CHAPTER VI

STEREOCHEMISTRY OF SOME ELEMENTS OTHER
THAN CARBON

§1. Shapes.of molecules. Many elements other than carbon form com-
pounds which exhibit optical isomerism. Since the criterion for optical
activity must be satisfied, viz. the molecule must not be superimposable
on its mirror image, it therefore follows that the configurations of the various
molecules can never be planar.

In Vol. I, Ch. II, the theory of shapes of molecules has been explained
on the basis that all electrons (shared and unshared) in the valency shell
of the central atom arrange themselves in pairs of opposite spin which
keep as far apart as possible. Furthermore, it was assumed that deviations
from regular shapes arise from electrostatic repulsions between electron
pairs in the valency shell as follows:

lone-pair—lone-pair > lone-pair—bond-pair > bond-pair—bond-pair.
It was also assumed that a double (and triple) bond repels other bond-pairs

more than does a single bond. The following two tables illustrate these
ideas.

Shapes of molecules containing single bonds

Number of :
Number of | Number | Hybrid
ifll?atllgﬁ:s bonding | of lone- | orbitals fnhoiggu(l): Examples
shell Y pairs pairs used
2 2 0 sp Linear HgCl,
3 3 0 sp? Triangular BCl,
plane
4 4 0 sp3 Tetrahedron CH,
3 1 sp3 Trigonal NH,
pyramid
2 2 sp3 V-shape H,0
5 5 0 sp3d | Trigonal PCly
bipyramid
6 6 0 sp3d® | Octahedron SF,

When dealing with molecules containing multiple bonds (treated in terms
of ¢- and m-bonds), the shapes may also be predicted in a similar fashion
if it is assumed that the electron-pairs (2 in a double and 3 in a triple bond)
occupy only one of the positions in the various arrangements described in
the above table, %.e., a multiple bond is treated as a *“ single ”” bond. This
means that the shape of the molecule is determined by the number of o-
bonds and lone-pairs only; the #-bonds are * fitted in ”’ afterwards (p. 144).

§2. STEREOCHEMISTRY OF NITROGEN COMPOUNDS

According to the electronic theory of valency, nitrogen can be tercovalent
or quadricovalent unielectrovalent; in both of these states nitrogen, as the
““ central ’ atom, can exhibit optical activity.

§2a. Quaternary ammonium salts. Originally, the valency of nitro-
gen in quaternary ammonium salts was believed to be quinquevalent; later,
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Shapes of molecules containing multiple bonds

\
Total number Number | Number |
of o-bonds and of o- of lone- Shape of Examples
: . molecule
lone-pairs bonds pairs
- — e [ —
2 2 0 | Linear 0=C=0; H—C=N
(o] O Cl Cl
3 3 0 Triangular \S/ \C/
plane I 1
O O
2 1 Triangular 5 N
plane o”No " No
(6] OH Cl
Ny o
4 4 0 Tetrahedron /S\ 0= \—\Cl
(¢] OH Cl
3 1 Trigonal S,
pyramid o” Cll\Cl

however, it was shown that one valency was different from the other four.
Thus, using the formula, [Nabcd]*X -, for quaternary ammonium salts, and
assuming that the charge on the nitrogen atom has no effect on the con-
figuration of the cation, the cation may be considered as a five-point system
similar to that of carbon in compounds of the type Cabde. This similarity
is based on the assumption that the four valencies in the ammonium ion
are equivalent, and this assumption is well substantiated experimentally
and also theoretically. Hence there are three possible configurations for
the cation [Nabed]*, I, II and III (cf. §3a. II). If the cation is planar (I)

H
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d b
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then it would not be resolvable; it would be resolvable, however, if the
configuration is pyramidal (II) or tetrahedral (III). Le Bel (1891) claimed
to have partially resolved ¢sobutylethylmethylpropylammonium chloride,
1V, by means of Penicillium glaucum (cf. §10iii. IT), but later work apparently

CH, +
CHjy CHy CHp— N—CH,y CH (CI,),| CI”
v

showed this was wrong. The first definite resolution of a quaternary am-
monium salt was that of Pope and Peachey (1899), who resolved allyl-
benzylmethylphenylammonium iodide, V, by means of (+)-bromocamphor-
sulphonic acid. This was the first case of optical activity due to a  central ”’
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atom other than carbon. This resolution was then followed by the work
of Jones (1905), who resolved benzylethylmethylphenylammonium iodide.
Thus the ammonium jon cannot be planar, but must be either pyramidal or
tetrahedral. Bischoff (1890) had proposed a pyramidal structure, and this
configuration was supported by Jones (1905) and Jones and Dunlop (1912).
On the other hand, Werner (1911) had suggested the tetrahedral configura-
tion, and this was supported by Neagi (1919) and Mills and Warren (1925).
It was, however, Mills and Warren who gave the most conclusive evidence
that the configuration is tetrahedral. Their evidence is based on the follow-
ing argument. Compounds of the type abC—C-=Cab are resolvable since
carbon is ‘‘ tetrahedral ”’ (see allenes, §6. V), and if nitrogen is also * tetra-
hedral ”’, then the compound abC=N=Cab should be resolvable, but will
not be resolvable if the nitrogen is pyramidal. Mills and Warren prepared
4-carbethoxy-4'-phenylbispiperidinium-1 : 1’-spiran bromide, and resolved
it. If the configuration of this molecule is VI, i.e., a spiran, then it possesses
no elements of symmetry, and hence will be resolvable; if the configuration
is VII (i.e., pyramidal), then it will possess a vertical plane of symmetry,

+
H\C _CH,—CH,._ /CHZ—CHZ\C _H -
T
CHY NCH,—CHy”  CH,—CHy”  NCO,C,H,
VI
Br +
N
JAANN
H H
CeHp COyCHs
viI

and hence will be optically inactive. Since the compound was resolved,
the configuration must be tetrahedral, 7.e., VI. This tetrahedral configura-
tion has been confirmed by physico-chemical studies (see §2b). More
recently, Hanby and Rydon (1945) have shown that the diquaternary salts
of dimethylpiperazine exhibit geometrical isomerism, and this is readily
explained on the tetrahedral configuration of the four nitrogen valencies
(¢f. cyclohexane, §11. IV).

R R )+t R CH,)++
I{I/CHTCHZ\IQI} 2Br~ &/CH" CHz_j 3} 2Br~
| cH,—cry” | | ope-cny” )

CH; CH; CH; : R

cis trans



146 ORGANIC CHEMISTRY [cH. VI

It has already been mentioned (§6. II) that McCasland and Proskow
(1956) prepared a spiro-nitrogen compound which contained no plane or
centre of symmetry, but was nevertheless optically inactive because it con-
tained an alternating axis of symmetry. We shall now examine this com-
pound (VIII; Y- is the p-toluenesulphonate ion) in more detail. This
molecule can exist in four diastereoisomeric forms, three active and one

H
CHZ" ), p-CH,
.2 } 3 3 3 3
R e == S S S
5 13 -
Hjy g CH; +) =) +) -
CHg H cis-cis cis-trans
VIII X X
3 3 3 3
+ C) meso
trans-trans trans-trans
X1 XII

meso. All four have been prepared, and are depicted as shown in IX, X,
XI and XII. The co-axis of each spiran is assumed to be perpendicular
to the plane of the paper, and the intersecting lines represent the two rings.
The short appendages show whether the two substituents (methyl) are cis
or trans. The ring nearer the observer’s eye is indicated by the heavy line,
and a uniform orientation has been adopted: the front ring is always vertical,
and the back horizontal ring with at least one substituent directed upwards
and the cis ring placed at the back in the case of the cis/irans ring com-
bination.

Racemisation of optically active quaternary ammonium salts is far more
readily effected than that of carbon compounds containing an asymmetric
carbon atom, ¢.e., compounds of the type Cabde. The mechanism of the
racemisation of the ammonium salts is believed to take place by dissociation
into the amine, which then rapidly racemises (§2c):

Nabed} +X— = Nabe 4 dX
Recombination of the racemised amine with dX results in the racemisation
of the quaternary compound (see §4a).

§2b. Tertiary amine oxides. In tertiary amine oxides, abcNO, the
nitrogen atom is joined to four different groups, and on the basis that the
configuration is tetrahedral, such compounds should be resolvable. In

H,
H,
- CH H,
C;H—N->0 OgHty=N—>0 4
o, eu, 0¥ “cH,

I II III
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1908, Meisenheimer resolved ethylmethylphenylamine oxide, I, and this
was then followed by the resolution of other amine oxides, ¢.g., ethylmethyl-
l-naphthylamine oxide, II, and kairoline oxide, III.

The evidence in favour of the structure IV as opposed to that of V is
based on dipole moment measurements and on the fact that such compounds
can be resolved. It should be noted that the pyramidal structure would

+ -
R;N—0O or R3N—O ‘ R;N=0
IV v

also account for the optical activity of these compounds as well as the
tetrahedral. Consequently these compounds cannot be used as a criterion
for the pyramidal or tetrahedral configuration of the nitrogen atom. How-
ever, by analogy with the quaternary ammonium salts, the configuration
of amine oxides may be accepted as tetrahedral. Further evidence for
this is as follows. The electronic configuration of nitrogen is (1s2)(2s%)(2p%).
For nitrogen to be quinquevalent, the ‘“ valence state ” will be derived
from the arrangement (1s%)(25)(24%(3s). Now the amount of energy re-
quired to promote an electron from a 2s to a 3s orbital appears to be too
large for it to occur, and consequently nitrogen is (apparently) never quinque-
valent. The valence state of nitrogen is thus achieved by the loss of one
2s electron and then hybridisation of the 2s and 23 orbitals, 7.e., nitrogen
becomes quadricovalent unielectrovalent, and the four bonds (sp® bonds)
are arranged tetrahedrally. The charged nitrogen atom is isoelectronic
with carbon, and so one can expect the formation of similar bonds. Further-
more, evidence obtained by an examination of the vibration frequencies of
the ammonium ion indicates that the configuration of this ion is tetrahedral.

Recently, Bennett and Glynn (1950) have obtained two geometrical iso-
mers of 1:4-diphenylpiperazine dioxide; this is readily explained on the
tetrahedral configuration of nitrogen (¢f. §2a).

Cotls oy, o, Cobls Cotlsopy,—cm, ©

| \IIT I!I/ ~ 4

¥ \CH,—CH;” ¥ : ¥ cH,—cH;” |

o o 0 CeH
Cils trans

§2c. Amines. If the tertiary amine molecule, Nabc, is planar, it will
be superimposable on its mirror image, and therefore cannot be optically
active. All attempts to obtain tertiary amines in optically active forms
have failed up to the present time, e.g., Kipping and Salway (1904) treated
secondary amines, R-NH-R’, with (4-)-benzylmethylacetyl chloride; if the
three valencies of the nitrogen atom are not planar, then the base will be
a racemic modification, and on reaction with the acid chloride, the following
four substituted amides should be formed: B A,, B_A_, B,A_, B_A,,
i.6., a mixture of two pairs of enantiomorphs. Experiments carried out
with, e.g., methylaniline and benzylaniline gave homogeneous products.
Meisenheimer ¢/ al. (1924) attempted to resolve N-phenyl-N-p-tolylanthranilic
acid, I, and also failed. In view of these fajlures, it would thus appear that

CoHs
/
N —@ CH

COH
I
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the tertiary amine molecule is planar. Physico-chemical methods, e.g.,
dipole moment measurements, infra-red absorption spectra studies, etc.,
have, however, shown conclusively that the configuration of ammonia and
of tertiary amines is tetrahedral. Thus ammonia has been shown to have
a dipole moment of 1-5 D; had the molecule been planar, the dipole moment
would have been zero. Furthermore, the nitrogen valency angles in, e.g.,
trimethylamine have been found to be 108°, thus again showing that the
amine molecule is not planar, Why, then, cannot tertiary amines be re-
solved? Is it a question of experimental technique, or is there something
inherent in the tertiary amine molecule that makes it impossible to be
resolved? Meisenheimer (1924) explained the failure to resolve as follows.
In the tertiary amine molecule, the nitrogen atom oscillates rapidly at
right angles above and below the plane containing the groups 2, b and ¢
(see Fig. 1); II and III are the two extreme forms, and they are mirror

N\ ANk
a /\'" =~ b N
L
II I Iv
Fic. 6.1.

images and not superimposable (IV is III *“ turned over ”’, and it can be
seen that IV is the mirror image of II). Thus this oscillation brings about
very rapid optical inversion. This oscillation theory is supported by evi-
dence obtained from the absorption spectrum of ammonia (Barker, 1929;
Badger, 1930), and the frequency of the oscillation (and therefore the inver-
sion) has been calculated to be 2-3 x 10 per second (Cleeton ef al., 1934).

In the foregoing explanation for the racemisation of amines, it has been
assumed that the nitrogen valency angles and the bond lengths change.
This inversion of amines, however, is better represented as an *‘ umbrella ”
switch of bonds, .e., the bond lengths remain unaltered and only the nitro-
gen valency angles change. This interpretation is more in keeping with
the facts, e.g., as the groups &, & and ¢ increase in weight, the frequency of
the inversion of the molecule decreases.

Theoretical calculations have shown that an optically active compound
will not racemise spontaneously provided that the energy of activation for
the change of one enantiomorph into the other is greater than 12-15 kg.cal./
mole. The two forms, II and III, have been shown to be separated by an
energy barrier of about 6 kg.cal./mole, and consequently the two forms are
readily interconvertible.

It has already been mentioned (§2b) that the electronic configuration of
the nitrogen atom is (1s%)(2s2)(2p%). According to Hund’s rule, electrons
tend to avoid being in the same orbital as far as possible (see Vol. I, Ch. II).
Thus, in ammonia and its derivatives, bonds are formed by pairing with
the three single orbitals 2p,, 2p, and 2p,. Since these are mutually at
right angles, the configuration of the ammonia molecule will be a #rigonal
pyramid, i.e., a pyramid with a triangular base, with the nitrogen atom
situated at one corner. Oscillation of the nitrogen atom brings about in-
version in the tertiary amines, Nabc. This picture of the configuration of
the ammonia molecule, however, requires modification. The valency angles
in ammonia have been shown to be approximately 107°. The deviation
from the value of 90° (on the assumption that the bonds are pure 25 orbitals)
is too great to be accounted for by repulsion between the hydrogen atoms.
As we have seen (§1), according to modern theory the orbitals in ammonia
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are sp3, one orbital being occupied by the lone-pair. The deviation of the
valency angle of 107° from the tetrahedral value of 109° 28’ has been ex-
plained by the greater repulsion between a lone-pair and a bond-pair than
between a bond-pair and a bond-pair.

In view of what has been said above, it appears that tertiary amines of
the type Nabc will never be resolved. Now, Kincaid and Henriques (1940),
on the basis of calculations of the energy of activation required for the
inversion of the amine molecule, arrived at the conclusion that tertiary
amines are incapable of resolution because of the ease of racemisation, but
if the nitrogen atom formed a part of a ring system, then the compound
would be sufficiently optically stable to be isolated. This prediction was
confirmed by Prelog and Wieland (1944), who resolved Troger’s base, V,

N—CH,
%,
CH, N
CHz'_
v

by chromatographic adsorption on D-lactose (cf. §10 vi. II). In this com-
pound, the nitrogen is tervalent, but the frequency of oscillation has been
brought to zero by having the three valencies of nitrogen as part of the
ring system.

Roberts et al. (1958) have examined- N-substituted ethyleneimines (see
Vol. I) by NMR spectroscopy. Their results support the ‘‘ umbrella ”
switch of bonds, and these authors believe that optical resolution of this
type of compound may be possible below —50°.

§2d. Oximes. In 1883, Goldschmidt found that benzil dioxime,
CgH;C(=NOH)-C(=NOH)-CH;,
could be converted into an isomeric form by boiling it in ethanolic solution;
and then, in 1889, Meyer ¢ al. isolated a third isomer of this compound.
Beckmann, also in 1889, found that benzaldoxime existed in two isomeric
forms, and from that time many aromatic oximes were shown to exist in
two isomeric forms. The existence of isomerism in aromatic oximes was
first explained by structural isomerism, two of the following four structures
corresponding to the two isomers (where R is an alkyl or an aryl group);
II is the modern way of writing the nitrone structure (originally, it was

CH,

Ar. R Ar R Ar R Ar R
o7 v \0<H ~ol
1‘\': ' 1"1 111—0 1\’1/ °
NoH  HTT Yo "
oxime nitrone
I 1I 111 v

written with quinquevalent nitrogen, the nitrogen being linked to the oxygen
by a double bond). Hantzsch and Werner (1890), however, suggested that
the isomerism of the oximes was geometrical and not structural. Accord-
ing to these authors, nitrogen is tervalent (in oximes), and is situated at
one corner of a tetrahedron with its three valencies directed towards the
other three corners; consequently the three valencies are not coplanar (cf.
tertiary amines). These authors also assumed that there is no free rotation
about the C==N double bond (c¢f. §2. IV), and therefore proposed configura-
tions V and VI for the two 1somers:
¥
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A R Ar R
r N \ﬁ e
I

N<orn HoN
v VI

Many facts are in favour of geometrical isomerism, e.g.,

(i) If Ar = R, then isomerism disappears.

