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Aldehydes and Ketones

* 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.
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Reactions of Aldehydes and Ketones

+ Aldehydes and ketones react with nucleophiles.

* 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:
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Increasing reactivity towards nucleophiles

H R R
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C=0 C=0 C=0
/ / /

H H R

Increasing steric hindrance

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.

* |If the CHO group is bonded to a ring, name the ring and add
the suffix —carbaldehyde.

*  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.
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Figure 21.1 B carbon
C2 or o carbon or
l Cc3 Ci1
CH4CHCHO MH @CHZCHQ
Cl o
2-chloropropanal 3-methylpentanal phenylethanal
(e-chloropropionaldehyde) (B-methylvaleraldehyde) (phenylacetaldehyde)
(Common names are in parentheses.) 4
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Common Names of Aldehydes

+ Like carboxylic acids, many simple aldehydes have common
names that are widely used.

« A common name for an aldehyde is formed by taking the
common parent name and adding the suffix —aldehyde.
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formaldehyde acetaldehyde benzaldehyde
(methanal) (ethanal) (benzenecarbaldehyde)
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H

(IUPAC names are in parentheses.)

+ Greek letters are used to designate the location of substituents
in common names. ... T i

Nomenclature of Ketones

* In the 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.

* 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.
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Common Names 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”.
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methyl group  ethyl group

(0] o}
g Il
CH;  ~CH,CH,4 CH;  TCH,CHy
IUPAC name: 2-butanone Common name: ethyl methyl ketone

Three widely used common names for some simple ketones
do not follow this convention:
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acetone acetophenone benzophenone

Naming Ketones and Acyl Groups
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Figure 21.2

e}
IUPAC name: 2-methyl-3-pentanone m-bromoacetophenone
Common name: ethyl isopropyl ketone or

3-bromoacetophenone

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

5 T MG il Commpanees, . Pussision et o sl st gy

Do not confuse a benzyl group
o] with a benzoyl group.

? ? €
-y cH oY ©/ ’ @CW%
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formyl group acetyl group benzoyl group benzy! group
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Naming Enals and Enones

+ Compounds containing both a C-C double bond and an
aldehyde are named as enals.

« Compounds that contain both a C-C double bond and a
ketone are named as enones.

+ The chain is numbered to give the carbonyl the lower
number.
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Table 21.1 Physical Properties of Aldehydes and Ketones
Property Observation
Boiling point and * For compounds of comparable molecular weight, bp’s and mp's follow the usual trend: The stronger the
melting point intermolecular forces, the higher the bp or mp.
CH4CHZCH,CH,CH, CH4CH,CH,CHO CH4CH,CH,CH,0H
VDW VDW,DD MW =72 VDW, DD, HB
MW =72 bp 76 °C MW =74
bp 36 °C bp 118 °C
CH3CH,COCH,
VDW,DD MW =72
bp 80 °C

h of inter lar forces
Increasing boiling point

Solubility * RCHO and RCOR are soluble in organic solvents regardless of size.
* RCHO and RCOR having < 5 C's are H,O soluble because they can hydrogen bond with H,O (Section 3.4C).

* RCHO and RCOR having > 5 C's are H,0 insoluble because the nonpolar alkyl portion is too large to
dissolve in the polar H,O solvent.

Key: VDW = van der Waals, DD = dipole-dipole, HB = hydrogen bonding, MW = molecular weight

+ Aldehydes and ketones have strong dipoles, but lack
hydrogen bonding, resulting in boiling points between
nonpolar molecules and alcohols of similar size.

+ Water solubility mimics that of alcohols and ethers of similar
. 10
size.
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Spectroscopic Properties—IR Spectra

« Aldehydes and ketones exhibit a strong peak at ~1700 cm~1
due to the C=0.

* The sp? hybridized C-H bond of an aldehyde shows one or
two peaks at ~2700 —2830 cm™'.
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Figure 21.3
The IR spectrum of

propanal, CH,CH,CHO 2 .
[ =
g i
E 50 C
g S0 CHiCHS H
£ i propanal
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'T sp® C—H
4 sp® C—H c=0 o
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» Astrong C=0 occurs at 1739 cm™".
* The sp? C-H of the CHO appears as two peaks at 2813 and 2716 cm™". 11

IR—Carbonyl Absorption

« Most aldehydes have a carbonyl peak around 1730 cm™,
whereas for ketones, it is typically around 1715 cm™'.

* Ring size affects the carbonyl absorption in a predictable
manner.
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[1] The carbonyl absorption of cyclic ketones shifts to higher wavenumber as the size of
the ring decreases and the ring strain increases.

o o)
o uf
1715ecm™! 1745 cm™ 1780 cm™

Increasing ring strain
Increasing wavenumber of the C=0 absorption
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IR—Conjugation Effects

* Conjugation leads to a somewhat weaker C=0O bond, thus
shifting the carbonyl absorption to longer wavelengths.
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[2] Conjugation of the carbonyl group with a C=C or a benzene ring shifts the absorption
to lower wavenumber by ~30 cm™.

)Ji/ )\/ )\/ l )::i/s

i hybrid
o.p tl:nsalmrated Two resonance contributors have
carbonyl group a C-0 single bond. The n bonds are
delocalized.
Copyright © The McGraw-Hill Companies, Ine. Parmission required for reproduction or display
Figure 21.4 o o o} o)
The effect of conjugation on S
the carbonyl absorption CHy | B
in an IR spectrum Z
1709 cm™ 1685 cm™' 1715em™ 1685 cm™

conjugated C=0 conjugated C=0
lower wavenumber lower wavenumber
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TH and '3C 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 o carbon, but the
coupling constant is often very small (J = 1-3 Hz).

* Protons on the o carbon to the carbonyl group absorb at
2-2.5 ppm.

* Methyl ketones, for example, give a characteristic singlet at
~2.1 ppm.

*In a ®C NMR spectrum, the carbonyl carbon is highly
deshielded, appearing in the 190-215 ppm region.
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Figure 21.5

TH NMR of Propanal
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"H NMR spectrum
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CHiCH; H

Ha Hb Hl:

* There are three signals due to the three different kinds of
hydrogens, labeled H,, H,, and H_.
* The deshielded CHO proton occurs downfield at 9.8 ppm.

