OH

0]
| Catalyst I
H")C\H Heat H/C\H /. .
H & &

Methanol Formaldehyde

OH

O
| ZnO J
i —
H3C"/C\H 380 °C H3C/C\CH3 __ -
H3C (

2-Propanol Acetone & P




o1 &%

O O CH3 O
CHggH CH3CH2(|3|H gHg(Al?HgHz(zlegH
CHoCH3
Ethanal Propanal 2-Ethyl-4-methylpentanal

(acetaldehyde) (propionaldehyde)

For cyclic aldehydes in which the —CHO group is directly attached to a ring,
the sutfix -carbaldehyde is used.

CHO 2 CHO

Cyclohexanecarbaldehyde 2-Naphthalenecarbaldehyde
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I I o
CH,CH-,CCH->CH-»CH CH,CH=CHCH-,CCH CH-,CH->CCH->CCH
1 32 234 25 26 3 6 35 4 3 22‘I 3 6 35 243 221 3
3-Hexanone 4-Hexen-2-one 2,4-Hexanedione
(New: Hexan-3-one) (New: Hex-4-en-2-one) (New: Hexane-2,4-dione)

A few ketones are allowed by IUPAC to retain their common names.

0 I |
I ~cH C
CH3CCH3 3

Acetone Acetophenone Benzophenone
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OAc

AcO

¢ \I//OAC
\
0]

H
0 |
A Xy CH20H CH,Cl, NN A C%O
Geraniol Geranial (84%)

@) @)
I 1. DIBAH. toluene, 78 °C |

2. H30%

CH3(CH3)19COCH3 CH3(CH»)10CH

Methyl dodecanoate Dodecanal (88%)

H

|
where DIBAH = CH3C|:HCH2—AI—CH2C|:HCH3

CHj CHj3
Problem 19.3
How would you prepare pentanal from the following starting materials?

(a) CH3CH2CH2CH2CH20H (b) CH3CH2CH2CH2CH=CH2
(C) CH3CH2CH2CH2C02CH3 (d) CH3CH2CH2CH=CH2
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OH
CrOg
CH2CI2
H3C

H3C
>c
H3C™ |
4-tert-Butylcyclohexanol 4-tert-Butylcyclohexanone (90%)

o
s

Benzene

O
|
C

CH3CHyCHoCHCHy ™

Hexanoyl chloride

9% + H,C=0
2.ZnHz0" 2=

70%
||
AICI

+ CH3CCI — ©/

Acetyl Acetophenone (95%)

chloride

(CH3),Cu~ Lit (Ll

~cl Ether CH3CHyCHoCHoCHy ™ CHs

2-Heptanone (81%)
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Problem 19.4

How would you carry out the following reactions? More than one step may be required.
(a) 3-Hexyne — 3-Hexanone

(b) Benzene — m-Bromoacetophenone

(c) Bromobenzene — Acetophenone

(d) 1-Methylcyclohexene — 2-Methylcyclohexanone
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Hydrogen Not hydrogen
here here
0 ) 0]
g [0] g lcl: o1 .
— — o reaction
R” H R” OH R™ R
An aldehyde A carboxylic acid A ketone

Many oxidizing agents, including KMnO4 and hot HNO3, convert aldehydes
into carboxylic acids, but CrO3 in aqueous acid is a more common choice. The
oxidation occurs rapidly at room temperature and generally results in good yields.

CHCH,CH,CH,CH gH CrOs, Hs0™ i CH,CH,CH,CH |C|20H
_—
3 2 2 2 2 Acetone, 0 °C 3 2 2 2 2

Hexanal Hexanoic acid (85%)

Aldehyde oxidations occur through intermediate 1,1-diols, or hydrates,
which are formed by a reversible nucleophilic addition of water to the carbonyl
group. Even though formed to only a small extent at equilibrium, the hydrate
reacts like any typical primary or secondary alcohol and is oxidized to a car-
bonyl compound (Section 17.7).

0 OH
|| H,0 | CrO3 ”
/C\ S — R—"C\OH + . ®
R H H/ H30 R OH

An aldehyde A hydrate A carboxylic acid
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I An electron pair from the nucleophile adds to
the electrophilic carbon of the carbonyl group,
pushing an electron pair from the C=O bond
onto oxygen and giving an alkoxide ion inter-
mediate. The carbonyl carbon rehybridizes
from sp? to sp>.

B3 Protonation of the alkoxide anion intermediate
gives the neutral alcohol addition product.