(i) IIT and IV would be optically active; this is not found to be so in
practice.

(iil) Absorption spectra measurements show that the two isomers have
identical structures.

As pointed out above, Hantzsch and Werner chose structure I as the
formula for the oximes, but examination of II shows that this would also
satisfy the requirements for geometrical isomerism; structure I was chosen
because oximes were known to contain the group >C=NOH. Later work,
however, has shown that the problem is not so simple as this; methylation
of an oxime (with methyl sulphate) usually produces a mixture of two
compounds, one of which is the O-methyl ether, VII, and the other the
N-methyl ether, VIII, These two are readily distinguished by the fact

AI‘ AI‘ CH3
\C=NOCH3 >So=n""
R . R ~0
viI VIl

that on heating with hydriodic acid, VII gives methyl iodide, whereas VIII
gives methylamine. Thus, Semper and Lichtenstadt (1918) obtained four
methyl derivatives of phenyl p-tolyl ketoxime, IX-XII. On treatment

P‘CHS'CBH4\C/COH5 p-cH3'06H4\C/GGH5
I Il

N
ocH, CH,0”
X X
POHGColle  Cfe  p-CHyOpHi _-OiHy
Il\! I
cH” ™Mo o el
X1 X1I

with concentrated hydriodic acid, two of these compounds gave methyl
iodide, and therefore correspond to the O-methyl derivatives, IX and X;
the other two compounds %aVe methylamine, and therefore correspond to
the N-methyl derivatives, XI and XII.. Thus it appears that oximes can
exist in forms I and II. Brady (1916) considered that oximes in solution
are a tautomeric mixture of I and II (oximino-nitrone diad system). Ultra-
violet absorption spectra studies show that the spectra of the oximes are
the same as those of the O-methyl ethers, whereas those of the N-methyl
ethers are entirely different. Hence, if oximes are tautomeric mixtures of
I and II, the equilibrium must lie almost completely on the oxime side,
i.e.,
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I and Il = {
N

I =
N.
~oH H” o HO” 0% SH

It is possible, however, that none of the nitrone form is present, but its
methyl derivative is formed during the process of methylation. If we assume
that methyl sulphate provides methyl carbonium ions, then it is possible
that these ions attack the nitrogen atom (with its lone-pair) or the oxygen
atom (with its two lone-pairs). This would result in the formation of the
N- and O-methyl ethers, without having to postulate the existence of the
oximino-nitrone tautomeric system.

CH3L0-80,- OCH — CH} +0-80,-0CH,

I + CHj— I, A I
‘N N.
“No—H cHy” N61m cHy” Mo
[ + CHf—= | = [
:N. N N
~No—H \f?lH SocH,
CH

In the foregoing account, the geometrical isomerism of the oximes is based
on the assumption that the nitrogen atom, in the oximino-form, exhibits the
trigonal pyramidal configuration. Further proof for this configuration is
obtained from the examination of the oxime of cyclohexanone-4-carboxylic
acid (XIIlz or b). If the three nitrogen valencies are non-planar (.., the

H CHzC OH
)0 _CHy o= N/ H>C<CH2—CH2\C=N-OH
HO,¢~ “SCH;CH; HO,C CH-CH3~
X1Ila X111

N—O bond is not collinear with the C=N double bond), the configuration
is XIIla, and it will therefore be optically active. If, however, the three
nitrogen valencies are coplanar and symmetrically placed, then the con-
figuration will be XI115, and this will not be optically active, since it possesses
a plane of symmetry. Mills and Bain (1910) prepared this oxime and re-
solved it; hence its configuration must be XIIIa. This is readily explained
on the modern theory of valency (§2c).

§2e. Nomenclature of the oximes. In oxime chemistry the terms syn
and ants are used instead of the terms cis and frans. When dealing with
aldoximes, the syn-form is the one in which both the hydrogen atom and
the hydroxyl group are on the same side; when these groups are on opposite
sides, the configuration is anti. Thus I is syn- and II is anti-benzaldoxime.
With ketoximes, the prefix indicates the spatial relationship between the
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CGH5\C/H CGHs\C/H P‘CHSI CB HA\C/CGHS
! ! {
\OH HO~ HO /I I
I II
sn anti

Jirst group named and the hydroxyl group (¢f. §4. IV). Thus IIT may be
named as syn-p-tolyl phenyl ketoxime or anti-phenyl p-tolyl ketoxime.

§2f. Determination of the configuration of aldoximes. As we have
seen, aromatic aldoximes can be obtained in two geometrical isomeric forms,
the syn and the am#i. Aliphatic aldoximes, however, appear to occur in
one form only, and this is, apparently, the anti-form. The problem, then,
with aromatic aldoximes, is to assign configurations to the stereoisomeric
forms. The two forms (of a given aldoxime) resemble each other in many
ways, but differ very much in the behaviour of their acetyl derivatives
towards aqueous sodium carbonate. The acetyl derivative of one isomer
regenerates the aldoxime; this form is known as the a-isomer. The other
isomer, however, eliminates a molecule of acetic acid to form an aryl cyanide;
this form is known as the f-isomer. Hantzsch and Werner (1890) suggested
that the f-form readily eliminates acetic acid because the hydrogen atom
and the acetoxy-group are close together, i.e., the f-isomer is the syn-form.
Such a view, however, is contrary to many experimental results (cf. §5 xi. IV),
i.e., the experimental results are: .

H A H
Ar\\C Vs N o
I €0, il -+ CH,-CO,H
N-0-CO-CH, N\
syn- OH
Ar
Ar. H |
N a0, ¢ + CH,COH
[ - m
CH,CO-O-N
anti-

Brady and Bishop (1925) found that only one of the two isomers of
2-chloro-5-nitrobenzaldoxime readily gave ring closure on treatment with

0,N H woon |0sN CH 0,N CN
o — | |—
Cl I /N OH
HO
l(CH,-CO),o
0,N H - 0,N¢ )ON
a ¢ NasCOs cl
Il
N
-~
C0.0

s
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sodium hydroxide. It therefore follows that this form is the aenti-isomer
(¢f. method of cyclisation, §6 i. IV). It was also found that it was this
~ isomer that gave the cyanide on treatment with acetic anhydride followed
by aqueous sodium carbonate. Thus anti-elimination must have occurred,
i.e., the f-isomer is the anti-form. These reactions may be formulated as
shown at foot of previous page.

Actually, the ring compound produced, the 5-nitrobenziso-oxazole, is
unstable, and rearranges to nitrosalicylonitrile.

In a similar manner, Meisenheimer (1932) found that of the two isomeric
2 : 6-dichloro-3-nitrobenzaldoximes, it was the anti-isomer that gave ring
closure, and was also the one that gave the cyanide. Hence, if anii-
elimination is used as the criterion for these reactions, the configurations

Cl Cl Cl
H NaOH H, CN
u A on
NO, /N NO, NO,
HO
l(CH; CO), 0
Cl Cl
C/}I NuayCOy CN
Cl I Cl
NoO, /N NO,
.QO
.0
B

of the syn- and anti-forms can be determined. It might be noted here,
in passing, that since the syn-form was originally believed to form the
cyanide, the configurations of the isomers in the literature up to 1925
(¢.., before Brady’s work) are the reverse of those accepted now.

§2g. Determination of the configuration of ketoximes. The con-
figurations of ketoximes have been mainly determined by means of the
Beckmann rearrangement (1886). Aromatic ketoximes, i.e., ketoximes
containing at least one aromatic group, occur in two forms; aliphatic
ketoximes appear to occur in one form only. When treated with certain
acidic reagents such as sulphuric acid, acid chlorides, acid anhydrides,
phosphorus pentachloride, etc., ketoximes undergo a molecular rearrange-
ment, resulting in the formation of an acid amide:

Ar
C—=NOH —»> Ar-CO-NH-Ar
Ar/

This rearrangement is known as the Beckmann rearrangement or Beckmann
transformation. The best method is to treat an ethereal solution of the
oxime with phosphorus pentachloride at a temperature below —20°. On
the other hand, Horning et al. (1952) have found that a very good method
for effecting the Beckmann rearrangement is to heat the oxime in poly-
phospheric acid at 95° to 130°.

Hantzsch (1891) suggested that the course of the rearrangement indicated



154 ORGANIC CHEMISTRY [cH. V1

the configuration of the oxime, and assumed that the syn-exchange of groups
occurred since they were closer together in this isomer. This, again, was
shown experimentally to be the reverse, i.e., it is the anti-rearrangement
that occurs, and not the syn; thus:

Ar R HO R KNG
I — | — |
MNon Ar N NHAr

An R An /OHW N
Il — I — |

o BN NHR

Meisenheimer (1921) subjected triphenyliso-oxazole, I, to ozonolysis, and
thereby obtained the benzoyl-derivative of an#i-phenyl benzil monoxime, II.
This configuration is based on the reasonable assumption that the ozonolysis
proceeds without any change in configuration. Furthermore, the monoxime
designated the B-isomer gave II on benzoylation, and so the configuration

CeHsC CCgH, .. CgHyC C-G4H, . CgH;sC C-CgH,
65}\5’ g?H50%65| 8652‘&65& "65
- *Lgltls
~o” 0-00-CeHs OH

I . II III

of the B-isomer, III, is determined. Meisenheimer then subjected this
f-oxime (¢.e., the anti-phenyl oxime) to the Beckmann rearrangement, and
obtained the anilide of benzoylformic acid, IV; thus the exchange of groups

CgHy C'CO-CeHs  pey, 0=C-CO'CeHj
l Il\IH CH
N *Uglis
NOH
111 v

must occur in the anti-position. The configuration of the f-monoxime, III,
is confirmed by the fact that it may be obtained directly by the ozonolysis
of 3:4-diphenyliso-oxazale-5-carboxylic acid, V (Kohler, 1924). Meisen-
heimer e al. (1925) also demonstrated the anfi-rearrangement as follows.

Cs H5' C——¢C '05H5 ozonolysis CG H5'C ° CO'CgH5
boomg =~ |
~o 7 0E Mon
v IIT
The a-oxime of 2-bromo-5-nitroacetophenone is unaffected by sodium
hydroxide, whereas the f-isomer undergoes ring closure to form 3-methyl-5-
nitrobenz¢so-oxazole; thus the a-oxime is the syn-methyl isomer VI, and

the f-oxime the am#i-methyl isomer VII. When treated with sulphuric
acid or phosphorus pentachloride, the a-oxime underwent the Beckmann
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rearrangement to give the N-substituted acetamide; thus the exchange
occurs in the anti-positions. ‘

OQN C/CH3 02N C/CHS
Br “ Br "
Nl HO _N

OH
VI ) VII
lugsm lNaOH
0=0-CH,
NH 0,N G-CH,
/N
Br 0

O,N

Further evidence for the amfi-exchange of groups in the Beckmann re-
arrangement has been obtained by studying the behaviour of compounds
exhibiting restricted rotation about a single bond, e.g., Meisenheimer et al,
(1932) prepared the two isomeric oximes of 1-acetyl-2-hydroxynaphthalene-
3-carboxylic acid, VIII and IX, and of these two forms only one was re-
solvable. This resolvable isomer must therefore be IX, since asymmetry

CH. CH.
jos OH J} 3

=N
Non
OH OH
CO,H CO,H
VIII IX

due to restricted rotation is possible only with this form (c¢f. §3. V). Meisen-
heimer found that the ethyl ester of IX, on undergoing the Beckmann
rearrangement, gave the amide Ar-CO-NH-CH, (where Ar is the naphthalene
part of the molecule), whereas the ethyl ester of VIII gave the amide
CHyCO-NH-Ar. These results are in agreement with the am#i-exchange
of groups in each case.

Thus the evidence is all in favour of the anti-exchange of groups in the
Beckmann rearrangement, and hence by using this principle, the Beckmann
rearrangement may be used to determine the configuration of ketoximes.

An interesting application of the Beckmann rearrangement is in the
formation of heterocyclic rings, e.g., when cyclopentanonoxime is subjected
to the Beckmann rearrangement, the nitrogen atom enters the ring (thus
producing ring expansion) to form 2-piperidone (see also §2h).

CH; CH,
CHZ—THQ s, 1 {CHz IOI-fz \?Hz
._*._>. I —_—
CH; _CH, CH,  NH _CH,
R o7 ~00”
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On the other hand, Hill e al. (1956) have shown that the oximes of some
spiro-ketones undergo abnormal Beckmann rearrangements in the presence
of polyphosphoric acid, e.g., spiro-[4 : 4]-nonanone-l-oxime gives hydrind-

8 : 9-en-4-one:
NOH — &
% é (0}

Although aliphatic ketoximes are not known in two isomeric forms, some
may produce two products when subjected to the Beckmann rearrangement,
e.g., the oxime of pentan-2-one gives N-propylacetamide and N-methyl-
butyramide. The reason for this is uncertain; possibly oximes of this type
are actually a mixture of the two forms; or alternatively, they exist in one

CH
N0=NOH 25

CHy CHy CH,””
CH; CO*NH-CH, CHy CH, + CH, CH, CH,e CO-NH-CH,

stable form which, during the Beckmann rearrangement, is partially con-
verted into the labile form which then undergoes the rearrangement (cf.
benzaldoxime, below).

Whereas the majority of ketoximes undergo the Beckmann rearrangement,
it appears that few aldoximes do so. In an attempt to prepare quinoline
by the dehydration of cinnamaldoxime with phosphorus pentoxide, Bam-
berger and Goldsehmidt (1894) actually obtained ssoquinoline; the formation
of the latter compound and not the former can only be reasonably explained
on the assumption that the oxime first undergoes the Beckmann rearrange-
ment, and the rearranged product then undergoes ring closure to form #so-
quinoline. Recently, Horning et al. (1952) have shown that aldoximes can

cH g
\\?H \?H —H;0
—_— —
LH N N
Vi
NOH ctiou

be made to undergo the Beckmann rearrangement under the influence of
polyphosphoric acid, e.g., syn-benzaldoxime gives a mixture of formanilide
and benzamide, the latter being produced by the conversion of the syn-

CsHs—ﬁ—H ——> CHy"NH'CHO + CgH;"CO-NH,

~OH
syn-isomer

CGH_,,—lCl—H —— CgHyCO-NH,

HO”
anti - isomer

form into the anti; anti-benzaldoxime gives benzamide only. These results
are in agreement with the configurations obtained by other methods (see
§2f).
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§2h. Mechanism of the Beckmann rearrangement. This rearrange-
ment is an example of the 1,2-shift in which the migration origin is ¢arbon
and the migration terminus is nitrogen (see also 1,2-shifts, Vol. I, Ch. V).
As we have seen above (§2g), an integral part of the rearrangement is the
antt migration of the group. Since the oxime itself does not rearrange, it
is reasonable to suppose that some intermediate is formed between the
oxime and the reagent used to effect the rearrangement, and it is this inter-
mediate which then rearranges. Kuhara ef al. (1914, 1916) prepared the
benzenesulphonate of benzophenone oxime and showed that this readily
underwent rearrangement in neutral solvents in the absence of any acid
catalyst to give an isomeric compound which, on hydrolysis, gave benzanilide
and benzenesulphonic acid; thus:

Ph Ph Ph-:CO-NHPh
| |
Ph—C=N —» Ph—C=N  —Lmwf +
I |
0-S0,-Ph 0-50,°Ph Ph-SO,H
I

Kuhara assigned structure I to this intermediate on the fact that its absorp-
tion spectrum was almost identical with that of the compound prepared
by reaction between N-phenylbenzimidoyl chloride and silver benzene-
sulphonate:

Ph-CCI=NPh + AgO-SO,"Ph —> I -+ AgCl

Kuhara (1926) also showed that the rate of rearrangement of the benzo-
phenone oxime ester is faster the stronger the acid used to form the ester;
the order obtained was:
Ph-SO,H > CH,CI'*CO,H > Ph-:CO,H > Me-CO,H

Chapman (1934) showed that the rate of rearrangement of benzophenone
oxime picryl ester is faster in polar than in non-polar solvents. Thus the
work of Kuhara and Chapman is strong evidence that the rate-determining
step in the rearrangement is the ionisation of the intermediate.

