — CH;—C—CH; (Z)T) CH;—CH—CHj;
acetone ) phenylisopropylamine
(75%)
Amines
Synthesis: REDUCTIVE AMINATION
Tertiary amines
Example H;C CH; H,C CH;
N+ Nen s
0 | I
\ H
HN(CHa), Na(CH;COO0);BH
— A, — (85%)
H CH;COOH
cyclohexanone iminiumsalt N,N-dimethycyclohexylamine

Copyright © 2010 Pearson Prentice Hall, Inc.
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Amines
Synthesis: ACYLATION - REDUCTION

Primary amines

0
I 4k .. (1) LiAlI, -
R—C—Cl + NH; —— R—C—NH, (ZJT) R—CH;—NH,
acid chloride ammonia 1° amide z 1° amine
Secondary amines
0} 0] reduction
s | acylation g | (1) LiAIH, &
R—NH, + ClI—C—R' ————> R—NH—C—R’ R—NH—CH,—R’
; ; ; pyridine ; (2) H,0 =
amine acid chloride o NaOH amide - alkylated amine

Tertiary amines

| (I?

¥ - 1) LiAIH va
R—C—Cl + R;NH —> R—C—NR} ();{]—04’ R—CH,—NR}
acid chloride secondary N, N-disubstituted . 3° amine

amine amide

Amines
Synthesis: REDUCTION OF NITRO COMPOUDS

H, /catalyst
R—NO; ———— R—NH,
“  oractive metal and H -
catalyst = Ni, Pd, or Pt
active metal = Fe, Zn, or Sn

NO, NH,
@ Hz. Nl @
_—
CH; CH;

Examples

o-nitrotoluene o-toluidine
(90%)
NO, HSO;  "NH; NH,
Sn, H,SO, OH |
CH]CH2CH2_CH_CH3 _— CH;CHzCHZ_CH_CHa — CH:;CH’_;CHQ_CH_CH'g
2-nitropentane 2-aminopentane (85%)

23/03/2017
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Amines
Synthesis: REDUCTION OF NITRILES

LiAlH,

R—X + (C=N: —> R—C=N: R—CH,—NH,
halide or tosylate nitrile or Hy/catalyst amine
(must be 1° or 2°) (one carbon added)

Carboxylic acids
Structure of COOH group
1.32 A
1.234_ O
125* g
124° : \II 0.97 A
106 .10 A
C L~ H SarClgh % 4H
bond angles bond lengths

« The sp? hybrid carbonyl carbon atom is planar, with
nearly trigonal bond angles.

+ The O—H bond also lies in this plane, eclipsed with
the C=0 bond.

« The sp® oxygen has a C—O—H angle of 106°.

23/03/2017
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Carboxylic acids
Structure of COOH group

I i
L «— C
H N+ H
e \.Q./ e Nor
I major minor 1

Copyright ® 2010 Pearson Prentice Hall, Inc.

 Carbon is sp? hybridized.
+ Bond angles are close to 120°.

» O—H eclipsed with C=0, to get overlap of = orbital
with orbital of lone pair on oxygen.

Carboxylic acids
Physical properties: Boiling point

0-*H—O
/ N
R—C C—R
& 7
O—H:++0

hydrogen-bonded acid dimer

Higher boiling points than similar alcohols, due to the
formation of a hydrogen-bonded dimer.
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Carboxylic acids
Physical properties: Melting point
= Aliphatic acids with more than 8 carbons are solids at
room temperature.

= Double bonds (especially cis) lower the melting point.
The following acids all have 18 carbons:

» Stearic acid (saturated): 72°C
= QOleic acid (one cis double bond): 16°C
» Linoleic acid (two cis double bonds): -5°C

Carboxylic acids

Solubility

= Water solubility decreases with the length of the carbon
chain.

= With up to 4 carbons, acid is miscible in water.
= Very soluble in alcohols.

= Also soluble in relatively nonpolar solvents like
chloroform because the hydrogen bonds of the dimer
are not disrupted by the nonpolar solvent.

23/03/2017

58



Carboxylic acids
Acidity

0 0
I I

R—C—0—H + B0 [ R—C—0O~ + H,0*

_ [R—CO, J[H,0"]
a [R—CO,H]

pK, = -—log, K,

a

= A carboxylic acid may dissociate in water to give a
proton and a carboxylate ion.

» The equilibrium constant K for this reaction is called
the acid-dissociation constant.

= The acid will be mostly dissociated if the pH of the
solution is higher than the pK, of the acid.