* The H, signal is split into a triplet by the adjacent CH, group,
but the coupling constant is small. 15

13C NMR absorptions
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3G NMR spectrum Cp Ca
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* There are three signals due to the three different kinds of
carbons, labeled C,, C,, and C..

* The deshielded carbonyl carbon absorbs downfield at
203 ppm.
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Interesting Aldehydes and Ketones—
Formaldehyde
s
.

¢ @

Copyn

formaldehyde
CH,=0
* Billions of pounds of formaldehyde are produced annually by
the oxidation of methanol.

* It is sold as a 37% aqueous solution called formalin which is
used as a disinfectant, antiseptic, and preservative for
biological specimens.

* It is a product of incomplete combustion of coal, and is partly
responsible for the irritation caused by smoggy air.

Interesting Aldehydes and Ketones—Acetone
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acetone
(CH3),C=0
* Acetone is an industrial solvent.
* It is also produced in vivo during breakdown of fatty acids.

* Diabetics often have unusually high levels of acetone in their
blood streams.

* Thus, its characteristic odor can be detected on the breath of
diabetic patients when the disease is poorly controlled.
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Natural Aldehydes and Ketones with Strong Odors

Figure 21.6
Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display
O
H
HO‘@% citronellal
H (lemony odor, isolated

vanillin from lemon grass)

(flavoring agent from
vanilla beans)

M
\ Y H

geranial

@/\)LH
(lemony odor, isolated

cinnamaldehyde from lemon grass)
(odor of cinnamon)

© The McGraw-Hill Companies, Inc./Jill Braaten, photographer

Steroids with Carbonyls

* Many steroid hormones contain a carbonyl along with other
functional groups.

» Cortisone and prednisone are two anti-inflammatory steroids
with closely related structures.

» Cortisone is secreted by the body’s adrenal gland, whereas
prednisone is the synthetic analogue and is used as an anti-
inflammatory for asthma and arthritis.
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(naturally occurring) (synthetic)
20
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Preparation of Aldehydes

Copyright ® The McGraw-Hill Companies, Inc. Permission required for reproduction or display,

* By oxidation of 1° o

. I
alcohols with PCC RCH,—OH Pcc Gk (Section 12.12B)

1° alcohol

* By reduction of esters

0
: A o]
and acid chlorides I Y I
. LN C. (Section 20.7A)
[2] H,0 R H
ester
o] :
i [1] LIAIH[OC(CHy)ala 9
R™cl RIH,0 ROH
acid chloride
* By hydroboration- [1]BH o
oxidation of an R—C=C—H 2 1 (Section 11.10)
alkyne alkyne [2] Ho0,,"OH RCH; H

21
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* By oxidation of 2° CrOz or
OH (0]
alcohols with Cr®* . Na,Cr,0; or 8
reagents R_?_R KCrz05 or R R (Section 12.12A)
H PCC
2° alcohol
* By reaction of acid o _ o
chiorides with ¢ i ¢ (Section 20.13)
organocuprates R™ Cl [2]H,0 R™ R
acid chloride
+ By Friedel-Crafts 0
acylation I .
E AIC, C\H (Section 18.5)
+ _Co _—
R Cl
acid chloride
* By hydration of an e}
alkyne = —.HEO (Ié i
R—-C=C-H 150 S cH (Section 11.9)
alkyne 2= 3
HgS0,
22
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Oxidative Cleavage of Alkenes

» Aldehydes and ketones are also both obtained as products of
the oxidative cleavage of alkenes.
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F{\c—c’H %, 2050 R\c—o + o—c/H
/7N or ‘a AL,
R R CH,SCH, R R
alkene ketone aldehyde

23

General Reactions of Aldehydes and Ketones

[1] Reaction at the carbonyl carbon—the elements of
H and Nu are added to the carbonyl group.
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General reaction— 0] OH
Nucleophilic addition g [1]:Nu™ [2] H,O | H and Nu
A R—C—H(R")
R H(R") or T are added.
HNu: Nu

[2] Reaction at the o carbon.
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electrophile
General reaction K 0 ——E+ T
at the o carbon G BN S <
e M 8 T O, R CHzTE
o carbon l new bond on the
o carbon
:E?:’
C.

R SCH, + H—B*

resonance-stabilized
enolate anion
24
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Nucleophilic Addition

* In this process, nucleophilic attack precedes protonation.

+ This mechanism occurs with negatively charged or strong
neutral nucleophiles.
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{ i‘) Mechanism 21.1 General Mechanism—Nucleophilic Addition

0 M— = « In Step [1], the nucleophile attacks the
e 0 SHEOH oM carbonyl group, cleaving the n bond and
H{,C\H(H.) T R-C—H(R) 2l R—C—H(R) moving an electron pair onto oxygen. This
{N /,l,u ﬂlu forms an sp® hybridized intermediate with a
il new C— Nu bond.
W s7° hybridized addition product w . . .
nucleophilic attack protonation e + In Step [2], protonation of the negatively
OH charged O atom by H;0 forms the addition
product.
25

Acid-Catalyzed Nucleophilic Addition
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( E) Mechanism 21.2 General Mechanism—Acid-Catalyzed Nucleophilic Addition

Step [1] Protonation of the carbonyl group

~
)

:‘C‘):' TH-A ‘(‘?H :'(‘SH
G _ JBx — ol £ » Protonation of the carbonyl oxygen forms a
5 HE) i i HE) R+ HE) resonance-stabilized cation that bears a full
two resonance structures positive charge.
protonation

Steps [2]-[3] Nucleophilic attack and deprotonation

:BH :OH :OH * In Step [2], the nucleophile attacks, and then
& RC-HR) ——  R—G—HRA) deprotonation forms the neutral addition
R™} H(R) [2] ‘r!J [3] '& product in Step [3].
u *Nu
H—Nu:/ t L % 1 & bk = The overall result is the addition of H and Nu

A
nucleophilicattack | "7  deprotonation to the carbonyl group.

* In this mechanism, protonation precedes nucleophilic attack
as shown above.

* With some neutral nucleophiles, nucleophilic addition only
occurs if an acid is present to activate the carbonyl by
protonation. iy
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Acid-Catalyzed Nucleophilic Addition

* The effect of protonation is to convert a neutral carbonyl
group to one having a net positive charge.