N
75°—:

o

:?:_
Nu/CgR
R’

Alkoxide ion
El H30+

:Ele

Aldehyde
or ketone

Some negatively charged
nucleophiles

Some neutral nucleophiles

NU/Ci\R + HZO

RI

Alcohol

HO:~ (hydroxide ion)
H:™ (hydride ion)
R3C:™ (a carbanion)
R:Cé:_ (an alkoxide ion)

N=C:™ (cyanide ion)

H:C§H (water)
R:CéH (an alcohol)
H3N: (ammonia)

Ri\]Hz (an amine)
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Aldehydes are generally more reactive than ketones in nucleophilic addition
reactions for both steric and electronic reasons.

FE %

H

&

R” H
1° carbocation
(less stable, more reactive)

0%~

|c|:5+
R H

Aldehyde
(less stabilization of 6+, more reactive)

H
|

C+
R/ \R/

2° carbocation
(more stable, less reactive)

0%~

|c|:5+
"y

Ketone
(more stabilization of 6+, less reactive)
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:o? :0: :0: :0:
: i i P
S S g S
— — >
+ +

Formaldehyde Benzaldehyde
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Problem 19.5

Treatment of an aldehyde or ketone with cyanide ion (T:C=N), followed by protonation of
the tetrahedral alkoxide ion intermediate, gives a cyanohydrin. Show the structure of the
cyanohydrin obtained from cyclohexanone.

Problem 19.6

p-Nitrobenzaldehyde is more reactive toward nucleophilic additions than p-methoxybenz-
aldehyde. Explain.
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I 0
C + H, 0 = -C
HaC” CHaq ? H3C7" > 0H
HaC
Acetone (99.9%) Acetone hydrate (0.1%)

The position of the equilibrium between a gem diol and an aldehyde or
ketone depends on the structure of the carbonyl compound. The equilibrium
generally favors the carbonyl compound for steric reasons, but the gem diol is
favored for a few simple aldehydes. For example, an aqueous solution of form-
aldehyde consists of 99.9% gem diol and 0.1% aldehyde at equilibrium, whereas
an aqueous solution of acetone consists of only about 0.1% gem diol and 99.9%

ketone.
I P
C + H,O0O = .C
H” OH ? H¢ “OH
H
Formaldehyde (0.1%) Formaldehyde hydrate (99.9%)




(a) Basic conditions (b) Acidic conditions
S s +
BRI RGBS ARl e o W
PN 2o :
B} The negatively charged \_: OH 1 The ST oxygen
nucleophile OH™ adds . 'S pritonat(?d byacid
to the electrophilic RO LS il
carbon and pushes 7 nH L, more SEongly
electrons from the C=0 szl T '
bond onto oxygen, : . :(l?/
giving an alkoxide ion. :(IJ:/\H N H 3 The neutral nucleophile D
Fecw ~o” :OH, adds to the \
A electrophilic carbon, :6/H
AlkoxideTon pushing the 7 electrons IL
intermediate from the C=O onto EH
] The alkoxide ion is ' ! oxygen. The oxygen
protonated by water to becomes neutral, and the L :6H2
give the neutral hydrate EH nucleophile gains the + -Cl)H [
as the addition product charge. /,c\i/H
and regenerating OH". . “ CI)
:OH H
,,Cli\ + -OH [EJ Water deprotonates the '
“/ OH intermediate, giving the
neutral hydrate addition B“
Hydrate product and regenerating
{gemidioll the acid catalyst H3O™. -
|
//C\OH + H30+
Hydrate
(gem diol)
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OH

+ H—Y = L
R R’ RR/’ Y

Favored when
Y =-0CHg3, —OH, -Br, =CI, HSO4"~

Problem 19.7
When dissolved in water, trichloroacetaldehyde exists primarily as its hydrate, called chloral

hydrate. Show the structure of chloral hydrate.

Problem 19.8

The oxygen in water is primarily (99.8%) 10, but water enriched with the heavy isotope
180 is also available. When an aldehyde or ketone is dissolved in '0-enriched water, the
isotopic label becomes incorporated into the carbonyl group. Explain.

