
drochloric Bcdhe vahue of for HC h Parrd to even acetic acid. 
what the Acdidity 
osn tDelocalization 

ny alcohol 10- which har far low 
acid 

cdity 
th40 

responiD e relatively aon of charge through 
single structure In t Ihe e ofa carh by dissociation compared to alcobols.we see 
hat the alconon akoxide ion DrCdity of carbo reoance is the maor actor 
w dissociano" A in twWo canonic acid. both the acid and the carborvate ion formed 

cal forms 

|= 
NONEQUV L ENT 

(More intctnal cnerg, les stabie) 
EQUVALENT 

n cannicatotm tbere 
supplicd to heretore, it would c 
other nanu. ne anonical forms 11l and tV ergy and Is less sta ble than1 On the 

re necessifiy o ca stahility Thus both acid and carboxy 
stabilisatton a cter tor the carboxy late ion than for the acid The driving torce tor onISation aoo as . theretore. due to gain in the stab1llty in going rom carbotyi 

d O PpOSIte charzes anu vome ctiery mu 

ch 

hotlatec on 
in ta the stab1llty 

tabny aryiate o According to the resonance theoty. argyiae o 
Cribed above These fotms beng of cqual stabulty 

0De-and-one-half " bond In other words the neestve eha Y 

distributed over both oxgen atoms. 
ODe-and-one-half " bond In other words the negative chatge of the carbotyiaie ion ceaa 

CANONICAL FORMS OF 

CARBOX YLATE 1O 
RESONANCE 
BRIO 

The fact that carhoxylate on etn naee yrd s conthirmed by physical 

dence. X-Ray and cicctron dic rate he 

ns in formic acid are ditferent whitc in vodium formate they are equal 

27A 

o 
-36A s0DIUM FORMATE 

stamfer wILrCaiusta 



2/18 HALOCARBOXYLIC TDs or 

halogen 

hwdcar ehs cid are repia the 
or They are dased asB-or T-balogeno s roupFor a 
Por T Garbon ef the chain with respest 

-cpoH 

CHCOOH CCHcoOH 
dichlorcacele aid triehloreacetic acid 

Br-CH,-CHCOOH 000 

-bromopropre 
cooH uereprepienie acid 

P, T halogen acids, a-acids are the most importan 

METHODS OF PREPARATION 
A. FOR a-HALO ACIDS : 

presence of red phosphor cartoky ic acid treated with chlotine and bromi 

nd P 

(HVZ) Reaction i bumo acidi are prepared conveniently by Hell-vohlard-Zelin 

CH,COOH C CICH,cooH+ HCI 
hlat oacet 

cO0H Br, CH-CH-COOH HBr 

The ecend and the third z-hsvifragens tf any) can he teplaced successivelyby n 
or chiorine or heoaine 

C 

COOH CH-COOH 
OOH u C 

red dichlercacetic acid 
-C CIA 

trichioroaceric acid his reaction procreds oniy hen thete a hydrogen atom in the substrat 
CarboxyliC acid. 

)-Chlo0 acids can alse prodU y the teaction of sulphuryl chloride on the 
corresponding carboAyfic acid in presencE of odine as caalyst. 

CH,CHCOOH250,Ch 25o, + 2HCi +CH-CH-COCI H%0, be 

(-HCDb COOH 
opropionic acid followed b ro and bromo acds can also be obtained by halogebation of a alkylmalo CH coOH 140-150 

a lation, 
Br CH-CH B pesed 

Br 
CH-�H- cOOH ethyinalonic a te hot scid 

bromCOOH Oo 
Opioic acd 
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s4 

tuted Cerheryle Acl 

adide 
in scetone s or methanol yathesied by tresting chlere or bromo acidsth P 

CHCH-C0OHRI 
HC00H KB 

) By me actn othydrogen halide or phospherus halide on a bydrosy a 
thno 

CH Ot He CH-CH-COOH+H repiic acid 
rypoe Ed 

B 
FOR - HALO ACIDS: 

3Halo acids tmay be prepared by the addition of hydrogen halides to *, P-umaiaat 
catbosylic acids 

CHcooH CH,-CH COH+ HBr Br-CH, CHCOOH 
D-beomp 

s an 
antwMarkovnkov reactiun 

2 By the aduiton o aiojten acud to anaturaied aldehyues foiloweu 

haloaldehyde produccu tanit-MarkOvnikov ptoduct. 

t 

of the 
CH, CH-CHOHC ioro.unehyde HNO, erepropionic s CH, HO CCH,CHC0OH 

effusing alkehe cyanihy drins with 4. Bydrobromc acid 

H,Br B HCO0H 
popo 

H,9 
HO CH, 

ethylene cyanonyuran 

(4 By oxudathon of akche haobydrins with conc nitnc acid 

O1 
CCH-CH,-CH, O1 

C vlenc chiorobyde in 
C-CHCHCHcOOH 

-chlorobutyric e 

5) By the action 
ot a hydrogen halide or pheosphorus halide on a hydroxy acid. 

CH,Br-CH-COOH+ H,0. CH,OH CH-CO0i HBr 

-bydrosypfpioni 
C FOR T-HALO ACIDS 

T-slu acid may he prcpared by the addition ot haliogen acids to . T-utsatura 

atDotyinC acids (anteMarAOVnIxO auuntton 

CH,-CH-CH,-COOH
but- erated acid) 

HBr Br-CH-CH-CHC0OH

Tbromobutyric Cd 4bromobutanoic acid 

ads, or with SOX, (soC, of SORr o 
aogen 

acids or by treatmeat with phosp 

HO-HCO0H + HCI C-CHCH, CH,-COOH 
acid 

Tchloroburytic acid 

D. FOR s AND y-HALO ACIDs 

acids with pes ot halo acd can be prepared by heating appropriately ubstitute 
th halogen acids or phosphorus halides or SOX, (X-CI, Br). Howcver, 2, a 

Scannea WItN CamiS 



Cds give the corrmpoading e-aydrosy 

BCH,CH,O HOCH,CHCH,CHcH 

MONOCHLOROACETIc ACID, Mamichlororthane 
arid, 

CCHCO 

cooH NaBr 

o 

the preence o r epared industrialy by pausing 
chlerne into glaal 

acebe aO 

" 00 1n the prevence of red pihoiphorus tHYZ rEct 
HO 

CHCOH+C CHcoo 
etic acid 

o obtained by agtatng rchloroethylene with 90, H,So, 

C-C-c+ Ho H-t-a 
, ne, HO, -HO 

OH 

C 
H-c9 

OH H-C-COH 
H 

horacetic acid 

nd ethago and has o acna cryatalline old, mp , s soluble in watcs 
nao acids descried earlier, It s feaslil e eera teactions 0 

E am utatate ctrano anu sulptiuric acd 

C-CH,COOH C,HOH C CH O0C,H Ho 
Etate 

ty chioroaetate en shaken with aqueus ammols, s convertcd into clhl oto.i.cfat de. The latter on deyurafion with Pogves chlarocetonittale 

Cl-CH,COOC,I, + NH, -Ci,CON G H Ehraaianae 

CL-CHCONH, 
-HO chiloroazetonitrile 

Chloroacetic acid is used for ihe sy nthesis of gycine and of the dye known as ndigotin DICHLOROACETIC ACID, Diehloroeihamoic acid, CHCOOH 

not completely understood but presumab um yanide The functi queous solution 
hydrate molecule yelding unstabie enol which readily kctonises to rom the chloral 

of chioral hydrated followed ontanied add1ng calc urm carbonate to a warm aqueous solution 
Cau o H 

2C- -oH+ CaC0, 2C-CCOH+ CaC, + CO, HO 

Toacetic acid. 

table ene (A) 
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a 

When wANvdrolysed with dite alal, gives ghyosylic s b 19 ts seluble in waler 

aOHHO CH-C0OH+2H0 CH-c00M 0-C-coOH HO 
10 COOH 

aiable 

cone NaOO scid lirt p um oalate and ghyoolate der the Cannizsaro Reacti 
COoH 

CoOH cOOH 
+H,O HQ4 

COOH 

Nao 7/18 
coON CHOH 

CDON CoONa 

TRICHLOROACETIC CD, Trichio roethanolc acia, C O0OH 

Preparatiom. ohtained by oxidaing chloral hydrale with conc nitric adid 

CC-OH+o a-¢--OH + H0o 
CI C 

chiorai thyidrate tiofoaoetic scid 

. mp S8. 1t is soluble 
PropertiesTichlofoacete h dilute alkali, it gives chloroform and 

n watcr pon yurolyis witn ong aer o 

-*+ Co 

TRICHLOR0ACETC CHLORO/ DRM 

he case with wbich CCbond is broken here is due to the inductive effect of the thrpe 

one atomi which weakens the bond appreciably. The possioie mechanism 5 

. cO+ OCis 
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e hydrochl 

acid to give a mixture of a-amino acids. The resulting mixture can be separated h 

crystallization; (6) Fractional distillation of their esters followed by hydrolysis (Fischa. 

Selective precipitation as salts with phosphotungstic and picric acids; (d) Distribution arod) 

y: (a) Fracional 
r's meth (e) 

amino acids 

SYNTHESIS OF a-AMINO ACIDS 

(1) By Hydrolysis of Proteins. Proteins can be hydrolyzed by refluxing with dile 

ography, and () Electrophoresis. Paper chromatography and electrophoresis are the most . 

techniques. 

between n-butanol saturated with water (Dakin's method); (e) Column, paper and gas chro 
st widely 

0 acit. 

used 
(2) ByAmination of o-Halo acids. a-Chloro or o-bromo carboxylic acids react 

liquid ammonia to form the ammonium salt of an amino acid. The free amino acid can heoh. 

hydrolysis of the ammonium salt. 

cids react withe excess of 
tained by 

H* 

HN-CH2-COOH 
500 Cl-CH-COOH + 3NH3NH.C) HN-CH2-COONH, 

(-NH4CI) 

Glycine 
Chloroacetic acid 

H* 500 CH-CH-CoOH +3NHa CH-CH-COONH2 CH-CH-c0OH HO (-NH4CI) 

NH2 
NH2 

Br 
a-Bromopropionic acid 

Alanine 

581 
arnat 

wwinSO 
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halo aeida may e prepaed hy ie Itel Vallhard /elinaky Ialog uneubetitulel carluIN ylie nei the 
, #rw"in nn 

CHa COO C 
Acetio an CICHCOOH HCI 

GhHoroacello asd 

CHCHCO0 B 
CH ÇH COOH HBr 

Propionlo acld Br 

-Bromopropionic acid 
(.b iel Snthess. An enter of a- halo cid in treated with potassium phthalimide lo 1t" diug substituted phthalimide which on hydrolysis gives phthal acid and an amino O ding 

Cl-CH-CoOCH,CHa KCI 
N-CH2-CoOCH,CH 

Ethyl chloroacetate 
Polassium 

phlhalimide 

HO/H coOH 

O A 
+HNCH,coOH + CHCH2OH 

coOH 

Phthalic acid 

(4) 
By Strecker Synthesis. An aldehyde is treated with HCN to form the corresponding 

rin which is made to react with ammonia to give an a-amino nitrile. Hydrolysis of the nitrie cyanohydrin which is 

iclds 
an 

y-amino acid. 

OH NH2 NH2 

H-CN H-C H (-H0) H 
OH-�H-CN H�H-COODH 

+ 

CN 

Cyanohydrin Glycine 
Formaldehyde 

OH NH2 NH2 

+H-CN CH-C-H NH CH-�H-CN H. 
CHs-CH-COOH -CH HO 

CHs CN 

Cyanohydrin 
Alanine 

Acetaldehyde 

Ia Dractice the aldehyde is treated with a mixture of ammonium chloride and potassium cyanide i 

aqueous solution. 

Aqueou NH4CI+ KCN NH4CN + KCI

Aqueous 
NHCN 

NH3 + HCN 
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(5) From Ethyl malonate. In three steps, cthyl malonate is 
acetylaminomalonate. This on treatment with sodium ethoxide in absolut 

which is made to react with an alkyl halide to give an alkyl-substituted ester m 
onverted olute alcohol 

forms a m dium ah Saponifica decarboxylation of this ester yields an a-amino acid. 

COOCaH 
C=N-OH 

CoOC Hs CHCOc HC-NHCOCH ONa 
COOCHs coOCHs 

HNO2 H-NH2 H/NI 
(-HCI) CH2 (-H20) 

cooC,Hs CoOCHs CooC2Hs 
Ethyl 

acetylaminomalonate 
COOCHs 

Ethyl 
aminomalonate 

Ethyl malonate 

COOH COOC2Hs 
H 

H-- 
(1) NaOH COOC2Hs

Nac-NHCOCH3 -NaBr CH Br HC-¢-NHCOCH3H HC--NH2 
COOH CoOCHs 

cOOH 
coocHs 

Alanine 
Alanine 

mine 

(6) By Koop Synthesis. a-Keto acids are treated with ammonia to form the cor 

NH2 

which on catalytic reduction yields an amino acid. 

NH 

cooH CH-CH-coOH 
O 

+NH3 

HO 
Alanine 

CH--coOH CHs-C-CoOH Pd CH-CH 

(o-Aminopropionic acid) 
o-Ketopropionic 

acid 

Physical. Amino acids are generally colorless, crystalline solids having 
in 

melt: 

nonpolar organic solvents. These properties are not characteristic of most simple carboxylic acids or 

o acids 
simni. 

contain both an acidic carboxyl group and a basic amino group in the same molecule. In aqueous 
a proton in a kind o 

ng points (or 

PROPERTIES OF AMINO ACIDs 

but 

decomposition points) above 200°C. They are soluble in water, but insolu 

on, the 

are more like those of salts. The reason for this anomalous behavior is that amino acid 

of 
acidic carboxyl group can lose a proton and the basic amino group can gain a proton 

internal acid-base reaction. 

R-CH-ö-o R-CH--0-H 
+NH3 NH2 
Zwitterion 

The product of this internal reaction is called a Dipolar ion or a Zwitterion. Althonoh it s. 

overall, it contains both a positive and a negative charge. 
The dipolar ion is the more common form in which amino acids exist in aqueous solutinn 

neutral 

solid state. This has been confirmed by their IR spectrum ; it contains absorption Deaks ar 1c 
and 

the 

1400 cml corresponding to the stretching vibrations of the carboxylate ion. There is also a broad 

band at 3000-2500 cm' corresponding to the ammonium ion. 

Amino acids in the dipolar-ion form are amphoteric. That is, they react with both acids and .. 

The reaction with a base converts the ammonium substituent (NH3") to an amino group (-NH) TH 

reaction with an acid converts the carboxylate substituent (-CO0) to a carboxyl substine 

(-COOH). Thus in acidic solution amino acids exist as positive 1ons (cations), while in basic solution 

they exist as negative ions (anions). 

ases. 