* This protonated carbonyl is much more electrophilic and
susceptible to attack by a nucleophile.

‘(H):/ ‘\Hi—f\A :9H A protonated carbonyl is needed for reaction
G _C.. with less reactive, neutral nucleophiles.
R™§* H(R") R H(R')
no net charge, net (+) charge,
less electrophilic more electrophilic

27

Good Nucleophiles

* Nucleophilic trends in carbonyl attack are not the same as in
straightforward substitution reactions at sp? carbon atoms.

« Cl', Br, and I are good nucleophiles in substitution
reactions at sp® hybridized carbons, but they are ineffective
nucleophiles in addition.

* When these nucleophiles add to the sp? carbonyl carbon,
they cleave the C-O © bond, forming an alkoxide.

+ Since X is a much weaker base than the alkoxide formed,
equilibrium favors the starting materials, not the addition
product.

roduction or drspiay.
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0 :&: < stronger base
il > |
A

| Ch

weaker base—:Cl:

Equilibrium favors the weaker base
in the starting materials.

28
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Effective Nucleophiles in Nucleophilic Addition

» Other nucleophiles add to carbonyl groups to form unstable
intermediates which rapidly undergo elimination.

* This addition—elimination process, particularly with amine-
related nitrogen nucleophiles, replaces a C=0 with a C=N.

* For example, amines (RNH,) add to carbonyl groups in the
presence of mild acid to form unstable carbinolamines,
which readily lose water to form imines.

Copyright @ The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

\ RNH,

addition

><OH
NHR

carbinolamine

-H,0

elimination

o
C=NR
i

imine

* In cases in which the initial addition adduct is unstable, it is
enclosed within brackets, followed by the final product.

29

Nucleophilic Addition Reactions
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Nucleophile

Figure 21.7

/ o4

N/ [21H.O

cyclohexanone
[1] RMgX or AL
[2]H0

“CN
HCI

PhyP—CR,

RNH,
mild acid

ANH
mild acid

ROH, H*
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[1] NaBH, or LIAH,

Addition product

—
/ \_-OH
¢
N/
alcohol

alcohol

{
\_/ CN
cyanohydrin
Q.
P

PPh

¢ M ™
\_/ g
R R

oxaphosphetane

N _-OH
)
\__/ "NHR

carbinolamine

/" \_OH
\ NA,
carbinolamine

V.
Y
N\ / "OR

| hemiacetal

./
—PhP=0

-H,0

-H,0

Final product

—CR,
alkene
N\
{ =NR
X /

imine

AR
4 7—NR,;
\__# ?

enamine

RCOH \," ‘\{/OH
HO  \_ /ToR
acetal

(Section 21.8)

(Section 21.8)

(Section 21.9)

(Section 21.10)

(Section 21.11)

(Section 21.12)

(Section 21.14)

30
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Nucleophilic Addition of Hydride

+ Treatment of an aldehyde or ketone with either NaBH, or
LiAlH, followed by protonation forms a 1° or 2° alcohol.

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

0] OH =
; 1l NaBH, H,0
General reaction N - M Sl R-C—H(R) addition of H,
or
LiAIH, H

1° or 2° alcohol

* Hydride reduction occurs via a two-step mechanism.

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

:0: :67/_\ ~ :OH
Et':‘ CH4CH é T . TP <|: H + Li*“OH
NN — - = e e el L
CHiCHp/ H ] T [2] T
Kk H H
Li* HzAlI=—H I + AlHg T 1° alcohol
nucleophilic attack protonation

31

Nucleophilic Addition of R

 Treatment of an aldehyde or ketone with either an
organolithium (R"Li) or Grignard reagent (R"MgX) followed
by water forms a 1°, 2°, or 3° alcohol containing a new C-C

bond.
Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display
General reaction o R"MgX H,0 oH T
_C.. — R-C-HR) [ Joamdn
R™HIRY) or | an
R"Li R" =

aldehyde or ketone
new C—C bond

19, 2%, or 3° alcohol

* Nucleophilic addition of the carbanion-like species occurs via
a two-step mechanism.
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0 Lo Lo :0
i | ~uloH ™
., — CH3CH,—C—H e CH3CH,—C—H + Li* "OH
CHSCHQ/ H 1 2]
O |
32
nucleophilic attack protonation

2° alcohol
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Nucleophilic Addition of CN

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

» This is also a C-C bond forming reaction.

Copyright © The McGraw-Hill Companies, Inc. Parmission required for raproduction of display

o] OH
Il NaCN |
Nucleophilic addition of HCN » ol R—C—H(R")
R™ TH(R) HCI (|: "

“HCN” cyanohydrin

OH
Example ? NaCN
Lo _— CH;—C—H
CH; H HCI | «—— new C—C bond
CN
acetaldehyde
cyanohydrin

33

Nucleophilic Addition of CN

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

* This reaction does not occur with HCN alone, it requires “CN,
which is a strong nucleophile.

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display

{ 3) Mechanism 21.3 Nucleophilic Addition of “CN—Cyanchydrin Formation
e e + In Step [1], nucleophilic attack of CN
E 07 TH=CN it iormspa[m]aw carbon—carbon bond with
RFHEY (1 RTGTHRY . T 7 R=GHR) cleavage of the C— O = bond.
S t C=N: t C=N: « In Step [2], protonation of the negatively
nucleophilic attack protonation | addition product charged O atom by HCN forms the addition

product. The hydrogen cyanide (HCN) used
in this step is formed by the acid-base
reaction of cyanide ("CN) with the strong
acid, HCL.

+ CN

34
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Hydrolysis of Cyanohydrins

» Cyanohydrins can be reconverted to carbonyl compounds by
treatment with base.

* This process is just the reverse of the addition of HCN:
deprotonation followed by elimination of CN.

Copyright © The McGraw-Hil Companies, Inc. Permission required fof reproduction of desplay.

‘C}—H/:\OH C|>j ?
R—C—H(R' — R—C—H(R' — C + “CN
: (R’) i = (R') 2l R™ HR)
CN T CN T
deprotonation =+ Hed loss of "CN

* The cyano group of a cyanohydrin is readily hydrolyzed to a
carboxy group by heating with aqueous acid or base.
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OH
Hydrolysis of a R—Cl:—R' H,O R—Cl:—R'
cyano group | (H* or “OH) |
C=N A COOH 35

Cyanohydrins in Nature

* Linamarin and amygdalin are two naturally occurring
cyanohydrin derivatives.

