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Organic Chemistry

Chapter 16

Aldehydes and Ketones
Nucleophilic Addition

Aldehydes and Ketones—Nucleophilic Addition

Introduction

Aldehydes and ketones contain a carbonyl group. An aldehyde
contains at least one H atom bonded to the carbonyl carbon,
whereas the ketone has two alkyl or aryl groups bonded to it.
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Two structural features determine the chemistry and properties of
aldehydes and ketones.
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trigonal planar  electrophilic carbon

# The carbonyl group is sp° hybridized and trigonal planar, making it relatively
uncrowded.

# The electronegative oxygen atom polarizes the carbonyl group, making the carbonyl
carbon electrophilic.

Aldehydes and Ketones

Nomenclature of Aldehydes

If the CHO is bonded to a chain of carbons, find the longest
chain containing the CHO group, and change the —e ending
of the parent alkane to the suffix —al.

Number the chain or ring to put the CHO group at C1, but
omit this number from the name. Apply all the other usual
rules of nomenclature.

If the CHO group is bonded to a ring, name the ring and add
the suffix —carbaldehyde.
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(Common nemes are in sarentheses.)

Aldehydes and Ketones
Nomenclature of Aldehydes

Many simple aldehydes have common names that are widely used.
< Acommon name for an aldehyde is formed by taking the
common parent name and adding the suffix -aldehyde.
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formaldehyde acetaldehyde benzaldehyde
(mathanal) {ethanal) (benzenacarbaldahyde)

(IUPAC names are in parentheses. )

« Greek letters are used to designate the location of substituents

in common names.
Start lettering here.
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Aldehydes and Ketones

Nomenclature of Ketones

¢ Inthe IUPAC system, all ketones are identified by the suffix “one”.

« Find the longest continuous chain containing the carbonyl group,
and change the —e ending of the parent alkane to the suffix -one.

* Number the carbon chain to give the carbonyl carbon the lowest
number. Apply all of the usual rules of nomenclature.

o o

/K/\

pentane - pentanone - 2-pentanone 3-ethylcyclohexanone

« With cyclic ketones, numbering always begins at the carbonyl
carbon, but the “1” is usually omitted from the name. The ring is
then numbered clockwise or counterclockwise to give the first
substituent the lower number.

Aldehydes and Ketones
Nomenclature of Ketones

¢« Most common names for ketones are formed by
naming both alkyl groups on the carbonyl carbon,
arranging them alphabetically, and adding the word

“ketone”.
methyl group  ethyl group
0 | I 0

Ao A5y
CH3 ~ “CH,CHy ‘ CH3| YCH,CHg

IUPAC name: 2-butancne Cornmon name: ethyl methyl ketane

¢ Three widely used common names for some simple
ketones do not follow this convention:
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acelona acetophanona banzophanans

Aldehydes and Ketones

Nomenclature of Ketones

it

Br. C.

CH,

o

IUPAC name: 2-methyl-3-pentanone ‘m-bromoacetophenone
or

Common name: ethyl isopropy! ketone
3-bromoacetophenone

* Sometimes, acyl groups must be named as substituents.
¢ The three most common acyl groups are shown below:

Q Do not confuse a benzyl
0 0 . _C_s | aroup with a benzoyl group.
C. Cog i ] ¥
HY oHI Y L
i —
{ A—CH, H
formyl group acetyl group benzoyl group W4 e H
benzyl group

Aldehydes and Ketones

Interesting Aldehydes and Ketones

Billions of pounds of formaldehyde are produced
annually for the oxidation of methanol. It is sold as a
37% solution called formalin which is used as a
@ disinfectant, antiseptic, and preservative for
formaldehyde biologicql specimens. It i_s a product of in(_:omplete
[CH,=0] _co_mb_ustlon of coal, and is par_tly responsible for the
irritation caused by smoggy air.
¢ Acetone is an industrial solvent. It is also produced in
- ,.\ # Vvivo during breakdown of fatty acids. Diabetics often
L3 have unusually high levels of acetone in their blood
" 4 b 4 streams. Thus, its characteristic odor can be detected

acetone on the breath of diabetic patients when the disease is
[(CHl.C=0] Poorly controlled.
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Aldehydes and Ketones

Interesting Aldehydes and Ketones

Many aldehydes and ketones with characteristic odors occur in nature.