Carboxylic acids

Acidity
- - e — K =16
R—0—H + H0: .~ R— O + HOY "= 10-18
alcohol alkoxide :
.'()'. = G
O: o)
[ ” Va T =
S ' |
R—C—O0—H + H0: «—  |R—C <« R—C + HOF i
k- 2 C T \\ ; ( Q= )
acid 0 O
carboxylate
1 The delocalization of the
02 .
Va negative charge over the
CH, & two oxygens makes the
’ N acetate ion more stable
N —ha . .
0?2 than an alkoxide ion.
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Carboxylic acids
Acidity: effect of substituents

1T T 10 T
H—$—C—0—H c1—(‘:—c—o—H C|~<|:—C—0—H CI—CI—C—O—H

H H Cl Cl
acetic acid chloroacetic acid dichloroacetic acid trichloroacetic acid
pK, = 4.74 pK, = 2.86 pk., = 1.26 pK, = 0.64
g )

C|| (ﬁ €l (ﬁ Cl (ﬂ)
CH,—CH,—CH,—C—OH CH,—CH—CH,—C—OH CH,—CH,—CH—C—OH
4-chlorobutanoic acid 3-chlorobutanoic acid 2-chlorobutanoic acid
pK, = 4.52 pK, = 4.05 pK, = 2.86

Copyright © 2010 Pearson Prentice Hall, Inc.

The magnitude of a substituent effect depends on its distance from
the carboxyl group.

Carboxylic acids
Acidity: effect of substituents

COOH COOH COOH COOH COOH
NO;
OCH3 NO,
p-methoxy benzoic acid m-nitro p-nitro o-nitro
pK, = 4.46 4.19 3.47 341 2.16

| e )

Copyright ©@ 2010 Pearson Prentice Hall, Inc.

= Electron-withdrawing groups enhance the acid
strength and electron-donating groups decrease the
acid strength.

= Effects are strongest for substituents in the ortho and
para positions.
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Carboxylic acids
Acidity: effect of substituents

TABLE 20-4

Values of K and pKj for Substituted Carboxylic Acids

Acid K, pK,
F,CCOOH 59 x 107! 0.23 :
C1,CCOOH 2.3 X 10! Q64 SonELTacids
CI,CHCOOH 5.5 % 102 1.26
0,N—CH,COOH 2.1 X 102 1.68
NCCH,COOH 3.4 % 1073 2.46
FCH,COOH 2.6 X 1073 2.59
CICH,COOH 1.4 X 1073 2.86
CH,CH,CHCICOOH 1.4 % 1073 2.86
BrCH,COOH 1.3 % 103 2.90
ICH,COOH 6.7 % 1074 318
CH,OCH,COOH 29 x 10~ 3.54
HOCH,COOH 1.5 % 1074 3.83
CH,CHCICH,COOH 8.9 % 103 4.05
PhCOOH 6.46 X107 4.19
PhCH,COOH 4.9 X 1075 431
CICH,CH,CH,COOH 3.0 X 1073 4.52
CH,COOH 1.8 X 1075 474
CH,CH,CH,COOH 1.5 % 1073 4.82 —

Carboxylic acids

Synthesis
Oxidation 0 0
) H,CrO, Il H,CrO, |
RCH,—OH o,y R—C—H  Gramo,”  R——C—OH
primary alcohol aldehyde carboxylic acid
R(alkyl) COOH
Na,Cr,0., H,50,, heat
or KMnO,, H,0, heat
Z Z
an alkylbenzene a benzoic acid

(Z. must be oxidation-resistant)
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Carboxylic acids
Synthesis
Hydrolysis of nitriles

CHzBr CHch N CH2C02H
NaCN H", H0
acetone >

» Basic or acidic hydrolysis of a nitrile (—CN) produces a
carboxylic acid.

» The overall reaction, starting from the alkyl halide, adds an extra
carbon to the molecule.

Carboxylic acids
Synthesis
Grignard + CO,

Br MgBr

Mg

O ether
1
+
MgBr C—0~ MgBr COCH
Sarto mN e,

_ —

cyclohexanecarboxylic acid

« Grignard reagent react with CO, to produce, after protonation, a
carboxylic acid.

» This reaction is sometimes called “CO, insertion” and it
increases the number of carbons in the molecule by one.