Copyriht © Thes MoGes-Hil Campanies, Inc. Pamission reured ko ssproduction or Gisplay.

HO
)
o2 o

HO HO
linamarin

amygdalin
* Both compounds are toxic because they are metabolized to
cyanohydrins, which are hydrolyzed to carbonyl compounds
and HCN gas.
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The breakdown of linamarin to HCN

HO
HO&&,O CN HO. _CN ?
HO enzyme . enzyme il . T

HO A CH; ~~CH,
CH; CH;, CHy CH,
linamarin T acetone toxic
hydri a
cyanohydrin cyanohydrin by-product
derivative
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Wittig Reaction

* The Wittig reaction uses a carbon nucleophile (the Wittig
reagent) to form alkenes—the carbonyl group is converted to

a C=C. _ oot "
Copyright @ The McGraw-Hill Companies, Inc. Permission required for reproduction or display.
5 [
PhaP—C\
The Wittig reaction H\ R\ i
/C:O /C:C +  PhgP=0
(ROH (R)H \ ‘ :
Wittia reagent triphenylphosphine
Chie alkene oxide
Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.
+| &
Examples  CH, PhyP—-CH, CHs
\
t=0 ——— CECH, + PhP=0
H b

PhaP—CHCH,

Q:O <:>:(:HCH3 +  PhyP=0
37

Wittig Reagents

+ The Wittig reagent is an organophosphorus reagent.

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

Comyrght © Tha MoGraw. Hill Companios, Ins. Permissan requid for reproducton o desplay

Q sl ‘ i o
P—C, abbreviated as  Ph,P—C
@ A \

an ylide

(+) and (=) charges on
Wittig reagent adjacent atoms

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

* Phosphorus ylides are also called phosphoranes.
38

STUDENTS-HUB.com Uploaded By: Mariam Qadap9


https://students-hub.com

Wittig Reagents

* Since phosphorus is a second-row element, it can be
surrounded by more than eight electrons.

* Thus, a second resonance structure can be drawn that places
a double bond between carbon and phosphorus.

* Regardless of which resonance structure is drawn, a Wittig
reagent has no net charge.

* However, in one resonance structure, the carbon bears a net
negative charge, making it nucleophilic.

‘Copyright © The MeGraw-Hill Companies, Inc. Permission required for reproduction or display.

Two resonance structures for the Wittig reagent

N

PhP-C~ <>  PhgP=C
By \

10 electrons around P

nucleophilic atom (five bonds)
39

Synthesis of Wittig Reagents

» Wittig reagents are synthesized by a two-step procedure.

Copyright @ The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

Su2 reaction of triphenylphosphine with an alkyl halide forms a phosphonium salt.

# ™ M +
PhsP:  +  RCH;—X — PhsP—CH,R  + X
Sp2
triphenylphosphine = phosphonium salt
nucleophile

Deprotonation of the phosphonium salt with a strong base (:B) forms the ylide.

_Plif Sl g Typical strong base:

+ & -

PhP—CHR —— ppp—EHR 4+ H—B' | CHCH,CH,CH,—Li
X ylide

Bu—Li
phosphonium salt u—Li

40
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Nucleophilic Addition of R~

+ To synthesize the Wittig reagent Ph,P=CH,, use the following
two steps:

Copyright © The McGraw-Hill Campanies, Inc. Permission required for reproduction or display.

He—

e N 5 L + B T
PhsPi  +  CHy—Br —> PhsP—CH, Ph,P—CH, <— PhsP=CH, + Bu—H
1] ]
- butane
Br two resonance structures
methyltriphenyl- for the ylide +  LiBr

phosphonium bromide

Step [1] Form the phosphonium salt by Sy2 reaction of Ph;P:
and CH,Br.

Step [2] Form the ylide by removal of a proton using BuLi as a
strong base.

41
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(E) Mechanism 21.4 The Wittig Reaction
Step [1] Nucleophilic addition forms a four-membered ring.
R R = Step [1] forms two bonds and generates a four-membered
‘o=t R—C—0: ring. The negatively charged carbon atom of the ylide attacks
AN 1 1| the carbonyl carbon to form a new carbon-carbon ¢ bond,
RS M % pen, : i it
L N Rew.Cor bord while the carbonyl O atom attacks the positively charged P
~CH,—PPh
2~ Ly atom.

oxaphosphetane
+ This process generates an oxaphosphetane, a four-membered
ring containing a strong P— O bond.

Step [2] Elimination of Ph;P =0 forms the alkene.

+ In Step [2], PhyP = O (triphenylphosphine oxide) is
eliminated, forming two new n bonds. The formation of the
very strong P— O double bond provides the driving force for

triphenylphosphine oxide the Wittig reaction.

R R
R—C—0: ———» ©O=CH, + :5=PPh,
et @ H
H,C—PPh,

42
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Use of the Wittig Reaction

* One limitation of the Wittig reaction is that a mixture of
stereoisomers sometimes forms.

Capyright © The hcGraw-Hill Companies, Inc. Permission required for raproduction o display.

CH4CH CH4CH H CH4CH CH,),CH
gy PheP=CH(CHp),CHy ~ ° &/ oGty PHelChy
= —_— C=C + C=C
/ / \ / N\

H H  (CH,).CHs H H
E isomer Zisomer
59% 41%

* The Wittig reaction has been used to synthesize many natural

prod u CtS Copyright ® The McGraw-Hill Companies, Inc. Permission required for reproduction or display

Figure 21.8
A Wittig reaction used to
synthesize B-carotene

an E alkene

B-carotene
orange pigment found in carrots
(vitamin A precursor) 43

* The more stable E alkene is the major product in this Wittig reaction.

Copyright @ The McGraw-Hill Companies, Inc. Permission required for repraduction or display
How To Determine the Starting Materials for a Wittig Reaction Using Retrosynthetic Analy

Example What starting materials are needed to synthesize alkene X by a Wittig reaction?
H
O~
\
CHj

X

Step [1] Cleave the carbon-carbon double bond into two components.

