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- Aldehydes (RCHO) and ketones (R,CO) are

characterized by the carbonyl functional group (C=0)

- The compounds occur widely in nature as intermediates

In metabolism and biosynthesis
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Why this Chapter?

" . Much of organic chemistry involves the chemistry
of carbonyl compounds

- Aldehydes/ketones are intermediates in synthesis
of pharmaceutical agents, biological pathways,
numerous industrial processes

- An understanding of their properties is essential




Polarity of the Carbony!

Groups

‘ The carbon-oxygen double bond
of the carbonyl group is extremely
C polarized in the direction of the

. highly electronegative oxygen.
This polarization is responsible for
the characteristic reactions of

formaldehyde acetone

)
\

carbonyl compounds

: ’_/\nucleophilic oxygen reacts with

H acid and other electrophiles

O

O

e ‘\\/electrophilic carbon reacts with
bases and other nucleophiles




Reactions of aldehydes and

ketones

> = oxidation - -

k = reduction reductio reduction
. nucleophilic addition Y [ sen

nucleophilic
addition

" | oxidation

:
.

1) Aldehydes are easily oxidized, ketones are not.

2) Aldehydes are more reactive in nucleophilic
additions than ketones.




The reactivity of carbonyl compounds

IS also related to the basicity of Y—:

>

\ relative reactivities of carbonyl compounds

acyl ha/li\de > acid anhydride > aldehyde > ketone > ester ~ carboxylic acid > amide > cart}{)xylate ion

most reactive least reactive




Oxidation of Aldehydes and Fg'¢

\. - Aldeidos: facilmente oxidados para produzir 0s
acidos carboxilicos

k - Cetonas: normalmente inertes a oxidacao

- Diferenca: aldeidos tém um hidrogénio —CHO
gue pode ser abstraido como um proton durante
a oxidacao, mas as cetonas nao




Oxidation of Aldehydes and

Ketones

) - CrO5 In aqueous acid oxidizes aldehydes to carboxylic
| acids efficiently

- Silver oxide, Ag,0, in aqueous ammonia (Tollens’
N reagent) oxidizes aldehydes

0 0
CH-CH->CH»CH-CH y)H CrOs Hs0™ 1 CH.CH.CHACH gOH
\ 3 2 2 2 2 Acetone, 0 °C - 3 2 2 2 2
: Hexanal Hexanoic acid (85%)
O O

| |
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H AGO OH o A
NH4OH, H,0 9

Benzaldehyde Benzoic acid




Oxidation of Aldehydes and |

e il

- CrO; em acido aquoso: oxidacéao rapida, a
temperatura ambiente e com bom rendimento.

- Outros agentes oxidantes: KMnO,, HNO, a
quente

O
CO,H
KMnO, H,O0, NaOH>
H3O+ CO,H

ciclo-hexanona acido hexanodidico




- Aldehyde oxidations occur through 1,1-diols (“*hydrates”)
Reversible addition of water to the carbonyl group

- Aldehyde hydrate is oxidized to a carboxylic acid by usual
reagents for alcohols
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Hydride Addition

S

R™

Rf

from NaBHy

= Convert C=0 to CH-OH
- LIAIH, and NaBH, react as donors of hydride ion
- Protonation after addition yields the alcohol

OH
Hg0™ (l: + H,0
é .
R,’/ \H 2



> [HYDRIDE REDUCTION J

\

REDUCING STRENGTH

H
| -

ESTERS, KETONES, ALDEHYDES TO
ALCOHOLS

KETONES, ALDEHYDES TO
ALCOHOLS

ACIDS AND ACID CHLORIDES TO
ALDEHYDES




Selectivity of Reductions

OCH; OH

NaBH4
o Ethanol Reduces esters,
Reduces o f ketones,and

ketones .LiAlH; Ether

and aldehydes 2. H' H,0 aldehydes
OCH;
0
A\
i H,, Pt on Carbon
Catalytic Reduction
0
OCH;
o

Alkene reduction
+ some ketone and
aldehyde reduction
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Biological Reductions

} - The adduct of an aldehyde and OH- can transfer hydride
) lon to another aldehyde C=0 resulting in a simultaneous
oxidation and reduction (disproportionation)

C
O/ “OH
0]
. i o . (|:|D
\ CH/\ Qg\ /H H™ Benzoic acid
, Gy ) C\\j (oxidized)
\ O/ H —:0OH O/ OH

2. Hz0*
- - \ /

C
Tetrahedral \OH
intermediate

Cannizzaro reaction

Benzyl alcohol
(reduced)




Nucleophiles

doa par de elétrons para um eletrofilo para

formar uma ligacao

moléculas ou ions com um par de elétrons livre

ou com uma ligacao «
sao bases de Lewis

i i
N,
A e N

i) :
D”‘H.