23/03/2017

62



Carboxylic acids
Reactivity: NUCLEOPHILIC ACYL SUBSTITUTION

Nucleophilic acyl substitution
‘o ‘o

R—C—X + Nuc: = R—C—Nuc + :X-

= Carboxylic acids react by nucleophilic acyl
substitution, where one nucleophile replaces another
on the acyl (C=0) carbon atom.

Carboxylic acids
Reactivity: NUCLEOPHILIC ACYL SUBSTITUTION

(ljl)) :(l):,
Nuc: + C — R—C—Y
R/ N
Y Nuc
nucleophilic attack tetrahedral intermediate
R—C—\'Y e C + Y:
\ R/ \N
Nuc e
tetrahedral intermediate products leaving group
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Derivatives of carboxylic acids

O 16 O (0] (0]
I [ I [ I )
R—C—X R—E—0—C—R R—E—=0—R! R—C—NH, R—C=N
acid halide anhydride ester amide nitrile
Condensed structure: RCOX (RCO),0 RCO,R’ RCONH, RCN

= All the derivatives can be converted to the
carboxylic acid by acidic or basic hydrolysis.

» Esters and amides are commonly found in
nature.

Derivatives of carboxylic acids
Physical properties

Examples
(MW 55-60) bp (°C) 300
(8]
CH;—C—NH,
(6]
| 200
CH;—C—OH 118
CH;CH,CH,0H 97
CH;CH,—C=N 97 o
0 E 100 =
[
H—C—QCH; ?
CH;CH,CH,CH; 0 2

=100 —

1 1
20 60 100 140 180
Wi
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Derivatives of carboxylic acids

Reactivity
Reactivity Derivative Leaving group Basicity
more reactive acid (ﬁ less basic
chloride R—C—Cl €l-
A]lr 0 0 0
anhydride Rf(llﬁf O—C—FR: e y* R
O
ester R—gf()fl{’ “O—R’
(0]
amide R—(l,—NH3 NH, =
(0]
less ;nive carboxylate R—C—0r = more basic

Derivatives of carboxylic acids

Reactivity

More reactive
derivatives can be
converted to less

reactive derivatives.

Interconversions of acid derivatives

(0]
chloride I

SOCl,

acid
R—EC—€l
(e] (0]
Il Il
R—C¢—0O—C—R
anhydride
O
I
R—C—OR
ester
O
amide [
R—C—NH,
O
carboxylate [
C—0
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Acyl halides
..ﬁ.‘ .'ﬁ‘.
R—C—ClI R—C—Br
acyl chloride acyl bromide

» Also called acyl! halides.

» These are more reactive than carboxylic acids, so
they are used to synthesize other acid derivatives
such as esters and amides.

» Used in the Friedel-Crafts acylation to make
acylbenzenes.

Acyl halides
Synthesis
i 1 i
R—C—OH S R—C—Cl

» The best reagent for converting carboxylic acids to
acid chlorides is thionyl chloride (SOCI,) because it
forms gaseous by-products that do not contaminate
the product.

= Thionyl chloride reaction produces SO,.
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Acyl halides

Reactivity
Q N
H,0 [
——— R—C—OH + HCI
acid
R'OH I
0 E— R—C—OR' + HCI
I ester . Nucleophylic
R—C—Cl 0 substitution
acid chloride
% R'NH, |
(acyl chloride) LIS R—C—NHR' + HCI
amide
I
R'COOH
— R—C—O—C—R’' + HCI J
anhydride
Acyl halides o
. . (1) 2 R'MgX , .
Reactivity @0 R—L‘T—R Addition
RI
3° alcohol
0 O
I R4CuLi I
R—C—Cl [ > R—C—R
acid chloride 1y LiAIH ketone
(acyl chloride) A 4 -
20,0 R—CH,0OH
- 1° alcohol
0 Reduction
Li(-BuO);AIH _H
- R—C—H
Fiedel-Crafts acylation aldehyde

ﬁ?
SE®)

Z
(Z = H, halogen, or an
activating group)

(1) AIC,
_—
(2)H,0

I
ot

zZ

an acylbenzene
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Anhydrides
Synthesis

I I D
R—C—Cl + -0—C—R’ —s R—C—O0—C—R' + CI-
acid chloride carboxylate

acid anhydride
(or acid)
Examples
0 n
CH,—C—Cl + H—C—O"*Na — CH,—C—0—C—H + NaCl
acetyl chloride sodium formate acetic formic anhydride
= The most generalized method for making anhydrides
is the reaction of an acid chloride with a carboxylic
acid or a carboxylate salt.
[}

Pyridine is sometimes used to deprotonate the acid
and form the carboxylate.