R,C=0 + H,O 2 RyC=0 + H, O  where O = 180
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HO H
\ /
Cw . NH>5
1. LiAlHg, THF /C\
2. H,0 H H
O HO H
| \ /
C C 2-Amino-1-phenylethanol
H Hew Cx
SLLIN >N
HO H
\ /
Benzaldehyde Mandelonitrile Co éo
H307, heat (|:
OH
Mandelic acid (90%)
Problem 19.9
Cyclohexanone forms a cyanohydrin in good yield but 2,2,6-trimethylcyclohexanone does
not. Explain.
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O
] NaBH,

_—

R/C\H Ethanol

Aldehyde

O

g 1. R"MgX
R~ H 2. Hz0"

Aldehyde

1° Alcohol

2° Alcohol

R™ R’

Ketone

OH
NaBH, ’é
Ethanol R/ “H
R!
2° Alcohol
OH
1. R"MgX |
- IO
2. H30 R7¢ R”
Rf
3° Alcohol
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R
N~
H,O + |

P

/\

An imine

R NHZ/

O
|

/C\ ~

/\

A ketone or
an aldehyde

An enamine




2=05P0 2=04P0
w e
Pz CBO 792 Z N
_C-- — H
/+N\ | HoN \ CHj /+N\
H OH H H OH
CH3 CH3
Pyridoxal phosphate Alanine An imine
(Schiff base)
Oxime

o) N
~OH
+ NH,0H — + H,0

Cyclohexanone Hydroxylamine Cyclohexanone oxime
(mp 90 °C)

-

H,0O
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R Acid catalyst protonates the hydroxyl
o/> H ystp ydroxy B”HsO+
I Ketone/aldehyde oxygen.
PN
I Nucleophilic attack on the ketone or . A\\ . @?Hz
aIdeh){de by the Ione—.palr electrons of n”’NH2R /”C\/P\]HR
an amine leads to a dipolar
tetrahedral intermediate. o
:0: I The nitrogen lone-pair electrons expel nl “H,0
| water, giving an iminium ion.
7" NH,R
/ 2 R\-}-ﬂ H

FJ A proton is then transferred from
nitrogen to oxygen, yielding a neutral EH Proton transfer C
carbinolamine.

:OH Iminium ion
|
/’C\ + . .
~/ NHR I Loss of H* from nitrogen then gives the B”
neutral imine product.

Carbinolamine
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Problem 19.10
Show the products you would obtain by acid-catalyzed reaction of cyclohexanone with
ethylamine, CH3CH;NH», and with diethylamine, (CH3CH>),NH.

Problem 19.11
Imine formation is reversible. Show all the steps involved in the acid-catalyzed reaction of
an imine with water (hydrolysis) to yield an aldehyde or ketone plus primary amine.

Problem 19.12
Draw the following molecule as a skeletal structure, and show how it can be prepared from
a ketone and an amine.
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A useful variant of the imine-forming reaction just discussed involves the treat-
ment of an aldehyde or ketone with hydrazine, HyNNH,, in the presence
of KOH. Called the Wolff-Kishner reaction, the process is a useful and

general method for converting an aldehyde or ketone into an alkane,
R,C=0O — Ry,CHpy.

Q H H
| \ /
~CH-CH C\CH2CH3
=13 HaNNH, | + N, + H0
KOH
Propiophenone Propylbenzene (82%)
i \/
HoNNH,
Cyclopropane- Methylcyclo-

carbaldehyde propane (72%)




2,4-Dinitrophenyl-
hydrazone

O
|

C
H3C” CHj

Acetone

NO»

2,4-Dinitrophenyl-
hydrazine

C
HaC~  “CHj NO,

Acetone 2,4-dinitrophenyl-
hydrazone (mp 126 °C)

+ H50




NO,

HN .
N

Me

S3b

Fanyang Mo and Guangbin Dong.* Regioselective Ketone a-Alkylation with Simple Olefins via Dual Activation.
Science 2014, 345, 68-72.
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i ! 7b Me

Fanyang Mo, Hee Nam Lee and Guangbin Dong.* Bi-functional Ligand-assisted Catalytic Ketone a-Alkenylation with Internal
Alkynes: Controlled Synthesis of Enones and Mechanistic Studies. J. Am. Chem. Soc. 2015, 137, 15518-15527.
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Q _R'OH_ HQ_OR" R"Q OR"
RJ\ H R>\ H R>\ H
+ el A

0 R"OH HQ, OR" R"Q OR"

R™ "R R>\ R R>\ R
F IR il

OCH3
7 2 CH30H OCH3
2 + H20
HCI catalyst
Cyclohexanone Cyclohexanone
dimethyl acetal
O @) @)
| | ? I
CH3CCHoCH,COCHy,CH3 ——  CH3CCH,CH,CH,OH

Ethyl 4-oxopentanoate 5-Hydroxy-2-pentanone
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O / ‘
HOCH,CH,OH 0 0O + 10
)K/\C/OCHZCH:S Acid catalyst ></\C/OCH2CH3 2

O 0]
Ethyl 4-oxopentanoate
| 1. LiAlHgq
\\\ Can’t be done 2. H30*

\\di rectly

\
A

0 H;0* O 0
HOCH,CH)OH  + )j\/\ — PPN +  CH3CHz0H
CH-OH CH,OH

5-Hydroxy-2-pentanone
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Acetal and hemiacetal groups are particularly common in carbohydrate chem-
istry. Glucose, for instance, is a polyhydroxy aldehyde that undergoes an internal
nucleophilic addition reaction and exists primarily as a cyclic hemiacetal.