Figure 21,6 Some taturally cocuring aldehydes and ketores with strong odors
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Aldehydes and Ketones

Preparation of Aldehydes and Ketones
Methods to synthesize aldehydes:

* By oxidation of 1°

o]
alcohols with PCC PCC Il
RCH,—OH _— _C..
R H
1° alcohol
Recaii Chapter 12: PCC stops oxidation of 1° aiconois at aldehyde ievei but most
oxidative method will further oxidize aldehyde to the carboxylic acids RCOOH
[ By reduction of esters o o
and acid chlorides ’&, [1] DIBAL-H IC
R OR [2] Hs0 RH
ester
[s]
i [1] LINH[OC(CHg)als 9
RC 2o AH
acid chioride

Synthesis of Aldehydes
« Aldehydes by Reduction of Acyl Chlorides, Esters and Nitriles

« Reduction of carboxylic acid to aldehyde is impossible to stop at the aldehyde stage
since Aldehydes are much more easily reduced than carboxylic acids

Same dilemma like in the oxidation

Q 4]
¢ L, d S R—CH,OH
R oM R H

Carbasylic ncid Aldehyde 1* Abcuhal

An approach: (1) Reduction to an aldehyde can be accomplished by using a more reactive
carboxylic acid derivatives such as an acyl chloride, ester or nitrile, and (2) Use a less
reactive hydride source than LiAIH, (LAH). The use of a sterically hindered and less reactive
aluminum hydride reagent is important. They would stop reduction on an aldehyde level

>
0

Li* |H—Al—0+
o Al L
» e~
Lkl t batoxy Diksabaty i
aluminum bydride isbbrevinted LBu AIH or DIBAL-H)

LiA(OtBU);H Al(i-Bu),H

Reduction of an Acid Choride to an Aldehyde

0 0 0
A S0C1 im (04t} B1,00, —THC
reon 229, pie L I”HSIII +-Bhu,. B
124 H

RCH

11 LEATHE O Bu),, LD, T8¢

HL
OCH, OCH
3Methony-d-methyIhenzoy| chloride FMethary-d-methy Ibenzabdehyde

Reduction of an Esters and Nitriles are reduced to an Aldehydes
with DIBAL-H

fo] o]
J\ (1) DIBAL-H, hexane, —78°C Jj
=1 OR’ (2) H.O R H
Ester Aldehyde
A—==N
Nitrile
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Reduction of an Ester to an Aldehyde with DIBAL-H

‘ Please note that DIBAL-H is a source of hydride anion, which is a actual reducing agent |

f By oxidation of 2 Cr0. o |
alcohols with Cr** ?H NﬂzC':c'.‘ o Q
reagents —C-R' T C
: H PCC
Reduction of an Ester to an Aldehyde |
2* alcohol
o Ko D—ai Bl i By reaction of acid ) N 0 1
A—¢ W — H—ci“ H — |A—c—n 28, p-g chlorides with & __[(AgCul | &
‘o ‘oR .;I_;R H organocuprates AT T 2) H,0 R R
The aluminum stom sccepts an Transfer of & hydride on o Addition of water at the acid chioride |
slectron pair fr yl  the carbony ri end of the
oxygen atom in a Lewis ‘about its reductian. the aluminum complex and f By Friedel-Crafts [} |
acid-base reaction. produces the aldehyde. acylation ° I
& | i ATl f‘l R
+ G —
oy, RT ol ey ‘
atid chicride
f By hydration of an o 1
N [T}
alkyne A-CEC—H HO e
H.50, R CHy
alkyne HpSO, |

Aldehydes and Ketones

Preparation of Aldehydes and Ketones
Methods to synthesize ketones:

Aldehydes and Ketones

Ketones from nitriles: Nitriles react with Grignard reagent or an
organolithium reagent followed by hydrolysis affording ketones

N-Mg*X o

Ro=N ¢ RMgx — A e n"'l gt ONHO s Mg s X
N 0

A—e=n ¢+ AU — A B n";: AT

Aldehydes and ketones are also both obtained as products of the
oxidative cleavage of alkenes.