Anhydrides
Reactivity
0]
H,0 | A
— R—C—OH + R—COOH
acid
T i
R'OH i
R—C—0—C—R [SM, R _C—OR + R—COOH » Nucleophylic
anhydride H substitution
anhydride ester
(0]
R'NH, |
— R—C—NHR’' + R—COOH
amide _J
Fiedel-Crafts acylation
0 0 0
| | AlCI, -
+ R—C—0—U—R —y c—R
(or other acidic
z catalyst) Z
(Z = H, halogen, or an activating group)

an acylbenzene
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Esters
Fisher esterification

O (0]
[ " H* [ ]
R—C—0OH + R'—OH = R—E—0—R' + HO
acid alcohol ester
Examples
O
I H,50, [
CH,—C—OH + CHCH,—OH &= CH;—C—O0—CHCH; + H)0
eq = 7"
COOH : COOCH,
@ excess CH,OH, H* @
P
COOH COOCH,
phthalic acid dimethyl phthalate

= Reaction of a carboxylic acid with an alcohol under acidic
conditions produces an ester.

= Reaction is an equilibrium, the yield of ester is not high.

= To drive the equilibrium to the formations of products, use a
large excess of alcohol or remove H,O from the reaction.

Esters
Reactivity O
H,0 I N
o or—OH R—C—OH + R'OH
acid
R'OH I .
T or —OR" R—C—OR” + R'OH > Nucleophylic
ester substitution
ﬁf
J . R"'NH [
R—C—OR'" | 2 , R—C—NHR’ + R'OH
ester amide
. /
(DLIiAIH, )
5 R—CH,O0H + R'OH Reduction
(2H,0 2
1¢ alcohol
OH
(1)2 R"MgX | B
(2)H,0 R#Cl —R + R'OH Addition
RH

3° alcohol
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Amides
Structure
.'()'. :6:_
(": i 7 é H
H +
/ \ ARG T
N H N
IZIOK jll@O |
H
B formamide al

= Amides are the product of the reaction of a carboxylic acid

with ammonia or an amine.

= Not basic because the lone pair on nitrogen is delocalized

by resonance.

= The C—N bond has double-bond character: rotation is not
allowed. The 6 atoms lie on the same plane.

Amides
Classification

[ CH ||
H—C—N{  cH—C— N
CH,
dimethylformamide

3° amide 2° amide

N-methylacetamide

(H)

_H I
CH,CH,—C—NZ
CH, i

propionamide

1° amide

= 1° amide has one C—N bond (two N—H).
= 2° amide or N-substituted amide has two C—N bonds

(one N—H).

= 3°amide or N,N-disubstituted amide has three C—N

bonds (no N—H).
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Amides
Reactivity
i
H,0 .
(“) e R—C—OH + R'NH, Hydrolysis
R—C—NHR’ <5
e 1) LIAIH .
e Ez;l-li—04> R—CH,NHR’ Reduction
2 amine
) Br,. "OH z
> v—- - - . . .
(”) (Hofmann rearr.) Rl" NHl + COj Elimination
amine
R—C—NH,
1° amide —_>POC|3 R—C=N Dehydration
(or P,05) k) Y
- nitrule
Nitriles
Reactivity
(0]
H,0 | H,0 | ;
Woon >~ RC—NH o= R—C—OH Hydrolysis
amide acid
(LIAIH .
R—C=N o R—CHNH, Reduction
nitrile o amine
MgX
~Ng
I 0]
i IR SRS S Addition
L7 o - s -
imine salt ketone
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Keto-enol tautomerism

@) OH
H H
H ~
keto form enol form
(99.99%) (0.01%)

» Tautomerization is an interconversion of
isomers that occur through the migration of a
proton and the movement of a double bond.

= Tautomers are not resonance form.

Keto-enol tautomerism
Base-catalyzed tautomerism

C—C— + "OH < + H0 = c=c +

; — ) il &Y .

:0 HoX Ti10: HO:
N, b ) N 5/ N,/ \ N, S
R / ~

enol form
keto form enolate ion (vinyl alcohol)

* In the presence of strong bases, ketones and aldehydes act as
weak proton acids.

« Aproton on the a carbon is abstracted to form a resonance-
stabilized enolate ion with the negative charge spread over a
carbon atom and an oxygen atom.

* The equilibrium favors the keto form over the enolate ion.