H

H 4+ Br



Nucleophiles

) - Basicidade vs nucleofilicidade
- Basicidade é uma propriedade termodinamica:

K
A+ HO HA + HO K = constante de
equilibrio
,‘ - Nucleofilicidade: conceito cinético:
‘ k
Nu + RX —> Nu-R + X k=constante
de velocidade

- Bases fortes sao tipicamente bons nucleofilos




Nucleophiles

( :Nu) at the reaction site

- The overall charge on the nucleophilic species is not
N considered

} = Nucleophiles can be negatively charged ( :Nu-) or neutral

HéH (water)

, | ROH (an alcohol)
4 Some neutral nucleophiles ) .

H3N:(ammonia)

RKIHz (an amine)




Relative Reactivity of Aldehydes

and Ketones

\ - Aldehydes are generally more reactive than ketones in

! nucleophilic addition reactions

- The transition state for addition is less crowded and lower
k In energy for an aldehyde (a) than for a ketone (b)

- Aldehydes have one large substituent bonded to the

C=0: ketones have two




Nucleophilic Addition Reactions

of Aldehydes and Ketones

- Nu approaches
) 75° to the plane of
C=0 and adds to C o

Aldehyde
__//,C\ or ketone
- A tetrahedral Nu S
al kOX|de |On I} An electron pair from the nucleophile adds to "'1759
. . . the electrophilic carbon of the carbonyl group, o
|ntermed|ate IS pushing an electron pair from the C=O bond nl
onto oxygen and giving an alkoxide ion inter-
prOduced mediate. The carbonyl carbon rehybridizes L
. from sp? to sp. ’(|3:
’ Nu— SR
. R’

Alkoxide ion

] Protonation of the alkoxide anion intermediate .
gives the neutral alcohol addition product. El "0




Electrophilicity of Aldehydes and

Ketones

\ - Aldehyde C=0 is more polarized than ketone C=0
- = Asin carbocations, more alkyl groups stabilize +

character

k - Ketone has more alkyl groups, stabilizing the C=0

carbon inductively

H

C+
R~ H

1° carbocation
(less stable, more reactive)

5—
O

|l 5+
R~ ™H

Aldehyde
(less stabilization of 6+, more reactive)

H

ct

2° carbocation
(more stable, less reactive)

5—
O

5+
R/ﬂ ‘;\Rf

Ketone
(more stabilization of 6+, less reactive)



Reactivity of Aromatic

e il

Aldehydes

- Less reactive in nucleophilic addition reactions than

aliphatic aldehydes

- Electron-donating resonance effect of aromatic ring makes
C=0 less reactive electrophile than the carbonyl group of

an aliphatic aldehyde

H

C+
R~ H

1° carbocation
(less stable, more reactive)

S5—
I

0
C+

R~ ™H

Aldehyde
(less stabilization of 6+, more reactive)

H

ct

2° carbocation
(more stable, less reactive)

S5—
I

0
C+

R/ﬂ ‘;\RF

Ketone
(more stabilization of 6+, less reactive)



Nucleophilic Addition of H,O:

Hydration

- Aldehydes and ketones react with water to yield 1,1-diols
(geminal (gem) diols)

- Hydration is reversible: a gem diol can eliminate water

i g
C + H,0O = A€
HaC”~  “CHs H3C¢~ ~OH
H4C

Acetone (99.9%) Acetone hydrate (0.1%)



Base-Catalyzed Addition of

Water

\ - Addition of water Is S R
f catalyzed by both ")
. A
k aC|d and base Kl The negatively charged \:6},,
nucleophile OH™ adds h
- The base-catalyzed cron and pshes 7 |
. . electrons from the C=0
hydration nucleophile pond onto oxygen, ' |
. . . iving an alkoxide ion. 0
is the hydroxide ion, o T g
. - "/ OH
X WhICh IS a mUCh Alkoxide ion
stronger nucleophile Bl Testosideions e
protonated by water to
than Water givehthednt?t{tralhydrate BH
as the addition product

and regenerating OH". .
:Cl)H
-C + “OH
// \OH
Hydrate
(gem diol)




Acid-Catalyzed Addition of

(b) Acidic conditions

. Protonation of C=0 ol HlE

] o+ C
m akes It m 0 re K} The carbonyl oxygen - ’
= is protonated by acid
electrophilic 0%, makin e o
carbon more strongly
electrophilic , :
:5/H
[l
EA The neutral nucleophile O+ HO

:dH; adds to the K . H
{5 il

electrophilic carbon,
pushing the 7 electrons

H
. from the C=0 onto 1
oxygen. The oxygen
becomes neutral, and the ¥ :OH
. . :OH . 2
. nucleophile gains the + |
charge. ,,C\{],H
L
H
EJ Water deprotonates the ' '
intermediate, giving the
neutral hydrate addition (3]
product and regenerating
the acid catalyst H;O™.
yst H3 (I)H
-C + H30t
,,/ ~OH 3
Hydrate