.The 
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Amino 
acid in icidic soluion 

R-CH--ò+ H R-CH-C-OH 
NH3 +NH 

(Positive ion) in Basic solution: An Amino acid 

O 

R-CH--Q OH 

NH-H 
R-CH--0 + HO 

NH2 
(Negative ion) 

know that if a solution of charged ions is placed in an electric field, thé negative ions (anions) 
toward the positive electrode (the anode). The positive ions (cations) migrate toward the 

grate 

ative elex electrode (the cathode). A neutral molecule, of course, is atracted to neither electrode. 

tn acidic solution, an amino acid exists as a positive ion and migrates toward the cathode. In basic 

dion, the amino acid exists as a negative ion and migrates toward the anode (Fig.27.2). At a certain 

ydrogen ion concentration, the amino acid molecule would not migrate to either electrode that is, hyd 

andexist, 
p vist as a neutral dipolar ion. This pH is called the Isoelectric Point of that amino acid. 

*** 

Cathode Cathode 

R-CH-_ 

NH2 

R-CH-C-OH 
NH Anode Anode 

Amino acid 

in acidic solution 
Amino acid 

in basic solution 

Fig.27.2. Effect of an electric field on an amino acid in acidic and basic solutions. 

All amino acids do not have the same isoelectric point. The pH of the isoelectric point depends 

uDOn other functional groups in the amino acid structure. Neutral amino acids have isoelectric points 

from pH 5.5 to 6.3. Acidic amino acids have isoelectric points at a low pH, around 3. Basic amino acids 

have isoelectric points at a high pH, around 10. The isoelectric points of some amino acids are given 

in Table 27.3. 

Table 27.3 ISOELECTRIC POINTS OF SOME AMINO ACIDS 

Amino Acid Isoelectric Point 
Amino Acid Isoelectric Point 

Acidic Amino Acids: 
Aspartic acid 

Glutamic acid 

Neutral Amino Acids 
2.8 6.1 Alanine 3.2 6.0 Valine 

5.7 Basic Amino Acids 
Serine 9.7 Lysine 

Arginine 
5.6 Threonine 

10.8 



Amino acids have minimum aqueous solubility at their isoelectric points. Thie 

use in the separation of a-amino acids from protein hydrolysates. 

Chemical. Amino acids show the characteristic reactions of amines and carbow:. 

the properties of an individual group may sometimes be affected due to the din 
Some important reactions of amino acids are described below. Glycine and alanine a 
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ct has been 

cids. However, 
on formation. 

s examples. 
A. REACTIONS OF THE CARBOXYL GROUP 

rm the correspondin salts. 
with Bases. Amino acids react with bases to form (1) Reaction 

HN-CH2-cOONa + HO HN-CH2-coo ÑaÖH 
Sodium aminoacetate Glycine 

+ H0 
CH-CH-COO NaOH CH-CH-coOÑa 

NH2 
Sodium o-aminopropionate 

+NH2 
Alanirne 

MECHANISM. Mechanism for the reaction of alanine with NaOH is given below. 

ONa H0 CH--õ + NaOH CH-CH-C-ÖNa+H0 
NH2 HaN-H 

Sodium Alanine 

-aminopropionate (2) Esterification. Amino acids can be esterified by boiling with an alcohol in the 
ester may be obtaine 

presersence of 
anhydrous HC1. The hydrochloride of the ester is formed first, and the free e treatment with silver hydroxide (moist Ag,0). ned by Esterification of Glycine 

HaN-CH2-COo �IH,N-CH-CoOH CeHsOH 
Glycine 

HCI 

H20) 
AgOH CIH N-CH-COOCHCHa HN-CH2-COOCH,CH AgC H0 Ethyl a-aminoacetate Esterification of Alanine 

CHa-CH-coOH CeHsOH 
-H0) 

HCI CH3-CH-C0o 
+NH3 

+NH CI Alanine 

AgOH CH-CH-cooCH2CH3 CH-CH-cOOCH,CH3+AgCIH0NH,CI 
NH2 

Methyl a-aminopropionate Notice that HCI first converts the dipolar ion into an acid which is subsequently esterified 

oVSHO 
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hoxvlation. Amino acids lose carbon dioxide and yield primary amines Iroxide solution. 
amines when heated 

HN-CH2-COOH 

Glycine 

vith burium h 

+Ba(OH)2 CH-NH2 + BaCOg +H2O 

Methylamine 
CH-COOH+ Ba(OH), CH-CH2-NH2 + BaCOg+ HO 

NH2 
Alanine Ethylamine 

eduction. Amino acids undergo reduction with lithium aluminium hydride to form amino 

alcohols 

HEN-CH2-�-OH LiAIHA 
HN-CH2-CH2-OH +4[H] Glycine 2-Aminoethanol 

LiAIH CHa-CH-C-OH CH-CH-CH2-OH +4[H) 
NH2 NH2 
Alanine 2-Aminopropanol 

REACTIONS OF THE AMINO GROUP 

Reaction with StrongAcids. Amino acids react with strong acids to give the corresponding 

salts. 

HN-CH2-C00 + HCI CIHN-CHa-COOH 
Glycine Glycine hydrochloride 

CH-CH-co0 HCI CH-CH-COOH 
+NH3 +NH CI 

Alanine Alanine hydrochloride 

(6) Acylation. The amino group of amino acids can be acylated with acid anhydrides or acid 

halides to form N-acyl amino acids. 

CH--C+ H-N-CHa-CoOH Base 
CHa--NH-CH2-coOH + HCI 

Acetyl chloride Glycine N-Acetyglycine
H 

CH-C-O-C-CH3 + H-N-CH-COOH Base CH-NH-CH-CoOHCHscoOH 

CHs CH3 
N-Acetylalanine N-Acetylalanine Alanine 

Similarly, benzoyl chloride and glycine yield benzoylglycine or hippuric acid. It is found in 

considerable quantities in the urine of the horse (Gr. hippos, horse). 
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Base 

Ha-COOH 
-ö-CI+ H-N-CH-COOH 

Benzoylglycine (Hippuric acid) 
Glycine 

(7) Reaction with Nitrous acid. Like primary aliphatic amines, amino acido . (NaNO2 +HCI) to form hydroxy acids and nitrogen. 

Benzoyl chloride 

+HO 
HN-CHa-coð + HONO HO-CH2-COOH+ Nt Glycollic acid Glycine 

CHa-CH-COOH+ N+H,O CH-CH-CO0 + HONO 

OH +NH3 
Lactic acid 

This reaction forms the basis of the Van Slyke Method for the estimation nitrogen is evolved quantitatively and its volume measured. Notice that one-haleno acid. nitrogen comes from the amino group of the amino acid. 
8) Reaction with Formaldehyde. Amino acids react with formaldehyde to produ amino acids. 

of amino acids.The 
one-half of th 

Alanine 

evoved 
lene H 

H-CO + HaN-CH2-COOH H-C=N-CHa-COOH 
N-Methyleneglycine HO 

Formaldehyde Glycine 
As a result of this reaction, the basic character of the amino acid is lost and the neo 

in nature which can be titrated with alkalis in the usual manner. act is acidi 
HC=N-CHa-COOH + NaOH CH=N-CH2-COONa + H.0 Sod salt of N-methyleneglycine This reaction forms the basis of Sorenson Formol Titration Method for the determi. 

neutralization equivalents of amino acids. 
9) Reaction with 2,4-Dinitrofluorobenzene (DNFB). 2,4-Dinitrofluorobenzene is al. 

Sangar's reagent. Amino acids react with this reagent to produce yellow colored 
acids or DNP-amino acids. 

nof 

is also called red dinitrophenyl 
lamino 

NO2 
NO2 

H 

R-C-N-H F NO R- R--N- -NO2 +HF COOH 
COOH 

Dinitrophenylamino acid (or DNP-amino acid) 

Amino acid 
DNFB 

This reaction is very important in the determination of structure of peptides and proteins. The 

eagent reacts with the free amino group of terminal amino acid in a peptide or a protein and thus 
dentifies the end amino acid in the structure. 
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eONS INVOLVING BOTH THE CARBOXYLAND'THE AMINO GROUPS 
:REACTION 

aet of Het. The befhavior of amino acids on heating varies with the number ol Car 0) amino and carboxyl groups. o-Amino acids undergo dehydration on 

atos belween amino 

o give diketopiperazines 

on 

heating (200°C) 

NH2 HO-0 
NH-C 

HC 
C-NH 

CH2 H2C C-OH HN CH22H,0 

O 
Glycine (2 molecules) Diketopiperazine 

(A cyclic diamide) 

acids lose ammonia on heating to form o,ß-unsaturated acids. 
Amino 

CH-CH-cOOH CH2=CH-COOH+ NHa 
NH2 H 

B-Alanine Acrylic acid 
(2-Propenoic acid) 

CH-CH-CH-COOH CHa-CH=CH-COOH + NH3 

NH2 
B-Aminobutyric acid Crotonic acid 

(2-Butenoic acid) 

Amino acids and o-amino acids undergo intermolecular dehydration to form cyclic amides 

called Lactams. 

HC-CHH2 
CHa-CH2-CH2C=0 HC c=0 + NH 

OH HN-H 

B-Aminobutyric acid y-Butyrolactam 

(11) Reaction with Ninhydrin.All o-amino acids react with ninhydrin (triketohydrindene hydrate 

to produce the same purple complex. This reaction is commonly used to test the presence of o-amin- 

acids. 

OH -H2O C=N-C 
+R-C-c 

OoH 
+R-CH-COOH 

O-o NH2 
Purple complex 

0-Amino acid 
Ninhydrin 
(2 moles) 
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(12) Renetion with Cupric oxide. Amino ncids ICact wilh cupric ox ide in w 

bluc comples salts. 
water 

O=c CH2 A 

Cú 
N 

+ 2H 
C-OH+ Cú 

H2C- HN-CH2 

Cupric glycine Glycine 
(2 moles) 

GLYCINE, Aminoacetic acid, HaN-CH2-COODH 

It is so named because of its sweet taste (Greek, glycys = sweet). 

Preparation. Glycine may be readily obtained in the laboratory by treating chloroace 
concentrated ammonium hydroxide solution. roacetic acid wi 

NHOH HeN-CHCoOH + NHACI + Cl-CH2CoOH 
A sample of pure glycine can also be prepared by Gabriel Phthalimide Synthesis, 
Properties. Glycine is white crystalline substance, mp 23>C With decomposition. I : soluble in water but insoluble in ethanol and ether. Its aqueous solutions are neutral o formation of Zwitterion. to t 

HsN-CH-Coo HaN-CH2-COOH 
Zwitterion 

It gives all the general reactions of a-amino acids already discussed. 
Uses. Glycine is used: (1) in medicine for certain muscular disorders; (2) for the manufact cture resins and varnishes. 

ANALYSIS OF AMINO ACIDS 

One scheme for determining the structure of proteins is to hydrolyze them and then analvze the qualitatively and quantitatively for the amino acids they contain. Several methods that are comma used are discussed in the following sections. 

THIN LAYER CHROMATOGRAPHY (TLC) 
In this technique, a mixture of unknown amino acids is placed on a spot near the bottom of a g plate covered with a thin layer of SiO, or Al203. High quality paper without a coating may also-sed. See Figure 27.3. The coated plate or paper is then placed in a chamber containing a small amo of solvent. The solvent gradually rises up the plate by capillary action, carrying the various compone f the mixture with it. Because of the variation in the exact molecular structure of the different am- cids, each is carried along at a different rate. The rate of movement up the plate is based primarily e relative polarities of the plate's coating material (or the paper) and the solvent. If, for example, lvent is ofa nonpolar nature, then the nonpolar amino acids will move faster (being carried along- solvent); a polar amino acid, on the other hand, will not be as soluble in the solvent and will no ried along as quickly. This variation in rate of migration for the different amino acids cause= aration of the compounds of the mixture. After the solvent has reached the top of this plate er), the plate is removed from the chamber, dried, and sprayed with a substance called ninhyd 



and (5) In Redox 
etal polishe 

Titration. (4) For preparing allyl 
labo oratory IOLL 

d shower 
NIC ACIH ACID, Propanedioic acid, HOOC-CH2-coOH MAL 

This acid Occurs as calcium salt in sugar beet. ration. Malonic acid is prepared from chloroacetic acid by treating with aqueous sodium acency. O give cyanoacetic acid, and subsequent hydrolysis with dilute hydrochloric acid. Ci-CH2-COOH NaCN 

Chloroacetic acid 

Deanerties. Malonic acid is a white crystalline solid, mp 135°C. It is soluble in water and ethanol, naringly soluble in ether. It gives all the usual reactions of a dicarboxylic acid. 

dused CN-CH-COOH HOOC-CH-COO 
Cyanoacetic acid Malonic acid erly. 

J8ded jsE a1g iyöwpro 
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150C 

HOOC-CH-COOH 
CH COOH + CO 

Acetic acid 
Malonic acid 

(2) Action with P,Os. On heating with P2O5, malonic acid gives carbon suboxide 

HO H 
POs 0=C=C=C=0 2H20 + 

O=C-C-C=0 A 
Carbon suboxide 

H OH 

Malonic acid 

eated, (3) Action with Aldehydes. When a pyridine solution of malonic acid and an aldehyde is had 

a.B-unsaturated acid is produced. 

COOH Pyridine RCH=CHCOOH + H2O + CO 
aB-Unsaturated acid 

RCH 0+ H2C CO2 A COOH 
Malonic acid 

Uses. Its diethyl ester is a valuable synthetic reagent for the preparation of a variety of carboxic 
acids. 
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Dicthyl 
alonate is also 

callcd 
Malonic 

ester. 

Preparation 

Dicthyl 
malonatc 

is 
prepared 

very con venicntly 
by boiling sod: 

DIETHYL MALONATE, CH,(COOC,H), 

ling sodium or 

potassium 
Cyanoacetate 

with 
alcohol and 

concentrated 

hydrochloric 

acid. 

HC 

coOH 

KCI+ NHCI 
CN coOH 

+ 2H20 
+ 

2HCI 

HC 
COOK 

Malonic acid 

COOC2Hs 
Pot. cyanoacetate 

COOH HC H2C 
coocaHs 

2H20 
CaHsOH + 

Diethyl malonate 

(Malonic ester) 
OH 

The cyanoacetate 
required for the process 

is obtained 
from acetic acid by the follawi. 

CN 
H2C 

ving steps 
C KCN 

Cl-CHcoOH KCOs, H2C 
cooK Cle/P 

CHaCOOH (HVZ reaction) COOK 
Acetic acid 

Properties (Physical). Diethyl malonate is a colorless, pleasant-smelling liquid, bo 100 ate

sparingly soluble in water, freely soluble in alcohol and ether. 
C.Itis 

AA 100 

80 

60 

40 

20 

4000 3500 3000 2500 2000 1500 1000 

Wavenumber (cm-) 

Fig.21.1. IR spectrum of diethyl malonate. 