Now let us consider the migration of the R or Ar group. This could be
either intermolecular or intramolecular, but Kenyon et al. have shown it
to be the latter; e.g., in 1946, Kenyon et al. showed that when (+-)-a-phenyl-
ethyl methyl ketoxime is treated with sulphuric acid the product, N-a-
phenylethylacetamide, is almost 100 per cent. optically pure. Thus the
migrating group never separates during the rearrangement, since if it did
aracemised product would have been obtained. Furthermore, this retention
of optical activity might be cited as evidence for the formatijon of a bridged-
ion during the migration, since in such an ion the migrating group is not
free and the ““ new partial ” bond is formed on the same side as the bond
which is breaking (see below).

PhMeCH-CMe o  O=CMe

[ l
NOH HN-CHMePh

Another problem that arises here is: Does the anion separate completely
during the ionisation or does it also migrate intramolecularly? The work
of Kuhara and Chapman strongly suggests corthplete separation, and this
is supported by the work of Brodskii ef al. (1941), who found that when
benzophenone oxime was treated with phosphorus pentachloride and then
with water enriched with the isotope 180, the benzanilide obtained con-
tained some of this isotope. Thus the oxygen atom of the oxime group
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must have been completely removed in the ionisation stage (see below).
The following mechanism is in agreement with all of the above facts (Y is
PCl,, MeCO, etc.); the lower set of equations is the alternative route via

RCC R LR Yo R 0\0 R
[

C _ C
> 1 +0Y" i HOo, ]
N /N N NHR
Sy R R
[o]
\ R’ R’ Q"b
[ oY
e N
R+ | +0Y" — |
N N
R

a bridged-ion. It might also be noted that when acid is used as the re-
arranging reagent, OY is probably OH,*. Support for this mechanism is
the evidence obtained for the intermediate formation of the imidoyl ester
(RN == CR+0Y); compound II was obtained by Heard et al. (1959), who
examined the rearrangement of a 17-keto-16-oxime (a steroid; Ch. XI):

X s
[y e ] {1
OAc

II

It has been shown that when the migrating group is aryl, the rate of the
rearrangement is accelerated when there is an electron-releasing group,
e.g., Me, in the p-position. This may be cited as evidence to support the
formation of a bridged-ion (at least for migrating aryl groups).

On the basis of the above mechanism, we can now explain Brodskii’s
results as follows:

Ph Ph Ph ‘Ph OPC,
\ G/ \c \\ C/ 4
I — Il + OPCl, —» |
N\ N + /N
oPCl, Pl
lﬂ,o’ ll-l,o
Ph. OH; Phy OH
\(,f/ \?/
N /ﬁ
Ph Ph
—-H*
ll ‘ l
Ph-CO-NHPh Ph-CO-NHPh

Stephen ef al. (1956) have shown that one molecule of phosphorus penta-
chloride, phosphoryl chloride, thionyl chloride, or benzenesulphonyl chloride
rearranges fwo molecules of the ketoxime to yield the corresponding amide
and imidoyl chloride in approximately equimolecular amounts, e.g.,

2R,C=NOH + PCl; —> R-CO-NH‘R 4 R+CCI=N-R + POCl; + HCI

1t has also been shown that hydrogen chloride is essential during the re-
arrangement, but ‘that it does not itself cause the rearrangement of the
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oxime. On the basis of these results, Stephen ef al. have proposed the
following mechanism for the Beckmann rearrangement of ketoximes. The
reagent first produces some acid amide and imidoyl chloride, and the latter
then dehydrates unchanged ketoxime to the anhydride which then reacts
as shown:

2R,C=NOH 2% (R,C=N-),0 —5> R{u
anhydride
anhydride salt
0 %)
_na RGN RC™ CR uq ROCI O=CR
St )2 St R e AN
RN RN NR RN NHR

ketoxime imidate

It is also suggested that other reagents which effect the Beckmann rearrange-
ment may function as dehydrating agents for the formation of the ketoxime
anhydride.

When a frace of the reagent is used, a large yield of amide is obtained.
The mechanism is believed to be the same as that given above, provided
that in the initial stage there is sufficient to form a trace of the ketoxime
anhydride in the presence of hydrogen chloride. Rearrangement of the
anhydride will now take place as above with the formation of the imidoyl
chloride which can then dehydrate ketoxime to anhydnde itself being
converted into the amide:

2R,C=NOH + R-CCI=N‘R — (R,C=N—),0 + R:CO-NH'R + HCl
Thus the yield of amide increases at the expense of the imidoyl chloride.

It can be seen from the foregoing account that two mechanisms appear
possible for the Beckmann rearrangement. Both are intramolecular, but
now an intermolecular mechanism has also been proposed by Hill e al.
(1962) who have reported an example in which the migrating group had the
inverted configuration in the amide. These authors examined the rearrange-
ment of 9-acetyl-cis-decalin oxime and have suggested the following mechan-
ism:

Me\ /NOH Me\ A Me- CN NH-COMe

ysoy —r0_ @
H

v

The authors 1dent1ﬁed methyl cyanide as a product of the reaction of III
with phosphorus pentachloride, and also showed that methyl cyanide and
cts-fi-decalol in sulphuric acid gave IV.

§2i. Stereoisomerism of some other tervalent nitrogen compounds
containing a double bond. There are several other types of compounds
besides the oximes in which the nitrogen atom is linked by a double bond.
The other atom joined by this double bond may be a carbon atom (as in
the oximes), or another nitrogen atom, and in both cases stereoisomerism is
possible; e.g., Krause (1890) obtained two isomeric forms of the phenyl-
hydrazone of o-nitrophenylglyoxylic acid, I, and Hopper (1925) isolated two
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NO,
CO.H
Q\ﬁ/ % c‘,HE,-ﬁ-00-061{5
N-NH-CgH; N-NH-CO'NH,
I II

Ik, -CHy O

: ==N. CgH,
HOZC/ \CHz'CHz/ Sy
\CO'CGH5
III

isomers of the monosemicarbazone of benzil, II. Mills and Bain (1914)
resolved III; this is resolvable because of the non-planar configuration of

- the three nitrogen valencies (¢f. the oximes, §2d). Karabatsos et al. (1962)
have examined the NMR spectra of a number of ketone dinitrophenyl-
hydrazones and semicarbazones, and have distinguished between the syn-
and anti-forms, and have also calculated the amounts of each in solution.
Phillips (1958) had already examined aldoximes by means of their NMR
spectra.

Many cases of geometrical isomerism are known in which the two forms
are due to the presence of a nitrogen-nitrogen double bond. Examples of
this type which have been most extensively studied are the diazoates, IV,
the diazosulphonates, V, and the diazocyanides, VI (see Vol. I, Ch. XXIV,
for an account of these compounds).

.AI'\ N AI‘\ Ar ~
oot
NaO”” \80;K ~eN
v Vv V1
syn-form anti-form anti-form

Azobenzene is also an example of this type, and according to Hartley (1938),
““ ordinary "’ azobenzene is the anfi-form.

CGHS\N CGHS\N
4@ i
oHy” GeHs
syn-azobenzene anti-azobenzene
m.p. 71+4° m.p. 68°

Azoxybenzene (in which one nitrogen atom is tercovalent and the other
quadricovalent) also exists in two geometrical isomeric forms, the anti-
isomer being ““ ordinary "’ azoxybenzene.

CqH, CgH,
8 B\N 8 5\N
4& i
CHY ™o 0% C,H
syn-azoxybenzene anti-azoxybenzene

m.p. 86° m.p. 36\"
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Recently, Le Févre ef al. (1951) have measured the dipole moments and the
ultraviolet absorption spectra of a number of triazens, and have concluded
that these compounds exist in the anti-configuration about the nitrogen-
nitrogen double bond, i.e., the configuration is:

R\N

Il
N
, "SNH'R
These authors also believe that this anti-form is converted into an equili-
brium mixture of the anti- and syn-forms when exposed to sunlight.
Harley-Mason ef al. (1961) have offered evidence to show that they have

isolated the three theoretically possible geometrical isomers of o-nitroaceto-
phenone azine (Ar = 0-NO,C H,-):

MeYAr ArYMe ArYMe
N N N
N N

Ar/lkMe Ar)kMe Me)kAr

Their evidence was based on infra-red, ultraviolet and NMR spectra. This
compound appears to be the first example of the isolation and characterisa-
tion of all three possible geometrical isomers of an azine.

§3. STEREOCHEMISTRY OF PHOSPHORUS COMPOUNDS

Nitrogen, as we have seen, can exhibit covalencies of 3 and 4; phosphorus
(and arsenic), however, can exhibit covalencies of 3, 4, 5 and 6, and con-
sequently gives rise to more possible configurations than nitrogen. In
tercovalent compounds the valency disposition is tetrahedral (sp3), one
orbital being occupied by a lone-pair; and in quinquevalent compounds
the valency disposition is trigonal bipyramidal (sp?d). In quadricovalent
unielectrovalent compounds one electron is transferred from the phosphorus
or arsenic atom to the anion and the valency disposition is tetrahedral
(sp®) (see also §4b). When there are double bonds present, one is a - and
the other is a #z-bond; thus, in POCI;, the shape is tetrahedral (see also §1).

§3a. Tercovalent phosphorus compounds. Since the electronic con-
figuration of phosphorus is (1s2)(2s2)(24%)(3s2)(3p%), it might be expected
that suitable tercovalent compounds, R,P, could be resolved, since the
configuration would be a trigonal pyramid (cf. §2c). No tertiary phosphines,
however, have yet been resolved, and the reason for this appears to be the
same as for tertiary amines, viz., that the phosphorus atom is in a state of
oscillation. Calculation has shown that the frequency of this oscillation in
phosphine is 5 x 10%; this is slower than that of nitrogen (2:3 x 1019),
and if it could be brought to zero, then tertiary phosphines would be re-
solvable. Increasing the weight of the groups slows down the oscillation
in phosphorus compounds, e.g., replacement of the three hydrogen atoms
by deuterium atoms changes the frequency to 6 x 10%. It seems possible,
therefore, that very large groups might produce phosphines which would be
resolvable; and if not zero in these compounds, the oscillation certainly
can be expected to be zero in ring compounds (¢f. nitrogen, §2c). Thus, if
chemical difficulties can be overcome, tercovalent phosphorus compounds
would be resolvable (see also §4c.)
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§3b. Quadricovalent and quinquevalent phosphorus compounds.
The earliest phosphorus compounds to be resolved were the phosphine
oxides, e.g., Meisenheimer ¢f al. (1911) resolved ethylmethylphenylphosphine

CH, (fHa

06H5"_]|.)=O CGH5_$=O
CoHs CH,*CyHs
I 1I

oxide, I, and benzylmethylphenylphosphine oxide, II. Recent measure-
ments of the P—O (and As—O) bond length indicate that this bond is a
double bond.

Some phosphine oxides that have been resolved recently are:

l\lL[e OEt
+ |
O=P—C,H,NMe; ($) }I- Et—P=0
OMe éH
(McEwen et al., 1956) (Aaron et al., 1958)

Kipping (1911) obtained two optically active forms of the N-(—)-menthyl
derivative of 2-naphthylphenylphosphoramidic acid, III, and Davies and
Mann (1944) resolved #-butylphenyl-p-carboxymethoxyphenylphosphine
sulphide, IV,

I\IIH'CloHu(_) CloHs
CH,0—P=0 $-CO H-CH,O-C.H —P=5S
|
°C, o H,(2) CH,CHyCH,CH,
111 v

Michalski et al. (1959) have prepared the phosphorus sulphenyl chloride,
(EtO)EtP(=0)-5C], in its (--)- and (--)-forms, and Green ¢f al. (1961) have
partially resolved phenylethylphosphinothiolic acid, PhEtP(==0)-SH.
Another interesting phosphorus compound from the point of view of
optical isomerism is ethyl triphenylmethylpyrophosphonate, V. If the two
phosphorus atoms are asymmetric, then V contains two similar asymmetric
carbon atoms, and so its structure corresponds to the molecule Cabd-Cabd.

Cgtl; OQC,Hj
(CgHy) so—ﬁ— O— ﬁ“C(CsHsv)s

v

Thus there will be one racemic modification (composed of the pair of enantio-
morphs) and one meso-form (cf. §7d. 1I). Hatt (1933) obtained two forms
of compound V; both were inactive and so correspond to the racemic modi-
fication and the meso-form, but it was not possible to tell which was which.

Many attempts have been made to resolve quatermary phosphonium
compounds, but until recently, all these attempts failed. This failure is
attributed to the occurrence in solution of a ‘‘ dissociation-equilibrium ”,
which causes very rapid racemisation (see §4a).

[abedP]+ X~ = abcP + dX
The earlier attempts to resolve phosphonium compounds were always carried
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out on compounds containing at least one alkyl group; consequently dis-

sociation in solution could occur, thereby resulting in racemisation. Holli-

man and Mann (1947) overcame this difficulty by preparing a much more

stable type of phosphonium compound; these workers prepared a salt in

which the phosphorus atom was in a ring, vsz., 2-phenyl-2-p-hydroxyphenyl-

1:2:3: 4-tetrahydro-isophosphinolinium bromide, VI, and resolved it.
+

c
@ Hz\CHZ —_
| ~CsHs Br

CHY” CeH,OH(p).

VI

The resolution of 3-covalent compounds of phosphorus does not prove that
the phosphorus atom has a tetrahedral configuration; it only proves that
the phosphorus atom cannot be in the same plane as the other four groups

attached to it. Mann ¢ al. (1955), however, have now synthesised P-spiro-
bis-1:2: 3 : 4-tetrahydrophosphinolinium iodide (VII) and resolved it into
(++)- and (—)-forms which have high optical stability. The phosphorus
atom is not asymmetric in this compound; it is the tefrahedral disposition
of the four valencies which produces the dissymmetric cation (¢f. nitrogen,
§2a; see also §4b).

Campbell e al. (1960) have prepared a series of azaphosphaphenanthrene
(IX; e.g., R=H, R’ = NMe,), but could not resolve them. When the

HN—P50 ‘

R R
X X

phosphine IX was oxidised with hydrogen peroxide, the phosphine oxide
obtained, X, was resolved. Reduction of the (+)-oxide with lithium alu-
minium hydride gave the (—)-phosphine IX, and in the same way the
reduction of the (—)-oxide gave the (+)-phosphine IX. It is not certain
whether the optical activity in IX is due to an asymmetric tervalent phos-
phorus atom or to a rigid puckering of the molecular framework.

§4. STEREOCHEMISTRY OF ARSENIC COMPOUNDS

Arsenic, like phosphorus, can exhibit covalencies of 3, 4, 5 and 6; con-
sequently these two elements show a great similarity to each other, and
differ from nitrogen which has a maximum covalency of 4.
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§4a. Quadricovalent and quinquevalent arsenic compounds. The
first resolution of an arsonium compound was carried out by Burrows and
Turner (1921). These workers obtained a solution of benzylmethyl-1-

CHj, ?sz +
+
1- CluH’;—As—CGI'Is} I~ 1'010H7_ I\S'—CHz'CHg'CH»;;} 1~
| |
CHg'CBHs CHz'CsHs
I 11

naphthylphenylarsonium iodide, I, that had a rotation of +12° but race-
mised rapidly (in solution). Similarly, Kamai (1933) isolated the (+)-form
of benzylethyl-1-naphthyl-n-propylarsonium iodide, II, which also racemised
rapidly in solution. This rapid racemisation is believed to be due to a
*“ dissociation-equilibrium *’ in solution. This explanation was suggested
by Pope and Harvey (1901) to account for the racemisation of certain
ammonium salts, but definite evidence for this theory was provided by
Burrows and Turner (1921) in their work on arsonium salts. If this dis-
sociation-equilibrium occurs, then in solution there will be:

[abcdAs]+I~ = abcAs + dI ‘
Burrows and Turner showed that when dimethylphenylarsine is treated
with ethyl iodide, the expected ethyldimethylphenylarsonium iodide is

<|3H3 CH, + CH,
CH;;—[TS + CHT =—= CHg—AIs—Csz I'= Alg—CgH5+ CH,l
CsHs CGH5 CGH5
CH, CH, *

!
CHg—AS + CHsI : CHa—AS'—CHs I-

|
CeHs CeH,

obtained, but at the same time a considerable amount of trimethylphenyl-
arsonium iodide is also formed. These results are readily explained by the
dissociation-equilibrium theory.