Chapter 22

“OH

144
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Keto-enol tautomerism
Base-catalyzed tautomerism

 — s/ A
‘0" H \ ‘0" H & > X
n P W W Wo

|
_C—C— + HO' /C—(|?~ — /c—(lz— —=  >c=c{ +

keto form protonated carbonyl enol form

* In acid, a proton is moved from the a-carbon
to oxygen by first protonating oxygen and
then removing a proton from the carbon.

H.O

Chapter 22 145

Keto-enol tautomerism

Racemization
enolizable hydrogens
H
b
(0] 0]

H H CH,

llllll F = -
: C[—]3 H* or "OH -

« carbons
(R) configuration enol (achiral) (S) configuration

Copyright © 2010 Pearson Prentice Hall, Inc.

» For aldehydes and ketones, the keto form is greatly
favored at equilibrium.

+ If a chiral carbon has an enolizable hydrogen atom, a
trace of acid or base allows that carbon to invert its
configuration, with the enol serving as the
intermediate. This is called racemization.

Chapter 22

146
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Acidity of o Hydrogen

0 H [0} . 10 ;
R R
[y I
|

A -
R—C—C—R’ + -OR = R—C—C; 3 R—C—C + ROH
N % -
H H H pR, = 16-18
ketone or aldehyde minor major
pK, =20 enolate ion
Example
o
H —
e
H )
+ T:0—CH,CH, + CH,CH,OH
PRy = 159
cyclohexanone ethoxide ion cyclohexanone enolate
Pk, = 19

(equilibrium lies to the

Copyright © 2010 Pearson Prentice Hall, Inc.

The equilibrium mixture contains only a small fraction of
the deprotonated, enolate form.

Acidity of o Hydrogen
Example
O~ Li
H
H + (@(CH)N LIt —= +  (i-C3H;),N—H
cyclohexanone lithium enolate (pK, = 36)
(pK, = 19)

of cyclohexanone
(100%)

= When LDA reacts with a ketone, it abstracts

the a-proton to form the lithium salt of the
enolate.
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Acidity of o Hydrogen

Typical Acidities of Carbonyl Compounds

Conjugate Acid Conjugate Base pKa
Simple ketones and esters
| i
“CH,—C—CH, :CH,—C—CH, 20
acetone
1 i
"CH,—C—OCH,CH, :CH,—C—OCH,CH; 24

ethyl acetate

B-dicarbonyl compounds

b 1 1.1
CH—C—CH,—C—CH, CH—C—CH—C—CH, 9
2 4-pentanedione (acetylacetong)

(¢] (e} (0]

Ip « 1 | = 1
CH,—C—CH,—C—OCH,CH, CH,—C—CH—C—OCH,CH, 1
cthyl acetoacetate (acetoacetic ester)

(o] (0] O (o]
lls | = 1

CH;CHIO‘—C—&HE-C‘—‘OCH_.CH‘ CH;CH_.O—C‘—-(.'.‘H—C“—OCHZCH, 13
diethyl malonate (malonic ester)

Commoniy used bases (for comparison)

H—O—H OH 157
waler
CH,0—H CH,0 155
methanol
CH,CH,0—H CH,CH,0 159
ethanol

o Halogenation of ketones

i i
—E—C—  * OH + X, — —C—(|:— + X + H.,O
ketone (X, = Cl,, Br,, or 1) a-haloketone

* When a ketone is treated with a halogen and a base,
an o halogenation reaction occurs.

» The reaction is called base-promoted, rather than
base-catalyzed, because a full equivalent of the base
is consumed in the reaction.
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o Halogenation of ketones

b0 ) i P

P £ X—X

—Cc—C*~ + o <& |—c={ — —c—| = —C—Cc— + X
| = = \

enolate ion + H,0

+ The base-promoted halogenation takes place by a
nucleophilic attack of an enolate ion on the
electrophilic halogen molecule.

+ The products are the halogenated ketone and a
halide ion.

a Halogenation of esters
Hell-Volard-Zelinsky (HVZ) Reaction

Br 0 Br (0]
I Br,/PBr, L H,0 [l
R—CH,—C—O0OH — R—CH—C—Br —— R—CH—C—OH + HBr
a-bromo acyl bromide a-bromoacid

« The HVZ reaction replaces a hydrogen atom with a
bromine atom on the alpha-carbon of a carboxylic
acid (a-bromoacid).