(Chemical). (1)Acidity of CH2 group; Formation of Salts. Like ethyl acetoacetate, diethyl malonate 
ntains a methylene group joined to two carbonyl groups. The H atoms of the CH; group are acidic 

This is attributed to two factors: (a) the electron-attracting power of the electronegative oxygen o 
the carbonyl group (inductive effect) ; and (b) the resonance-stabilization of the resultant catior 
(diethyl malonate anion). Thus, r 

O 

CzHOC-�H-COCeHs H* + CpH5OC-CH-COCaHs Diethyl malonate Diethyl malonate anion The diethyl malonate anion is highly resonance-stabilized so that its negative charge is delocalize= to the two carbonyl groups. 
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-CH-COC,H, 
Cph,OC 

b- 
CpH,OCCH-COCgH CaH,OC-CH-COC,Hs 

Rosonance hybrid 

CpHOC-CH= 

CH2 group being sufficiently acidic, diethyl malonate cacts with a strong 
de (CH,ONa) to form the sodium salt. 

rmation. The CH 

um ethoxide 

Acidic hydrogens 

Salt Fori 

pIse l1ke sodium 

CoOC2Hs CpHsON COOCHs 
NaHC 

coOceHs 
CaHOH 

COOCHs 
Diethyl malonate 

(2) AJkylation. Diethy 

Sodium diethyl malonate 
hyl malonate anion is nucleophilic and reacts with halides to give diethyl 

alyimaionate. 

cooCHs 
N�HC 

coocHs 
R-X R-CH cOOC2Hs 

+ NaBr 

cooCHs 
Diethyl alkylmalonate 

give malo 
OH groups separa 

3) 
Hvdrolysis and Decarboxylation. Diethyl malonate undergoes hydrolysis with dilute HCI t- 

6nic acid. Similarly, diethyl alkylmalonate gives alkyl malonic acids. Such acids that have tw 
arated by a carbon, on heating (at about 150°C) split out a molecule of CO,to gi 

CO0 

the monocarbOxylic acid. 

cooCHs H/H20 R-CH 
R-CH 

cooC2Hs 

CoOH 
R-CH 

coOH 
CO R-CH2-COOH -CO2 

Diethyl alkylmalonate Alkylacetic acid 

SYNTHETIC USES OF DIETHYL MALONATE 
Diethyl malonate is used in the synthesis of carboxylic acids, keto acids, a-amino acids 

barbituric acid. 

) Synthesis of Alkylacetic Acids. This involves the reaction of sodium diethyl malonat 
alkyl halide followed by hydrolysis and decarboxylation.

cOOCHs 
H2C 

cooCH 
cOOC2Hs 

NäCH 
cooCHs 

CaHONa RX 

(-NaBr) 

Diethyl malonate 



acids. 

SUCCINIC ACID, 
Butanedioic acid, 

HOOCCH2CH,COOH

Succinic acid was first obtained as a result of distillation of amber and hence its na 

succinum = amber). It is also produced during the alcoholic 
fermentation of sugar. 

Preparation. (1) Succinic acid is prepared from ethylene 
bromide by treating with sodiunm 

and subsequent hydrolysis of ethylene cyanide. 

me (Latin, 

CHCN HO/H 
CH COOH 

CHBr 2NaCN I 
CH CN CH2COOH 

CHBr 
Succinic acid 

Ethylene 
bromide 

Ethylene 
cyanide 

2) Itis obtained industrially by catalytic reduction of maleic acid. 

CH2COOH CHCOOH 
+ 

Ni 
H2 A CH COOH 

CHCOOH 

Succinic acid Maleic acid 

Succinic acid can also be synthesized with the help of Malonic Ester Synthesis. 

Properties. (Physical). Succinic acid forms white monoclinic prisms, mp l188°C. It is soluhla : 
ethyl alcohol and ether, but moderately soluble in water. 

(Chemical). Succinic acid gives all the normal reactions of a dicarboxylic acid. 

(1) Action of Heat. On heating to 300°C, it loses a molecule of water to form succinic anhydride 

CH2-COOH CHa-CO + H2O 300°C 
CH-COOH CH-CO 

Succinic acid Succinic anhydride 

(2) Reaction with Ammonia. With ammonia it forms ammonium succinate which upon heatino loses a molecule of ammonia to yield succinimide. 



TOng lution ol potassium succinale 

CH,COOK 

cH,COOK 

electrolyai CH2 
CH 2C0 2KOH+ H2 

is sed () in the munulacture of lacqucrN and dyes, (2) in volumetric 

at anode 
at cathode 

lard subtance for ncid base titrations 

.AL@dioic acid, HOOC(CHa)ACOOH 
MC ACID 

Alye d is 

alyst 
to give cycl 

id is 
prepired ndustrinlly by: (1) Oxidation of cyclohexane with air in the presence of 

give eyclohexanol: (2)0xidation of cyclohexanol with concentratcd nitric acid 
and then adipic acid yclohexanone and 

OH 

O2 HNO3 
HgBO3. A 

HNO3 coOH 
COOH 

Cyclohexane 

hex ahexane needed for the above process is obtained by the catalytic hydrogenation 
Cyclohexanol Cyclohexanone Adipic acid 

The cych 

henzcne 
7cnCties. Adipic acid is a white crystalline solid, mp 153°C. It is slightly soluble in water,E 

Proper 

roohol and ether. It gives all the normal reactions of a dicarboxylic acid. 
alcohol and ether. 

soluble in 
When heated d to 300°C, it yields cyclopentanone. 

H2 
CH2-CH2-COOH HC A C=O CO2 +H2O 

300°C 
+ 

CH-CH2-C0OH
H2 

H2 
Adipic acid Cyclopentanone

When 
adipic 

acid i 
/hen adipic acid is heated with hexamethylenediamine, a polyamide Nylon-6,6 is forme 

splitting 
out 

water 

molecules. 

O 

ncCH)COH+HN(CHa)sNH2 + 
C(CH2)4CNH(CH2)ENH + 2r 

Adipic acid Hexamethylenediamine 

Tises. Adipic acid is used for the manufacture of : (1) Nylon and Polyurethanefoams; (2) 
Nylon-6,6 

sed as 
plasticizers

and lubricants.
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UNSATURATED DIACIDS 

H-C-COOH 

HOOC--H 

Fumarlc acld 

The two simplest and the most inportant 
unsnturuled 

dicarboxylic ncids au 

H--COOH 

H--CoOH 

trans-Butonodlolc acld Maloic acld 
cis-Butonodlola acld 

These atlod the best known example ol geometricnl 
is0merisn. 

MALEIC ACID, cis-Butenedioic acia 

l is prepared commercially by catalytic oxidation of 2-butene (from petroleum 

vOs 
oleum) or benzene. 

CH-COOH CH-Chs 302 400°C +2H20 CH-CHa 400C CH-coOH 

Maleic acid 2-Butene 

COOH + H2O V20s +4 O2 Ht 400°C 

COOH 
Maleic anhydride Maleic acid Properties. Maleic acid crystallizes in large monoclinic prisms, mp 130.5°C, havino astringent taste. It is very soluble in water and ethyl alcohol, but moderately soluble the reactions of a dicarboxylic acid and also of an activated carbon-carbon double bond* gives (1) Action of Heat. On heating to 150°C, it dehydrates to form maleic anhydride. 

g repulsive ble in ether 

CH-COOH CH-CO 150°C 0+ HO CH-COOH CH-CO 
Maleic acid Maleic anhydride (2) Catalytic Hydrogenation. When hydrogenated in the presence of Raney nickel 

succinic acid. 

forms CH-COOH CH2-COOH NI 

CH-COOH Ha 
CH2-COOH Maleic acid 
Succinic acid 3) Hydration. It adds a molecule of water across the double bond in the presence of a mir 

acid, yielding maleic acid. 

nineral CH-COOH HO 
H HO-CH-COOH CH-COODH H 

CH2-COOH Maleic acid 
4) Reaction with Alkaline KMn04. When treated with alkaline KMnO4 solution, it underao 

hydroxylation to form meso-tartaric acid. 

Malic acid 

goes 

worovsHO LO0t LgnG nd 
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H 

COOH 

KMnO4 
+(H20+O) OH H-C-OH 

H- 

coOH 

H--ODH 

Maleic acid 

1Sed: (1) for preparing succinic acid, malic acid, tartaric acid, fumaric acid, 

CoOH 

ses. Maleic leic acatives; (2) as maleic anhydride for polyester resins needed in fibrous glass 

Mher de ce 1971 for construction of cars, boats, bathroom units, gasoline storage 

meso-Tartaric acid 

eril, wiadely vo"Vaty, 
as mordant and (4) as preservative for oils and fats. 

nks 

elc ; 

(3):

ans-Butenedioic acid 
C ACID, trans-t 

on. 

Fumaric 

acid is prepared : 

boiling maleic acid 

By D 

h hydrochloric acid or sodium hydroxide. 

H-C-COOH 

H-C-COOH 

HCI H-C-COOH 
boil 

HOOCC-H 

Maleic acid 
Fumaric acid 

with sodium chlorate. 

By 

oxidation 

of 
furfural 

CHO + 4[O] 
NaCIO3 HOOC-C-H 

H-C-cOOH 

+ H20 + CO2 

Furfural 

Fumaric acid 

ric acid forms colorless, small monoclinic prisms, mp 287°C. It is very 
solublein 

and moderately soluble in ether. Being the trans-isomer, it 
behaves like a 

acid with isolated COOH groups. It gives all the reactions shown by maleic acid, 

not form anhydride on heating. 

aric acid is used : (1) in foods as substitute of citric acid and tartaric acid ; (2) as 

Fumaric 
Properti 

Water 

and 

ethy] 

alcohol, 
and 

oral 
dicarboxylic

acid 
with 

isolate 

that 
it 

does 
not 

Uses. 

: (3) in 
making 

inks ; :; and (4) as modifier for polyesters. 

mordan SUBSTITUTED ACIDS 

arhOXylic 
acids in which one or more hydrogen atoms of the hydrocarbon group 

have been 

eplaced t 

They 

The atoms or groups 
such as OH, X (halogen) or NH2, are referred to as 

Substituted 
Acids. 

designated as hydroxy acids, halo acids, or amino acids depending on the 
substituent 

present. For example, 

HO-CH-COOH 

Br-CH2-COOH 

H2N-CH2-COOH 

Bromoacetic acid 

Hydroxyacetic acid 

Aminoacetic acid 

Came 
of the hydroxy 

acids are very 
common naturally occurring 

substances and are usually 

reterre 

red to by 
common 

names. 
The halo acids, on the other hand, are mostly synthetic and are 

assigned 

PAC 
names. 

The 

are 
indicated by 

Greek 
letters or by 

numbers. 

he positions 
of the hydroxy and halogen 

substituents on the carbon chain 

6 5 
C-C-C-C-C-COOH 
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Cycloalkanes 

People al piay with the Boal and Chair forms of cytiohexane 

ycloalkanes or cycloparaffins are saturated hydrocarbons in which the carbon s 

joined by single covalent bonds to form a ring. They are also called Alicyclic Com re 
The prefix ali- is added because of their sim1larity to aliphatic compounds. The unsnu 

cycloalkanes form a homologous series with the general formula C,H2 The first member of the 

n atoms. 

es 
is cyclopropane, C3H 

NOMENCLATURE 

The IUPAC rules for naming cycloalkances are as follows 

the (1) The name of an unsubstituted cycloalk ane is obtained by altaching the prefix ewcl 

ring. 
. 

name of the corresponding normal alkane having the same number of carbon atoms as in the rin. 

ring (2) Substituents on the ring are named, and their positions are indicated by numbers, 7h. 

Is numbered so that the carbons bearing the substituents will have the lowest numbers. 

H 
HC-C 

CH 
H2 

H2 HC- CH-Br . 
HC CH2 

HC CH2 
H2C-CH, H2C -CH2 

Ha H2C-CH2 

Cyclopentane Cyclohexane 
Cyclopropane Bromocyclobutane 

SYMBOLS OF CYCLOALKANES 

For convenience and simplicity, cycloalkanes are often represented by simple geometric figures 

a triangle for cyclopropane, a square for cyclobutane, a pentagon for cyclopentane, a hexagon for 

cyclohexane and so on. It is understood that each corner represent/s one carbon and two hdrogems 



Cyclopropane Cyclobutane 

Cyclopentane Cyclohexane 
METHODS OF PREPARATION 

Cvcloalkanes are obtained 

) From 

tion is an 
exlension of Wi 

ihalides. Terminal dihalides when treated with sodium or zinc form cycloalkanes This 
Wurtz reaction and is useful for the preparation of 3- to 6-membered rings. 

CH2C CH2 
HC AH,C: 2NaCI +2Na 

CH2C CH2 
1,3-Dichloropropane Cyclopropane 

2 From Calcium Salts of Dicarboxylic Acids. When the calcium or barium salts of dicarboxylie 

ACIds 
de are heated, cyclic ketones are formed. The cyclic ketones can be readily converted into the 

coesponding cycloalkanes by Clemmensen reduction. 

O 

CHCH-C- CH2 HC-CHa H2C- 

C=o 
Zn/Hg 
HCI Ca CH2 CaCOa 

HCCH2 HC-CH2 
CHCH2 -0 

Cyclopentane Calcium adipate 

(3) From Esters of Dicarboxylic Acids (Dieckmann Reaction). Esters of dicarboxylic acids 

when treated with sodium underg0 intramolecular Acetoacetie Ester condensation and a B-ketoester 

is formed. The B-ketoesters on hydrolysis give eyclic ketones. These on reduction yield the 

TESponding cycloalkanes. 



CH-CH HC-CHNe 
N 

CHCt H-CH 

ethyt adipNate 
HCC HC-C 

HC-CH H-CH HCCH 
COON YCNentane 

4)rou Ahenes (Nimmons nith Reaction) Wheu alketns arve tuted with tethy lene hsht 
n the presenNe of a zine pper couple. "yclopupNane dketv atives arv fuwned 

CH-CHCH CHle 
Propee 

Cu 
ethe CH-CHCH 

MethyeeNrgnare 

CHOHCHOH CHl CH CH-CH-CH 
CH 

tetethykvekANNane 
2-3utene 

)ronm Aromatie tHydrwardNnas. Six anemderodoneaiaanes an e pevIni by the caata reduction of benzewe and its derivatives. 

NA 

enzene CheNane 

PHYSICAL PROPERTIES 
() Cyelupropane and eyelobutane av gases at rNNN tenyratare the yramn Cykalka 

are kiquicts. 
Melting and biting punts of eyehnalkanes sthow a graal uxrease wth the itrease to 

olecular weight ( lable 9, 1) 
()Cycaikaes are insoluble m water but dissualhe in ethanol and ether 
(4) IR Speetrue. Like alkanes. they shun sharacteristi stretehing absorptiona 

Table 29.1 MELTING AND BOILING POINTS OF SOME CYCLOALKANES 

C'ompound 

yeoproaw 
ybutane 
eopentane 
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escImble alkanes in their chemical behaviox, However, cyclopropane and eyckobulane 
With certain reagents they undergo ring opening and give dlition products. 