Since all the arsonium compounds investigated contained at least one
alkyl group, Holliman and Mann (1943) prepared an arsonium compound
with the arsenic atom in a ring, in the hope of stabilising the compound
(¢f- phosphorus, §3b). These authors prepared 2-p-chlorophenacyl-2-phenyl-
1:2: 8: 4-tetrahydro-isoarsinolinium bromide, III, resolved it, and found
that it did not racemise in solution at room temperature.

‘CHZ\C .
H
I g/CsI I5

Br™
e SIICHZ-COGGH.-GIW

Although phosphine oxides of the type abcPO have been resolved (§3b),
similar arsine oxides have not; the reason for this is obscure. On the other
hand, arsine sulphides have been resolved, e.g., Mills and Raper (1925)
resolved p-carboxyphenylmethylethylarsine sulphide, IV, .
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CO.H
v

CH. CHz'CHg'CHz' C}{3

CHz—AsT-CgH, -
Hy— ’ sHs [O—-Cst(NOz)g
CHy—As—CgH; 2
cH{ NCH,CHy CHyCH;
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031{5 CHz'CHz'CHg' CI‘I3 CGI{S\ /CH2'CH2'CH2'CH3
CHz—As=S§ CHy—As~
| /PdClz
CHz—As=S CHrAS\
Cqg H5/ \CH2‘CH2'CH2 *CH; CgHjs CHy-CHyCHy'CHj
VI VII

Chatt and Mann (1939) prepared ethylene-1 : 2-bis(#-butylmethylphenyl-
arsonium) picrate, V, ethylene-1 : 2-bis(n-butylphenylarsine sulphide), VI,
and ethylene-1 : 2-bis(#-butylphenylarsine)-dichloropalladium, VII, and
obtained each compound in two forms. Each of these compounds is of
the type Cabd+Cabd, and hence each should exist in one racemic modification
and one meso-form (cf. §7d. II). "As has already been stated, two forms of
each were isolated; both were inactive, but the authors had no evidence
for deciding which was which.

It has already been pointed out above that Holliman and Mann prepared

+
@()&s Br- I~
Asg*t

VIII
IX

the optically stable arsonium compound III. These authors, in 1945, also
resolved an arsonium compound of the spiran type, viz.,, As-spiro-bis-
1:2: 3 : 4-tetrahydro-isoarsinolinium bromide, VIII. This does not con-
tain an asymmetric arsenic atom; the optical activity is due to the asym-
metry of the molecule (the two rings are perpendicular to each other), and
this is evidence that the four valencies of arsenic are arranged tetrahedrally
(see also §4b). Mann ef al. (1960) have also resolved compound IX.

§4b. Tercovalent arsenic compounds. The electronic configuration
of arsenic is (1s2)(25?)(2£%)(352)(3p%) (3419 (4s%)(4p%). Thus the configuration
of tercovalent arsenic compounds will be a trigonal pyramid (cf. phosphorus,
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§3a). Physico-chemical evidence (X-ray analysis, spectroscopy and electron
diffraction) has shown that in tercovalent compounds the arsenic atom is
at the apex of a tetrahedron, and that the intervalency angle is 100 + 4°,
It has also been shown that the arsenic is in a state of oscillation, the fre-
quency of this oscillation through the plane of the three hydrogen atoms
in arsine being 16 X 10% This is slower than that of phosphorus (5 x 108),
and very much slower than that of nitrogen (2-3 x 10%). Thus, preventing
the oscillation of the arsenic atom, possibly by attachment to very large
groups, should lead to the isolation of optically active tercovalent com-
pounds. So far, however, all attempts to resolve compounds of the type
Asabc have failed (¢f. nitrogen and phosphorus). On the other hand, terco-
valent arsenic compounds in which arsenic has two of its valencies occupied
in a ring compound have been resolved; the ring structure prevents oscilla-
tion of the arsenic atom (cf. Troger’s base, §2c). Thus Lesslie and Turner
(1934) resolved 10-methylphenoxarsine-2-carboxylic acid, I. These authors
suggested that the assymetry of the molecule is due to the presence of a
folded structure about the O-—As axis, as well as the asymmetry due to the
presence of an asymmetric arsenic atom (see structure II). This molecule

o)

II I~
III

and its mirror image are not superimposable. It might be noted, however,
that the position of the methyl group with respect to the O—As axis is
uncertain (¢f. the arsanthrens, below). This folded structure is reasonable
in view of the fact that the valency angle of oxygen is also approximately
104°; if the molecule were planar, then the valency angles of both arsenic
and oxygen would be in the region of 120°, which is a very large increase
from the normal valency angle. When each enantiomorph of II is treated
with ethyl iodide, the same racemised product is obtained. This is due to
the fact that when the arsonium compound, III, is formed, the asymmetric
quaternary arsenic atom is racemised owing to the dissociation-equilibrium.

0O 0]

A
¥ S W
CGHS (2
Iv v

Lesslie and Turner (1936) also resolved 10-phenylphenoxarsine-2-car-
boxylic acid, IV. This compound was very stable, and oxidation to the
arsine oxide, V, gave a completely racemised product.

Campbell ¢ al. (1956) have resolvéd some substituted 9-arsafluorenes,
e.g., 9-p-carboxyphenyl-2-methoxy-9-arsafluorene (Va). Campbell (1956)
has also resolved 2-p-carboxyphenyl-5-methyl-1 : 3-dithia-2-arsaindane (V).
This compound is optically stable in chloroform solution, but is racemised
in aqueous sodium hydroxide. Campbell believes that this racemisation is
due to the fission of the As—S bonds by aqueous alkali, and subsequent
reversal of the reaction by acid, a type of behaviour observed in triaryl
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CH. S\
OCH, 8§ CO,H
4 i—f > [ ] S/A —< »CO,
As
Va

Vb

CO,H

thioarsenites (Klement ¢ al., 1938). Furthermore, Cohen ef al. (1931) have
shown that in sodium hydroxide solution, alkyl thioarsenites exist in equi-
librium with thiol and arsenoxide:

SR’ OH
/7 om- /s
R-As + 2H,0 === R-As + 2R’SH
SR’ OH

Chatt and Mann (1940) prepared 5 : 10-di-p-tolyl-5 : 10-dihydroarsanthren,
and pointed out that if the valency angle of arsenic remains constant at its
normal angle (of approximately 100°), then the structure will be folded,
and consequently the three geometrical isomers, VI, VII and VIII, are
apparently possible (T represents the p-tolyl group). Chatt and Mann also

AS/T As
T 7 '/
T
N AN
A A
Nt 8
Vi1 VII VIII

pointed out that evidence obtained from models constructed to scale showed
that the two p-tolyl radicals (T) in VIII would almost be coincident, and
hence this isomer cannot exist. These authors isolated two optically in-
active forms, but were unable to say which was which. When each com-
pound was treated with bromine, both gave the same tetrabromide which,
on hydrolysis, gave only one tetrahydroxide. The loss of isomerism in the
tetrabromide (and in the tetrahydroxide) may be explained as follows.
Bromination of VI and VII converts tercovalent arsenic into quinque-
covalent arsenic, and in the latter state the ring valency angles of the arsenic
become 120°, and so the arsanthren nucleus is #ow planar. Thus both the

IX

forms VI and VII would give the same tetrabromide, IX (the same is true
for the tetrahydroxide); the tetrabromide should thus be planar, the con-
figuration of each arsenic atom being trigonal bipyramidal in the 5-covalent
state (Fig. 2).



168 ORGANIC CHEMISTRY [cH. VI

Quinquevalent phosphorus and arsenic can make use of the 3d or 44
orbitals, respectively (¢f. nitrogen, §2b). Thus nitrogen has a maximum
covalency of 4, whereas that of phosphorus and arsenic is 5 or 6, e.g., the
covalency of 6 is exhibited by phosphorus in solid phosphorus pentachlorlde
X-ray diffraction shows this ‘“ molecule ” (in the solid state) is PCl,+ PCls~.

Fic. 6.2.

Phosphorus, which is (1s%)(252)(24%)(3s%)(3p%) in the ground state, may
become (1s2)(25%){25%)(35)(3p%)(34) in its ‘ valence state ”, since the 3s and
34 orbitals have energy levels which are close together. Kimball (1940)
showed, by calculation, that this arrangement, 7.c., sp3, could give rise to
the stable trigonal bipyramidal configuration. This consists of three equi-
valent coplanar orbitals pointing towards the corners of an equilateral
triangle, and two orbitals perpendicular to this plane (see Fig. 2). Electron
diffraction studies of the vapours of phosphorus pentachloride and penta-
fluoride indicate the trigonal bipyramidal configuration in these molecules.
The phosphonium ion might possibly be formed from this trigonal bipyramid
by the transference of one of the electrons, or by the transference of a 3s
electron and hybridisation of the (3s)(3p% orbitals; in either case the tetra-
hedral configuration of the phosphonium ion can be asymmetric, but only
in the case of the hybridisation of the (3s)(34?%) orbitals will the four bonds
be equivalent. Since the properties of phosphonium compounds are in
agreement with the equivalence of the four bonds, it therefore appears,
on theoretical grounds, that the tetrahedral configuration with the phos-
phorus atom at the centre is the probable one.

From the experimental side, the preparation of optically active spiro-
compounds of phosphorus (§3b) and of arsenic (§4a) proves the tetrahedral
configuration of these atoms. Earlier work by Mann et al. (1936, 1937)
has also definitely established this configuration. These authors prepared
compounds of the type [R;As—Cul], by combination of tertiary arsines or
phosphines with cuprous iodide (or silver iodide); in these compounds the
phosphorus or arsenic is 4-covalent, and X-ray analysis studies of the arsenic
compound showed that the arsenic atom is at the centre of a tetrahedron.
Since the corresponding phosphorus compounds are isomorphous, the con-
figuration of the phosphorus is also tetrahedral.

In the solid state, phosphorus and arsenic compounds may contain a
negatively charged phosphorus or arsenic atom, e.g., PCl,* PClg~ (see above).
In this condition, the phosphorus acquires an electron to become

-=-(3s)(3p%) (34%),
and the arsenic also acquires an electron to become ---(4s)(4p%){4d?). In

both cases the configuration is octahedral (six sp3d? bonds), e.g., the follow-
ing compound has been resolved (Rosenheim e al., 1925).

C0)|
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Harris ef al. (1956) have shown that a negatively charged phosphorus
atom can also exist in solution ; these authors showed that triphenyl phosphite
dibromide ionises in methyl cyanide solution as follows:

2P(OPh),Br, <« [P(OPh),Br]+ + [P(OPh),Br,]~

§4c. Stereochemistry of antimony compounds. Some optically active
tervalent antimony compounds have been prepared, the phenoxstibine (I)
and the stibiafluorene (II; Campbell, 1947, 1950). The asymmetry in I is
probably due to the folding about the O—Sb axis (¢f. phenoxarsines, §4b).
Campbell e al. (1958) have also resolved the stibine (III).

0.
X, O
Sb b

COH CH,
1 11
HO,C ]b” : ;
111

It is of interest to note, in this connection, that calculations by Weston
(1954) have led him to the conclusion that tervalent antimony, arsenic and
sulphur compounds should be stable to inversion at room temperature. On
the other hand, similar compounds of phosphorus would be optically stable
only at low temperatures, and those of nitrogen not at all.

§5. STEREOCHEMISTRY OF SULPHUR COMPOUNDS

Various types of sulphur compounds have been obtained in optically
active forms, and although the general picture of the configurations of these
molecules is quite clear, the details of the nature of the bonds of the central
sulphur atom are in a state of flux (see §5e).

§5a. Sulphonium salts. Pope and Peachey (1900) prepared carboxy-
methylethylmethylsulphonium bromide by the reaction between ethyl
methyl sulphide and bromoacetic acid, and formulated the reaction as
follows:

CHy_ CH CHyCO,H
S+ CHBrCOH —> g7t
CH; C.H Br

At this time (before the electronic theory of valency, 1916), sulphur was
believed to be quadricovalent, and so Pope and Peachey accounted for the
optical activity of this compound (see below) by assuming that the sulphur
atom was at the centre of a tetrahedron, i.c., the configuration was similar
to carbon. According to the electronic theory of valency, however, sulphur
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is tercovalent unielectrovalent in sulphonium salts, and the valency dis-
position is (sp?%), one orbital being occupied by a lone-pair of electrons
(Fig. 3). This molecule is not superimposable on its mirror image, and
hence can, at least theoretically, exist in two optically active forms. This
bromide was treated with silver (+4-)-camphorsulphonate and the salt

;7 It \\
S LS~ \
CH3 K—,«]—--N—,CHTCOZH
N -
CaHs
Fi1Gc. 6.3.

obtained was fractionally crystallised from a mixture of ethanol and ether.
Pope and Peachey found that the (-)-sulphonium camphorsulphonate was
the less soluble fraction, and had an Mp of +68°. Since the rotation of
the (+)-camphorsulphonate ion is about 4-52°, this leaves 416° as the
contribution of the sulphonium ion to the total rotation (see §12. I). Al-
though this does not prove conclusively that the sulphur compound is
optically active, it is certainly strong evidence in its favour. Final proof
was obtained by replacement of the camphorsulphonate jon by the platini-
chloride ion to give [CHy(CoH)*S*CH,-CO,H],*PtCly=; this compound had
an [«]p of +4:5° in water. In a similar way, Smiles (1900) prepared ethyl-
methylphenacylsulphonium picrate, I, in two optically active forms, one

CHp_ * NOy|
S —CH2'00'06H5 OZN 2
CHy

N

O,
1
with an [«]p of 4+81° and the other —9-2°. A more recent example of
an optically active sulphonium salt is one with the sulphur atom in a ring;
this compound, II, was obtained as the optically active ion with the picrate
Mann and Holliman, 1948).

CH.
NG
+8—~CH,CO-GH.CL(p)

CHj

11

§5b. Sulphinic esters. Phillips (1925) partially resolved sulphinic esters,
R-‘SO,R’, by means of the kinetic method of resolution (§10 vii. IT). Two
molecules of ethyl p-toluenesulphinate were heated with one molecule of
(—)-menthyl alcohol or (—)-sec.-octyl alcohol, 7.e., the sulphinate was sub-
jected to alcoholysis. Now, if the sulphinate is a racemic modification,
then the (4)- and (—)- forms will react at different rates with the optically
active alcohol (see §§2, 7b. IT). Phillips actually found that the (+)-ester
reacted faster than the (—)-ester. If we represent the ester by E, the
alcohol by A, and unchanged ester by E,, then the following equation
symbolises the alcoholysis:

(H)E + (-)E+ (-)A—
[(H)E(—)A] + [(—)E(—)A] + (H)Er + (—)Er
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Since [(4)E(—)A) is greater than [(—)E(-—)A], it therefore follows that
(4)Ey is less than (—)E,; thus a partial resolution has occurred. The un-
changed ester, having a lower boiling point than the new ester, distilled off
first; this contained more of the (—)-form. The residual ester (the higher
boiling fraction) was then heated with a large excess of ethanol; alcoholysis
again occurred, this time the (—)-alcohol (menthol or octyl) being displaced
to regenerate the original ethyl p-toluenesulphinate. This resulted in a
fraction containing more of the (4)-form. ‘

To account for the optical activity of these sulphinates, the older formula I,
with quadricovalent sulphur linked to the oxygen atom by a double bond,
was replaced by formula II, in which the sulphur atom is at the centre of
the tetrahedron, but one corner is occupied by a lone-pair of electrons

Get,-CH;(p)
Lo §
, . ~
c, 1,07 o CeH;0” | CyH,-CHy(p)
0
I 1

(¢f. Fig. 3). In I, the sulphur atom was considered to be at the centre of
a tetrahedron, and the molecule is fla, and consequently is superimposable
on its mirror image. Molecule IT, however, is asymmetric, and so is optically
active. . Recent evidence, however, is now in favour of structure I, and the
molecule is nof flat (see §5¢). The formule of sulphoxides, etc., will there-
fore be written with double bonds.

§5c. Sulphoxides. Sulphoxides of the type R-SO‘R’ have also been
resolved; sulphoxides I and II were resolved by Phillips ¢t al. (1926), and
Karrer ¢f al. (1951) obtained III in the (—)-form and the racemic modifica-
tion.