Cleave this bond
retrosynthetically.
NI/ -
/C—C\ * Part of the molecule becomes the carbonyl component and the other part becomes the Wittig
reagent.

o0 + Phyp=c
/ A

44
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Retrosynthetlc Analysis of Wittig Reactions

Copyright @ The McGraw-Hill Companies, Inc. Permission required for reproduction or display

There are usually two routes to a given alkene using a Wittig reaction:
Possibility [1] Possibility [2]

Cleave this bond Cleave Ihls bond.

L’> 'CQH.; L>: CH
7 Ny J N\
%o + mond

0 + PhyP=C —PPhy + O= c
CHs : CHE

Step[2] Compare the Wittig reagents. The preferred pathway uses a Wittig reagent derived from an unhindered alkyl
halide—CH;X or RCGHX.

Determine what alkyl halide is needed to prepare each Wittig reagent:

H
/ +
Possibility [1] PhgP=C = PhP—CH,CH; = PhsP: + X—CH,CHy
CHa ¥ 1° halide
preferred path

Possibility [2] \>:F‘Ph1 3 ‘ > PPhy [‘>, + PP

2° halide

Because the synthesis of the Wittig reagent begins with an S,2 reaction, the preferred pathway begins with

an unhindered methyl halide or 1° alkyl halide. In this example, retrosynthetic analysis of both Wittig reagents
indicates that only one of them (PhyP = CHCH,) can be synthesized from a 1° alkyl halide, making Possibility [1] the
preferred pathway. 45

The Wittig Reaction Leads to Precise
Placement of the Double Bond

An advantage of the Wittig reaction over elimination methods
used to synthesize alkenes is that the Wittig reaction always
gives a single constitutional isomer.

Consider the two methods that can be used to convert
cyclohexanone into cycloalkene B.

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

{ Yo — ( o

cyclohexanone B

46
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Comparison of Alkene Formation Methods

+ Addition of a Grignard reagent followed by dehydration gives
a mixture of products with the desired compound being the
minor product.

Commyrght © Tha MoGraw Hill Companios, . Permission required for roproduction or dispéay

& [1] CH3MgBr CH; HsS0, Sl -
2] H,0 OH ’ 2

B
cyclohexanone 3° alcohol trisubstituted C=C disubstituted C=C
major product minor product

+ Using the Wittig reaction to achieve the same synthesis gives
only the desired compound.

‘Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

PhsP=CH,
O —— CH, only product

cyclohexanone B

47

Formation of Imines

* Amines are classified as 1°, 2°, or 3° by the number of alkyl
groups bonded to the nitrogen atom.

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

FH'TFH Hf'l\"IfH R*I'\‘FR
H R R
1° amine 2° amine 3° amine
(1 R group on N) (2 R groups on N) (3 R groups on N)

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

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

& R"NH i H0o R
Imine formation C=0 2 Fl—(li—i\'IHR" ) \C:
= mild acid 7 * ]
R' R’ R
R'=H or alkyl carbinolamine imine

48
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Imine Properties

* 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 120°, (not 180°).

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

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

Examples CHSNHZ 4
<:>:o mild acid Nt RO
CH,
CHj ONHE CHs

c=0 ——— C=N + H,0
/ mild acid / 2

49
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(‘{\) Mechanism 21.5 Imine Formation from an Aldehyde or Ketone
Part [1] Nucleophilic addition forms a carbinolamine.

R ] 3 [2 o * Nucleophilic attack of the amine followed

L . 4 e
e R*?*NHQR” == R-G-NHR" by proton transfer forms the unstable
R T R proton R carbinolamine (Steps [1]-[2]). These steps
R"NH, | nucleophilic b L R result in the addition of H and NHR" to the
attack carbonyl group.

Part [2] Elimination of H,O forms an imine.

M
{OH HQH:

:6H2 i & * Elimination of H?O forms the imine irj three
R—CG—HHR" [3] R {'(‘3 "NHH" 41 o [51 N steps. Protonation of the OH group in Step [3]
I e _— {CiNH _ {C—N\ forms a good leaving group, leading to loss of
R R FHE: T R H- e R R" water in Step [4], giving a resonance-stabilized
3 I H,0: imine iminium ion. Loss of a proton forms the imine
elimination & H36‘ in Step [5].
of H,0 N ey -
G-NR" * Except for Steps [1] (nucleophilic addition)
R{ A and [4] (H.O elimination), all other steps in the
mechanism are acid-base reactions—that is,
resonance-stabilized moving a proton from one atom to another.
iminium ion
50
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Role of Acidity in Imine Formation

* In imine formation, mild acid is needed for protonation of the
hydroxy group in step 3 to form a good leaving group.

* Under strongly acidic conditions, the reaction rate decreases
because the amine nucleophile is protonated.

* With no free electron pair, it is no longer a nucleophile, and
so nucleophilic addition cannot occur.

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

Protonation makes a good leaving group...but at low pH, the basic amine is protonated.

|
0~

A

H—OH & =

:0OH =2 :OH =

.. = TN o + .
R—cI:—NHR” — R*(%*NHFI“ R'NH, + H—QH, == R'NH; + H,O:

R' R' (low pH)

no longer a nucleophile

51

Imines in Nature

* Many imines play vital roles in biological systems.

* A key molecule in the chemistry of vision is the highly
conjugated imine rhodopsin, which is synthesized by the rod
cells of the eye from 11-cis-retinal and a 1° amine in the
protein opsin.

Copyright @ The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

11-cis double bond

NH,—opsin

H
~~CHa

crowding

rhodopsin

52
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The Key Reaction in the Chemistry of Vision

. Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display
Figure 21.9

11-trans

5
S S N-opsin

+ nerve impulse

—plasma

The nerve impulse travels along
membrane the optic nerve to the brain.
11-cis-retinal
bound to opsin
rhodopsin } F

& .
N

membrane

pupil

rod cell in
rhodopsin in a rod cell the retina cross-section of the eye

* Rhodopsin is a light-sensitive compound located in the membrane of the rod cells in the retina of
the eye. Rhodopsin contains the protein opsin bonded to 11-cis-retinal via an imine linkage. When
light strikes this molecule, the crowded 11-cis double bond isomerizes to the 11-trans isomer, and
a nerve impulse is transmitted to the brain by the optic nerve.