MICAL. PROPERTIES 

e 

the 

excefpluons, 
Wit 

BSTTTUTON 

Cycomlkn 

TION REACTHONS 

) ubstitution 

/V 
light 

to 
give 

sur 

h Cl and Br2.Cyclvalk nes react with chlorine and bromine in the presenee 
substitutiOn products 

CH2 CHCI 
UV 

Cl2 
HC light H,C HCI 

CH2 CH2 
Chlorocyclopropane Cyclopropane 

H2 

-CH2 HC 

H 
G. 

HC CHCI UV 
Cl2 

HaC CH, ight HC CH2 
+HCI 

H2 
Cyclohexane 

C 
H 

Chlorocyclohexane 

RINGOPENING REACTIONS 

(2) 
RI Addition of Cl, and Br2. Cyclopropane reacts with chlorine and bromine in the dark to Ad 

CCl, is used as a solvent. 

orm 
addition 

products. CO 

CH ing splis 
open 

CCI 
H Br2 CH2-CH2CH2 dark 

CH2 Br Br 

Cyclopropane 1,3-Dibromopropane 

Cyclobutane 
and higher members do not give this reaction. 

( 
Addition of HBr and HI. Cyclopropane reacts with concentrated HBr and Hl to yield 

and 1-iodopropane respectively 
|-bromopropane. 

CH2 

HC HBr CH,CH,CH-Br 

CH 1-Bromopropane 

Cyclopropane

Cyclobutane and higher members do not give this reaction. 

(4) Addition of Hydrogen. Cyclopropane and cyclobutane react with hydrogen in the 

aresence of Ni catalyst to give propane and n-butane respectively. Notice that higher temperature is 

required for cyclobutane 

CH2 

H2 Ni CH-CH-CH HC 80 C 
Propane 

CH2 
Cyclopropane 
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CH2 HC N CH-CH2-CH2-CH 
200C n-Butane 

CH2 H2C 
Cyclobutane 

potassium permanganae 
(5) Oxidation. Cycloalkanes undergo oxidation with hot alkaline potassin. 

to form dicarboxylhc acids. 

Ha 
CH CHCOOH 
CHCH,COOH 

CH2 KMnO OH H C 510 
HC CH 

Adipic acid 

Cyclohexane 

Points to Remember 

Comparison of addition reactions of cycopropane and cyclobutane. 

CH Br 

+Br2 No reaction CC Br CH 
CH Br 

CH3 
+Conc HX - No reacion +Conc HX- C2 

CH X (X = I. Br. CI, HSO,) (X = I. Br. Ci. HSO 

CH3 CHa-CH N N H2 200 C CHa 
CH3 

H 
CH-CH 

80 c 

STABILITY OF CYCLOALKANESS 

BAEYER STRAIN THEORY 

24. 75 In 1885 Adolf Baeyer proposed a theory to explain the 
relative stability of the first few cycloalkanes He based his 
theory on the fact that the normal angle between any pair of 
bonds of a carbon atom is 109.5. Baeyer postulated that any 
deviation of bond angles from the normal tetrahedral value 
would impose a condition of internal strain on the ring. He 
also assumed that all cycloalkanes were planar and thus 

calculated the angles through which each of the valency 
bond was deflected from the normal direction in the formation of the various rings. This he called Angle Strain. which determined the stability of the ring. 

109.5 

Angle 
strain 

Fig 29.1. Angle strain in cyclopropane 



CYCLOALKANES 
in 

cyclopropane, 

the thre 
cloPT cC bond angles of 6l). This implies that the normal tetrahedral any 

623 the three carbon aloins oceupy the coners of an cquilateral triangle 1nus nds is compressed to 60, and that each of the two bonds involved is pulled ih Dy 

ropane has C- 

n any 
two b 

he 60") = 24.75° (Fig. 29,1). The value 24.75° then represents the angle strain or t 

angle of 109.5 
Tepresents the angle strain or the deviation cycloalkanes can be calculated in the same way. The values are given 1 

angle strain is positive or negative, its magnilude determines the extent o 

hich each bond bends from the normal tetrahedral direction 
htOugh whiIch each 

The 
angle 

strain for other cy 

Tuble 

292 
Whethe the ang) 

train 
n 

the ring 

ANGLE STRAIN IN CYCLOALKANES Table 29.2 

Compound Bond angle 

Cyclopropane

Cyclobulane 

Angle strain 
60 

24.75 
Cyclopentane 

Cyclohexane 
108 9.75 

120 075 

5.27 

strain is maximum in the case of cyclopropane. Thus according to the Baeyer Strain 
cyclopropa ing should, 

within it. This is a 

The angle 

nane should be highly strained molecule and consequently most unstable. The 
theory cych 

ld, therefore, be expected to open-up on slightest provocation and thus releasing actually so. Cyclopropane undergoes ring-opening reactions with Br2, HBr, 
the strain 

and 
H,(Ni) 

to give open- n-chain addition oducts. 

case of cyclobutane is less than that in case of cyclopropane." lity Thus as expected, cyclobutane undergoes ring opening reactions but only under 

The angle strain in the 

This signifies 

more drastic conditions 

1h aLa angle strain is minimum in Ine case of cyclopentane. This implies that cyclopentane is under and should be most stable. Thus it is not surprising that cyclopentane does not undergo 
least strain and 

ing-opening reactions 

h 
angle strain in the case of cyclohexane is higher than that in case of cyclopentane This strain 

with inciease in the number of carbon atoms in the ring. According to the 

Baeyer 
sonce more reactive. Contrary to this prediction, cyclohexane and the higher members are found 

ncreases continuously 

Ctrain theory, cyclohexane and the higher cycloalkanes should become increasingly unstable 

atite stable. They do not undergo ing-opening reactions. Instead they resemble open-chain 
to be qu 

kanes in reactivity, that 

accounts for aunts for the exceptional reactivity of cyclopropane, cyclobutane, and cyclopentane. but it is not 

valid for cyclohexane and higher members 

1 is, they react by substitution. Thus, the Baeyer Strain theory satisfactorily 

SACHSE-MOHR THEORY 

In order to account for the stabil1tly of eyclohexane and higher members. Sachse and Mohr ( 1918) 

aranOsed that such rings can become free from strain if all the ring carbons are not forced into one 

nlane. as was assumed by Baeyer. If the ring assumed a 'folded' or 'puckered' condition, the normal 

tetrahedral angles of 109.5 are retained and as a result, the strain within the ring is relieved. For 

example, cyclohexane can exist in two non-planar puckered conformations both of which are completely 

free from strain. These are called the Chair Form and the boat Form because of their shape (Fig, 29.2) 

Such non-planar strain-tree rings in which the ring carbons can have normal tetrahedral angles are also 

possihle for higher cyeloalkanes. 
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H H 

Chair form of cyclohexane 

Boat form of cyclohexane 

Fig 29.2. The chair and boat forms of cyclohexane 

The chair form of cyclohe xane is more stable than the boat form. Under ordinary conditin 

cyelohexane molecules will mostly exist in the chait form 
Examination of the chair form of cyclohexane reveals that the hydrogen atoms can be divided in 

two categories. Six of the bonds to hydrogen atoms point straight up or down almost perpendicular 

the plane of the molecule. These are called Axial Hydrogens. The other six hydrogens ie siohtl 

above or sightly below the plane of the cyclohexane ring. and are called Equatorial Hydroen 

(Fig 29.3) irogens 

a 

e 

ta 
ne 

Ha Ha 

Fig. 29.3. Axial and equatorial hydrogens in the chair form. Axial hydrogens 

are shown as H, Equatorial hydrogens are shown as H, 

We can explain the relative stab1tity of cycloalkanes in terms of MO theory as follows: 

We know that a covalent bond between two atoms is formed by the overlap of orbitals of the 
atoms involved. The greater the extent of overlap the stronger is the bond formed. The atomic orbitak 

Overlap to the maximum extent if they overlap along their axes. As the axes of sp' orbitals are at angles 
of 109.5° to each other. the C-C bonds will have their maximum strength if the C-C-C bond angles 
have aalue of 109 5°. 

MOLECULAR ORBITAL THEORY 



auing Chair-Form of Cyclohexane Rings 

The 

prawi 
chair conformation of a cyclohexane ring has several distinguishing featues. Many lines t in the drawing 

af the carbon atoms lie in a plane, and of the remaining two, one is above and one is beiow 

are parallel 

llowing step-by-step procedure for drawing the chair-form of cyclohexane 
wo parallel lines to locate four carbon atoms in a plane 2) Add the two lines to locate the 

e the plane () Add tines to loc ate the carbon below the plane so that these lines are parallel to 

. (4) Draw the six axial bonds up from the carhons that are up and down from carbons that are 
the equatorial bonds parallel to the existing carhon-carhon bonds. These steps are 

this 
plane.Fo 

the following 
rings: (7) 1Dr 

carbon above 

those in step 

down, and (5) 
llustrated below: 

(1) (2) 
(3) Axial bonds 

Equational bonds 

(4) (5) 

Cvclapropane has CCCbond angles of 60°. Cyclobutane has C-C-C bond angles have a 

f 90° The higher cycloalkanes and alkanes have C-C-C bond angles of 109 5. As shown in 
r29 4, the small bond angles of cyclopropane indieate that the overlap of sp' orbitals of carbon is 
lessthan the overlap of sp' orbitals of carbon in alkanes (e g. propane). 

The bond angles of cyclopropane are less than the bond angles of cyclohutane. which in turn are 

es than the bond angles of higher cycloalkanes of n-alkanes. Therefore. the overlap of orbitals in 
vclopropane is less than that in cyclobutane, which in turn in less than that in higher cycloalkanes or 
:alkanes. The overlap of sp' orbitals of carbons in cyclopentane. higher cycloalkanes or n-alkanes is 

CH 
Weak Strong 

bond bond 

H,C 109.5 
60 

H,C CH 

(A) chs 
(B) 

Fig. 29.4. Overlap between sp" orbitals in (a) propane and 

(b) cyclopropane. Maximum overlap oCcurs in propane 



tAximum because in these cases it is nsible lor the sp onbitals a oVCrlap alkong their Axes 

ngles being approximately equal to 109).5", This implies tlhai the ( homds in cyelo 

Weakcr than the C-C bonds of cyclobutane, which in turn are weakCt ihan the bonds re 

Cycoalkanes and n-alkanes, Thus, it is not surprising thiit cyeopropanc Ukergoes rinu. 

TCactions very readily and more drastie conditios are required to bIng about the cleavAu g 

cyclobutane ring. (Cycopentane and highcr memnbers, as exjpecleu, d) not undergo rin 

reactions and behave very much like the alkatnes. 

the hund 
opan 

in bigher 

he 
ng openiny 

Fhe (C honds n ytiopane a Wa 

CONFORMATIONS OF CYCLOHEXANE AND ITS DERIVATIVES 

slate of flexing or flipping into differcnt shapes or conformatios, Some ot these shapes are s 

helow 

The cyclohexane ring can assue many shapes. A single cylohexane malecule is in a coin. 

show 

eainnas 

Boat 

Char 
Twist Boat (ess stabe) Half chair (more statble) 

These conformations arise due to rotation around carhon-carhon ods, The chair fom and t 

boat fornm are the two extreme cases. 

A Half chair Half chair 

Twist Boat 

11 kcal/mo 
7.1 kcalimol 

5 kcal/mol 

Chair Chair 

Fig. 29.5. Relative energies of the conformations of cyclohexane molecule. 
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.hw the energy requirements tor the interconversion of the different coniormattous 
hat the chair torm has the lowest energy. while the halt-chair has the highest ane. 

Notice that t 

n time. we would expect most of the cyclohexane molecules to be in the chair form 

igure 29 

en time, we wou 
been caleulated alculated that about 99 9% of cyclohexane molecuies are in the chair torm at any 

Al anv gven 

nd Axial Hydrogens. Ihe carbon atoms of the chair form of cyelohexane rorughly ie 

an 2xis can be drawn perpendicuBar to this piane (Figure 29.6) 
Fquatorial ano 

aMe 
plane 

And an 
axis cani 

Plane axs 

(a 
e Fig 29 6 The equatorial and axial hydrogens of cyclohexane. (a) Equatonal 

( 

hydrogens lie in the plane of t the ring carbons. (b) Axiaì hydrogens lie {up or 

down) parallel to tne perpendicular axis. 

Eath 

arton atom of cyclohe xane is bonded to two hydrogens. The bond to one of these hydrogens 

ies 
the rough plane of the ring; this shydrogen is called Equatorial Hydrogen. The bond to the oher 

om 1s parallel to the axis . this hydrogen atom is called Axial Hydrogen. 

f the six carbon atoms of eyclohexane has one equatorial and one axial hydrogen atom. 

etween 

conformations, axial becomes equatorial. whiie equatornal becomes axial 
ember thar there are sx equatorial hydrogens. and six axial hydrogens. In the flipping and reflipping 

H 
Equatorial 

This side 

moves up 
This side 

moves dOwn 

Push up Push down 

Conformations of Substituted Cyclohexanes. A methyl group is bulkier than a hydrogen atom 

When the methyl group in methylcyclohexane is in the axial position. the methyl group and the axial 

hvdrogens of the ring repel each other. These interactions are called Axial-Axial Interactions. When 

the methyl group is in the equatorial position, the repulsions are minimum. Thus, the energy of the 

Conformation with equatonal methyl group is lower. At room temperanure. about 95% methyleyconexane

Tmolecules are in the contormation in which the methyi group is equatorial. 
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al and The bulkier the group. the greater is the energy difference between equatorial . 

group 
conformations. In other words, a cyclohexane ring with a bulky substituent (e.g., t-Butvl or 

more likely to have that group in the equatorial position. 

More repulsions H 
H 

6 
5 H H 

-H 1 

3 4 
2 

" 

H 
Less repulsions 

Examination Questions 

What are cycloalkanes ? How are they prepared ? Desciibe important eactions of cycloal 

How can cyclopropane be prepared? 

(b) How does cyclopropane react with 

(i) Conc. HBr 

1. 

(a) 

(ii) H/Ni at 80 C 
(iv) Br-/CCI in dark (i) Cl/UV light 

(c) The C-C bonds in cyclopropane are weaker ihan the C- bonds in propane. Explai 

Panjab BSc, fact on the basis of molecular orbital theory. 
How does cyclopentane react with 

(a) H/Ni 
3. 

c)Br/CCI (di HBr (b) dilute cold KMnO 

(b) 1.2-Cyelopentanediol 
(d) Bromocyclopentane 

er The products are 

(a) Cyclopentane 
(c) 1,2-Dibromocyclopentane 

Explain why cyclohexane is more stable than cyclopropane. (Cuttak BSe 
(Baroda BSc 

A. 
Explain why cyclobutane is more stable than cyelopropane 5. 

Asr The triple bonded carbon atoms are sp hybridized. Thus the triple bonded carbon atoms 
han atme handed to these must he linear. c-C<c- There is no way that the extra rwo carhon 

6. Explain why cyclohexyne cannot exist. 
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Tethanol: 43 in the maufacture of cartbxn black whch 1s Used in printing inks 
used i as a domestic fuei sn the torm oi natural gas; 2in t Cses Methane is used as a domest hich 1s used in printing 

the Varuíature 
ET arnopheone records, and rubber tyre 
ETHANE. CHCH 

e KCCurs to the extent of 10 20 per cent along with methane in 
Natural (as. 