00,H
H,N
CH,
8=0 8=0 8S—0
o CHg=CH: CH;
I CH, 111
I

Bell and Bennett (1927) investigated disulphoxides of the type
CH,-SO«CH,-CH,*SO-CHj,,.
This molecule contains two similar asymmetric carbon atoms and so is of
the type Cabd-Cabd. Thus it should exist in one racemic modification and

one meso-form. Bell and Bennett failed to resolve this compound, but
succeeded in resolving the following disulphoxide.

CO,H
CHx_ S S—CH3
I I
0o 0

If the former disulphoxide (the dioxide of a 1:4-dithian) is converted
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into the corresponding ring compound (7.e., into a cyclic 1 : 4-dithian), then
two geometrical isomers are possible, neither of which is resolvable; these
two forms have been isolated by Bell and Bennett (1927, 1929). Shearer
(1959) has examined the frans-form by X-ray analysis and showed that the
ring is in the chair form with the S=O0O in #rans and axial positions.

_ 0
) <CH2 CH2>S . /CHZ——CHZ\S Y
of CHr—CH; ‘\\\O of CH—CHj
cis trans

Thianthren dioxide, IV, also exists in two geometrical isomeric forms,
o, m.p. 284°, u = 1.7 D; and B, m.p. 249°, y = 4-2 D (Bergmann et al.,
1932). On the basis of these dipole moments, Bergmann assigned the
trans-configuration to the a-form and the cis-configuration to the g-form.
Hosoya et al. (1957) have examined the a-form by X-ray analysis and showed
it was boat-shaped (only this part of the molecule is shown in the diagrams),
with the molecule folded along the S—S axis (¢f. the dithian dioxides above).
These authors also showed that this a-form has the anti-cis-configuration

¥
0
@K )@ O¢S§ és§ 0 S§ 48;7 0
8 — ——
0

o-form p~form
v

of the two S=0 bonds. The f-form is therefore assumed to be a irans-
form. Thus the configurations are the reverse of those given by Bergmann.
When either of these disulphoxides is oxidised to the disulphone, both give
the same compound (Hosoya, 1958).

It is of interest to note, in connection with optically active sulphoxides,
that Schmid and Karrer (1948) have isolated sulphoraphen from its glycoside
which occurs in radish seed. These authors showed that sulphoraphen is
a levorotatory oil which owes its optical activity to the presence of a

sulphoxide group.
CH,-SO-CH—CH-CH,CH,-NCS
sulphoraphen

§5d. Sulphilimines. Chloramine T reacts with alkyl sulphides to form
sulphilimines, e.g.,
CO,H

= /Cl O
0H3©—802~N + 18 —
b + AN

= +©
CH3®—SOZ'N—‘S\ + NaCl
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The electronic structure of this molecule appears to be uncertain; one
possibility has been given above, and in this one the sulphur atom is asym-
metric (it is of the type that occurs in the sulphonium salts). An alter-
native electronic structure is:

CO,H

CH,QSOZ-N=S
NcH;

In this structure, the sulphur atom can still be asymmetric (see §5¢). This
sulphilimine has been resolved by Kenyon ef al. (1927).

It seems likely that sulphilimines are resonance hybrids of the above
two contributing structures.

§56e. The valency disposition of the sulphur atom. The electronic
configuration of sulphur is (1s?)(2s?)(2p%)(35%)(3p%). As we have seen, the
older formule (Ilg) and (IIla) for sulphoxides and sulphinic esters were
replaced by Phillips by (II} and (III) respectively. However, in the light
of more recent work, these compounds are now believed to contain double
bonds, ¢.g., the length of the S—O bond in sulphoxides and sulphones is
shorter than the single S—O bond.

+
Rss}x‘ R,S—0 R—S—OR'
I 11 o)
111
R,8=0 R—ﬁ—-OR’
Ila (¢]
Illa

It has already been pointed out that these multiple bond formule were
rejected on the grounds that such molecules, on the assumption that. the
sulphur atom was quadrivalent and at the centre of a tetrahedron, would
be flat and hence not optically active. If we consider the shapes of opti-
cally active sulphur compounds from the point of view of the ideas dis-
cussed in §1, then in the formule (I), (Ila) and (IIla), the sulphur atom
has one lone-pair of electrons (these are not shown in the formulz), three o-
and one #-bond. Thus the bond spatial arrangement will be tetrahedral,
the lone-pair occupying one of these orbitals. Consequently each molecule
will be a trigonal pyramid and is not superimposable on its mirror image
when all three groups are different. It might be noted here that the double
bonds are composed of one ¢- and one d,-p, bond. In these compounds the
d orbitals are produced by promotion of one 3s and one 3p electron to 34;
this is possible because of the small energy differences-between the orbitals
concerned. In sulphonium salts, since only three single bonds and one
lone-pair are present, the hybridisation is sp® (tetrahedral); one electron
has been transferred to the halogen atom, thereby producing the positively
charged sulphonium ion.

§6. Stereochemistry of silicon compounds. Kipping (1907) prepared
benzylethylpropylsilicyl oxide, I, and isolated one form of it. If the silicon
atom has a tetrahedral configuration, this molecule is of the type Cabd-Cabd,
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CqH; CoH
CHg;Si— 0—S8i—CH
n-CsH7 Cqu-n
I
C,H C,H,
HO;8 CHS\S' /
3 27 l—’O—Sl<CH2 SOsH
n-CyH; CgH,-n
II
CaHls /CH2®
Si
/N
n-CgH;  CH, SO,H
111

1.e., it should exist in (4)-, (—)- and meso-forms. When I was sulphonated
to give II, the latter compound was resolved. Challenger and Kipping
(1910) also resolved the silane III, and Eaborn ef al. (1958) have resolved

the silane IV,
?21{5
CH,4
IV

§7. Stereochemistry of tin compounds. Pope and Peachey (1900)
obtained ethylmethyl-#-propylstannonium iodide in the dextrorotatory
form; concentration of the mother liquor also gave this (++)-form. Thus
we have an example of asymmetric transformation (§10 iv. II).

CHs\S /c,H5
11

n—C3H7/ \I
§8. Stereochemistry of germanium compounds. Schwarz and
Lewinsohn (1931) obtained the (4-)-form of ethylphenyliso-propylgermanium
bromide, but failed to get the (—)-form; this latter form appears to racemise
in the mother liquor.

(CH3)2CH\ /C“Hs

Ge
C:H 5/ \Br

§9. Stereochemistry of selenium compounds. Pope ¢f al. (1902) re-
solved carboxymethylmethylphenylselenonium bromide in the same way
as the corresponding sulphonium salts (§5a); they obtained the active
platinichloride.

+
CHS\ .. =
C e

6H5 2
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Mann et al. (1945) also resolved the following selenonium salt:

CH;
CH2 +

cﬁje—-CHz CO——@CI} Br~

So far, attempts to resolve selenoxides have failed.

§10. Stereochemistry of tellurium compounds. Lowry ¢t al. (1929)
obtained the optically active forms of methylphenyl-p-tolyltelluronium
iodide, I, and Mann et al. (1945) have resolved II.

(J;H3 + .
CH’Q-Tf’ - Te—CH,y CO- CgH,Cl (p) } B
CoHls ‘
I I
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CHAPTER VII
CARBOHYDRATES

Tris chapter is mainly concerned with the stereochemistry of the carbo-
hydrates and the structures of the disaccharides and polysaccharides. It
is assumed that the reader is familiar with the open-chain structures and
general reactions of the monosaccharides (for an elementary account of
these compounds, see Vol. I, Ch. XVIII).

§1. DETERMINATION OF THE CONFIGURATION OF
THE MONOSACCHARIDES

Aldotrioses. There is only one aldotriose, and that is glyceraldehyde.
As we have seen (§5. II), the enantiomorphs of this compound have been
chosen as the arbitrary standards for the p- and L- series in sugar chemistry:

CHO CHO
H_{_on HO +H
CH,0H CH,0H

D(+)-glveeraldehyde L(-)-glyceraldehyde

The conventional planar diagrams of the sugars are always drawn with
the CHO (or CH,OH-CO) group at the top and the CH,OH group at the
bottom; the following short-hand notation is also used:

CHO CHO
HO——H H——OH
H OH HO——H
{ H—{—OH | o1 H
t ' [l ]
': CH,0H ! i CH,0H |
[ S d
D-series L-sgeries
Aldotetroses. The structural formula of the aldotetroses is
CH,0OH-CHOH-CHOH-CHO.
Since this contains two unlike asymmetric carbon atoms, there are four
CHO
H+OH n
i‘ CH,O0H
\
CO,H ‘ CHO CHO CO,H
— __OoH HO——H HO——H
H OH - H— -
H——OH H——O0H H——O0H H—1—OH
CO.H CH,OH CH,0H CO.H
meso-tartaric D(—)-erythrose  D(-)-threose L (-)-tartaric
acid 1 I acid
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optically active forms (two pairs of enantiomorphs) possible theoretically.
All four are known, and correspond to D- and L-threose and D- and L-eryth-
rose. D+ )-Glyceraldehyde may be stepped up by the Kiliani reaction to
give D(—)-erythrose and p(—)-threose. The question now is: Which is
which? On oxidation, D-erythrose gives mesotartaric, and on reduction
gives mesoerythritol. Therefore D-erythrose is I, and consequently II must
be p-threose. The configuration of the latter is confirmed by the fact that
on oxidation, D-threose gives 1(—)-tartaric acid.

Aldopentoses. These have the structural formula
CHO-CHOH-CHOH-CHOH-CH,0OH,
and since it contains three unlike asymmetric carbon atoms, there are eight
optically active forms (four pairs of enantiomorphs). All are known,-and

correspond to the D- and L-forms of ribose, arabinose, xylose and lyxose.
Their configurations may be ascertained by either of the following two

methods.
D-erythrose D-threose
¢ F o
CHO CH (0} CHO CHO
H—p—OH HO——H H———O0OH HO——H
H——O0H H——0H HO—H HO—T——H
H——OH H——OH H——OH Hj—-OH
CH,0OH CH,0H CH,OH CH,0H
D(=)-ribose D(~)-arabinose  D(+)-xylose = D(—)-lyxose
111 IV AY V1

One method starts by stepping up the aldotetroses by the Kiliani reaction.
Thus D-erythrose gives D(—)-ribose and p{—)-arabinose; similarly, D-threose
gives D(4-)-xylose and D(—)-lyxose. III and IV must be ribose and arabin-
ose, but which is which? On oxidation with nitric acid, arabinose gives an
optically active dicarboxylic acid (a trihydroxyglutaric acid), whereas ribose
gives an optically inactive dicarboxylic acid. When the terminal groups,
i.e., CHO and CH,OH, of III are oxidised to carboxyl groups, the molecule
produced (ITIa) possesses a plane of symmetry, and so is inactive. Oxidation
of IV gives IVa, and since this molecule has no plane {(or any other element)
of symmetry, it is optically active. Thus III is pD-ribose and IV is D-
arabinose.

111 v v VI
um ¢[01 ,L[o] l[OJ
CO.H CO,H CO,H CO.H
H OH HO H H—}—0H HO——H
H——0H H—1—O0H HO——H HO——1
H——0H H——OH H——O0H H——OH
éOzH CO;H CO.H COH
inactive active inactive active
IIla IVa Va Via

V and VI must be xylose and lyxose, but which is which? The former
sugar, on oxidation, gives an optically inactive dicarboxylic acid, whereas



178 ORGANIC CHEMISTRY [cH. viI

the latter gives an optically active dicarboxylic acid. Therefore V is
D-xylose and VI is p-lyxose.

The following is the alternative method of elucidating the configurations
of the aldopentoses; it is more in keeping with Fischer’s solution to the
problem. The structural formula of the aldopentoses can give rise to four
pairs of enantiomorphs, the b-forms. of which are as follows: -

CHO CHO CHO CHO
H———OH HOjr——H H—4—OH HO——H
H——OH H——OH HO——H HO——H
H——OH H—{—OH H—p—OH H——OH

CH,OH CH,0H CH,0H CH,O0H

III IV v VI

It should be noted that these four configurations have been obtained from
first principles (see §7¢c. 1I); no recourse has been made to the configurations
of the aldotetroses. Arabinose and lyxose, on oxidation with nitric acid,
produce optically active dicarboxylic acids (trihydroxyglutaric acids).
Therefore these two pentoses must be IV and VI, but we cannot say which
is which. Xylose and ribose, on oxidation, produce optically inactive di-
carboxylic acids (trihydroxyglutaric acids). Therefore these two pentoses
must be III and V, and again we cannot say which is which. When each

/III\ /IV\

CO.H COH COgzH CO,H
H—+——O0H HO—+—H H—/O0H HO——H
H——O0H H-——oH HO—}—H HO——H
H——OH H——OH H——O0OH H——OH
H——OH H——0H H—~—1——0H H—p—O0OH
CO,H CO,H CO.H CO.H
inactive active active active
N /N
CO,H CO.H COzH CO.H
H——OH HO——H H———O0H HO——H
H——O0H H——OH HO—+—H HO——H
HO——H HO——H HO——H HO—7—H
H—-—0H H——0OH H-——O0H H——O0H
COH COH CO.H COH

active active inactive active
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aldopentose is stepped up by one carbon atom (by means of the Kiliani
reaction) and then oxidised to the dicarboxylic acid (the terminal groups
are oxidised), it is found that arabinose and xylose each give fwo active
dicarboxylic acids, whereas ribose and lyxose each give one active and one
inactive (meso) dicarboxylic acid. The chart at foot of previous page
shows the dicarboxylic acids obtained from the configurations ITI-VI.

It therefore follows that p-ribose is III, D-arabinose is IV, D-xylose is V
and D-lyxose is VI. These configurations are confirmed by the facts that
ribose and arabinose give the same osazone, and xylose and lyxose give the
same osazone; the only difference between sugars giving the same osazone
is the configuration of the second carbon atom, ¢.e., III and IV are epimers,
asare Vand VI. It should also be noted that arabinose and lyxose produce
the same trihydroxyglutaric acid on oxidation.

Aldohexoses. The structural formula of these compounds is

CHO:CHOH-CHOH-:CHOH-CHOH-CH,0H,

and since it contains four unlike asymmetric carbon atoms, there are sixteen
optically active forms (eight pairs of enantiomorphs). All are known, and
may be prepared by stepping up the aldopentoses: D-ribose gives D(-)-allose
and p(-+)-altrose; D-arabinose gives D(--)-glucose and D(4-)-mannose;
D-xylose gives D(—)-gulose and p(—)-idose ; and D-lyxose gives D(-}-)-galactose
and D(+)-talose,

-ribose
I P 1}
CHO CH(

&_ D -ar?{)’inose 1

(6] CHO CHO
H——OH HO-—_*L-—H H——0OH HO—T—H
H———OH H—1—0H HO——H HO——H
H——O0H H-——O0H H—+—OH H—1—OH
H——OH H-——O0H H—y1—O0OH H——O0OH
CH,;O0H CH;OH CH,OH CH,0H
D(+)-allose D(+)-altrose D(+)-glucose  D(+)- mannose
VII VIII IX X
rD ~x%7,10se —l r_ D-I‘y;;ose j
CHO CHO CHO CHO
H——O0H HO——H H—+—OH HO——H
H-———O0H H——OH HO——H HO——H
HO—~—H HO——H HO——H HO—}—H
H—F—O0OH H——0H H——OH H——OH
CH,O0H CH,OH CH,O0H CH,0H
D(-)-gulose D(-)-idose D(+)-galactose  D{+)-talose
X1 XII XIII X1V

VII and VIII must be allose and altrose, but which is which? On oxida-
tion with nitric acid, the former gives an optically inactive (allomucic) and
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the latter an optically active {talomucic) dicarboxylic acid. Therefore allose
is VII and altrose is VIII.

XIII and XIV must be galactose and talose, but which is which? On
oxidation with nitric acid, the former gives an optically inactive (mucic)
and the latter an optically active (talomucic) dicarboxylic acid. Therefore
XIII is galactose and X1V is talose.