* The acid is treated with bromine and phosphorus
tribromide, followed by hydrolysis.
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o Halogenation of esters
Hell-Volard-Zelinsky (HVZ) Reaction

H
O O R O—H
| V4 Br,/PBr, | ya
R—C—C —_— R—C—C «— Cc=C
P|l OH PII Br H Br
acid acyl bromide enol form
keto form
. ——
R (:0—H /R/ *05-H R ‘0:
Ii‘[/.—BI’ : E/—C\ = Br Hr—C—C\ — Hr—(\f-C\ + HBr
Br H Br H Br
enol a-bromo acyl bromide
o Alkylation
(0]
("3 C/_ + R—=CHs7X g C/ EH:—R + X
—C—0C: 5 —2 — LT LT L,
Ny e
C-alkylation product
I (more common)
H e O—CH,—R
(il ¢ + R—CHK — ‘C C/ £ X
—C= —_ —_ —C=
8 N | e N

O-alkylation product

(less common)

» Because the enolate has two nucleophilic sites (the
oxygen and the a carbon), it can react at either of

these sites.

* The reaction usually takes place primarily at the

a—carbon, forming a new C—C bond.
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Aldol condensation

The aldol condensation

O OH

i s g
R—C—CH—R R—C—CH.—R* B—C—CH,—Rf

H* or “OH | ) heat
R—C—CH,—R’ ——— R—C—CH—R — > R—C—C—R’' + H,0
I a | H* or "OH I a -
0] 0
ketone or aldehyde aldol product

a, B-unsaturated
ketone or aldehyde
Copyright © 2010 Pearson Prentice Hall, Inc.

* Under basic conditions, the aldol condensation involves the
nucleophilic addition of an enolate ion to another carbonyl
group.

*  When the reaction is carried out at low temperatures, the -
hydroxy carbonyl compound can be isolated.

* Heating will dehydrate the aldol product to the a—f unsaturated
compound.

Aldol condensation

Step 1
\C (IJ’\OH .\C—E/ PN :O:\C:C/ & BO
/ = | A K e ™ 2
enolate ion
Step 2 (“)
:0:3 C
\C é/ Fl "
—_— <—3
# X
enolate carbonyl
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Aldol condensation

Step 3 ..
p ; (’):_
e e B
o C
\C (|:a R—O—H
2
alkoxide
Step 4
CH,—C%-CH,
H,C

TR | & H' or "OH
O/C_(f heat
H

diacetone alcohol

:(|)—H
—CE
0 C
N L .
C—— + RO
A
aldol product
H.C CH,
' \Cﬁ//_ '{:rncw double hond:
H,C e

£
So—te +

4-methyl-3-penten-2-one
(mesityl oxide)

Aldol condensation

Crossed aldol condensation

Enolate of ethanal adds to propanal

o OH
&

CH.H,—C—H <= CH,CH,—C—H

:CH,—CHO CH,—CHO

Enolate of propanal adds to ethanal

O) OH
| |
CH;—{C*H = CH{—C"*H

CH,—CH—CHO CH,—CH—CHO

Self-condensation of ethanal

O OH
I
CH,—C—H = EH;—C—H

:CH,—CHO CH,—CHO

Self-condensarion of propanal
O OH
[

CHJCHE—(C—H = (CH,CH,—C—H

CH,—CH—CHO CH,—CH—CHO
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Aldol condensation
Successful aldol condensation

CH, 0 CH;OH CH,

[ o /o | 7] “oH |~ _H o
( H,;—(l —C i - CH;,—C\H = ( ur,—(‘ —C—H e o~ Hj—(‘ = \\C_C//
CH, CH, ‘ I CH [ H
excess, no @ protons @ protons Hz_C_H H
aldol dehydrated (75%)
O
(H 0 (\)H lli
- 7/ “OH = OH_ 0
=S 3 5
H + CH,CHZ—C\H = Q/ C—H 5 = \) (\C_C/
cH—CZ o [ m
CXCess, no ar |‘IH[\|H\ o [)f()llll'lh | H CHK
CH, dehydrated (80%)
aldol
Successful only if one carbonylic compounds has no H in a position
Aldol condensation
Claisen condensation
o (O gy
O
P - P .
R—CH,—C—OR' R—CH,—COR' R—CH,—Cp :OR’

R’O—ﬁf—éi—l—R R’O—ﬁ—CH—R R'O—(|Z—§H—R

O (0] O

ester enolate tetrahedral intermediate a B-keto ester

* The Claisen condensation results when an ester
molecule undergoes nucleophilic acyl substitution by
an enolate.
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