Exha 

1 By heating sodium propronate with soxda-lime in a pyrex test-tube 
Preparation Ethane can be prepared 

CHCH,COONa NaOH CH,CH, + Na,CO 

Sodurn propioniate Ethare 

(2 By the duction of ethyl odide. using nascent hydrogen, formed by the a tion of etha zIC-COpper couple. 

CHCH+ H CHCH 2H (from couple 
Etryl dide Ethane 

3 By the action of sodium metal on methyl iodide in dry etfher solution f Wurtz Reactire
Ete CH,CH, 2Na! CH 2Na ICH 

Metryi iodide Ethane 

Tin siices of sodium metal are suspended in dry ether contained in a small flask fitted sa retux condenser and a tap-funnel. Methyl iodide is slowly added from the tap-tfunnel and the e evolved is collected over water. Ahvane 
By passing a mixture of ethylene and hydrogen over heated nickel catalyst. 

CHCH CH=CH H 
Ethyene Ethane 

5 Byhydrolysis of ethylmagnesiurn bromide. 

CHCHMgBrH0 CHCH Mg(OH)Br 
Ethane Etriyimagnesium 

bromide 

Properties. Ethane is a coloress gas. It is sparingly soluble in water but dissoives in organi solvents like ethanol. ether. and benzene. It gives all the general reactions of alkanes. 
CONFORMATIONS OF ALKANES 

Free rotation is possible around C-C single bonds (s bonds). The different spatial arrangements ofa molecule that can he obtained by rotation around C-C single bonds are called Conformations or Conformation Isomer. 

a Bond 

***** 

sp-sp3 

Fig.10.4. Free rotation is possible around C-C single bonds (s bonds). The different spatial arrangements of a molecule that resuit irom rotation about a sing'e bo 
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methanol: (3) in the manufacture of carbon black which is used in printing inks. tact 

Uses. Methane is used: (1) as a domestic fuel in the form of natural gas (2) i in the ma 
shoe pulishes gTamophOne records, and rubber tyres. 

ETHANE, CH-CH, 
CCurs to the extent of 10-20 per cent along with methane in Natural Gas. 

Preparation. Ethane can be prepared 
By heating sodium propionate with soda-lime in a pyrex test-tube. 

CH,CH COONa + NaOH CH,CH + Na,co, 
Sodium propionate Ethane 

action ot ethanol on 

By the reduction of ethyl iodide, using nascent hydrogen. tormed by the action of et ZAnc-copper couple. 

CH3CHal + 2[H] (from couple) 
Ethyl iodide 

CH3CH3 + HI 
Ethane 

action) 
3 By the action of sodium metal on methyl iodide in dry ether solution. (Wurt: Reacti 

ether CH,CH3+ 2Nal CHg+2Na CH3 
Methyi iodide Ethane 

Thn slices of sodium metal are suspended in dry ether contained in a small flask fitted reflux condenser and a tap-funnel. Methyl iodide is slowly added from the tap-funnel and the o evolved is collected over water. nane 
4) By passing a mixture of ethylene and hydrogen over heated nickel catalyst 

CHCH CH=CH + H2 
Ethylene Ethane 

(5) By hydrolysis of ethylmagnesium bromide. 

CH CH MgBrH0 CH CH + Mg(OH)Br 
Ethane Ethylmagnesium 

bromide 

Properties. Ethane is a colorless gas. It is sparingly soluble in water but dissolves in Oro solvents like ethanol, ether, and benzene. It gives all the general reactions of alkanes. rganic 
cONFORMATIONS OF ALKANES 

Free rotation is possible around C-C single bonds (s bonds). The different spatial arrangements of a molecule that can be obtained by rotation around C-C single bonds are called Conformations or Conformation Isomers.. 

o Bond 

CO 
sp3-sp3 

Fig.10.4. Free rotation is possible around C-C single bonds (o bonds). The different spatial arrangements of a molecule that resuit from rotation about a single bond are called conformations 
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Let us consider ethane, H,C-CH as an example. The two tetrahedra 
about the carbon-carbon bond axis yielding several arrangements. 

Conformations of Ethane 

ethvi gnups o 

Fig. 
10.5. 

In ethane 

nite 
number of spatial 

thane. the two methyi groups can rotate about the C-Co bonds. As a resuit, 

arrangements (conformations) of ethane are possibie. 

sveme arrangements o1 etnane represented Dy ball-and-stick models are shown in 
The two extreme 

Fg 106 

. 
Edlipsed Staggered 

n Ball-and-Stick models of eclipsed and staggered contformations of ethane. 

ig 

. 
Fig. 10.7 

nhan viewed from one end of the model along C-C axis (Fig. 10.7). the models shown above 

represent the following 
conformational forms 

The Fcdipsed Fornm in which the rear methyi group is completely eclipsed and only the one 

Dearer 
the eye is visible. 

The Staggered Form in which the rear methyl group has been rotated upside down (Fig. 10.6) 

and all the six H atoms of the two methyi groups are staggered symmetrically. 
Evidently there could be several other arange ments or fornms possible in between the eclipsed 

im and the staggered form. Such an arrangement lying anywhere between the rwo extreme forms is 

called a Skew Form 
As Sugested by Melvin Newman, in ethane the front carbon atom is represented by the intersection

of bonds from it, while the rear carbon appears as a circle (Fig. 10.8) 

Front carbon Rear carbon 

Fig. 10.8 
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id be depicted as F The NewTman proje 
Tulas tor the conformations ot ethane couid 

SKER Staggerec Eciipsed 

Fig. 10.9. Newman projections of ethane. 

dbe noticed that the bonds of the rear carbon in the eciupsed form are 

displaced simply to make them visible. 

hydrogen atoms: are "perfectly staggered' is the most stable contomation. Ihis is easiy 

The 

different 

ormations 

of 

ethane 

are 

noi 
of 

equai 

stabiiity. 

Ihe 

staggered 

Ted form n 

cns of repulsive interactions betw een bonding pairs of eiectrons. In einane the i 

Onding pairs of electrons (C: Hresult in tetrahedr al sTucture because n allous maxim 

o ethane përmits : 
of the four carbon-hydroge bonds. Similarly. the staggered conformation ot 

POSSIDle separation of the electron pairs of the six cábon-ny arogen bonds. Thus the 

COnrormation of ethane is most stable and has least porentiai energy. 
n the eclipsed conformation of ethane. the hydrogen atoms attached to each carbon 

oPpOsition to each other. This permits minimum separation of the eiectrons of the six carbn 

Eclipsed 

2.8 kcal mo Skew 

Staggered Staggered 

Rotation 

Fig. 10.10. Potential energy of ethane as function of degree of rotation about the C-C bond. 
bonds. The eclipsed conformation is, therefore. of highest energy and has the lowest stability. Evie all the skew conformations of ethane will have stabilities in berween that of the staggered comfarm and that of eclipsed conformation. Hence the relative stabilities of the vanous coniormatons r ethane are: 

Staggered > Skew > Eclipsed 
A plot of potential energy of an ethane molecule as a function of rotation about carbon-cahe hm is shown in Fig. 10.10. Notice that the difference in potential energy between the staggered mi te eclipsed conformations of ethane is 2.8 kcal/mol. At room temperature. however. molerules hav 
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small barrier. Thi 

wever, 
if we considera 

avcarticr. This implies that tor all practical purposes, the groups rotate freely about the CCbond rage 

of 15-20 kcal/mot. Thus ethane molecules have more than enough energy to surmount 

ve consider a single molecule of ethane, we can say that it will spend most of its time in ne 

staggered conformation It will spend very little tine in an eclipsed conformation. in 
words, we can say that at a given moment most of the molecules in ethane wil be in staggerea 

lowest 

10.11). 
o1 

in a 
skeew 

conformation (Fig. 

H H 

H H CH 

H H 
H 

H H 

Eclipsed Staggered 

Fig 10.11. Ordinarily ethane is 
mostly staggered form. 

Fig. 10.12. Conformations of propane 

Couformations of Propane. The conformations of propane are similar to those of ethane except 

ane of the hydrogen atoms is replaced by a methyl group The two extreme conformalions 

(eclipsed and staggered) ot propane are shown in Fig. 10.12. 

Conformations of Butane. They are rather complicated. All eclipsed conformations are equivalent 

a ase of ethane and propane. But in the case of butane, two distinct conformations are possible: one 

f which a methyl group is eclipsed by a methyl group and the other in which the methyl groups are 

eclipsed by hydrogens (Fig. 10.13). 

CH3 
CHs 

HCH3 

CHs 
Fig. 10.13. Eclipsed conformations of butane. 

of these two eclipsed conformations, the one having larger methyl groups eclipsing (1), will 

naturally experience more repulsive forces than the one where a methyl group is faced with a hydrogen 

atom (2). Thus the conformation (2) is favored from stability standpoint. 

Likewise., it will be observed that for butane two different staggered conformations are possible 

Fig. 10.14). 

CHa CHa 
H CH H 

H H H 
H CH 

2 

Fig. 10.14. Staggered conformations of butane. 

In (1) the methyl groups are at an angle of 60° to cach other. This is called Gauche Conformation 

In (2) the methyl groups are at an angle of 180° to each other. This is called Anti or Trans Conformation. 

The repulsive forces will be greater in (1) than in (2) due to proximity of the methyl groups in the former. 

Consequently, the conformation (2) is associated with least energy and maximum stability. 
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In larger alkanes too, the most stable conformations are generally staggered, with the largem r2es 
groups dni to each other The gauche conformations are only slightly less stable than the anti omes 

and are also present Thus, while the structural formulas of alkanes are usually written in a straighe 

ine for convenience, il is important to keep in mind the zig-zag nature of hydrocarbon chains 

Because there is continuous rotation about all the C-C single bonds in a molecule, organic 

molecules with CC single bonds are not static balls and sticks-they have many interconvertihl- 

conformations. 

PETROLEUM 

Vast underground deposits of liquid hydrocarbons, nainly alkanes, are found in many regions of 

the earth. These are often locked under the dome-shaped impervious rock. When drilled out of the 

mine, the oily mixture of hydrocarbons in its crude form ISs called Petroleum (Latin, Petra = rock 

oleum = oil), or Crude Oil. Accompanying the reservoirs of petroleunm is Natural Gas, consisting of 

gaseous hydrocarbons, largely methane 

ocITION OE NATURAL GAS 



Coal Catalyst Still Converter 

Petrol 

Middle oil Coal 450°c H2 paste 

Heavy 

oil 

Pump 

Fig 10.17. Manufacture of Synthetic Petrol from Coal 

The heavy oil obtained in the process is recirculated for making tresh coal paste., Ona 

promisg 
coal treated as above yields 140 gallons of petrol. The Bergius Process i at present the most 

of all methods so far invented for the production of synthetic motor fuel (Fig. 10,17) 

develop 
in th 

2) Fischer-Tropsch Process (Reduction of Carbon monoxide). This method was. 

in 1923 by two German chemists, Franz Fischer and Hans Tropsch. Carbon monoxide neede . 
process is made by passing stean1 over red-hot 'coke. The water gas thus obtained is mixed n 

hydrogen and passed at a pressure of 5 10 atmospheres into a chamber containing a 'cobalt talg al 200°C. The product is a mixture consisting mainly of liquid hydrocarbons.

CHes2+nH20 CO (2n+1)H2 
Alkane 

The 'artificial petroleum' so obtained is separated by fractional distillation as described uner 
Bergius Process. The various fractions separated are petrol, kerosene oil, lubricating oil, diesel oi 

paraffin wax. 

er the 

OCTANE NUMBER 
Gasolne (or petrol) is a complex mixture of C4 to Cj0 hydrocarbons. The branched-chain alkane 

give a relatively smooth performance when burnt in the internal combustion engines of motor can 
and are excellent fuels. Normal alkanes, on the other hand, detonate and cause knocking of the engine 
and are bad fuels. Different gasolines vary in respect of their knock property, depending on the 
composition. 

The knock property of various gasolines is stated in terms of what we call the Octane Numbero Delane Rating, 2,2,4-Trimethylpentane (lsooctane), with no tendency to knock, is assigned the octane number 100, and heptane that causes great knocking is assigned the octane number 0. 