53

Formation of 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.

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

Qs . HE: NR, KR,
R,NH
Enamine formation H-J><H — H'>§<H -H0 HIJ\\T/

R'=H or alkyl carbinolamine enamine

Copynght © The MoGraw-Hill Companses, Inc. Permission required for reproduction or display.

Examples N(CHg),
{CHaNH
“mild acid + HO

o |:>NH Q

C. ———r Cs + H,0 54
CHy “CH, midacid CH; “CH,
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( 2) Mechanism 21.6 Enamine Formation from an Aldehyde or Ketone

Part [1] Nucleophilic addition forms a carbinolamine.
S HNH
|y % [|] 9 NHRZ Ha; iR + Nucleophilic attack of the amine
R" %( >§< followed by proton transfer forms
proton the unstable carbinclamine
nuclennhmc transfer  oqrpinolamine (Steps [11H2]).
attack

Part [2] Elimination of H;O forms an enamine.

~h 92 NR,

HO NRZ H' \NR, [4] afl 5]
H + v H = .~ H. 7 __ -~ * Protonation of the OH group in
R |3] R t R e R Step [3] forms a good leaving group,

elimination Hex: leading to loss of water in Step [4],
+ Hy0 of H,0 I enaming giving a resonance-stabilized
+ HyO* iminium ion.

+ * Removal of a proton from the adjacent

R /><H C-H bond forms the enamine in

Step [5).
resonance-stabilized
iminium ion

55

Formation of Imines vs. Enamines

Figure 21.10 Copyight € The Mo Hill Comparse, Ino. Perrission requied fos roproducion or disply:
9 The N-H proton is removed.

1° amine
HNH2 <:>: C\f'\'“
H20 imine
0 — iminium ion
F!QNH
p an
2° amine -‘) 4

H-—f enamine

The C- I-I proton is removed.

With a 1° amine, the intermediate iminium ion still has a
proton on the N atom that may be removed to form a C=N.

With a 2° amine, the intermediate iminium ion has no proton
on the N atom.

A proton must be removed from an adjacent C-H bond, and
this forms a C=C. %6

STUDENTS-HUB.com Uploaded By: Mariam Qada?8


https://students-hub.com

Hydrolysis of Imines and Enamines

* Because imines and enamines are formed by a reversible set
of reactions, both can be converted back to carbonyl
compounds by hydrolysis with mild acid.

* The mechanism of hydrolysis is the exact reverse of the
mechanism written for formation of imines and enamines.

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

* Hydrolysis of imines and enamines forms aldehydes and ketones.

- CH, CH,
Imine \ H3O* \
hydrolysis /C=NCH2CH2CH2CH3 — /C=O + HzNCHp_CHzCHzCH:i
CH, CH,
CH,CH,CH H,CH,CH
Enamine el BT C CHoCH,CH,
hydrolysis N\ — Q< HN\
CH, CH,

57

Hydration of Aldehydes and Ketones

* 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.

Copynght & Tha MeGraw-Hil Comganies, Inc. Permission required for reproduction or dispiay.

9 Hz0 e
Nucleophilic addition of H,0 _C. ST R—C—R' | addition of H;O
|

R R' H*orOH
OH ~—

gem-diol
(hydrate)

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

Copyright © The McCGraw-Hil Companées, Inc. Permission raquired for reproduction or display

R'=H or alkyl

Examples o] OH (o] OH
& 2. b c. —2 . codon
—C— O
H™H i Cle” TH el
OH OH
formaldehyde formaldehyde chloral chloral hydrate
hydrate

58
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Hydration Level vs. Stability

* Increasing the number of alkyl groups on the carbonyl
carbon decreases the amount of hydrate at equilibrium.

* This can be illustrated by comparing the amount of hydrate
formed from formaldehyde, acetaldehyde and acetone.

Copyright © The McGraw-Hill Companiies, Inc. Permission required for reproduction or display.

Increasing stability of the carbonyl compound

i 0 R
c Co C.,
H™ H CH; H CH; "CH,
formaldehyde acetaldehyde acetone
T H,0 ] H,O lHQO
o 4 >
H-C—H CHy-C—H CHy~C—CHj
OH OH OH
99.9% product 58% product 0.2% product
Increasing amount of hydrate present at equilibrium 59

Electronic Factors Affecting Hydrate Stability

* Electron-donating groups near the carbonyl carbon stabilize
the carbonyl group, decreasing the amount of the hydrate at
equilibrium.

* Electron-withdrawing groups near the carbonyl carbon
destabilize the carbonyl group, increasing the amount of
hydrate at equilibrium.

* This explains why chloral forms a large amount of hydrate at
equilibrium.

* Three electron-withdrawing ClI atoms result in a partial
positive charge on the a carbon of the carbonyl, destabilizing
the carbonyl group, and therefore increasing the amount of
hydrate at equilibrium.

Sopyright © Tho MG Hill Camparies, Inc. Permission required for reprosuction or display

o Having two similar charges (&%) on adjacent
m&:&\y atoms destabilizes the carbonyl group.
C H T
/i J\ v
cicl A less stable carbonyl compound

chloral means more hydrate at equilibrium. 60
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Base Catalyzed Hydration

* Both acid and base catalyze the addition of H,O to the
carbonyl group.

+ With base, the nucleophile is OH, and the mechanism
follows the usual two steps: nucleophilic attack followed by
protonation.

* The reaction rate increases ugder basic conditions because
of the higher concentration of OH, a stronger nucleophile.

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display

i g) Mechanism 21.7 Base-Catalyzed Addition of H;O to a Carbonyl Group
0 e e * In Step [1], the nucleophile ((OH) attacks the
Zin 1 "?' oo 2] ‘?H - carbonyl group, cleaving the & bond, and
R',’C\R‘ — H—CI—R' ‘ R- C‘:—R‘ + OH moving an electron pair onto oxygen.
L._, T ‘OH | OH * In Step [2], protonation of the negatively
HQ: nucleophilic attack protonation | gem-diol charged O atom by H,0 forms the gem-diol.