The elucidation of the configurations of the remaining four aldohexoses
is not quite so simple, since, on oxidation with nitric acid, glucose and
mannose both give optically active dicarboxylic acids, as also do gulose and
idose; in all four configurations (IX, X, XI, XII), replacement of the two
terminal groups (CHO and CH,OH) by carboxyl groups leads to dicarboxylic
acids whose structures have no plane (or any other element) of symmetry.
It has been found, however, that the dicarboxylic acid from glucose (saccharic
acid) is the same as that obtained from gulose (actually the two saccharic
acids obtained are enantiomorphous, D-glucose giving D-saccharic acid and
D-gulose L-saccharic acid). Since saccharic acid, CO,H-(CHOH),CO,H, is
produced by the oxidation of the terminal groups with the rest of the mole-
cule unaffected, it therefore follows that the *‘ rest of molecule ” must be
the same for both glucose and gulose. Inspection of formule IX, X, XI
and XII shows that only IX and XI have the “ rest of the molecule ” the
same; by interchanging the CHO and CH,OH groups of IX, the enantio-
morph of XI, i.¢., L-gulose, is obtained. Therefore IX must be glucose (since
we know that glucose is obtained from arabinose), and XI must be gulose.
Consequently X is mannose and XII is idose.

Ketohexoses. All the ketohexoses that occur naturally have the ketonic
group adjacent to a terminal CH,OH group, i.c., the structural formula of
all the natural ketohexoses is

CH,0H-CO-CHOH-CHOH-CHOH-CH,OH.
Since this structure contains three dissimilar asymmetric carbon atoms,

CH,0OH H=N'NH'C¢Hj; CHO
|
CO C =N-NH-CgH; H——0H
HO~—-—H CeHsNHNH; HO——H GeHisNHNH; - H O~ —H
H——O0OH H——OH H——O0H
H——OH H——OH H—+—OH
CH,0H CH,0H CH,0OH
D(-)-fructose osazone D(+)-glucose
XV
lhydrolysis
% _
Q% CHO
e, |
& coO
HO——H
H—+—OH
H——OH
CH,OH
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there are eight optically active forms (four pairs of enantiomorphs) possible
theoretically; of these the following six are known: p(—)- and L{4-)-fructose,
D(+)- and 1L(—)-sorbose, D(-)-tagatose and L(—)-psicose. Only D(—)-
fructose, L(—)-sorbose and D(--)-tagatose occur naturally.

Fructose. Natural fructose is l&vorotatory, and since D-glucose gives
the same osazone as natural fructose, the latter must be p(—)-fructose.
Furthermore, since osazone formation involves only the first two carbon
atoms in a sugar, it therefore follows that the configuration of the rest of
the molecule in glucose and fructose must be the same. Hence the con-
figuration of b(—)-fructose is XV, and is confirmed by the fact that p(+)-
glucose may be converted into D(—)-fructose viaz the osazone (see chart at
foot of previous page).

The configurations of the other ketohexoses are:

CH,OH CH,OH CH,0H
CO cOo CO
H——OH HO——H HO——H
HO—+—H HO————H HO——H
H——OH H———O0H HO——H
CH,OH CH;OH CH,0H
D (+)-sorbose D(+)-tagatose L(-)-psicose

§2. Ring structure of the monosaccharides. When a monosaccharide
is dissolved in water, the optical rotatory power of the solution gradually
changes until it reaches a constant value (Dubrunfaut, 1846); ¢.g., a freshly
prepared solution of glucose has a specific rotation of +4-111°, and when
this solution is allowed to stand, the rotation falls to +52-5°, and remains
constant at this value. The final stage can be reached more rapidly either
by heating the solution or by adding some catalyst which may be an acid
or a base. This change in specific rotation is known as mutarotation; all
reducing sugars (except a few ketoses) undergo mutarotation.

To account for mutarotation, Tollens (1883) suggested an oxide ring
structure for D(+)-glucose, whereby fwo forms would be produced, since, in
the formation of the ring, another asymmetric carbon atom (which can exist
in fwo configurations) is produced {cf. the Kiliani reaction). Tollens assumed
that a five-membered ring (the y-form) was produced:

H——OH CHO HO—T—H
H——0OH 0 ==~ H——0H == H——O0H 9o
HO——H HO——H HO——H
H H—1+—OH H
H——OH H——OH H——O0H
CH,0H CH,O0H CH,OH
I D(+)-glucose It

The difficulty of this suggestion was that there was no experimental evidence
for the existence of these two forms. Tanret (1895), however, isolated two
&
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isomeric forms of n(--)-glucose, thus apparently verifying Tollens’ supposi-
tion (but see §§7a, 7f). The two forms, I and II, are known respectively as
o- and B-D(+)-p-glucose (see also §7b for the nomenclature of these forms).

Ring formation of a sugar is really hemiacetal formation, one alcoholic
group of the sugar forming a hemiacetal with the aldehyde group of the
same molecule, thus producing a ring structure which is known as the lactol
form of the sugar, : ’

Mechanism of mutarotation. According to Lowry (1925), mutarota-
tion is not possible without the presence of an amphiprotic solvent, 4.e., a
solvent which can function both'as an acid and a base, e.g., water. Thus
Lowry and Faulkner (1925) showed that mutarotation is arrested in pyridine
solution (basic solvent) and in cresol solution (acidic solvent), but that it
takes place in a mixture of pyridine and cresol. It has been assumed that
when mutarotation takes place, the ring opens and then recloses in the
inverted position or in the original position. There is some evidence for
the existence of this open-chain form. The absorption spectra of fructose
and sorbose in aqueous solution indicate the presence of open-chain forms;
aldoses gave negative results (Bednarczyk et al., 1938). Solutions of glucose
and arabinose in 50 per cent. sulphuric acid gave an ultraviolet absorption
spectrum containing the band characteristic of the oxo (carbonyl) group
(Pascu ef al., 1948). Aldoses in solution contain a form which is reducible
at the dropping mercury electrode (Cantor ef al., 1940). Although the
nature of this reducible form has not been established, it is probably the
open-chain form, either free or hydrated. Furthermore, a relationship was
shown to exist between the amount of this reducible form and the rate of
mutarotation. One interpretation of this observation is that the reducible
form is an intermediate in mutarotation. Rate constants for the conversion
of the ring forms of aldoses to the open-chain form have been calculated from
polarographic measurements, and it has also been shown that the energy of
activation required to open the pyranose ring is the same for glucose,
mannose, galactose, arabinose and xylose (Delahay et al., 1952). The forma-
tion of this acyclic intermediate during mutarotation has been confirmed
by isotopic evidence (Goto et al., 1941) and by further polarographic evidence

(IJH(SCHs)g CH(SCHj)
’H-—(l)-—OH H-—(l)——O'CO'CHs
HO——C—H {CH3'C0O)30 CHS'CO.O.C—H
H—C—OH P H—C—0-CO-CH;
|
H——(IJ—OH H—C—O0'COCH;
I
CH,O0H CH,0-CO*CHj
glucose dimethyl
mercaptal
o
H—(.)'-— 0:CO'CH;
HgCla CH;'CO'0—C—H

H,O; CdCOy H—C'——O 'CO'CH3
|

H—C—0-CO-CH;

CH,0°CO-CHj
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(Overend ¢t al., 1957). It is interesting to note in connection with this
problem of the existence of the open-chain structure, that aldehydo-sugars,
i.e., aldoses in which the aldehyde group is present, can only be isolated
if all the hydroxyl groups in the open-chain form are “ protected ”’; e.g.,
Wolifrom (1929) prepared 2:3:4:5: 6-penta-acetylaldehydoglucose as
shown at foot of previous page. '

The problem now is: What is the mechanism of the formation of the open-
chain form from the ring-form? Lowry (1925) suggested that it occurred
by the simultaneous addition and elimination of a proton, since both an
acid and a base must be present (see above). This concerted mechanism
would conform to a third-order reaction: ‘

i\<_\ r — ‘ -+ —
! 0" H+-A jem——— ;o t HB + A
(}'H (:)HOH

Swain ef al. (1952) have shown that the mutarotation of tetramethylglucose,
catalysed by phenol and pyridine in benzene solution, is a third-order
reaction; this supports the above mechanism. On the other hand, some
authors believe that the reaction proceeds in two independent ways, one
being an acid-catalysed reaction, and the other a base-catalysed reaction.
In this case the mechanism would conform to a second-order reaction. Hill
et al. (1952) have shown that the mutarotation of glucose in aqueous methanol
containing acetate buffers is in better agreement with a second-order reaction
than with a third-order.

It can thus be seen that the mechanism of mutarotation cannot be regarded
as settled, and it appears likely that the sugar investigated (free or as a
derivative) and the experimental conditions may play a part in deciding
which mechanism will operate (see §7h).

Preparation of the a- and @-forms of a sugar. Experimentally, it
is very difficult to isolate the «- and §-forms of a sugar. The ordinary form
of p(+)-glucose is the a-isomer, m.p. 146° and [a]p = 4111°; this form
may be prepared by crystallising glucose from cold ethanol. The f-isomer,
m.p. 148-150°, [a]p = +19-2°, can be obtained by crystallising glucose from
hot pyridine. Thus the a-form may be converted into the 8-, and vice versa,
during the process of crystallisation; this is an example of asymmetric
transformation (§10 iv. II). Both forms show mutarotation, the final value
of the specific rotation being +-52:5°; this corresponds to a mixture contain-
ing about 38 per cent. of the a-isomer, and 62 per cent. of the f-. The two
stereoisomeric ring-forms of a sugar are often referred to as anomers.

Summary of the evidence for the ring structures of sugars. The
cyclic structure of the sugars accounts for the following facts:

(i) The existence of two isomeric forms (anomers) of a given sugar, e.g.,
o~ and fg-glucose.

(ii) Mutarotation.

(ii1) Glucose and other aldoses do not give certain characteristic reactions
of aldehydes, e.g., Schiff’s reaction, do not form a bisulphite or an aldehyde-
ammonia compound. Recently, however, it has been shown that by pre-
paring Schiff’s reagent in a special way, it becomes very sensitive, simple
aldoses restoring the pink colour to this solution; the monosaccharide aldoses
react strongly, but the disaccharide aldoses react weakly (Tobie, 1942).
This reaction with a sensitive Schiff’s reagent appears to indicate that some,
although a very small amount, of the open-chain form of a sugar is present
in solution in equilibrium with the two ring-forms.

(iv) Glucose penta-acetate does not react with hydroxylamine; . this
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indicates that the aldehyde group is absent in this derivative (glucose itself
does form an oxime),

(v) Aldehydes normally form acetals by combination with two molecules
of a monohydric alcohol ; aldoses (and ketoses) combine with only one mole-
cule of an alcohol. It should be noted, however, that aldoses will combine
with #wo molecules of a thiol to form a mercaptal (thioacetal).

(vi) X-ray analysis definitely proves the existence of the ring structure,
and at the same time indicates the size of the ring (see §7f).

§3. Glycosides. Just as simple hemi-acetals react with another mole-
cule of an alcohol to form acetals, so can the sugars, in their ring-forms
(lactols), react with a molecule of an alcohol to form the acetal derivative,
which is known under the generic name of glycoside; those of glucose are
known as glucosides; of fructose, fructosides, etc. The hydroxyl group pro-
duced at the oxo group by ring formation is known as the glycosidic hydroxyl
group. This group can be acetylated and methylated, as can all the other
hydroxyl groups in the sugar, but the glycoside derivatives are far more
readily decomposed by various reagents.

E. Fischer (1893) refluxed glucose in methanol solution in the presence of
one-half per cent. hydrochloric acid, and thereby obtained a white crystalline
product which contained oxe methyl group (as shown by analysis), and which
did not reduce Fehling’s solution or mutarotate, and did not form an osazone,
Thus the hemiacetal structure is no longer present in this compound; in fact,
this compound appears to be an acetal since it is stable in alkaline solution
(Fehling’s solution). Furthermore, on boiling with dilute inorganic acids,
the compound regenerated the original sugar, a reaction again typical of
acetals. Ekenstein (1894) isolated a second isomer from the reaction mixture
when he repeated Fischer’s work, and Fischer explained the existence of
these two isomers by suggesting ring structures for the two methyl glucosides,
vz,

I .
H—C—OCH; CH;0—C—H
H—C — —C—

C—OH H ('J OH
HO——(lJ —H HO——(')—-H
H—C ——— H—(lz————
H—C—OH H—C—OH

I
CH,0H CH,OH

methyl a-D-glucoside methyl B-D-glucoside

Fischer assumed that these methyl glucosides were five-membered ring
systems, basing his assumption on Tollens’ suggestion (§2). As we shall
see later (§7a), Fischer’s assumption is incorrect.

The non-sugar part of a glycoside is known as the aglycon (or aglycone),
and in many glycosides that occur naturally, the aglycon is often a phenolic
compound (see §24).

Fischer (1894) found that methyl «-D-glucoside was hydrolysed by the
enzyme maltase, and the f-p-glucoside by the enzyme emulsin. Further-
more, Fischer also found that maltase would not hydrolyse the f-glucoside,
and that emulsion would not hydrolyse the «-glucoside. Thus the two
isomers can be distinguished by the specificity of action of certain enzymes
(see also §16, XIII). Armstrong (1903) followed these enyzmic hydrolyses
polarimetrically, and showed that methyl a-D-glucoside liberates a-D-glucose,
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and that the f-glucoside liberates f-D-glucose; Armstrong found that
hydrolysis of the a-glucoside produced a ‘‘downward ” mutarotation,
whereas that of the g-glucoside produced an ‘‘ upward *’ mutarotation. It
therefore follows that «-p-glucose is stereochemically related to methyl
a-D-glucoside, and B-p-glucose to methyl S-p-glucoside.

§4. Configuration of C, in glucose. The configurations of C; in a-
and f-p-glucose have been written, in the foregoing account, as:
H—-C—OH HO—C_—H
™o AN
| |
o o
a-isomer p-isomer
I I1

The question that now confronts us is: What justification is there for this
choice, i.e., what is the evidence that enables us to say that the a-isomer
(characterised by certain physical constants) actually has the hydrogen atom
to the left and the hydroxyl group to the right? Hudson (1909) proposed
the empirical rule that of an «, § pair of sugars in the D-series, the a-isomer,
which has the Aigher dextrorotation (i.e., this physical constant decides
which of the two is to be designated «-), has the hydrogen to the left (i.e., I);
the B-isomer consequently has the hydrogen atom to the right (II). Thus
«-D(--)-glucose is the isomer with the specific rotation +-111°, and g-D(-)-
glucose is the isomer with the specific rotation +19-2°. If the p-sugar has
a negative rotation, then, according to the empirical rule, the p-isomer has
the higher negative rotation (i.e., the less positive rotation), e.g., a-D(—)-
fructose is the isomer with the specific rotation —20°, and the p-isomer
—133°. In the 1r-sugars, the a-isomer is the one with the higher laevorota-
tion, and the other is the f-isomer; thus the a-forms (and the p-forms) of
the D- and L-series are enantiomorphous.

Béeseken (1913) found that when boric acid is added to a solution of a
cyclic 1 : 2-glycol, the electrical conductivity of the solution is greater than
that of boric acid itself, and that the increase is greater for the cis-isomer
than for the frans- (see Vol. I). This phenomenon has been used to dis-
tinguish between the two anomers of D-glucose; the results obtained showed
that the conductivity of the isomer called the a (from the above empirical
rule), in the presence of boric acid, decreased during mutarotation, whereas
the conductivity of the f-isomer increased. This suggests that the a-isomer
has configuration III, and the f-isomer IV. Thus we now have physico-
chemical evidence that the 1 :2-hydroxyl groups are in the cis-position in

H—'(IZ'—OH l HO*-CI—H ’
H— C—OH H—C—OH o
1 (0] ' . I
1 }

1 f !

III v

the a-isomer, 7.c., there is now some experimental evidence in support of
Hudson’s empirical rule. These configurations have been confirmed by
further work, e.g., Riiber (1931) found that, in general, {rans-compounds
have a higher molecular refraction than the corresponding cis-; the molecular
refraction of B-p-glucose is greater than that of the «-isomer, and so agrees
with the results obtained by the conductivity experiments. The strongest
bit of evidence for the configurations of the «~ and S-isomers has been
obtained from X-ray studies of «-D-glucose (see §7f).
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§5. Hudson’s lactone rule. Hudson (1910) studied the rotation of the
lactones derived from the aldonic acids. Using the usual projection formule,
the lactone ring will be on the right or left according as the hydroxyl group
on C, (i.e., the y-hydroxyl group) is on the right or left, .., according as C,
has a dexiro or lazvo configuration:

%0 60
— O —C—
)
I 0 0 |?
— ?3—- _ ?3—.
H——(I}4 (l,4—H
dextrorotatory leevorotatory

From an examination of 24 lactones derived from aldonic acids, and assum-
ing that they were y-lactones, Hudson concluded that if the lactone ring was
on the right, the compound was dextrorotatory; if the ring was on the left,
then levorotatory.