Conformational Analysis	


An important aspect of organic compounds is that the compound is not static, 	

but rather has conformational freedom by rotating, stretching and bending about bonds	


Each different arrangement in space of the atoms is called a “Conformer”	

(a less used term is a “Rotamer” if change is caused by a bond rotation)	


Different conformers can have vastly different energies and the relative proportion 	

of each conformer is related to the energy difference between them	


CH3

H3C H3C CH3

CH3

HH
CH3

H H
H

CH3H
CH3

H H
To observe the spatial 
arrangement of atoms 
in space, often draw 

conformers in a 
Newman projection	


Lower Energy	
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Conformational Analysis	


Conformers will be of different energy due to strain	

Sources of strain are generally categorized in one of three types: 	


1) Torsional strain	

En

er
gy

torsional angle
0˚ 60˚ 120˚ 180˚ 240˚-60˚

Torsional strain is due to interactions as groups change relative position 	

with a change in torsional bond angle	


Consider rotation of ethane	


H

H

H

H

H

H

H

H

H
HH

H

Staggered 
conformation	


Eclipsed 
conformation	


Eclipsed is higher in 
energy than staggered 

due to increased 
torsional strain 	


Further rotation will 
convert eclipsed 

conformation back to 
staggered	


H

H

H

H

H

H

~3 kcal/mol	
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Conformational Analysis	

2) van der Waals strain	


Another source of strain is when groups are placed in positions closer 	

than the sum of their van der Waals radii	


Consider rotation of butane	


En
er

gy

torsional angle
0˚ 60˚ 120˚ 180˚ 240˚-60˚

CH3

H H
CH3

HH

anti	


H

H

CH3

CH3

HH

H

H CH3
CH3

HH

H

H3C

H

CH3

HH

gauche	


totally	

eclipsed	
eclipsed	


“gauche” conformation is 
higher in energy than anti 	


(both are “staggered” 
conformations)	


“totally eclipsed” 
conformation (which has 

largest groups eclipsing each 
other) is higher in energy than 
other eclipsed conformations	
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Conformational Analysis	


The difference in energy thus affects the amount of each conformer present	


Torsional Angle	


M
ol

e 
Fr

ac
tio

n	


n-Butane	


CH3

H H
CH3

HH

H

H CH3
CH3

HH

W.L. Jorgensen, J.K. Buckner, J. Phys. Chem., (1987), 91, 6083-6085	


Majority of 
compound is in the 
anti conformation, 

hardly any in 
eclipsed 

conformation	
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Conformational Analysis	

3) Angle strain	


A third source of strain is due to angle strain 	

(molecules that are forced to have a bond angle far from ideal [~109.5˚ for sp3])	


A large source of strain for ring compounds	


Ring Size	
 Cycloalkane	
 Total Ring 
Strain 	


(Kcal/mol)	


Ring Strain 
per CH2 	


(Kcal/mol)	

3	
 cyclopropane	
 27.4	
 9.1	

4	
 cyclobutane	
 26.4	
 6.6	

5	
 cyclopentane	
 5.8	
 1.2	

6	
 cyclohexane	
 0.1	
 0	

7	
 cycloheptane	
 6.0	
 0.9	

8	
 cyclooctane	
 9.5	
 1.2	

10	
 cyclodecane	
 12.1	
 1.2	

12	
 cyclododecane	
 3.8	
 0.3	


Strain is large for small rings, but reaches minimum at 6-membered ring	
 200	  



Conformational Analysis	


This angle strain is due to forcing the electron density in bonds at angles that are not ideal	


Have observed this effect with cyclopropane 	

where the 3 carbons are forced to be coplanar	


The electron density 
truly does form 
“bent” bonds, 

bonding electron 
density is not along 

internuclear axis	


Observe same “bent” bond effect in 
cyclobutane, here the 4 carbons need not be 
in the same plane but the angle strain would 

still be large	


D. Nijveldt and A. Vos, Acta Cryst., 1988, B44, 296-307	
 A. Stein, C.W. Lehmann, P. Luger, J. Am. Chem. Soc., 
1992, 114, 7687-7692	


As rings become larger, however, would not expect this type of “bent” bonds 	

due to lower angle strain	
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Conformational Analysis	


The angle strain becomes lowest with a 6-membered ring due to the ability to form a 
conformer that has nearly perfect torsional angles and a lack of ring strain	


HH

H H

H H

H H

HH

HH

120˚ HH

H

HH

H

H
H

H
H

H
H

111.4˚

Planar cyclohexane	

(120˚ <C-C-C,	


All hydrogens eclipsed)	


Chair cyclohexane	

(nearly tetrahedral <C-C-C,	


no hydrogens eclipsed)	


HH

H
H

H

H

H
H

H
H
H

H

H

H

H
H

H
H

H

H

H
H

H
H

H

H
H

H

H
H

H

H

H
H

Conformers of cyclohexane	
 Remove hydrogens	


Chair conformation	
 Boat conformation	
Twist-boat 
conformation	
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Conformational Analysis	


The chair conformation has a low torsional strain as seen in a Newman projection	


Still have some gauche interactions, but energy is low for this conformation	


Nearly perfect staggered alignment	


H

H

H

HC

C

H

H

H

H
C
H2

H

H

H

H

H2
C

H

H

C
H2

H2
C

H

H
H

H

H

H

Therefore cyclohexane is the most 
stable ring size due to low angle 
and torsional strain compared to 

other ring sizes	
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Conformational Analysis	


Key point – there are two distinct chair conformations for a cyclohexane that can interconvert	


C C

Chair	


CC

Half-chair	


Twist-Boat	


Boat	


10.8 Kcal/mol	


The energy of activation for the interconversion is 10.8 Kcal/mol	


En
er
gy
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Conformational Analysis	


6-Membered rings are observed frequently in biological molecules	


O
HOHO OH

HO

OH
R

HO

D-glucose	
 Steroid ring structure	


cholesterol	


O H

O O

HO O

Simvastatin	

(Zocor)	


Many drugs also contain six-membered rings	
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Conformational Analysis	


The Axial and Equatorial Positions have Different Spatial Requirements	


There are two chair conformations, a substituent moves from 	

equatorial to axial in a chair-chair interconversion	


Y is equatorial	
 Y is axial	


Bigger Y substituent has more steric interactions in an axial position than equatorial	


The chair conformation which has the Y group equatorial is therefore more stable	


Y
H

H H Y
H
H

H

sterics	

(called A strain, 	

or A1,3 strain)	
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Conformational Analysis	


Due to the difference in energy between placing a substituent in the axial versus equatorial 
position, the two chair conformations are no longer equal in energy	


CH3

CH3

ΔG (ax/eq) (Kcal/mol) = 1.74 for a methyl group	


Can therefore determine the exact equilibrium between the two conformers using Gibb’s	

ΔG = -RT ln K	


The equilibrium thus is 19.5 at room temperature, 	

favoring the equatorial position for the methyl group	


An easy approximation for equilibrium and rate:	

(Without needing to calculate using exact formula at room temperature)	


K ≅ 10(3/4)ΔG	


k ≅ 10(13-3/4)ΔG	


ΔG will be larger as the size of the substituent increases	


Would yield K = 20.1	
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Conformational Analysis	


The A value will change as the size of the substituent changes	


R

R

R	
 A1,3 (kcal/mol)	
 K	

CH3	
 1.74	
 19.5	


CH2CH3	


CH(CH3)2	


C(CH3)3	


* As groups get larger, the A value increases	
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Conformational Analysis	


The substituent in the axial position is disfavored due to steric interactions with 1,3 hydrogens 
(reason it is sometimes called A1,3 strain)	


CH3H
H

H
H
H H

H
1,3 interaction	


With a methyl substituent,	

 a hydrogen is directed 
toward 1,3 hydrogens	


As substituent becomes larger, steric interactions with 1,3 hydrogens increase 	


H
H
H3C H

H
H
H
H

CH3
H

With an ethyl substituent, if the extra 
CH3 is pointed toward 1,3 hydrogens 

can rotate to move away 	

(sterics similar to methyl)	


H
H
H

CH3
CH3

H
H
H3C CH3

CH3

With an isopropyl 
substituent, can still 

have conformer with H 
toward 1,3 hydrogens	


With a t-butyl substituent, 
however, must have CH3 

toward 1,3 hydrogens	
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Conformational Analysis	


With cyclohexanones, substituents at the 2-position prefer equatorial	


O

R
O

R

preferred	


Mainly due to lower A1,3 strain (similar to a normal methyl cyclohexane), 	

but also due to an alkyl group preferring to be eclipsed with ketone (which has lower steric size)	


R
O

CH3
H H

R

H

H

O

CH3

H

H

R

O

CH3

Most stable	


Analogous to open chain ketone compounds	
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Conformational Analysis	


The ketone functionality in cyclohexanone also affects remote substituents	


OCH3

O
H3C

A1,3 value is 1.3, compared to 1.74 for a methyl substituent on cyclohexane	


CH3
H

H
OCH3 OCH3

H
H

A = 1.74	
 A = 1.3	
 Ketone is positioned away 
from axial CH3, therefore less 
sterics than with hydrogens	


When a halogen is located at the α-position in cyclohexanone, 	

need to also consider dipolar interactions (called α-Haloketone Effect)	


O

Cl OCl

Dipoles cancel each other	


More stable in apolar 
solvents	


Dipoles reinforce each other	

More stable in polar solvents	
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Heteroatoms in Ring	


When a heteroatom is placed in a cyclohexane ring, 	

the bond lengths and bond angles change	


O
O

As the C-O bond length 
shortens in 1,3-Dioxane, 	


the axial 1,3 hydrogens become 
closer in space, therefore 

greater van der Waals strain	


Cyclohexane	


1,3-Dioxane	


Group	
 A1,3 Dioxane	

2 position	


A1,3 Dioxane	

5 position	


A1,3 
Cyclohexane	


CH3	
 1.74	

C(CH3)3	
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Anomeric Effect	


We learned previously that in sugar compounds the hemiacetal form can close in two forms	

(called α and β anomers)	


CHO
OHH
HHO
OHH
OHH

CH2OH

O
HOHO

H
OH

OH

OH
O

HO
HO

OH
OH

H

OH

α-D-glucopyranose	
 β-D-glucopyranose	


Whenever an electron withdrawing substituent is next to an oxygen in a pyran ring, 	

the EWG prefers to be in an axial position (called anomeric effect)	


anomeric effect favors this α isomer	


Anomeric effect is commonly seen with alkoxy or halogen substituents	


The axial position is favored due to lower dipole 	

(similar to α-haloketone effect seen earlier)	


Due to this dipole effect, 	

the preference for axial position is generally greater in nonpolar solvents	
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Anomeric Effect	


The anomeric effect can also be explained in a molecular orbital explanation	


O

Cl
O

Cl

O

Cl C
H2

H

Cl

H2
C

C
H2

H
H2
C

Cl σ* orbital	


Only when the EWG is in the axial position 
can the lone pair on oxygen align to fill the σ* 

orbital (thus break the bond)	


O

Cl

O

Cl

Experimentally it is known that as the EW 
capability of substituent at 2-position 

increases, the C-X bond length increases 	

(and C-O bond length decreases)	


favored	
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Reactivity	


Understanding the differences in energy with conformational analysis 	

allows prediction of relative rates of compounds	


We will focus on reactivity differences in ring compounds 	

(mainly cyclohexane derivatives)	


Remember that the answer to any rate question must deal with the difference in energy 
between the starting material structures and the transition state structure 	


(the structure of the product does not affect the rate)	


Ea	


ΔG	


Reaction Coordinate	


Impacts rate of reaction	


Impacts thermodynamics of 
reaction	
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Reactivity	


Consider the acetylation of cyclohexanol	


OH H3C

O

O

O

CH3 O

O

CH3

The t-Butyl group locks 
conformation	


Would cis-4-tButylcyclohexanol or trans-4-tButylcyclohexanol react faster?	


OH

OH

H3C

O

O

O

CH3
This is a relative rate question, need 
to compare the rate for each reaction 
(therefore energy difference between 
starting material and transition state)	
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Reactivity	


The A value for a hydroxy group is 0.7 kcal/mol, 	

therefore the axial hydroxy group is 0.7 kcal/mol less stable than the equatorial	


Reaction Coordinate	


OH

OH

trans	


cis	


trans	

cis	


0.7	


H3C

O

O

O

CH3

O

H3C O

O

O

CH3

O

H3C O

O

O

CH3
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Reactivity	

Consider oxidation of 4-tButylcyclohexanol, does cis or trans react faster?	


OH

OH

O Cr
O O

OH
H

O Cr
O O

OH
H

O

O

CrO3

B

R.D.S.	


Reaction Coordinate	


trans	

cis	


> 0.7	
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Reactivity	


Can also compare similar reactions on different size rings	


O

O

NaBH4

H
OH

H
OH

A cyclohexane in a chair 
conformation is 6.2 kcal/
mol more stable than a 

cyclopentane in an 
envelope conformation	


The ketone form 
should be slightly less 
energy difference due 

to minimizing 
torsional strain	


Reaction Coordinate	


6	

5	


< 6.2	
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Steric Approach Control	


Steric approach control:  All other things being equal, 	

a reagent will approach from the least hindered side	


Consider the reactivity of substituted cyclohexanones	


OCH3
H3C

H3C

LAH

H

H

When a hydride reacts with a ketone, the 
hydride approaches at the Bürgi-Dunitz angle	


CH3
H3C

H3C

OH
H

CH3
H3C

H3C

H
OH

More stable product	

90%	
 10%	


Yield of products is determined by kinetic control, 	

less stable structure is formed faster due to less sterics in the transition state	


(this reaction is irreversible, 	

therefore the products cannot equilibrate to the more stable structure)	
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Steric Approach Control	


Steric approach control is operating under a variety of reactions 	

where there is a steric difference between two possible reaction pathways	


Consider alkene reactions in bicyclic systems	


PhCO3H

When an electrophile reacts with a π bond, 
the electrophile can approach from either face	


H
H

O

O

H
H

If sterics of approach are changed, however, the product yields will also change	


H3C CH3
PhCO3H

H
H

O
H3C CH3

O

H
H

H3C CH3
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2 Ethane

Aims

In this chapter you will learn about the rotation about the carbon-carbon single bond of ethane
and the effect of rotation on the shape and energy of the ethane molecule. The study of the relation
between the rotation of single bonds and the molecular structure and that with the molecular energy
is called conformational analysis.

With the aid of the Newman projection formula, the conformational analyses of propane,
butane and polysubstituted ethanes will be presented. Naming the conformers will also be presented
by expanding the sequence rule.

New terms and concepts

flying-wedge representation
perspective representation
Newman projection
conformational analysis
dihedral angle-energy diagram
conformer
twist angle
twist angle-energy diagram
eclipsed
skew
anti
gauche
periplanar
clinal

Goals of this chapter

After you master this chapter successfully, you will be able to do the following:
1 To draw the Newman projection of ethane in any conformation.
2 To draw a dihedral angle-energy diagram in describing the energy change of ethane by the

rotation about a single bond.
3 To distinguish eclipsed and staggered conformations.
4 To distinguish two staggered conformers, anti form and gauche form, in the conformational

analysis of butane.
5 To understand the nomenclature of conformers based on the sequence rule.

2.1 The Newman Projection

The rotation about the C-C single bond of ethane and related molecules to induce a change of
molecular shape is well understood. It is necessary, however, to estabish a set of rules beforehand in
order to express the change of three-dimensional structures with two-dimensional drawings.

Schematic Drawings
The first step in expressing molecular structures in a two-dimensional way is the use of schematic

drawings; i.e., drawing molecular structures as they appear to be. In order to stress the three-
dimensional nature, several conventions have been devised. Perspective and flying wedge drawings
are typical examples.
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(a)

C

H

H

H

HH

H

HH

H

HH

H

HH

C

H

H

HH (b)

Figure 2.1 Schematic drawings of ethane.
(a) perspective drawing (b) flying wedge drawing

It is impossible, however, for these drawings to represent the exact shape of molecules. As we
have learned before, the dihedral angle formed by four atoms, H-C-C-H, is a very good parameter of
molecular structure. It is not practical, however, to draw such a figure as Fig. 1.8 for large
compounds.

In order to solve that problem, a method of drawing molecular structure was proposed by the
American chemist M. S. Newman in the middle of the 20th century. The essential characteristic of
this method is that the dihedral angle is clearly demonstrated. The way of drawing a Newman
projection is exemplified by that of ethane. The molecule (or rather, molecular model) of ethane is
projected against the wall behind the molecule along the direction of the C-C bond. On the wall, the
shadows of six hydrogens and two carbons should appear.

However, since the projection is made along the C-C bond, the two carbon atoms overlapped
and only the carbon in front can be seen as the other one is behind it. To avoid this inconvenience,
the front carbon is now designated as a dot, while a large circle portrays the back carbon. The
dihedral angle is defined by the angle made by the two bonds, CA-HA and CB-HB on the Newman
projection. In Fig. 22(a), the Newman projection is shown, and in Fig. 2.2(b), the two conformations
of ethane, 1 and 2, are shown.