HS%)H’;H/ (”3 CHo0H
/ ! O

C —— HO
HOCH, \ = HO OH
H OH H OH 2
Glucose—open chain Glucose—cyclic
Problem 19.14

Show all the steps in the acid-catalyzed formation of a cyclic acetal from ethylene glycol
and an aldehyde or ketone.

Problem 19.15
Identify the carbonyl compound and the alcohol that were used to prepare the following

,A’ s, ®0°
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e Wittig RRBI

O—PPhg
PPh3 | ]
I + | = | C—C~p
/C\ CHR / \H
Aldehyde/ketone Ylide Oxaphosphetane

77N SNZ
P: + CHz— Br

Bromo-
methane

Triphenylphosphine

Methyltriphenyl-
phosphonium bromide

C=C + O=PPh;

Alkene Triphenylphosphine
oxide

BULI P CH
THF 2

Methylenetriphenyl-
phosphorane
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« V9ENREKER  The Nobel Prize in Chemistry 1979

Photo from the Nobel Foundation Photo from the Nobel Foundation
archive. archive.

Herbert C. Brown Georg Wittig

Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Chemistry 1979 was awarded
jointly to Herbert C. Brown and Georg Wittig "for
their development of the use of boron- and
phosphorus-containing compounds, respectively,
into important reagents in organic synthesis."
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CH3 CH»
1. CH3MgBr @ é
+
2. POCl3
O

1-Methylcyclohexene Methylenecyclohexane

(9 : 1 ratio)

CHj
+ _
Cyclohexanone (CgHg)3P—CHo,
THF solvent

+ (CgHg)3P=0

Methylenecyclohexane
(84%)
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+ |
H
Na+_OCH3
CH30H
]
NP T T

Vitamin A acetate
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Problem 19.16
What carbonyl compound and what phosphorus ylide might you use to prepare each of the
following compounds?

’ O/\CHg 7 OA © M
NS
(d) XN (e) () CH2
7 :

Problem 19.17

B-Carotene, a yellow food-coloring agent and dietary source of vitamin A can be prepared
by a double Wittig reaction between 2 equivalents of B-ionylideneacetaldehyde and a
diylide. Show the structure of the B-carotene product.

\ \ CHO o+
_ CHP(Ph

B-Ionylideneacetaldehyde A diylide
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The Cannizzaro reaction takes place by nucleophilic addition of OH™ to an
aldehyde to give a tetrahedral intermediate, which expels hydride ion as a leaving
group and is thereby oxidized. A second aldehyde molecule accepts the hydride
ion in another nucleophilic addition step and is thereby reduced. Benzalde-
hyde, for instance, yields benzyl alcohol plus benzoic acid when heated with

aqueous NaOH.
[::::]// SOH
0
5 o 5 b QD
CII N d)\ /|—I H” Benzoic acid
C\H ~:5H C\OH\J (oxidized)
OO +

2. HzO*
H H
) ) \/

C
Tetrahedral \OH
intermediate

Benzyl alcohol
(reduced)
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NH,
0 N X
a KOH HO) B <? | /T
A N CHp—0—P—0—P—0—CHy N .~
o oo O
¢ >
HaC” ~COopy~ H
H Dl OH OH
Pyruvate (@)
NADH
l NH,
0 ) o
OH HO) a o | /T
+
L e —N CH;—0—P—0—P—0—CHz N NE
C + . .
HaC” ~COy” N\ - O
(S)-Lactate
Ho f—NH; OH OH
0

NAD?*

Figure 19.12 Mechanism of
biological aldehyde and ketone
reductions by the coenzyme NADH.
The key step is an expulsion of
hydride ion from NADH and dona-
tion to the carbonyl group.
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Direct (1,2) addition

L3 0 AX

zﬁ? O\_ /Nu HO\ /Nu
f Nu™ H30+
PO PN SN
Conjugate (1,4) addition
:0:
I \/
/CQC/C\NU
NN | Y
¥ N
3 : Nu- +
AN I
E /)
“« oOo H
a,B-Unsaturated |C|Z . \C/ Saturated
aldehyde/ketone N N \IY aldehyde/ketone

Enolate ion
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Conjugate Addition of Amines