R H R H
\ / 0. Zn, H,0

e=¢ —> —/F— o0 + o=
R R R R'
alkene ketone aldehyde|

Aldehydes and Ketones—Nucleophilic Addition

Important General Reaction of Aldehydes and Ketones

Reaction at the carbonyl carbon
Overall, the elements of H and Nu are added to the carbonyl group.

General reaction— ? OH
Nucleophilic addition (" [1]:Nu [2] H,0 1 H and Nu
R7HR) or AZEHIRY | are added.
HNut MNu
1 Addition of a Strong Nucleaphile ta an Aldehyde or Ketone
AR Wi
Nu E=0 = _c—0 = c—0—H M
R 2 e r{ W.?
(]
Trigonal planar Totrahedral Totrahedral
intermediate ‘product
(plus enanticensr) (plus snanticesr)

In the second step the alkoxide
axygen, because it is strangly basic,
removes 8 proton trom Wb or

(] or {b}]. An slectron pair shifs out to the. some ather acid.
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Aldehydes and Ketones— Acid-catalyzed Nucleophilic Addition

« With some neutral nucleophiles, nucleophilic addition only occurs if
an acid is present—In this mechanism, protonation precedes

nucleophilic attack as shown below.

1 Acid-Catalyzed Nucloophilic Addition to an Aldehyde or Ketone

R — LS Al
H’c—o + HLA == [afctpﬂ- . R’CWJ + At

{or & Lawis
ackd)
In this step an electron pair of the carbomy| cxygen Bccepts B proton from the ackd (or ssscclates
with & Lewts acid], producing an oxcnium cation. The carbon of the cxonium cation is more
susceptible 1o nucleaphilic attack than the carbony! of the starting ketone.

Saep 2

LS

in the first of thess two steps. the cxonium cation accepts the electron pair of the nucleophile.
I the second step, o base removes @ proton fram Ihe pasitively charged atom, regenerating the acid.

Aldehydes and Ketones—Nucleophilic Addition

Relative reactivity
* As the number of R groups around the carbonyl carbon increases,
the reactivity of the carbonyl compound decreases, resulting in the

following order of reactivity:
Increasing reactivity towards nucleophiles

H\ R\ R\
c=0 C=0 c=0
7 / s

H H R

Increasging steric hindrance

o' o'
s e
Aidehyde Ketone

The Ketone carbonyl carbon is less positive because it has two
electron-releasing alkyl groups.

Aldehydes and Ketones—Nucleophilic Addition
Nucleophilic Addition of H™ —Review problem 16.6

For example reduction an aldehyde or ketone with either NaBH, or
LiAIH, followed by protonation forms a 1° or 2° alcohol is an

[e] —
¢ NeBH, ~ HO o EH ry | sddition of H
e . - —C—H(R" i »

R™H(F) or K z

LilH,

General reaction
H «—

17 or 27 aleohal

Hydride reduction occurs via a two-step mechanism.

Hed (ID' ~ M OH
ei H-OH ] I
- CHyCH;—C—H  ———= CHyCH,—C—H + Li*"OH
CH,CH# H i L 2] R
i A H H
Li* HaAl*H | + AlH, ] 1° alcohol
nucleophilic attack protonation

nucleophilic addition reaction. The nucleophile in these reactions is H: .

Aldehydes and Ketones—Nucleophilic Addition
Nucleophilic Addition of R”™—Review problem 16.5

Treatment of an aldehyde or ketone with either an organolithium (R”Li) or
Grignard reagent (R”MgX) followed by water forms a 19, 2°, or 3% alcohol
containing a new C—C bond. In these reactions, R”  is the nucleophile.

General reaction 5 RUMgX H,0 i addition of
N - ~  A-G-HA) :
R iRy o A A" and H
AL pdi

aldehyde or ketone
new C—C bond

17, 27, or 3" aleohol

Nucleophilic addition occurs via a two-step mechanism.