(a) 

CB
CA

H

HH H

HH

H

H H

H

H

H

θ
Indeed, the Newman projection
is a shadowgraph!

Newman Projection

light source wall

(b) 

H H

HB

H

H
H H

H

H

1 2

HA

HB

φ dihedral angleHA

CACA CB CB

Figure 2.2 The Newman projection of ethane
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2.2 Conformational analysis of ethane

Then how can we describe the relation between 1 and 2? They are stereoisomers of each other
since the spatial relation among the eight atoms constituting each ethane differ. The difference is,
however, not the same as the one observed for 14 and 15 of Ch. 1 (the two enantiomers of
CHFClBr). Compounds 14 and 15 are not interconvertible without breakage and reunion of some
chemical bonds. On the other hand, 1 and 2 in this chapter are interconvertible by the rotation about
a single bond without breaking a bond. Such cases as 1 and 2 are referred to as having different
conformations.

How can we distinguish conformations 1 and 2? Rotation about the C-C bond will cause a
change in the dihedral angle φ  and consequently the distance between HA and HB. If the distance
between the two hydrogen atoms becomes short, the potential energy of the molecule will increase
because the steric repulsion will have increased. When the dihedral angle φ = 0o, 120o and 240o, it
becomes maximal; when the dihedral angle φ = 60o, 180o and 300o, it becomes minimal. Thus, the
plot of φ and the potential energy will yield the dihedral angle-potential energy curve given in Fig.
2.3

A study such as that of the change of molecular structure and energy caused by a rotation of the
C-C (and other) single bond is called conformational analysis.

0

E

60° 120° 180° 240° 300° 360° °

dihedral angle

ca. 12 kcal mol-1

Figure 2.3 Dihedral angle – energy diagram of ethane

S2.1 Conformational analysis
conformational analysis: a study of the change of molecular structure (accompanied by the change
of energy and properties) caused by a rotation about a single bond.
the dihedral angle-potential energy diagram: a plot of potential energy(abscissa) vs. dihedral angle
(horizontal); indispensable for conformational analysis of simple molecules.

Potential energy of ethane is maximal when φ = 0o, 120o and 240o, and minimal when φ =
60o, 180o and 300o. The structure for the former is called staggered (4) and that for the latter
eclipsed (3).

The potential energy difference between the two forms is ca. 12 kJ mol-1 (2.86 kcal mol-1).
Conformations corresponding to the structures having minimal energy are called conformational
isomers or simply conformers. In this book we use the word conformer throughout.

S2.2 Eclipsed and staggered forms.
eclipsed form 3: conformation of ethane and analogs with φ = 0o, 120o and 240o

staggered form 4: conformation of ethane and analogs with φ = 60o, 180o and 300o
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3 4

eclipsed staggered

Q2.1
How many conformations does the ethane molecule have?□

Q2.2
How many conformers does the ethane molecule have?□

A2.1
Indefinite. By changing the dihedral angles minutely, you can obtain as many conformers as

you like.□

Q2.3
Do a conformational analysis of propane CH3-CH2-CH3 and draw the dihedral angle-potential

energy diagram. The dihedral angle is defined as the angle made by the C-CH3 bond and the C-H
bond.□

A2.2
2. The conformers with φ = 60o, 180o and 300o are also identical.□

A2.3
The dihedral angle-energy diagram will be much the same as Fig. 2.3. Since the CH3---H

interaction is necessarily larger than the H---H interaction, the energy difference between the
staggered and eclipsed conformations is larger than that for ethane. Both curves have a similar cycle
of 120 o. It must be mentioned that another C-C bond should also rotate and will cause a more
complicated structural change. This process is not considered here.□

2.3 Conformational analysis of butane

Although propane has much the same dihedral angle-energy diagram as that of ethane, a
considerably different result will be obtained when conformational analysis of butane is done in
relation to the rotation of the central C-C bond. When the potential energy of the molecule is plotted
against the dihedral angle made by the two C-CH3 bonds, there are obtained two forms with
maximum energies (A and C of Fig. 2.4) and two conformers with minimum energies are obtained
(B and D of Fig. 2.4).

E
 /k

J 
m

ol
-1

0 180 360

25

15

4

60 120 240 300

A

B

C

D

E

F

ca. 21 kJ mol-1

ca. 15 kJ mol-1

ca. 4 kJ mol-1

dihedral angle
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Fig. 2.4 The dihedral angle-potential energy diagram of butane.

The Newman projection corresponding to forms A-D is shown below (5-8). In the case of
ethane, the staggered and eclipsed conformations can sufficiently describe the features of its
conformational analysis. In the case of butane, however, two conformations are not enough to
describe the features of the diagram. The dihedral angle of one of the eclipsed forms, 5, is φ = 0o.
This form is called cis. The dihedral angle of the other staggered form, 6, is φ = 60o. This form is
called gauche. The other one, 8, with φ = 180o is called trans or anti.

Because of the proximity of two methyl groups, 5 and 6 have larger energies than 7 and 8,
respectively. Cases will be discussed later where this treatment is not applicable because of more
complicated structures.

CH3

H H

CH3

H

H

CH3

H H

CH3

H

H
CH3

H
H

H

CH3

H

CH3

H H

H

CH3

H

φ = 0 60 120 180

5 6 7 8

S2.3 Gauche and anti forms.
gauche form: conformation of 1,2-disubstituted ethanes with φ = 60o (or 300o).
anti(trans) form: conformation of 1,2-disubstituted ethanes with φ = 180o.

o

o

o

o

9 10

gauche anti

One can draw many Newman projections for a given molecule. For an ethane derivative
ABCC-CDEF, projection can be done either from the ABC side (16) or from the DEF side (15). In
addition, there are many rotational isomers (rotamers) in relation to the rotation about the C-C bond.
Much the same is true for perspective drawings (11)-(14).

Q2.4
How many conformers are drawn (in different ways) with the perspective method (11-14) or

Newman projection?
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A E F

A

B C

D

A

E

F

D

EF

B

C

A

BC

D

F

B

C

D

E

(a)

11 13 1412

A B

C

D

E

F

A

BC

D E

F

A

BC

D

EF

A

B C

D E

F

(b)

15 16 17 18
□

A2.4
(a) 2 (11 = 13, 12 = 14), (b) 3 (15 = 16)□

Nevertheless, we should not jump to the conclusion that we can separate the two conformers of
butane in the ratio that we calculated. In order to isolate two interconvertible compounds such as 6
and 8 at room temperature, the energy barrier of interconversion (the energy difference between 6
and 8 or 5 and 7 in the case of butane) should be at least 100 kJ mol-1.

As you can guess from Fig. 2.4, the actual energy difference is at most 15-20 kJ mol-1. The
interconversion takes place freely at room temperature.

2.4 Relative abundance of conformers

Ethane has two conformers; eclipsed and staggered. Does then ethane consist of two equal
amounts of these two conformers? Definitely no. There are many other species with a different
conformation. Furthermore, the two conformers have different steric energy, and hence the relative
population of the two conformers may be different.

This situation can be visualized if we assume that the dihedral angle-energy diagram is a kind
of reaction profile, which is a plot of the energy change of the system associated with the progress
of the reaction. The vertical coordinate of a reaction profile, the reaction coordinate, corresponds to
the dihedral angle of a dihedral angle-energy diagram. The eclipsed form is equivalent to the
activated complex of a chemical reaction. Such a high-energy species will have a very short lifetime,
and in almost all cases, it is impossible to isolate that species. In addition to the case of ethane, the
eclipsed form for propane and butane is an intermediate of a reaction that has a very short lifetime.

One can assume that ethane exists most of the time as the most stable staggered form. In the
case of butane there are two staggered forms, and hence it exists as a mixture of these two staggered
forms. In such a case the relative amounts of the two staggered forms will depend on the difference
in the Gibbs free energies ∆G. Generally speaking, for an equilibrium A ⇄ B, ∆G is expressed by
the following equation

∆G = -2.303 RT log K (2.1)

where K is the equilibrium constant (K = [B]/[A]), R the gas constant ( = 1.98 cal deg-1 mol-1) and T
the absolute temperature.

S2.4 ∆G and the relative amounts. The relation between the value of ∆G and the population of
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conformers A and B are tabulated below.

K (298K) 2 3 4 5 10 20 100 1000 10000
amount of the more
 stable isomer(%) 67 75 80 83 91 95 99 99.9 99.99
∆G (kJ mol-1) 1.71 2.72 3.43 3.97 5.85 7.52 11.3 17.1 23.0

Q2.5
Suppose we can consider that the difference of potential energy between the gauche form and

anti form of butane is approximately equal to the difference of free energy. Calculate the population
of the two conformers at the room temperature (25°C).□

Q2.6
If the difference in potential energy between the gauche form and the anti form of butane is

higher than 100 kJ mol-1, we should be able to isolate the more stable butane conformer at room
temperature. How many varieties of conformers may be isolated? Guess the relation of their
structures.□

A2.5
From Fig. 2.4, the difference of free energy is 4 kJ mol-1, which is equal to (4 x 103/4.18) cal

mol-1. We can then obtain the following equation by substituting appropriate values into the equation
given above.

(4 x 103/4.18) (cal mol-1) = -2.303x 1.98 (cal deg-1 mol-1) x 298 (deg) log K
∴ log K = 0.692; K = 4.95
If we take the molar ratio of the gauche form as x, then (1 – x)/x = 4.95; x = 0.168
Finally, we can conclude that the anti form is ca. 17% and the gauche form ca. 83%, which is

in qualitative agreement with our prediction.□

This does not, however, mean that one can separate butane into the anti and gauche forms. In
order to separate at room temperature two rapidly exchanging species, e.g., 6 and 8, the barrier for
the exchange, in the case of butane, the energy difference between 6 and 8 or 5 and 7, should be at
least as large as 100 kJ mol-1. As is indicated in Fig. 2.4, the energy difference is ca. 15-20 kJ mol-1,
indicating that at room temperature the exchange is very rapid and separation is impossible.

A2.6
3; 6, 8 and 19 (φ = 270o). All are conformers of one another. You should confirm, with the aid

of the molecular model, that 6 and 19 are not identical but enantiomers each other.

Me

H
H

H

H

Me

□

2.5 Stereochemical nomenclature of ethane derivatives

We have already learned several terms, such as gauche, anti, staggered or eclipsed, to name the
conformers based on the Newman projection. These are, however, insufficient when a more complex
molecule is involved. For instance, there are three staggered forms for 2,3-dimethylbutane as shown
below. It is impossible to define these as gauche or anti as long as we use the relations of methyl
groups as the standard.
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H

Me Me
H

MeMe
Me

H Me
H

MeMe
Me

Me H
H

MeMe

B
A θ

2320 2221

A systematic nomenclature has been proposed which could be applicable to such complex cases.
For a four-atom system A-C1-C2-B, a torsion angle θ (23) is defined. Atoms C1 and C2 may be other
types of atoms, but for simplicity we take these two as carbon atoms.

The definition of torsion angle is as follows.
1) We look at the molecule along the C1-C2 axis as shown in 23
2) Rotate the A-C1bond so that A overlaps B.
3) The torsion angle is defined as the angle of rotation necessary to overlap A with B.
4) The torsion angle is positive if the required rotation is clockwise, and negative if the rotation is
counterclockwise.

It is important to notice that the torsion angle has a sign though the dihedral angle does not.
Hereafter we shall use the torsion angle as far as possible in this textbook.

Ligands A and B are chosen from the ligands bonded to C1and C2, respectively
1) If all three ligands are different, the priority is determined by the sequence rule.
2) If two ligands are identical, the rest are chosen for A and B regardless of the priority based on
the sequence rule.
3) If three ligands are identical, the one associated with the smallest torsion angle is chosen.

In practice, the torsion angle of ethane derivatives is not necessarily a multiple of 60o. Hence,
the value of the torsion angle itself is not included in the stereochemical names. A circle (torsion
angle = 360o) is divided into several sections as is shown in 24-26, and each section is given a name.
By combining these names, a system of nomenclature of ethane derivatives is established.

c
p

p

26

c

24 25

anti

syn+

The upper half of the circle is syn region, and the lower half is anti region (cf. 25). The p of 26
stands for the periplanar region, and c for the clinal region. By combining these regions, you can
obtain 27.

+

+

27

sc
+

ac

sc
sp

ac+ap

The essentials of this nomenclature will be summarized in S2.5.

S2.5 The stereochemical nomenclature based on the rotation about a single bond.
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torsion angle θ name
0 ± 30° ±synperiplanar (±sp)
± 30° ~ +90° +synclinal (+sc)
+ 90° ~ +150° +anticlinal(+ac)
+ 150° ~ +180° +antiperiplanar (+ap)
- 30° ~ -90° -synclinal (-sc)
- 90° ~ -150° -anticlinal (-ac)
-150° ~ -180° -antiperiplanar (-ap)

Q2.7
Compounds 28 ~ 31 have two halogen atoms as substituents. Define the conformation of each

compound in terms of (a) staggered – eclipsed and (b) sp, ap, etc.

H

H Cl
Br

HH

Br

H H
Cl

HHH

H

ClBr

HH

H

Cl

HBr

H H

28 30 3129
□

Q2.8
Define the conformation of the two compounds shown below.

Ph

H Me

Ph

HHO
H

Ph OH
H

PhPh

3332
□

A2.7
28 eclipsed, ±sp, 29 staggered, +sc, 30 staggered, ±ap (you may answer simply ap) 31 eclipsed

-ac.□

Q2.9
Define the conformation of all conformers of butane 5~8, and two isomers with θ = -60° and

–120°, in terms of sp, ac, etc.□

A2.8
32 +sc (Ph and OH are the reference ligands.)
33 +sc (H (not Ph) and OH are the reference ligands.)≡



Ch 2 Ethane

10(10)

OH
C6H5

HO
C6H5

OH
H

(+sc ) (≡ +sc )

32 33
□

Q2.10
Sketch the torsion angle-energy diagram (like Figs. 2.3 and 2.4) of 2,3-dimethylbutane. Show

the Newman projection of the relevant conformer when the energy is maximal or minimal.□

A2.9
Compound 5 6 7 8 (-60°) (–120°)
θ 0° 60° 120° 180° 240° 300°
name ±sp +sc +ac ±ap -ac -sc

□

A2.10

E 

0° 60° 120° 180° 240° 300° 360°

22 20 21

The energy barrier for the interconversion 21→20→22 is ca. 18 kcal mol-1, and that for the
interconversion 21→±sp→22 is ca. 33 kcal mol-1.□
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Among the traditional five sensory perceptions, colour and
smell often go hand in hand, along with taste. Among the
objects used for worshipping God, for instance, flowers and
incenses occupy prime places. The subject matter of this
article is the chemistry of musk and related perfumes derived
from natural sources.