61

Acid Catalyzed Hydration

* The reaction rate increases in the presence of acid because
the acid protonates the carbonyl group, making it more
electrophilic and thus more susceptible to nucleophilic

attack.
Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display
-( ;) Mechanism 21.8 Acid-Catalyzed Addition of H,O to a Carbonyl Group
Step [1] Protonation of the carbonyl group
— ; i
He H=QH, H E
“ZIJ w2 1] \,ﬁH 9” - * Protonation of the carbonyl oxygen forms a
o = Ap T gy T HU resonance-stabilized cation that bears a full
t positive charge.
protonation | tWo resonance structures

Steps [2]-[3] Nucleophilic attack and deprotonation

:5H :BH :BH * In Step [2], the nucleophile (H;O) attacks, and
& [21 H—tID—R' 13 Reteay o5 Haol then deprotonation forms the neutral addition
AR T e . T i L product in Step [3].
—H*" 1. 1OH
HB: Ho H,0: < + The overall result is the addition of H and OH to
o gem-diol the carbonyl group and regeneration of the acid
nucleophilic attack deprotonation catalyst.
62
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Addition of Alcohols—Acetal Formation

+ Aldehydes and ketones react with two equivalents of alcohol
to form acetals.

» Acetal formation is catalyzed by acids, such as TsOH.
* Note that acetals are not ethers.

Copynght & Tha McGeaw-Hil Companses, Inc. Permission required fof raproduction of display.

OR"
. I H* I
Acetal formation H’C\' + R'OH —/7/ Rf(lifR' + H,0
(2 equiv) OR"
R'=H or alkyl
acetal
Copyright © The MeGraw-Hill Companies, Inc. Permission required for reproduction or display.
Example
OCH
9 TsOH Pl
_C_ + CHOH =—= CH3CH,~C—H | two new ¢ bonds + H0
CH4CH; "H ; fe——1
(2 equiv) OCHjy

acetal
63

Addition of Alcohols—Acetal Formation

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

Copyright € The MeGraw-Hill Companies, Inc. Permission required fof reproduction of display

o) [\

o_ O
TsOH
é + HOCH,CH,O0H +—— *HD
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,0 as it is
formed using distillation or other techniques.

* Driving an equilibrium to the right by removing one of the
products is an application of Le Chatelier’s principle.

64
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Dean-Stark Trap for Removing Water

Figure 21.11

A Dean-Stark trap is an apparatus used for
removing water from a reaction mixture. To
use a Dean-Stark trap to convert a carbonyl
compound to an acetal:

The carbonyl compound, an alcohol, and an
acid are dissolved in benzene. As the mixture is
heated, the carbonyl compound is converted to
the acetal with water as a by-product. Benzene
and water co-distill from the reaction mixture.
When the hot vapors reach the cold condenser,
they condense, forming a liquid that then
collects in the glass tube below. Water, the more
dense liquid, forms the lower layer, so that as it
collects, it can be drained through the stopcock
into a flask. In this way, water can be removed
from a reaction mixture, driving the equilibrium.

Copyright ® The McGraw-Hill Companies, Inc. Permission required for reproduction or display

0 i / water-cooled condenser
|

(e + 2ROH

R-“~R — H,0 out
u TsOH :
| condensing vapor
R'O OR'
d_ + HO
R™ ™R = <—cold H,0 in

acetal $ v |
L“_“uf_,r_,_,—, Dean-Stark trap
The vapor contains

benzene and H,0.—__ The upper layer
contains benzene.

The lower layer
‘ contains H,0.

reaction flask

stopcock to withdraw
lower layer

heat source
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Addition of Alcohols—Hemiacetal Formation

« 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.

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display

{ 2) Mechanism 21.9 Acetal Formation—Part [1] Formation of a Hemiacetal

Step [1] Protonation of the carbonyl group

N

.07 “HEA .
T m, £
Ao 'T N

protonation

sl C. +  A°

:OH

Protonation of the carbonyl oxygen forms a
resonance-stabilized cation that bears a full
positive charge.

P

resonance-stabilized cation

Steps [2]-[3] Nucleophilic attack and deprotonation

M M o M
C T == — == H-A + In Step [2], the nucleophile (ROH) attacks, and then
SIS in T " i i
RO-H* :A” RO: deprotonation forms the neutral addition product in
R-0—H T hemiacetal Step [3].
nucleophilic attack deprotonation * The overall result is the addition of H and OR to the

STUDENTS-HUB.com

carbonyl group.
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Acetal Formation from a Hemiacetal

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

Copyright © The MeGraw-Hill Companies, Inc. Permission required for reproduction er display

{ 2) Mechanism 21.10 Acetal Formation—Part [2] Formation of the Acetal
Steps [4]-[5] Elimination of H;O

BH o HlA :OH,

] 4] NS ~—
0= 4] IR ¢ ¢ * Protonation of the OH group in the hemiacetal in Step
RQ: RQ: RQ: ROQ" [4] forms a good leaving group (H;0). Loss of H,0 in
hemiacetal + AT resonance-stabilized cation Step [5] forms a resonance-stabilized cation.
loss of H,0 + H,0:

Steps [6]-[7] Nucleophilic attack and deprotonation

T A ——
Hi'qib\",/ ROSHE=A RG: * Nucleophilic attack on the cation in Step [6] followed
: .7? 7(‘;7 .7?' 7(‘;7 + H-A by loss of a proton forms the acetal.
RO: RO: RQ: « The overall result of Steps [4]-[7] is the addition of a
I 1 acetal second OR group to the carbonyl group.

nucleophilic attack deprotonation

67

Hydrolysis of Acetals

* 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.

» Since the reaction is also an equilibrium process, it is driven
to the right by using a large excess of water for hydrolysis.

Copyright & The MoGraw-Hill Companses, Inc. Pemussion required for reproduction of display.

w9
Acetal hydrolysis R—C—R' + H,0 — C._, & R"OH
P R™ R (2 equiv)
large
acetal excess
R'=H or alkyl
o_ 0 o
Example H*
+ H,0 p—t + HOCH,CH,0OH
ethylene glycol
68
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Acetals as Protecting Groups

* Acetals are valuable protecting groups for aldehydes and
ketones.

* Suppose we wish to selectively reduce the ester to an alcohol
in compound A, leaving the ketone untouched.

* Because ketones are more readily reduced, methyl-5-
hydroxyhexanoate is formed instead.

* To solve this problem, we can use a protecting group to block
the more reactive ketone carbonyl.