OH

10 0
i
CH,CH~G-H  + Li* “OH
|

B
fc.\ —i CH,CH;~C—H H-0H
CHyCHzy H M | (2]

protonation

nucleophilic attack

2" alcohal
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Aldehydes and Ketones: Aldehydes and Ketones: Cyclic Hemiacetals

Addition of Alcohols: Hemiacetals Cyclic hemiacetals are formed by intramolecular cyclization of

hydroxy aldehydes.
« Aldehydes and ketones react with one equivalent of alcohol to

form hemiacetals " ‘j’\'_c‘ j":__m
« Note that hemiacetals (or acetals) are not ethers. o~ M e . [ ©
HOT T T Ry = \ OH L
Shydroxypentanal _n_/ “': 1
@3 6% 4% stable cyclic
o] n hemiacetals
OH
) o J.—Ct o1
Hemiscetal Formation -
wo_~_ AL . W ) Yo .
e o H e \
H L_OH S
R, : A ORR R O-n hydroicybitanal 1% 809%
Vs “.C\‘_.): E ".-C\.@_“ [Eq proportions of sach compound are given |
Aldetvyde Alcohal mtﬂl’ll“l
(o kntone) oG unstatie 1o sciate) . . . . .
Such intramolecular reactions to form five- and six-membered rings are faster than
i oy bt ol el the corresponding intermolecular reactions. The two reacting functional groups
Prode ln puiiac o Wk viowsin Ovymec: (OH and C=0), are held in close proximity, increasing the probability of reaction.
Cyclic hemiacetals containing five- and six-membered rings are stable
compounds that are readily isolated
TS — [ ———

Aldehydes and Ketones: Aldehvd d Ket
. . . . e es an etones:
Addition of Alcohols: Acid-catalyzed Hemiacetal Formations ) .y . .
B Addition of Alcohols: Base-catalyzed Hemiacetal Formations
Acid-Catalyzed Hemiacetal Formation
R? _— o R
Nomd ¢ HEO—R = o' 4 VO—R =
g F " g ':”‘\H }|| Base-Catalyzed Hemiacetal Formation
(R many be ) An alcohol malecule adds ta the
Protanation of the carbon of the axonium cation. .
aldahyde ar ketone SR
‘cxygon atem makes the .
carbonyl carbon more M N .
susceplible to nucleophilic R'—O- i O—R' (R" may be H} The alkoxide anion abstracts a proton
;ﬁ.mm&”::;ﬂm A—CG—0—H = —G—B—H + H—O—R' An alkoxide anion acting 1s » from an alcohol melecule 1o produce the
of tha slcohol (presant in JE I = hsit) attacks ¥ and regencrates an alkoxide anian.
oxcess) with the acid R R H :;“.“:m!;::mn-xr
catalyst, o.g., geseous Tha transfer of o proton from the positive cxygen to another mm-mﬁmmlm.
(anhysirousa) HCL.] molecule af the alcohol leads to the hemiacetal.
Copryright © 2011 Juka Wiley & Sans. Inc. AR rights reserved solemons_10e_figun 16 plasd
Copyright © 2011 Joka Wiley & Sans. Inc. AN rights reserved solomans_10e figus 16 plise
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Aldehydes and Ketones—Addition of H,O: Hydration

» Treatment of a carbonyl compound with H,O in the presence of
an acid or base catalyst adds the elements of H and OH across
the C—O = bond, forming a gem-diol or hydrate.

o] —
Nucleophilic addition of H,0— 1 Hz0 ?H 1
General reaction A" Wo-oH R—G—fr | addition of H0
OH
"= H or alkyl gem-dial
(hydrata)

« Gem-diol product yields are good only when unhindered
aldehydes or aldehydes with nearby electron withdrawing
groups are used.

Examples o] H
it c HO Ly z H g RO, o EHH
o —_— -~ .. —_— —C—
H H I o,c” H !
OH OH
wde chiloral chioral hydrate
hydrate

Dl

HE
N
etk e

Aldehydes and Ketones—Addition of H,O: Hydration

Please note that all the reactions between aldehydes and ketones
with water and alcohols are reversible

Hydrate Formation

H, He. OH

H’C\C/'o o N
G S SN
H g W oM

In this step water atiacks
the carbonyl carbon atom.

Sogyighi 3011 .