§6. Hudson’s isorotation rules. Hudson (1909, 1930) applied the rule
of optical superposition (§12. I) to carbohydrate chemistry, and his first
application was to the problem of the configuration of C, in the anomers of
aldoses. Hudson pointed out that the only structural difference between
the a- and B-anomers {of sugars and glycosides) is the configuration of C,.
Thus, representing the rotation of this terminal group as A and that of the
rest of the molecule as B, and then taking the a-anomer as the one with the
higher positive rotation'(in the p-series) we have:

H——ﬁ)—-OR +A RO—C—H -A
- C o0 +B ¢ O+B
o B
Molecular rotation of the w-anomer = 4+ A + B
»» It ”» I ,B' i = - A + B

Thus in every pair of a- and f-anomers the following rules will hold:

Rule 1. The sum of the molecular rotations (2B) will be a constant value
characteristic of a particular sugar and independent of the nature of R.

Rule 2. The difference of the molecular rotations (2A) will be a constant
value characteristic of R.

As we have seen, the rule .of optical superposition does not hold exactly
(due to neighbouring action, etc.; see §12. I). In the sugars, however, the
rotation of C, is affected only to a small extent by changes in the rest of the
molecule, and vice versa. This is illustrated in the following table, from
which it can be seen that the sum of the molecular rotations (2B) for various
pairs of glucopyranoside anomers is fairly constant. '

C, substituent Mg Mg Me + Mg = 2B
"{OH . . . .| +22 | +34 +236
OCH, . . . . +309 —66 4243
oCHy, . . .| +314 | —895 42455
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These isorotation rules have been used to ascertain which of an anomeric
pair of glycosides is & and which is §, and to determine the type of glycosidic
link in disaccharides and polysaccharides. :

Lemieux et al. (1958), by means of proton-magnetic resonance studies,
have shown that the configurations assigned to the «- and -anomers of sugar
acetates on the basis of Hudson’s rules are correct.

§7. Methods for determining the size of sugar rings. As pointed
out previously, Fischer followed Tollens in proposing the y-oxide ring.
There was, however, no experimental evidence for this; the y-hydroxyl group
was chosen as being involved in ring formation by analogy with the ready
formation of y-lactones from y-hydroxyacids. The problem was further
complicated by the fact that Hudson ef al. (1915) isolated four galactose
penta-acetates, none of which had a free aldehyde group. Furthermore,
these four compounds were related to each other as pairs, i.e., there were two
a- and two f-isomers. The only reasonable explanation for this was that
there are fwo ring systems fpresent, but once again there is no evidence to
decide the actual sizes of the rings. ,

The original experimental approach to the problem of determining the
size of the ring present in sugars consisted essentially in studying the methyl-
ated sugars. A more recent method uses the methyl glycosides (for this
method, see §7g). Since methylation is so important in the original method,
the following account describes briefly the 'methods used.

(i) Purdie’s method (1903). The sugar is first converted into the corres-
ponding methyl glycoside (methanol and hydrochloric acid), and this is then
heated with methyl iodide in the presence of dry silver oxide; thus:

o] ] o]
I HOH no (iJHOCHs CH, I (|JHOCH3

+ CH3;OH—>
cHoH © sOH CHOH O A&0 CHOCH, O +Agl
1 i ]

Purdie’s method is only applicable to glycosides and other derivatives in
which the reducing group is missing or has been protected by substitution.
Methylation of a free reducing sugar by this method would result in the
oxidation of that sugar by the silver oxide.

In certain cases, thallous hydroxide may be used instead of silver oxide
(Fear et al., 1926). R .

(i1) Haworth’s method (1915).  In this method methyl sulphate and aqueous
sodium hydroxide are added to a well-stirred sugar solution at such a rate
that the liquid remains practically neutral:

(IL,HOH + (CHy),S0, + NaOH —» Jl:HOCHa + CH,NaSO, + H,0

This method is directly applicable to all reducing sugars.

(iii) More recent methods of methylation use sodium and methyl iodide
in liquid ammonia, or diazomethane in the presence of moisture.

Having obtained the fully methylated methyl glycoside, the latter is then
hydrolysed with dilute hydrochloric acid, whereby the glycosidic methyl
group is eliminated. A study of the oxidation products of the methylated
sugar then leads to the size of the ring. It should be noted that throughout
the whole method, the assumption is made that no methyl groups migrate
or that any change in the position of the oxide ring occurs:(see, however,
later). The number of methyl groups present in the methylated sugar and
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the various oxidation products are determined by the Zeisel method (see
Vol. I). Also, these methyl derivatives are often purified by distillation
in vacuwo. Bishop ef al. (1960) have now separated methylated methyl
glycosides by gas chromatography.

§7a. Pyranose structure. This structure is also sometimes referred to
as the §-oxide or amylene oxide ring. As an example of the method used,
we shall consider the case of D(+)-glucose (Haworth and Hirst, 1927).
D(+)-Glucose, I, was refluxed in methanol solution in the presence of a gmall
amount of hydrochloric acid, and the methyl p-glucoside, II, so produced
was methylated with methyl sulphate in the presence of sodium hydroxide
to give methyl tetramethyl-p-glucoside, III, and this, on hydrolysis with
dilute hydrochloric acid, gave tetramethyl-p-glucose, IV. When this was
dissolved in water and then oxidised by heating with excess of bromine at
90°, a lactone, V, was isolated, and this, on further oxidation with nitric
acid, gave xylotrimethoxyglutaric acid, VI. The structure of this com-
pound is known, since it can be obtained directly by the oxidation of methyl-
ated xylose; thus its structure is VI (see also §7d). The structure of this

CO;H
H——0CH;
CH;0 ——H
H—1—O0CH;
COH
VI

compound is the key to the determination of the size of the ring in the sugar.
One of the carboxyl groups in VI must be that which is combined in the
formation of the lactone ring in the tetramethylgluconolactone, V. The
other carboxyl group is almost certainly the one that has been derived from
the non-methylated carbon atom, 7.e., from the CHOH group that is involved
in the ring formation in the sugar. Therefore there must be #hree methoxyl
groups in the lactone ring. Thus the lactone cannot be a y-lactone, and
consequently C; must be involved in the ring formation. It therefore
follows that the lactone, V, must be 2: 3 : 4 : 6-tetra-0-methyl-pD-glucono-
lactone. Working backwards from this compound, then IV must be
2:3:4: 6-tetra-O-methyl-D-glucose, III methyl 2: 3 : 4 : 6-tetra-O-methyl-
p-glucoside, 1T methyl D-glucopyranoside, and I D-glucopyranose (see §7f
for the significance of the term pyranose). It should be noted that the
question as to whether the sugar is « or § has been ignored; starting with
either leads to the same final results. The foregoing experimental results
can now be represented by the following equations:

CHOH CHOCH; JHOCH;,
H—1—OH H——OH H—1—O0CH;
HO—}—H © C_i%%@g" HO——H 0(%%204()]{30_._}1 o
H——O0H H———O0H B¢ OCH;

H H H
CH,OH CH,0H CH,OCHj;

I 11 . 111
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H-—1—0CH; H——OCH;
H ~ H
CH,OCH, CH;OCH;
v v
COH ] CO;H
H——OCH;, H——OCH,
HNO;z HNO3
—> | CH;0——H —> CH,0——H
H——0OCH, H——OCH;,
H—7—OH CO,H
CH;OCH, Vi
L. p—

There is a slight possibility that the ring might have been an &-ring, i.c.
the oxide ring involves C, and Cg4, and that Cj is converted to the carboxy
group with loss of C,. Haworth, however, made certain that this was not
the case by the following method. Had the ring been1: 6-,then2:3:4 : 5-
tetramethylgluconic acid, VII, would have been obtained (instead of V).
VII was obtained by Haworth et al. (1927) from melibiose and gentiobiose
(see §§18, 19) and, on oxidation, gave tetramethylsaccharic acid, VIII, and
not the dicarboxylic acid, VI.

COH CO.H
H—]—OCH; H—1—O0CH;
CH;0——H —> CH;0—+—H
H——O0CH; H—1—OCH;
H——O0CH;, H—+—OCH;,
CH,0H CO.H
Vil VIII

Thus there is a 1:5-ring in the tetramethylgluconolactone, tetra-O-
methylglucose, methyl tetra-O-methylglucoside, methyl glucoside, and there-
fore in glucose itself. This conclusion is based on the assumption that no
change in the ring position occurs during the methylation of glucose. Thus
glucose is a d- or pyranose sugar.

By similar methods it has been shown that hexoses and pentoses: all
possess a pyranose structure. There is also a large amount of evidence to



190 ORGANIC CHEMISTRY [cH. VIi

show that the oximes, phenylhydrazones and osazones of hexoses and
pentoses may be cyclic or open-chain, e.g., the oxime of glucose:

CH=NOH off - THoH

((:JHOH). or ((:mon)a 0

CH;0H ]
(l}H,OH

Mester ef al. (1951-1955) showed that aldose phenylhydrazones react in
pyridine solution with solutions of diazonium salts to give brilliant-red sugar
diphenylformazans:

CH=N'NHPh _py¢ o N=NFPh
CHOH [SN—N
i CHOH “Ph

Formazan formation proves the acyclic structure of the sugar phenylhydra-
zones. The cyclic structures do not react, ¢.g., there are three modifications
of p-glucose phenylhydrazone («, m.p. 159-160°; 8, m.p. 140-141°; y, m.p.
115-116°) ; two of these do not form formazans, but the third does. Hence
the former two are cyclic and the third is- acyclic.

§7b. Furanose structure. This structure is also sometimes referred to
as the y-oxide or butylene oxide ring. Fischer (1914) prepared methyl
D(+)-glucoside by a slightly modified method, viz., by dissolving D(+)-
glucose in methanol, adding one per cent. hydrochloric acid, and then allow-
ing the mixture to stand at 0° (instead of refluxing, as in his first procedure).
On working up the product, he obtained a syrup (a crystalline compound
was obtained by the first procedure). - Fischer called this compound methyl

-glucoside, and believed it was another isomer of the «- and f-forms; this
is the significance of the symbol y as used by Fischer. This syrup, however,
was subsequently shown to be a mixture of methyl «- and S-glucofuranosides,
" i.e., this glucoside contained a - or 1 : 4-ring (Haworth ef al., 1927). This
syrup, I, when completely methylated (methyl sulphate method), gave a
methyl tetra-O-methyl-p-glucoside, II, and this, on hydrolysis with dilute
hydrochloric acid, gave tetra-O-methyl-D-glucose, III. On oxidation with
bromine water at 90°, III gave a crystalline lactone, IV, and this, when
oxidised with nitric acid, gave dimethyl-D-tartaric (dimethoxysuccinic) acid,
V. This compound (V) is the only compound of known structure, and is
therefore the key to the determination of the size of the ring in the sugar.
Working backwards from V, then IVis 2: 3 : 5 : 6-tetra-O-methyl-p-glucono-
lactone, II1 is 2: 3 : 5 : 6-tetra-O-methyl-D-glucose, II is methyl 2:3:5: 8-
tetra-O-methyl-D-glucoside, and I is methyl p-glucofuranoside. If we write
D-glucose as D-glucofuranose, then the foregoing reactions may be formu-
lated as shown on next page (see §7f for the meaning of furanose).

These reactions prove that I, IT, IIT and IV all contain a y-oxide ring, i.e.,
the methyl glucoside, I, prepared at 0°, has a 1 :4-ring.. This then raises
the question: What is the size of the ring in glucose itself? ~Is it 1:4 or
1:5? Preparation of the methyl glucoside at reflux temperature gives the
1: 6-compounds (see §7a); preparation at 0° gives the 1 : 4-compounds. It
is therefore not possible to say from these experiments whether glucose
itself exists in the pyranose {1 : 5-) or furanose (1 : 4-) forms originally, or
whether these two forms are in equilibrium. Further information is neces-
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§7c} CARBOHYDRATES
CHOH CHOCH; CHOCH; |
~ H——OH | chouucg  H—7—OH  (cHyso, H OCH,OI
- HO——H " mo——n [ ™" emo H
H H - H ‘
H——OH H——OH H——OCH;
CH,0H CH,OH CH,0CH;
D-glucofuranose 1 II
CHOH CO——— COsH
o H————OCHSO - —f—OCH, =~ H——O0CH;
CH,0——H % CH,0——H CH;0——H
H H CO.H
H~——OCH;, . H——O0CH; v
CH;0CH;. CH,OCH;
II \ v

sary to supply an answer to these questions. As we shall see later, the
normal form of a sugar is the pyranose structure (see §7f); pyranosides are
often referred to as the “ normal *’ glycosides. v

By similar methods it has been shown that hexoses and pentoses give
methyl glycosides possessing a furanose structure when prepared at 0° (or
at room temperature).

§7c. Determination of ring size by means of lactone formation,
As we have seen, glycoside formation at r¢flux temperature leads ultimately
to a methylated §-lactone, whereas at 0° a methylated y-lactone is obtained.
Haworth (1927) examined the rates of hydration of these two types of
lactones to the open-chain acids; the rates were measured by changes in the
rotation or conductivity. Haworth found that the rate of hydration was
much faster in one series than in the other; the é-lactones were converted
almost completely to the acids, whereas the y-lactones were converted at a
much slower rate (see Fig. 1). Thus, by comparing the stabilities (to
hydration) of the various methylated lactones, it is possible to say whether

the lactone under investigation is y- or d-. It is very important to note
§100 I  y-mannolactone
T IT y-galactonolactone
275 IIT y-gluconolactone
)
3 50
g IV 4-mannonolactone
v
& V  é-gluconolactone

VI é-galactonolactone
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that this method easily distinguishes a y- from a d-lactone, but it does not
prove one to be y- and the other §-. The actual nature of the lactone was
proved chemically ; the fast-changing lactone was shown to be the d-lactone,
and the slow-changing one the y- (the chemical evidence was obtained by
the degradative oxidation already described). However, having once estab-
lished the relationship between the rate of hydration and the nature of the
lactone, e.g., in the case of glucose, mannose, galactose and arabinose, the
property can then be used to determine the size of the ring in an unknown
lactone of a sugar acid.

CHO CO— ———Co
H—{*-0H H—1—OCH, H~——OCH,
[} 0 O
HO—F— CH;0——H CH,0——H
Ho—-f—H CH;0——H H
H——oH H H—}—OCH;
CH,0H CH,OCH; CH,0CH,
D-galactose (+)-lactone; (-)-lactone;
(open-chain) §-lactone v-lactone

Correlation between the above scheme and Hudson’s lactone rule has been
demonstrated in certain cases, e.g., galactose. Preparation of the methyl
galactoside at reflux temperature, then methylation, hydrolysis, and finally
oxidation with bromine water, leads to the formation of a methylated lactone
which is dextrorotatory, and since it is a rapidly hydrated lactone, it must
be 8-. Preparation of the methyl galactoside at 0°, etc., leads to the forma-
tion of a methylated lactone which is levorotatory and is very stable to
hydration. Thus, this lactone will have the ring to the left (Hudson’s
lactone rule), and hence must be a y-lactone; at the same time, since it is a
slowly hydrated lactone, it must be y- (see the above formulz).

§7d. Pyranose and furanose structures of pentoses. The methods
used for determining the size of sugar rings have been described with glucose
{an aldohexose) as the example. It isalsoinstructive to apply these methods
to the aldopentoses. L(-)-Arabinose has been chosen as the example, and
the following equations and footnotes should now be readily followed:

(i) Glycoside formation at reflux temperature (Haworth ef al., 1927).

1is L(-+)-arabinopyranose, and since it is dextrorotalory, the ring has been
drawn to the right. This way of drawing the projection formula is based
on the observation of Haworth and Drew (1926), who pointed out that if a
ring in a sugar is 1 : 5- (¢.e., -), then Hudson’s lactone rule holds good for
sugars as for y-lactones.

II is 2: 3 : 4-tri-O-methyl-L-arabinose.

C%Iﬂ ' CHOH
H——OH| (i) CHsOH/HCI; reflux H——O0CH,
Ho—|—m O (Samso/non no—tu
HO——H CH;0—}—H

CH,— CH;

I : II
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) €O~— CO.H
H—}—OCH, H—}—0CH;
Pl oH,0——H NGy, CH;0——H
CH;0——H CH,0——H
CH; | COH
111 v

11T is 2 : 3 : 4-tri-O-methyl-L-arabinolactone; it is a é-Iactone as shown by
oxidation to IV, and also by the fact that it is of the type that is readily
hydrated.

IVis 2 : 3 : 4-L-arabinotrimethoxyglutaric acid (this is the key compound).