Copyright © Tha McGraw-Hill Companies, inc. Pemission required for reproduction of display

Two reducible functional groups

. . o
desired reaction : .
1 _X_. M selective reduction
OH

o] 0 of the ester
/\/\)}\ 6-hydroxy-2-hexanone
T A OCHs OH o]

lecti ducti
This C=0 is more reactive. EPR—— /\/\ALOCHg > gftlr\:s ;zt;:elon

observed reaction
methyl 5-hydroxy-
hexanoate
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Protection—Deprotection Process

* The overall process requires three steps.

[1] Protect the interfering functional group—the ketone
carbonyl.

[2] Carry out the desired reaction.
[3] Remove the protecting group.

Copyright © The MoGrawHill Companies, Ine. Permission required for repeoduction ox display

O e} [ 0]

OCH; OCH,

TsOH

Step [1] [1JLiAIH, = step [2]
Protection [2] H,O Reduction

(o]
M quZO, ok O><O/\/\
OH OH

_ Step [3]
desired product Deprotection
+ HOCH,CH,OH
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Cyclic Hemiacetals

* Cyclic hemiacetals containing five- and six-membered rings
are stable compounds that are readily isolated.
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A hemiacetal— Cyclic hemiacetals
General structure

OH OH

rggﬂ \o 6

One C is bonded to: Each indicated C is bonded to:
¢ an OH group ¢ an OH group
* an OR group * an OR group that is part of a ring

71

Formation of Cyclic Hemiacetals

* Cyclic hemiacetals are formed by intramolecular cyclization
of hydroxy aldehydes
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0 /01
HO/\/\)LH OH — *

5-hydroxypentanal

4% stable cyclic
hemiacetals
o /C1 /01
HO\/\)L = P
H =
4-hydroxybutanal
11% 89%

[Equilibrium proportions of each compound are given.]

» Such intramolecular reactions to form five- and six-membered
rings are faster than the corresponding intermolecular
reactions.

* The two reacting functional groups (OH and C=0), are held in

close proximity, increasing the probability of reaction.
72
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Acid-Catalyzed Hemiacetal Formation

* Hemiacetal formation is catalyzed by both acid and base.
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{ E) Mechanism 21.11 Acid-Catalyzed Cyclic Hemiacetal Formation

g O i i
& HA 6H H :BH
)I\H “~H ijé,j”*xl
Q b T T AT T
[ e ] I

protonation nucleophilic attack deprotonation

« Protonation of the carbonyl oxygen in Step
[1] followed by intramolecular nucleophilic
O: attack in Step [2] forms the six-membered
ring.
* Deprotonation in Step [3] forms the neutral

OH
+
-A cyclic hemiacetal.

H
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Intramolecular Hemiacetal Formation

* Intramolecular cyclization of a hydroxy aldehyde forms a
hemiacetal with a new stereogenic center, so that an equal
amount of two enantiomers results.
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new stereogenic center

\OH HO H HO H
O o %
M 0 o} 0
— +
HO H
A B

Two enantiomers are formed.

* Re-drawing the starting material and products in a 3-
dimensional representation results in the following:
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Intramolecular cyclization

H
gn b o -
A B 74

H H [* denotes a stereogenic center.]
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Intramolecular Hemiacetal Formation

» Cyclic hemiacetals can be converted to acetals by treatment
with an alcohol and acid.

* This converts the OH of the hemiacetal into the OR group of
an acetal.
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OH OCH,

"
Converting a hemiacetal o m O

to an acetal

+ H0

hemiacetal acetal
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Steps [1]-[2] Protonation and loss of the leaving group

/7'\ \*

OH
* Protonation of the OH group followed by loss of
[1] [2] H,0 forms a resonance-stabilized cation (Steps [1]
and [2]).

resonance-stabilized cation
loss ui H:O +H,0:

Steps [3]-[4] Nucleophilic attack and deprotonation

This O atom comes
from CHzOH.

5 i P + Nucleophilic attack of CH,OH followed by
CHLOH \ CHy 5H A HHCH, deprotonation forms the acetal (Steps [3] and [4]).

8 & OO The mechanism illustrates that the O atom in the
+ H-A

—_— —_— OCH; group comes from CH;OH.

(3] [4]
t

nucleophilic attack
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Cyclic Hemiacetals

* In the conversion of hemiacetals to acetals, the overall result
is the replacement of the hemiacetal OH group by an OCH,
group.

* This reaction occurs readily because the carbocation formed
in step 2 is stabilized by resonance, making the hemiacetal
OH group different from the hydroxy group in other alcohols.

* Thus, when a compound with both an alcohol OH and a

hemiacetal OH is treated with an alcohol and acid, only the
hemiacetal OH reacts to form the acetal.
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This OH group reacts.— QH OCH;,

o CHZOH, H* 0

+ H0

This OH group —— OH OH

does not react. 7

Introduction to Carbohydrates

» Carbohydrates, commonly referred to as sugars and starches,
are polyhydroxy aldehydes and ketones, or compounds that
can be hydrolyzed to them.

* Many carbohydrates contain cyclic acetals or hemiacetals.

* Examples include glucose and lactose.
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] < OH acetal 9 ' =~
3-D structure HO— 0/ ‘9
OH HO O, OH B
HO | Ho 3-D structure
HO 0 H
HO OH 5
HO ™ lactose
hemiacetal O a—— hemiacetal
B-D-glucose OH

(one form of glucose) 78
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Introduction to Carbohydrates

* Hemiacetals in sugars are formed by cyclization of hydroxy
aldehydes.

* The hemiacetal in glucose is formed by cyclization of an acyclic
polyhydroxy aldehyde (A), as shown.
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This OH group is used
to form the hemiacetal.

OH cs l OH  equatorial OH OH
¥ _8H o) l 0
HO = . , HO HO
H;)‘if@ o HO OH * ho .
o 1
HO H ~c1 I HO HO OH «—axial OH
intramolecular cyclization B-o-glucose :0-ghicose
63% 37%

[* denotes a new stereogenic center.]
* When the OH group on C5 is the nucleophile, cyclization yields
a six-membered ring, and this ring size is preferred.

» Cyclization forms a new stereogenic center—the new OH group

of the hemiacetal can occupy the equatorial or axial position.
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