In two intermolecular steps a proton is lost
from the positive oxygen alom and o proten
is gained at the negative oxygen atom.

aglomony 15e figus 18 plass

Aldehydes and Ketones:
Addition of Alcohols: Acetals

« Aldehydes and ketones can react with two equivalents of alcohols to
form acetals.

» Acetal formation is catalyzed by acids, such as TsOH.

« Because conversion of an aldehyde or ketone to an acetal is a reversible
reaction, an acetal can be hydrolyzed to an aldehyde or ketone by

treatment with aqueous acid (but are stable in basic solutions).

Acetal formation— Q . RO OR
General reaction H"c"H' + H'Ol.{ _ H"c"ﬁ' + H.0
(2 equiv)
R'=H or alkyl acetal
ERsibye two new o bonds
1
A
g TsoH_ ~ CHQrPCtHs
Lo+ CHoH —= + H0
CHEBH ™ H (2 equiv) CHyCH,

acalal

Aldehydes and Ketones—Acetal Formation: Mechanism

* The mechanism for acetal formation can be divided into two parts,
the first of which is addition of one equivalent of alcohol to form the

hemiacetal.

m MECHANISM 21.9
Acetal F Part [1] F

ofat
Stap [1] Pratanation of the carbanyl group
o THEA O HH
P "_ - P e - N
FOECNANCE-61al e Caton
protonsten
Steps [2]-[3] attack and
g " sbH ) HH
R C — © + H-A
< RO-SHS A RO:
Rg-w . hemiacetal
AUCkCpRC attack daprotonation

Pratonation of the carberyl axygen forms a rescranca-
stabilized cation that bears a full positive change.

In Step [2], the nucleophile (ROH) attacks, and then
dhipratonation fonms the neutral addition product in Step (3],
Ther owerall result ks the addition of H and OR to the
carbonyl group.
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Aldehydes and Ketones—Acetal Formation: Mechanism

* The second part of the mechanism involves conversion of the
hemiacetal into the acetal.

Q MECHANISM 21.10

Acelal Formation = Part [2] Formation of the Acelal
Steps [4]-[5] Elimination of H,0

~a e

_— M e g Prolanalion of 1 OH grog in he hamiarsta in Sleo (4]
b [ nd forms a good leaving aroup (H:O). Lozs of o0 in Step 5]
- forms a resonance-stabilized caticn.

hemiacetal + A resonance-stabiized caton

loss of H;O + HyG:

Steps [6]-[T] Nuclecphilic attack and deprotonation

R-O-H), SBH A ng:
& = o == G+ HA Nucleophilis attack on the cation in Step [6] followed by
AO: 6] a0 17 RO: loss of a proton forms the acstal.
| T e The overall result of Steps [41-[7] is the addition of a

ey [l —— second OR greup to the carbenyl group.

Please note that hemiacetals can be hydrolyzed back to aldehydes or ketones in acidic and basic
solutions while acetals can be only hydrolyzed to carbonyl compounds in acidic conditions and are
stable in basic solutions. Why?

Aldehydes and Ketones— Cyclic Acetals

« When a diol such as ethylene glycol is used in place of two
equivalents of ROH, a cyclic acetal is formed.

O
0. O
TsOH
+ HOCH,CH,OH +——= + H,0
ethylene glycol
a cyclic acetal

 Like gem-diol formation, the synthesis of acetals is reversible, and
often, the equilibrium favors the reactants.

 In acetal synthesis, since water is formed as a by-product, the
equilibrium can be driven to the right by removing H,O as it is
formed using distillation or other techniques.

Aldehydes and Ketones—Acetals as Protecting Groups

« Acetals are valuable protecting groups for aldehydes and ketones:

« Suppose we wish to selectively reduce the ester group in compound A to
an alcohol to give compound B, leaving the ketone untouched.

« Because ketones are more readily reduced than ester we have to protect
ketone group in A as acetal (stable in basic conditions),

o
0-4/“\ OEt to O"-'h',/\\,' “ -OH General Protection Strategy
\ ! i\ / [1] Protect the interfering functional group.
A B [2] Carry out the desired reaction.

[3] Remove the protecting group.