Introduction

The sense of smell plays a vital role in the animal kingdom. The
olfactory nerves situated in the nasal passages of human beings
are sensitive enough to detect, for example, one three-hundred-
millionth part of a grain of musk. The olfactory organs of several
animals are even more sensitive. Some moths are known to be
attracted by odours which humans cannot detect. Dogs cannot see
as clearly as we do but their sense of smell is much more acute
than ours. Olfactory receptors being chemoreceptors are stimu-
lated by odorous molecules. In animals, several of these com-
pounds act as pheromones. Though no such function in human
beings has been definitely established, perfumes do play a major
role in the cultural and social activities of men and women. One
of the most sought after is the musky odour. The reason for this is
two-fold. Beinga comparatively less volatile compound, muscone,
the principal constituent of natural musk, for example, has a
lingering effect and it is also a fixative for other more volatile
odorants. The structures of muscone and the related civetone
were established by the Nobel Laureate Leopold Ruzicka and his
co-workers in the latter half of the 1920s.
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Chemistry of Muscone

Muscone was first isolated by Walbaum in 1906. The compound
is extracted from a glandular secretion of the musk deer, Moschus
moschiferus. The secretion collects in a reservoir, the musk pod,
located in the abdominal part of the musk deer, which is a native
of Siberia, China and Tibet. From a single musk deer, 25 to 40 g
of dried musk grains can be obtained; the muscone content varies
from 0.5% to 2%. Though it is possible to extract the material
without killing the animal, the traditional method involves killing
this very shy herbivore. The structure of muscone was elucidated by
the Croatian born Swiss chemist, L Ruzicka and his co-workers.
Earlier, Walbaum had shown that the compound is a ketone with
the molecular formula, C16H30O. However, he was unaware of
the skeletal structure of the compound. Ruzicka subjected the
compound to chromic acid oxidation which resulted in the forma-
tion of a series of even-numbered aliphatic dicarboxylic acids
ranging from succinic acid to decane-1,10-dicarboxylic acid. By
controlled oxidation it was also possible to obtain a dicarboxylic
acid, which retained all the carbon atoms of muscone and this was
identified as 1-methyltridecane-1,13-dicarboxylic acid (1). There-
fore, musconecouldbe assigned thestructure (2). Naturalmuscone
is laevorotatory and has the (R) configuration as shown in (2); this
was established on the basis of an asymmetric synthesis and
ORD1 studies. The first synthetic proof of the structure was
provided by Ziegler in 1934 who synthesized racemic muscone
using the dinitrile (3) which on treatment with LiNEtC6H5 gave
dl-muscone via (4) (Thorpe reaction2). To promote the desired
intramolecular cyclisation a condition of high dilution was used
(Scheme 1).

Scheme 1.

1 The change of optical rotation
with the wavelength of the inci-
dent light is known as Optical
Rotatory Dispersion (ORD). It
and the related phenomenon of
Circular Dichroism (CD) are im-
portant tools in stereochemical
studies.

2 The base-catalysed self-con-
densation of an aliphatic nitrile
resulting in the formation of an
enamine is known as the Thorpe
reaction. In the Ziegler modifi-
cation, a dinitrile is used as the
substrate to obtain a cyclic com-
pound.
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Subsequently, several more syntheses of muscone were reported
in the literature. For example, Blomquist and co-workers used
the following route for the synthesis of dl-muscone with 14-
bromo-3-methyltetradecanoic acid (5) as the starting material.
After esterification, (5) was condensed with diethyl malonate, the
product was hydrolysed and decarboxylated to obtain the dicar-
boxylic acid (6). The diacid chloride of (6) was then treated with
triethylamine, using high dilution, to bring about intramolecular
cyclisation to form (7) via the diketene intermediate (8). On
treatment with aqueous methanolic potassium hydroxide, the -
lactone (7) underwent hydrolysis to yield the carboxylic acid (9)
which was decarboxylated to obtain dl-muscone (Scheme 2).

H Nozaki et al devised a method for synthesising dl-muscone
from cyclotridecanone (10). On treatment with 3-chloro-2-
chloromethylpropene (11), the ketone (10) yielded the bicyclic
product (12). Catalytic hydrogenation of the latter gave (13)
which on photolysis in methanol yielded the ester (15) via the
ketene intermediate (14). A four-step reaction sequence involv-
ing hydrolysis, treatment with mercuric acetate–iodine, hydroly-
sis and oxidation converted (15) to dl-muscone (Scheme 3).

Scheme 2.
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2. The Blue of Blue Jeans and
Royal Purple, Vol.17, No.11,
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from Bird Feathers and But-
terfly Wings, Vol.18, No.1,
2013.

4. Hunting with Poisoned Ar-
rows: Story of Curare,
Vol.18, No.3, 2013.

5. Using a Natural Product to
Catch Fish! The Chemistry
of Rotenoids, Vol.18, No.5,
2013.
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Synthesis of Natural (R)-(-)-muscone

As is often the case with naturally occurring chiral compounds,
the two enantiomers of muscone differ in their olfactory charac-
teristics. The naturally occurring (R)-(-)-enantiomer has a stron-
ger and superior odour than its (S)-isomer. Therefore, several
attempts have been made to synthesise this enatiomer. In one such
synthesis, reported by Kamat et al, (+)- citronellal (16) was used
as the starting material. A key step used for converting this readily
available chiral compound to (R)-(-)-muscone was ring closing
olefinic metathesis3 (RCM). In the first step, (16) was subjected
to a Grignard reaction with 10-bromo-dec-1-ene (17) in the
presence of magnesium in diethyl ether. The resulting alcohol
(18) was converted into its TBDMS (tert-butyldimethylsilyl)
derivative (19). Ozonolysis of (19) at a low temperature gave the
dialdehyde (20), which was subjected to a Wittig reaction to get
(21). After hydrolysis, the resulting alcohol (22) was oxidised and
the ketone (23) thus obtained was treated with bis (tricyclohexyl-
phosphine) benzylidene ruthenium dichloride (24) (RCM and
macrocyclisation protocol). The resulting mixture of the E- and Z-
isomers of dehydromuscone (25) was hydrogenated over palladised
charcoal to get the desired (R)-(-)-muscone (2) (Scheme 4).

Scheme 3.

As is often the case
withnaturally

occurring chiral
compounds, the two

enantiomers of
muscone differ in their

olfactory
characteristics.

3 Ring Closing Metathesis (RCM)
is a synthetic method used for
the preparation of alicyclic com-
pounds having 5 to 30 carbon
atoms in the ring. The reaction is
catalysed by a ruthenium cata-
lyst (Grubbs catalyst). First and
second generation Grubbs cata-
lysts are now available. Robert
H Grubbs, along with two others
(Y Chauvin and R R Schrock),
was awarded the Nobel Prize in
Chemistry in 2005 for this im-
portant discovery.
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In another route, (+)- citronellol (26) was first converted into its
TBDMS derivative which was subjected to ozonolysis followed
by a Wittig reaction and a final oxidation using sulphur trioxide–
pyridine complex in dimethyl sulphoxide containing triethy-
lamine to obtain (27). The latter on Grignard reaction with 10-
bromo-dec-1-ene (17) and magnesium gave (22) (Scheme 5).

A practical method of optical resolution of dl-muscone has also
been recently reported. In this procedure, dl-muscone was treated

Scheme 4.

Scheme 5.
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with N,N’-dibenzyl-L-tartaramide (28) in the presence of scan-
dium trifluoromethane sulphonate (Sc(OTf)3) and methyl
orthoformate (29). The mixture of diastereoisomeric acetals thus
obtained could be fractionally recrystallised to obtain the pure
diastereomers. Subsequent hydrolysis of the acetal (30) yielded
optically pure (2). One advantage of this procedure is that in the
final step, (28) could be recovered and used again for the resolu-
tion of another batch of racemic muscone.

In 2011, Cheng et al described yet another practical method for
the synthesis of dl- as well as (R)-(-)-muscone using the commer-
cially available 1,10-dibromodecane (31) as the starting material.
Condensation of (31) with ethyl acetoacetate and subsequent
work-up yielded the diketone (32). The latter was subjected to an
intramolecular cyclisation reaction aided by propyl zinc iodide to
obtain dehydromuscone (25) in good yield. Direct hydrogenation
of (25) gave dl-muscone. On the other hand, (R)-(-)-muscone
could be prepared from (25) by an enantioselective formation4 of
a ketal using (+)-1,4-dibenzyl-D-threitol (33) prior to hydrogena-
tion (Scheme 6).Scheme 6.

In 2011, Cheng et al
described yet another

practical method for
the synthesis of dl- as

well as (R)-(-)-
muscone using the

commercially
available1,10-

dibromodecane (31)
as the starting

material.

4 Enantioselective synthesis,
also known as chiral or asym-
metric synthesis, is a reaction
designed to obtain enantiomers
or diastereomers of an optically
active product in unequal
amounts. Ideally, the objective
is to synthesise one enantiomer.
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Exaltone

Exaltone, cyclopentadecanone (34) is a trail
pheromone secreted by the American musk-
rat, a rodent found in the marshlands of
Louisiana. It has an odour similar to that of
muscone and is used as an alternative to
muscone in perfumery compositions. Its syn-
thesis described herein uses the readily avail-
able aleuritic acid (9,10,16-trihydroxyhexa-
decanoic acid) (35) which is a major compo-
nent of shellac. Treatment of (35) with tri-
ethyl orthoformate in the presence of benzoic
acid, followed by pyrolysis and esterification
gave the olefinic ester (36). Subsequent cata-
lytic hydrogenation followed by oxidation
with pyridinium dichromate in DMSO
(dimethylsulphoxide) yielded the dicarboxy-
lic acid mono ester (37). A modified
Hunsdiecker reaction using mercuric oxide
and bromine converted (37) into the bromo
ester (38). Treatment of (38) with DMSO in
acetic acid containing sodium nitrite followed
by esterification yielded the diester (39). In
the final step, (39) was subjected to an acyloin condensation
(using metallic sodium in xylene) and the product (40) reduced
with zinc and acid to obtain exaltone (Scheme 7).

Civetone

Civet, the secretion from the perineal glands of the African civet
cat, Viverra civetta and V. zibetha is one of the oldest perfumery
materials known to mankind. These glands situated below the
base of the tail produce a secretion which collects in a large
pouch. The chief chemical component of this oily material with a
musk-like odour is civetone. One interesting way of collecting
civetone without killing the animal is to feed it with coffee beans
which get excreted without digestion. However while passing

Scheme 7.

Civet, the secretion
from the perineal
glands of the African
civet cat, Viverra
civetta and V. zibetha
is one of the oldest
perfumery materials
known to mankind.
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through the animal the beans get infused with civetone. After a
thorough cleaning the beans are used to make coffee having a
rich musk-like odour!

Its structure as (9Z)-cycloheptadec-9-en-1-one (41) was eluci-
dated by Ruzicka (see Box 1) and his co-workers. The presence of
the carbonyl group was shown by the ready formation of an oxime
derivative. Civetone decolourises bromine water indicating the
presence of a double bond. Catalytic hydrogenation yields the
dihydro derivative (42). The molecular formula of (42), C17H32O,
indicates one degree of apparent unsaturation and therefore the
presence of a ring. On oxidation with chromic acid, (42) yielded
a dicarboxylic acid which was also obtained from civetone by a

Box 1.
Leopold Stephen Ruzicka (1887–1976) was born in a small village in Croatia but worked in Switzerland. He
was a student of H Staudinger at the Technische Hochschule in Karlsruhe (Germany). Later, he moved to Zurich
along with Staudinger. Much of his research work was conducted at the Eidgenossische Technische Hochschule
(ETH), Zurich. His early studies were on the naturally occurring insecticides, pyrethrins. Subsequently, he made
important contributions to the chemistry of terpenoids and steroidal hormones. His theory of biogenesis of
terpenes was an important milestone in biosynthetic studies on terpenoids. He was awarded the Nobel Prize in
Chemistry, 1939 which he shared with Adolf Butenandt.
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Clemmensen reduction followed by ozonoylsis. It was identified
as pentadecane 1,15-dicarboxylic acid (43) by comparison with
a synthetic sample. On oxidation with potassium permanganate in
the cold, civetone gave a keto dicarboxylic acid (44) which on
treatment with sodium hypobromite yielded azelaic acid (45) as
one of the products. Stoll confirmed the structure of civetone by
a synthesis starting with the dimethyl ester (46) of (44). The ketal
derivative (47) of (46) was subjected to an intramolecular acyloin
condensation using metallic sodium in xylene. The product (48)
was reduced by hydrogenation over nickel and the resulting diol
(49) treated with HBr in acetic acid to obtain civetone (Scheme 8).

Blomquist and co-workers used aleuritic acid (35) as the starting
material. Reaction of (35) with HBr in acetic acid followed by
reduction with zinc in methanol gave the bromo olefinic acid
(50). By a series of conventional reactions (50) was converted
into the dicarboxylic acid mono ester (51) which gave civetone

Scheme 8.
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after a three-step sequence (Scheme 9).

Nitromusks

The great demand for muscone and the ethical and other issues
concerning the slaughter of the musk deer triggered the search for
synthetic substitutes. A Baur who was looking for compounds
with more explosive power than TNT accidentally found that the
trinitro derivative (52) of 3-tert-butyl-m-xylene (53) (obtained
from m-xylene by a Friedel-Crafts alkylation reaction) possessed
a strong musk-like odour though it was inferior to TNT as an
explosive (Scheme 10). This compound is known as musk xylene.
Subsequently, other closely related compounds, such as musk
ketone (54) and musk ambrette (55) were prepared and used in
perfumery as substitutes for natural musk. However, following
observations that these compounds could be carcinogenic and are
not bio-degradable, their use is restricted nowadays.

Musk-like Compounds of Plant Origin

Three macrocyclic compounds of vegetable origin are used in
perfumery for their musk-like odour. All of them are lactones.
Exaltolide, isolated from the roots of Angelica archangelica, is
cyclopentadecanolide (56). Ambrettolide, first obtained from
ambrette seeds, Hibiscus abelmoschus, by Kerschbaum in 1927
has the structure (57). Its dihydro derivative, hexadecanolide (58)
also possesses the musk-like odour, though to a lesser extent.

Scheme 9.
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Synthesis of Exaltolide

In the section on exaltone, the preparation of
methyl-15-bromopentadecanoate (38) from
aleuritic acid (35) was described. Hydrolysis of
(38) gave the corresponding carboxylic acid
(59) which underwent cyclisation in the pres-
ence of potassium carbonate to yield exaltolide.
Recently, using the enzyme lipase, from Can-
dida Antarctica, methyl 15-hydroxypentade-
canoate (60) has been converted into (56) in
80% yield (Scheme 10). A similar strategy was also used for
preparing ambrettolide.

Conclusions

Apart from muscone, civetone and ambrettolide, several other
compounds of natural origin have been used in perfumery from
time immemorial. These include frankincense and myrrh. The
chemistry of these materials is as fascinating as those of muscone,
etc., described above.

Scheme 10.
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