Both primary and secondary amines add to «,B-unsaturated aldehydes and
ketones to yield B-amino aldehydes and ketones rather than the alternative
imines. Under typical reaction conditions, both modes of addition occur rap-
idly. But because the reactions are reversible, they generally proceed with
thermodynamic control rather than kinetic control (Section 14.3), so the
more stable conjugate addition product is often obtained to the complete exclu-
sion of the less stable direct addition product.

o~ 0]

D Sole product
0 CH3NH,

/ K|H2CH3 NHCH3

A B-amino ketone

CH3NH,

+
\ O NH,CHj3 NCH3

2-Cyclohexenone
SN + H,0 | Notformed

An unsaturated imine
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Conjugate Addition of Water

Water can add reversibly to «,B-unsaturated aldehydes and ketones to yield
B-hydroxy aldehydes and ketones, although the position of the equilibrium gen-
erally favors unsaturated reactant rather than saturated adduct. Related additions
to a,B-unsaturated carboxylic acids occur in numerous biological pathways, such
as the citric acid cycle of food metabolism in which cis-aconitate is converted
into isocitrate by conjugate addition of water to a double bond.

Oxr

0~ ~0,C H
C \

_Ozc\/\<’<C02_
H
_OZC\/K/COZ_ 20 '/

HO H

cis-Aconitate Isocitrate
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Conjugate Addition of Alkyl Groups: Organocopper Reactions

The conjugate addition of an alkyl or other organic group to an «,B-unsaturated
ketone (but not aldehyde) is one of the more useful 1,4-addition reactions, just as
direct addition of a Grignard reagent is one of the more useful 1,2 additions.

HO CHj

1. CH3MgBr, ether or CH3Li

2. H30%
O
1-Methyl-2-cyclohexen-1-ol

(95%)

2-Cyclohexenone
1. Li(CH3)»Cu, ether

2. HzO*

CHj3

3-Methylcyclohexanone
(97%)
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Problem 19.22

How might conjugate addition reactions of lithium diorganocopper reagents be used to
synthesize the following compounds?

(a) (”) (b) 0 CH3
CH3CHoCH»CH2CHoCCH34 CH3

C (d) CH=CH

o CH,CH3 ’ 0

C(CH3)3
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a 100
.« L4 2

® |

2 60 - /c\/

£ H CHO

£ 40 -

2

© ||__-——>

o 20_

= eSS |
O 1 1 ] 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | | | | | |
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Wavenumber (cm‘1)
(b) 100

(b

2 60 0

©

£

£ 40 -

[72]

S SR

g 20 l

PN U

0 LI | 1 LI 1 | 1 LI | 1 1 1 1 | 1 1 1 1 | 1 1 1 I | | | | | |
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm‘1)

Figure 19.14 Infrared spectra of (a) benzaldehyde and (b) cyclohexanone.
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Problem 19.23

How might you use IR spectroscopy to determine whether reaction between 2-cyclo-
hexenone and lithium dimethylcopper gives the direct addition product or the conjugate
addition product?

Problem 19.24
Where would you expect each of the following compounds to absorb in the IR spectrum?
(a) 4-Penten-2-one (b) 3-Penten-2-one

(c) 2,2-Dimethylcyclopentanone (d) m-Chlorobenzaldehyde
(e) 3-Cyclohexenone (f) 2-Hexenal
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shift  area
2.23 3.00
9.79 1.00
Py
‘»
o 0
£ [
l CH3CH JL TMS l
10 9 8 7 6 5 4 3 2 1 0 ppm
Chemical shift ()
Figure19.15 H NMR spectrum of acetaldehyde. The absorption of the aldehyde proton appears at 9.8 § and
is split into a quartet.
136.5 O 192 211 137 O 198
X | l X |
“Sh © “cH
e T ﬁ S
CH3CH / CH3CCH,CH3 // 26.5

/7NN 1] |

134 130,129 295 209 37 8
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©
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S
=
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= <«— m/z=58
o 20
o ‘/,M+
0 ||| ||| L ||| | | L. . 1
| | | | | | 1 I T I 1
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m/z —
0] CHj
Alpha cleavage +|| |
(|; + <CHyCHoCHCH3
0 CHs
I CHj
m/z =43
H3C”~ “CH,CH,CHCH5
m/z= 114 R
McLafferty /H
rearrangement C|) CH3
C + H-,C=CCH
HaC™ CH, . S

m/z =58
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* 19.47, 19.54, 19.55, 19.60, 19.61, 19.62, 19.63, 19.66, 19.68, 19.71, 19.73
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