Three steps synthesis: (1) protection of the ketone group as acetal; (2) reduction
of the ester to alcohol; (3) deprotection (hydrolysis of acetal to ketone)

o~ 1) LA
e gy DL,

" oH

Aldehydes and Ketones— Addition 1° Amines: Imines

* Amines are classified as 19, 29, or 3° by the number of
alkyl groups bonded to the nitrogen atom.

H—fﬁ—H H—f?'l—H H—F‘J—H
H R R
19 amine 2° amine 37 amine
(1 R group on N) (2 R groups on N) (3 R groups on N)

e Treatment of an aldehyde or a ketone with a 1° amine
affords an imine (also called a Schiff base).

Imine formation— R i 0H | R
h! “MH. -
General reaction c=0 ks TR PO P 10 Ny
S — R)" mild acid 7
R J R A"
R'=H oralkyl carbinclamine imina
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Aldehydes and Ketones— Imines

Because the N atom of an imine is surrounded by three groups (two
atoms and a lone pair), it is sp? hybridized, making the C—N—R
bond angle 1200, (not 180°).

Imine formation is fastest when the reaction medium is weakly
acidic (pH 4-5).

Examples CHhiH, B
mhihied] (_>7'” mild acia N+ RO
\ tH,
CH, NH, CH
(O o
C=0 =N

+ H;
mild acid F -0

CH, CHy 2

Aldehydes and ketones react with hydroxylamine (NH,OH) to form oximes.
They also react with or hydrazines (RNHNH,) to form hydrazones. (see Table 16.2 on p. 752)
Oximes and hydrazones are useful to indentify unknown aldehydes and ketones

Aldehydes and Ketones:
Addition 19 Amines: Imine formation mechanism

Ol

Imine Formation

HH,—R HH—R

— _ Mo
= A e T
e o
Dipolar Amincalcomol
o kelone. intermediste
The amine sdds o nitrogen

In‘imine formation, mild acid is needed for protonation of the hydroxy group in step 3
to form a good leaving group. However, under strongly acidic conditions,
the reaction rate decreases because the amine nucleophile is protonated

NH—R pH

> -M . OH, S
by 0. Moo = o=l o+ MO
Ao ' - Fd

oM, R "
Prodenated Ieniinium ko
améinoalcohol

Ll

1) and {2} Isceners|
Tranater of a proton to water
leaving group. [produces the Imine and regenarates.
Loss of a malecule of water the catalytic hydronium bon.
ybekdn an iminiuen lon,

Protonstion of the oxygen
a good

Aldehydes and Ketones—Addition of 2°: Enamines

« A 2%amine reacts with an aldehyde or ketone to give an enamine.
Enamines have a nitrogen atom bonded to a C—C double bond.

rer

Enamine formation— ' I ' "
General reaction e R:NH
J’K
B = H or alkyl
Examples o NICHy)z
- (CHalsNH -
L mild acid + HO
M
-
g — .+ [ ) 4 up
cHY TcH,  mild acid '\r:‘/ :
ety
CH; CH,

Aldehydes and Ketones

Diffrence between addition of 1° Amine (to form imine) and
a 2° amine (to form enamine)

Figure 21.10 The
rmation of imines and
L amines compared

The H-H proton is removed.

¥ iminium ion
Ve
Fhis
e, ey
Z amine 4
e wramine
1 H

Tha C-H proton I8 removed.

formaC=N

With & 2* amine, the intermadale iminium ion has nd pratan on the N atom. A peolon must be
removed ferem an adacent G-H bond, and this foems a G=G.

With a 1* amine, the intermadiate iminium ion 56l hes a proton on the N atom that may be removed 1o
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Aldehydes and Ketones
Nucleophilic Addition of "CN: Formation of Cyanohydrin

« Treatment of an aldehyde or ketone with NaCN and a strong acid
such as HCI adds the elements of HCN across the C—O n bond,
forming a cyanohydrin.

« The mechanism involves the usual two steps of nucleophilic
addition—nucleophilic attack followed by protonation.

m MECHANISM 21.3

In Stap[1), nucleophilic atiack of “CM forms a

& £ HN U new casbon-carban bond with cleavage of the
Sy T ROOCHE T RCoH C=0 nbond. )

- 1 Cuh 4 GEN: In Step [2]. protonation of the negatively

T | nuceophic amck ProCantien | ackhilion prisckict charged O ctom by HCN forms the addition

preduct. The hydrogen cyanide HCN) used in
+ e this s1ep s formed by the ackd-tase rmaction of
eyanida ['CN) with tha strorg acid, HCI.