(gem diol)



Addition of H-Y to C=0

) - Reaction of C=0 with H-Y, where Y is electronegative,
| gives an addition product (“adduct”)

- Formation is readily reversible

Favored when
Y = _OCH3, —OH, —BI’, —C|, HSO4_




Nucleophilic Addition of HCN:

Cyanohydrin Formation

\ - Aldehydes and unhindered ketones react with HCN to

: yield cyanohydrins, RCH(OH)C=N
- Addition of HCN is reversible and base-catalyzed,
k generating nucleophilic cyanide ion, CN-

- Addition of CN~ to C=0 yields a tetrahedral intermediate,
which is then protonated

Equilibrium favors adduct
CiO¢ _ ~:0: CN_ HO CN

I \ / \ /
¢ O\ C. C. )
O/ H :C=N O/ H HCN O/ H + :C=N
_— —_— ® —

Benzaldehyde Tetrahedral Mandelonitrile (88%)
intermediate




} = The nitrile group (—C=N) can be reduced with LiAlIH, to
| yield a primary amine (RCH,NH,)
N - Can be hydrolyzed by hot acid to yield a carboxylic acid

HO H
\ /
C__NH,
1. LiAIHg, THF /C\
2. H,0 H H
5 O HO H
| \ /
L C Cw 2-Amino-1-phenylethanol
‘ H o hen Cs
ELLALEN ~N
HO H
\ /

Benzaldehyde Mandelonitrile Co Céo
H;0%, heat |
OH

Mandelic acid (90%)




Nucleophilic Addition of Grignard

Reagents and Hydride Reagents: Alcohol |
Formation _

} - Treatment of aldehydes or ketones with Grignard
| reagents yields an alcohol

Nucleophilic addition of the equivalent of a carbon anion,
or carbanion. A carbon—magnesium bond is strongly
polarized, so a Grignard reagent reacts for all practical
purposes as R: - MgX".

Methylmagnesium
chloride

Nucleophilic




Mechanism of Addition of

Grignard Reagents

\ - Complexation of gk
: C=0 by Mg-*, ||

Nucleophilic e i
addltlon Of R o, atonjl of the aldehyde or ketone, thereby nl
k prOtOnathn by ;llaCI;lFr)ltgo:.he carbonyl group a better |
dilute acid yields G
the neutral e
alcohol B e
. - G rlgnard .atetrahzfiral magnesium alkoxide El
| addltlons are intermediate.... :6/ng :m:::::::;g
: irreversible R
because a LA

CarbanIOn IS nOt El ... which undergoes hydrolysis when Bleo

water is added in a separate step. The

a IeaV|ng group final product is a neutral alcohol.

An alcohol




Grignard reagents are used to

prepare alcohols:

o
H s % H30+ .o
_C_ +  CH3CH,7MgBr —— CH;3;CH,CH,0: MgBr —— CH3;CH,CH,0OH
formaldehyde ethylmagnesium an alkoxide ion 1-propanol
‘ bromide a primary alcohol
- oo _ e & .o
/"O" :O: MgBr :OH
| | H;0" |
|- CH/C\H + CH; —MgBr — CH;CH,CHCH; ———> CH;CH,CHCH;
. CH3Ch, k /
. _
propanal methylmagnesium 2-butanol
bromide a secondary alcohol
((H) 107 M:éBr (l)H
=3 H3;0"
CH/C\CH CH.CH + CH3CH2—MgBr —> CH3(\?CH2CH2CH3 3% CH3(|:CH2CH2CH3
3 23
AK / CH2CH3 CH2CH3
2-pentanone—“—— - ethylmagnesium 3-methyl-3-hexanol

bromide a tertiary alcohol

© 2011 Pearson Education, Inc.



Nucleophilic Addition of

Alcohols: Acetal Formation

\ = Alcohols are weak nucleophiles but acid promotes

: addition forming the conjugate acid of C=0
- Addition yields a hydroxy ether, called a hemiacetal
k (reversible); further reaction can occur

Protonation of the —OH and loss of water leads to an
oxonium ion, R,C=0OR™* to which a second alcohol adds to
form the acetal

OCHs,
O
OCH3
2 CH,OH
5 > + Hzo
HCI catalyst
Cyclohexanone Cyclohexanone

dimethyl acetal




Uses of Acetals

} - Acetals can serve as protecting groups for aldehydes and

ketones
= Itis convenient to use a diol to form a cyclic acetal (the
N reaction goes even more readily)
@) ! :
HOCHQCHon/ O 0 + H.0
)-k/\C/OCH2CH3 Acid catalyst ></\C,OCHZCH3 ?
\. y) g
L, Ethyl 4-oxopentanoate
1. LiAlH,
\\ Can’t be done 2. H30"