Cyanohydrin; Hydrolysis to the carboxylate group

« The cyano group of a cyanohydrin is readily hydrolyzed to a carboxy
group by heating with aqueous acid or base.

H H
Hydrolysis of a A ? . HEO (I} |
oyanogroup | AG-R Ty A0
C=N COOH

A

SRR o - HO_ CO.H
\)k \X H,0
heat
o-Hydroxy acid
‘lssﬂ,u:sq
heat

COzH
P
a,fi-Unsaturated acid

Aldehydes and Ketones— The Wittig Reaction

« The Wittig reaction uses a carbon nucleophile (the Wittig reagent) to
form alkenes. A very general and useful reaction: Nobel Prize 1970
« The carbonyl group is converted to a C=C.

o
PhyP+ \
The Wittig reaction H-._ J n\ i
- ) c=0 ——(/———* o o +  PhyP=0
(F)H I AH ) )
= tripherylphosphine
Wittig reagent alkene xide
Examples | CH, PhyP-CH; CHy
J — A"
‘c=0 creh, + PRP=0
W H

PhyP=CHCH; |

\/_\_0 y / >v—CHCH._lI + PhP=0
L A

Aldehydes and Ketones— The Wittig Reaction

« The Wittig reagent is an organophosphorus reagent.

* Atypical Wittig reagent has a phosphorus atom bonded to three
phenyl groups, plus another alkyl group that bears a negative charge.

i
P

i
abbrevialed as PP

an ylida

(+) and (=} charges on
The Wittig reagent adjacent atoms.

* A Wittig reagent is an ylide, a species that contains two oppositively
charged atoms bonded to each other, with both atoms having octets.

Two resonance structures for the Wittig reagent |

*C—-é PR i % Regardless of which
PhyP PhyP=C, )
& \ resonance structure is
10 electrons around P e vitiolieadent

nucleophilic atom (5 bonds) has overall no net charge

10
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Aldehydes and Ketones— The Wittig Reaction

Wittig reagents are synthesized by a two-step procedure
from alkyl halides.

Step[1] 8.2 ion of tri with an alkyl halide forms a phosphonium salt.
-f'.. ..I\ &) .
PhyP:  + ROCH—X & —— PhP—CHA 4+ X
triphemyiphosphing phosphonium salt
nucleaphile
Step[2] Dep ion of the salt with strong base forms the ylide.
sirong base
M g Typical strong base:
. il ;=
PhyP—CHR - " PnP—CHR | + H—B* | CH,CH.CH,CH,—Li
x yiide —
phosphonium sait ==l

Aldehydes and Ketones— The Wittig Reaction

Wittig reactions occur by an addition-elimination
sequence that involves three steps.

Q MECHANISM 21.4

The Wittig Reaction

Steps [1}-{2] ilic addition and i farm a riny
In Step [1], nucleophilic attack of the negatively

R : G we, BBy charged carton atom of e vikle forms a new
Ceti & Cu-Pem, T e T R carbon-Carbon o bond, with cleavags of the C-0
W X & n bond, The product of this step & caled a betaine
betsing axaphesphetany {pronounced baita-sne).

In Stap [2], eyelization genarates an
oxaphosphetane, a four-membered ring
containing a streng P- O bond.

Step [3] Elimination of PhyP= 0 forms the alkens.

B-pPh N In Step [3], PhyP=0 (triphenylphosphine oxide)
(s i -. P is sliminated, torming twa new £ bonds, Tha
R-g=ch: — Hc CHy Hebrh, formeation of the very strong P- O double bond
[ ]

Irigharpiphosphing cuide provides the driving force for the Wittig reaction.

Aldehydes and Ketones— The Wittig Reaction

So the overall effect of a Wittig synthesis is formation of alkene

One limitation of the Wittig reaction is that a mixture of E and Z
stereoisomers sometimes forms.

Aldehydes and Ketones— The Wittig Reaction

« An advantage of the Wittig reaction over elimination methods used
to synthesize alkenes is that you always know the location of the
double bond—the Wittig reaction always gives a single
constitutional isomer.

« Consider the two methods that can be used to convert

cyclohexanone into cycloalkene B.

cydohexanoe B

Y [1CHyMgBr /% _CcH, H:80, [/ AR
[CH.CH; CH,CH, H CH,CH; TH;J.CH: o — o L ¢ CHy, + H
S PhyP=CHICH)CHy — © &/ i P e eio -\ on N\ x’> ! \_/
c=0 - £=c + L= ' — s
H H  (CHzCHy H H cyclohaxanons 3° alcohol risubstituted C=C  disubstituted C=C
E isomer Zisomer majer product minor product
504, 1%
(/ \ o PhP=CH, / \ i | =
- . . A —— - only prodi
The Wittig reaction has been used to synthesize many natural products. \ > N\ > N i
cyclohexanong B

11



1/3/2011

Aldehydes vs. Ketones — Chemical Analysis

|Oxidation of aldehydes: Decolorization of permanganate

KMnO,, OH-
o] or o] o]
Ag,0, OH- H,O*
R J\ H R J\ o R J\ OH

‘ Tollens’ Test (Silver mirror test) ‘

i i

Ag(NH,),*

—_— + Agl
R™ "H 1O R™ O Silger
Aldehyde mirror

Both reactions are specific only to aldehydes

Aldehydes and Ketones
Spectroscopic Properties—IR Spectra
« Aldehydes and ketones give a strong peak at ~1700 cm-?t
due to the C=0 (THE MOST DIAGNOSTIC PEAK IN IR).

» The sp? hybridized C—H bond of an aldehyde shows one
or two peaks at ~2700 —2830 cm-1.

Figure 21.3 meR 100

spectrum <f propanal,
CHCHCHO

I~~~ —

M[ ﬂ To}
1l

A

CHCH; H

w propanal

oy | T

% Tranzmittarcs.
@
a

52C-H G=0f'

) 7 T
4000 3630 3000 2500 2000 500 1000 600
Wavanumber (em ™)

+ Astrong C=0 occurs at 1709 e
+ Thesn® C-H of tha CHO apnezrs as two packs at 2813 and 2715 em’

Aldehydes and Ketones
Spectroscopic Properties—IR Spectra

« Conjugation affects the carbonyl absorption in a predictable
manner.

igure 21.4  The etect of o o o o
Hugaiun U B GerLry!
nhaneption i o

~ IR mpoctnum ey P T o .

oy

170G e 1638 -1 TG et 1685 e

|
conjugated G=0 cenjugated C=0
Krweot warennumbor i T

This shift to lower frequencies occurs because the carbonyl double P B
bond of the conjugated compound has more single bond character s Singls bond
(resonance effect?), and single bonds are easier to stretch 5

Aldehydes and Ketones
Spectroscopic Properties—NMR Spectra

Aldehydes and ketones exhibit the following *H-NMR absorptions.

* The sp? hybridized C—H proton of an aldehyde is highly
deshielded and absorbs far downfield at 9-10 ppm.
Splitting occurs with protons on the a carbon, but the
coupling constant is often very small (J = 1-3 Hz).

* Protons on the a carbon to the carbonyl group absorb at
2-2.5 ppm. Methyl ketones, for example, give a
characteristic singlet at ~2.1 ppm.
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Aldehydes and Ketones
Spectroscopic Properties—NMR Spectra

Figure 21.5 The'Hand c

NMR spectra of propanal,
CH,CH,CHO
TH NMR spectrum
o
it
CHCH;™ ‘T | i
Ha Hy  Hc
L
He
Hy
T T T T T
10 2] B T [} 5 < e 2 1

cyichaanong

Hucleophile | Addition product

}o AL or LA, g

[2] M0 {Section 21.8)
[1] Mg oe LI
T (Section 21.8)
TN
e {Secton 21.9)
Piyf-CR,
= [Bretion 21.18)
ANH, \
i1 N (Ssesen 21.11)

e

(Ssesien 21.12)

ACH, W

(Ssesen 21.14)
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