AY .
\\dlrectly
N

O

H3O0" O 0
HOCH,CHo0H  + )j\/\ — ></\ +  CH3CH,OH
CH,0H CH,0H

5-Hydroxy-2-pentanone




Nucleophilic Addition of Hydrazine:

The Wolff—=Kishner Reaction

\ - Treatment of an S
/ aldehyde or ketone At a|
with hydrazine, enemeey . :
H,NNH,, and KOH o
k CO nve rtS th e EA Base abst.rach a weakly acidic N.-H /(|3I\ , ‘_3
compound to an T |
places the negative charge on carbon

a.l kan e and the double bond between

nitrogens. CN—H _N—H
- Originally carried out I

\. at high temperatures B Protonaton o th hydrazone anion )
| but with dimethy!l e af G
sulfoxide as solvent V)
takes place near R

A Deprotonation of the remaining

room temperature ol

simultaneous loss of nitrogen to give

a carbanion ...
~C
R7>H + N, + Hy0
R’
H . .. which is protonated to give the
Bl H,0
alkane product.

H
|

°c + HO™
R7 OH
e




Nucleophilic Addition of

Phosphorus Ylides: The Wittig Reaction|

\ - The sequence converts C=0 to C=C

-« A phosphorus ylide adds to an aldehyde or ketone to yield
a dipolar intermediate called a betaine

k = The intermediate spontaneously decomposes through a
four-membered ring to yield alkene and
triphenylphosphine oxide, (Ph);P=0
Formation of the ylide is shown below

SNZ BuLl
+ CH3—BI’ P CH3 P CH2

THF
Bromo-
methane

Triphenylphosphine Methyltriphenyl- Methylenetriphenyl-
phosphonium bromide phosphorane




Mechanism of the Wittig

Reaction

(&
| /c:\/—\ prh:lj

© The nucleophilic carbon atom of :C

the phosphorus ylide adds to the R- TR’
carbonyl group of a ketone or aldehyde OH
to give an alkoxide ion intermediate. An ylide

LN

|

.C—C.
= AR

R
@ The alkoxide ion then undergoes

. intramolecular O-P bond formation to QJ
produce a four-membered ring . . .

) .
, :O—P(Ph)s

|
Ae=t
/ R
R
€© . . . which spontaneously decomposes to
give an alkene and triphenylphosphine QJ
oxide,

\

CcC=C + (Ph)3P=0

/N




Uses of the Wittig Reaction

= Can be used for monosubstituted, disubstituted, and
/ trisubstituted alkenes but not tetrasubstituted alkenes The
reaction yields a pure alkene of known structure

- For comparison, addition of CH;MgBr to cyclohexanone
and dehydration with, yields a mixture of two alkenes

CH3 CH,
1. CH3MgBr
+
2. POClg
0]

I
! 1-Methylcyclohexene Methylenecyclohexane
(9: 1 ratio)
CH,
Cyclohexanom\ (C6H5)3;—(_:H2, %
THF solvent

Methylenecyclohexane
(84%)

2P (C6H5)3P:O




Conjugate Nucleophilic Addition to

o,3-Unsaturated Aldehydes and Ketones

A nucleophile
can add to the
C=C double
bond of an a,[3-
unsaturated
aldehyde or
ketone
(conjugate
addition, or 1,4
addition)

The initial
product is a
resonance-
stabilized
enolate ion,
which is then
protonated

Direct (1,2) addition

2(l)lj O\_/I\Iu \/
Ve A H30*
PN > | O L N
Conjugate (1,4) addition
:0:
I \/
/C%C/C\Nu
v\
3 L N +
i e N [ H0"
2
|
:0:
a,B-Unsaturated g _ \C/
aldehyde/ketone = Ny
Enolate ion

0]

I \/
/C\C/C\
/ \

H
Saturated
aldehyde/ketone

Nu



Stereochemistry of
Nucleophilic Addition Reaction

\ a prochiral
carbonyl carbon ? (’)H (l)H
TN HZ
9 X P o C\Y X/ C"’IIY Y\\\‘)C\X
\ Z Z

a pair of enantiomers




Stereochemistry of

Nucleophilic Addition Reaction

) the Si face

7
C
3]

the Re face




Stereochemistry of

Nucleophilic Addition Reaction

B .
O H™ attack on the Re face _ |
\ . (Hj " followed by H*  ~ CH; C\'"”’ CH,CH;
\ CH;, ~CH,CH, H
the Re face is closest (S)-2-butanol
to the observer OH

H™ attack on the Si face _ (lj
followed by H* CH?,/ \ "

CH,CHj
(R)-2-butanol

:
5