(ii) Glycoside formation at room temperature (Haworth et al., 1925, 1927).

V is r-arabinofuranose.

VI is 2: 3 : 5-tri-O-methyl-L-arabinose.

VIIis 2:3: 5-tri-O-methyl-L-arabinolactone (Hudson's lactone rule, and
is slow-changing type).

VIII is dimethyl-D-tartaric acid (this is the key compound).

[ 1
CHOH CHOH
0 H_-—OH(I)CH.OH/HQ; 8 H——O0CH,
HO—}—H {i1)(CH3)gSO4/ NaOH CH;O__H
(iii) HCI1
H H
CH,0H CH,0CH;
Vv VI
——CO CO,H
B"Q:’oa o H——O0CH; Hno, H——OCH,
CH30—1—H CH;0—+—H
H CO,H
CH,;OCH; Vil
VII

§7e. Ketose ring structures. Only p-fructose will be considered; the

method is essentially the same as that for the aldoses, but there is one im-

portant variation, and that is in the oxidation of the tetramethylfructose.

This cannot be oxidised by bromine water as can the tetramethylaldose; the

fructose derivative is first oxidised with dilute nitric acid and then with

acid permanganate, and by this means the lactone is obtained. The lactone

is then further oxidised by moderately concentrated nitric acid. The fol-

lowing equations and footnotes explain the method, but before giving these,

let us first consider the way of writing the projection formula of the ring

| structure of fructose. The usual open-chain formula is I, and to form the
ring the ketone group is involved with Cg4 in the pyranose form, and with C,
in the furanose form; each of these can exist as the «- and p-isomers. When
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CHy,OH
! ———
C=0 CH, OH—C—O0H
HO——H ‘ HO—1t—H
(0]
H——OH H——OH
H——OH H~——OH
CH,OH L — CH,
I II
; a-form
1
HO— C—CH,0H HO—C—CH,0H
H —H HO—1—H
O pg——on H—}t—on ©
H—1—OH H ——————l
CH, CH,O0H
III v
B-form p-form

the ring is closed, then if the hydroxyl group is drawn on the right, this will
be the «-isomer (the CH,OH group now replaces a hydrogen atom in the
aldoses). Furthermore, since D-fructopyranose is levorotatory, the oxide
ring is drawn to the left (see the comments on L(4-)-arabinopyranose, §7d).
Thus «-p(—)-fructopyranose is II, and B-p(—)-fructopyranose is I11. The
furanose forms are obtained in a similar manner, but in this case the ring
must be written to the right since the hydroxyl group on C; is on the right;
thus f-p-fructofuranose is IV (see also sucrose, §13).

(i) Glycoside formatzon at reflux temperature (Haworth ef al., 1926, 1927).

V is p-p(—)-fructopyranose.

VI is methyl §-p-fructopyranoside.

VII is methyl 1: 3 : 4 : 5-tetra-O-methyl-g-D-fructoside.

VII is 1:3:4: 5-tetra-O-methyl-g-p-fructose.

IX is 3 : 4 : 5-tri-O-methyl-g-p-fructuronic acid (as lactol)

X is 2 : 3 : 4-tri-O-methyl-p-arabinolactone; this is a quick-changing lac-
tone, and is therefore a d-lactone.

X1 is p-arabinotrimethoxyglutaric acid.

HO—C—CH,;0H CHy0—C—CH,OH
HO——H  ponnc HO——H = cisos
"0 g4 —QH  reflux 0 g— OH NaOH
H—1—OH H——OH
L cH, L cH,

v Vi
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CHy0— C— CH,;OCH; HO— ¢ —CHyOCH;
OCH,O%—H va, | omo——H HNoy
H—}—OCH, H—}—0CH,
H—}—0CH, H——OCH,
\——CH, L om,
Vi1 " VIl
HO—C —COgH ~ co COH
CH,0——H CHy0 ——H CH,;0——H
O gl oonSemr  u—t—ooml > m—|-oc,
H—{—OCH, H—}—0CH, H—{—OCH;
CH, CHy —— COH
IX X ; XI

(ii) Glycoside formation at room temperature (Haworth et al., 1927).
XII is p-p-fructofuranose.

XIII is 1:3: 4 : 6-tetra-O-methyl-g-p-fructose.

XIV is 3:4: 6-tri-O-methyl-§-p-fructuronic acid (as lactol).

—
HO—C —CH,0H HO— C —CH,0CH,
{i)CH;OH/HCI; 18°
HO——H (i) (CH)s804 /NaOH”  OH,0——H HNOj
O i) Ha 0
"H—1—OH H——OCH;,
CH;OH CH,0CH,
XII XII1
I ‘
HO—C—COH - CO CO.H
CH;0—1t—H o " CHs0——H 0 CH;0——H
n HNO,

H——O0CH; | nge>  H——OCH,| =% H—}—o0CH,
H - H CO,H
CH,0CH; , CH;0CH, XVI

X1v Xv

XV is 2:3: b-tri-O-methyl-D-arabinolactone; this is a slow-changing lac-
tone, and so is -
XVI is dimethyl-L-tartaric acid.
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§7f. Conclusion. From the foregoing account it can be seen that the
sugars exist as ring structures and not as open chains. Haworth (1926)
therefore proposed a hexagonal formula for J-sugars based on the pyran
ring, I. The problem now is to convert the conventional plane-diagrams
that we have been using into the pyranose formula. Let us take a-D-
glucopyranose, 11, as our example. The conventional tetrahedral diagram
of II is III (see §5. II). Examination of III shows that the point of attach-
ment of the oxide ring at C, is delow the plane of the paper, and that at Cy
it is above the plane of the paper. 1If the tetrahedron with C; at its centre is
rotated so that the point of attachment of the oxide ring is placed below
the plane of the paper, III will now become IV, and the oxide ring will now
be perpendicular to the plane of the paper, 7.e., perpendicular to the plane
containing all the other groups (these all lie in a plane above the plane of
the paper). The conventional plane-diagram of 1V is V, but in order to
emphasise the fact that the oxide ring is actually perpendicular to the plane
of the paper, the part of the ring lying below the plane of the paper is shown
by a broken line (the true plane-diagram should have a normal line drawn

_CH=CH H— C—OH
CH, X
S
H_._
H
o
H—C—OH |
H—{—0H !
go—pn ©
|
H——O0H 3
[ 5 ’
HOCH;——H ./
Ty VI VII

as in II). Comparison of V with II shows that where the CH,OH was
originally is now the point of attachment of the oxide ring, the CH,OH
occupying the position where the H atom was, and the latter now where the
oxide ring was. Thus, if we consider the conversion of II into V without
first drawing III and IV, then in effect fwo Walden inversions have been
effected, and consequently the original configuration is retained. V is now
transformed into the perspective formula VI by twisting V so that the oxide
ring is perpendicular to the plane of the paper and all the other groups are
joined to bonds which are parallel to the plane of the paper. By convention,
C, is placed to the right and the oxygen atom at the right-hand side of the
part of the ring furthest from the observer. Sometimes the lower part of
the ring, which represents the part nearest to the observer, is drawn in thick
lines. Thus, to change V into VI, first draw the hexagon as shown in*VI,
and then place all the groups on the left-hand side in V above the plane of
the ring in VI; all those on the right-hand side in V are placed below the
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plane of the ring in VI. VII represents a *‘ short-hand representation " of
D-glucose.

In a similar manner, Haworth proposed a five-membered ring for y-sugars
based on the furan ring, VIII. Using the above scheme of transformation,
the plane-diagram of methyl 8-p(4-)-glucofuranoside, IX, is first changed
into X (fwo changes are carried out), and then X is twisted so as to be
represented by XI, in which the oxygen atom is furthest from the observer.

— "» ]
CHy,0—C—H CH,0—C—H |
I
0 H——0H H—20onH!
cH \//CH . .0 ‘ Hy
HO —*-H —p g !
e ) 6 5 HO H
VIII H CH;OH CHOH——H
H~—|5—OH
. ‘CH,011 X
(l)HzOH IX

5
HO-C-H o OCH;,

4 1

‘NOH H
HY,— |
H OH
XI

Two other examples which illustrate the conversion into the perspective
formula are:

(i) a-p(—)-fructopyranose.

‘UH,0H
' 2 [ 1 L hela
c—on HOCHzC—OH HOCH,~C—-OH |
|
HO—LH HO——H HO——H |
0 H—*—OH H——OH (,)
H—F—0OH H——0H :'
6

\
\,

\
\
\




198 ORGANIC CHEMISTRY (cu. viI
(ii) Methyl B-p(4-)-fructofuranoside.

......
-

1 - |
CH,OH CH;0— C—CH,;0H!
g [ | {
CH,0—C-——  CH;0— C—CH;0H HO—}—H S
HO —P—H HO——H - H—4—OH |
0 0 1
H—*0H H——0OH HOCH;——H '
H—p H e
[
CH,0H CH,OH

6
CH,0H.0 OCH;

5 2

0
H ¢ *CH,0H

4

OH H

Actual size of sugar rings. Since glycoside formation under different
conditions gives compounds containing different sized rings, the important
question then is: What is the size of the ring in the original sugar? Oxida-
tion of an aldose with hypobromite produces an unstable d-lactone; this is
the first product, but slowly changes into the stable y-lactone (Hudson, 1932).
It therefore follows that the size of the ring in normal sugars is pyranose.
By analogy, ketoses are also believed to exist normally as pyranose com-
pounds. This pyranose structure has been confirmed by X-ray analysis
of various crystalline monosaccharides (Cox, 1935). McDonald éf al. (1950)
examined «-D-glucose by X-ray analysis, and confirmed the presence of the
six-membered ring, the configuration as found chemically, and also the cis
arrangement of the 1:2-hydroxyl groups in the a-form. Eiland et al.
(1950) subjected difructose strontium chloride dihydrate to X-ray analysis,
and showed the presence of a six-membered ring, and confirmed the con-
figuration found chemically. It might be noted here that furanose sugars
have not yet been isolated, but some furanosides have. It is also interesting
to note that apparently fructose and ribose always occur in compounds as the
furanose structure. Barker ef al. (1959), however, have obtained evidence
to show that D-ribose exists as the pyranose form at the moment of dissolu-
tion and jts mutarotation involves change in size of the ring (cf. the fructose
residue in sucrose, §13).

§7¢. More recent methods for determining the size of the ring in
sugars. These methods make use of the fact that periodic acid splits
1 : 2-glycols (Malaprade, 1928); thus periodic acid splits the following types
of compounds (see also Vol. I):

R-CHOH-CHOH-R' —2%, R.CHO + R’:CHO

R-CHOH:CO-R’ —=%, R-.CHO + R-COH
R-CO-CO-R’ R:CO,H + R’*CO,H
Thus a free sugar is broken down completely, e.g.,

CH,OH-CHOH-CHOH-CHOH-CHO —£°*, H.CHO + 4H-COH

1H10,
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In all of these reactions, one molecule of periodic acid is used for each pair
of adjacent alcoholic groups (or oxo groups). Thus, by estimating the
periodic acid used, and the formic acid and formaldehyde formed, the number
of free adjacent hydroxyl groups in a sugar can be ascertained. Hudson
(1937, 1939) oxidised ‘“ normal ** methyl «-D-glucoside, I, with periodic acid,
and found that two molecules of periodic acid were consumed, and that one
molecule of formic acid was produced. It should be noted that although
periodic acid can completely degrade a free sugar, the oxide ring in glycosides
is sufficiently stable to resist opening by this reagent. The first product

I_—'_! ]
H—C —OCH; H— C—OCH,
H—S—OH CHO
e Br O
HO—C—H 9 BH%, H.0OH + P e
H— (I; —OH ?HO
H—C——— H—C
I
CH,OH CHzOH
I I
—
H— C—OCH3 COSH
0—CO CO,H
/ O (i) HyS04 v
Sr. (i3) Brs /HsO +
\o --(lzo COH
H—C H-— C—OH
I I
CH,0H CH,OH
ur \'

of oxidation of methyl «-p-glucoside was p’-methoxy-p-hydroxymethyldi-
glycolaldehyde, II, and this, on oxidation with bromine water in the presence
of strontium carbonate, gave the crystalline salt, III. 1III, on acidification
with sulphuric acid (for hydrolysis), followed by further oxidation with
bromine water, gave oxalic acid, IV, and p(—)-glyceric acid, V. Isolation
of II, III, IV and V indicates that the ring in I is é-; this is also supported
by the fact that only one carbon atom was eliminated as formic acid, and
that two molecules of periodic acid were consumed. By similar experiments,
it has been shown that all methyl «-p-hexosides of the *‘ normal ” type con-
sume ¢wo molecules of periodic acid and produce one molecule of formic acid,
and all also give products IT, III, IV and V. Thus all these hexosides must
be six-membered rings, and also it follows that all ‘“ normal” methyl
a-pyranosides have the same configuration for C,; this has already been
shown to be VI,

H—C—O0CH,
' N\
i

Vi
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Similarly, all g-compounds, on oxidation with periodic acid, give the
stereoisomer of 11, i.e., 1’-methoxy-D-hydroxymethyldiglycolaldehyde.

Aldopentopyranosides also give similar products as those obtained from
the aldohexopyranosides, e.g., methyl «-D-arabinopyranoside, VII, gives
D’-methoxydiglycolaldehyde, VIII. Since all methyl «-D-aldopentopyrano-

H—C—0CH; ‘ H—C—O0OCH;
HO—O—H | Lo, ero
holon 0 T HCO,H + 0
H— (JE—-OH CHO
('3112 CHy
VII VIII

sides give the same diglycolaldehyde, they too have the same configuration
for C,;, viz.,, VL.

When hexofuranosides, 7.¢., the ¢ abnormal "’ glycosides, are oxidised with
periodic acid, fwo molecules of acid are consumed and one molecule of
formaldehyde is formed. These results are in keeping with the presence of a
five-membered ring, e.g., methyl «-D-glucofuranoside,

H—C—OCH; H—C —OCH;
H—(l)—OH o o <|3Ho 0
HO—C—H CHO
b
H-¢—OH oo
CHyOH H-CHO

Oxidation of methyl a-D-arabinofuranoside, IX, consumes one molecule
of periodic acid, and no carbon atom is eliminated (either as formaldehyde
or formic acid); thus the ring is five-membered. Furthermore, since the
dialdehyde 1T obtained is the same as that from methy} «-D-glucopyranoside,
I, the configuration of C, is the same in both I and IX.

H—C—O0CH, | H— C—OCH,
HO—G—H |, HO
H—C—OH CHO
H——(‘) — H—C ;
(lzngon (IJH,OH
IX 11

There appears to be some doubt about the structure of II. Various
formula have been proposed (Hurd et al., 1953; Smith e al., 1955), and
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Mester et al. (1957) have obtained evidence that of these structures the cyclic
hemiacetal (I14) is the most likely.

OH
H— CH2
| |
CH,0—C—H H o H
R Z
or
H
| 1
OCH—-(I)——H 0 (IJ OCH,4
CHz IHa OH

Hough et al. (1956) have carried out periodate oxidations on phenylosa-
zones of reducing monosaccharides (X) and obtained formaldehyde, formic
acid and mesoxalaldehyde 1 : 2-bisphenylhydrazone (XI). These authors
found that XI is obtained from all monosaccharides in which C; and C, are

CH=—N-'NH-Ph CH=—N:NH-:Ph
| |
C=N-‘NH-Ph C=N-NH-Ph
| 3H10, |
CHOH ———> CHO
———————— X1
CHOH
———————— +
CHOH 2H-CO,H
CH,0H CH,O
X

free, and 1 molecule of formaldehyde from the terminal CH,OH group when
thisis free. They also showed that the osazones of the disaccharides maltose
(§15), cellobiose (§16), and lactose (§17) did not give XI but did give formalde-
hyde. Thus C; or C, are linked in these disaccharides. On the other hand,
the oxidation of the osazone of melibiose (§18) gave XI but no formaldehyde;
thus Cg4 is linked in this molecule. These oxidations therefore offer a means
of differentiating between the two types of disaccharides.

§7h. Conformation of pyranoside rings. Cyclic 1:2-glycols form
complexes in cuprammonium solutions, a five-membered ring being produced
in which the copper atom is linked to two oxygen atoms. Furthermore,
the extent of complex formation depends on the spatial arrangement of the
two adjacent hydroxyls, the most favoured position being that in which the
two groups and the two carbon atoms to which they are attached lie in one
plane. Since complex formation changes the molecular rotation, the mole-
cular rotational shift will indicate the extent of complex formation (cf. boric
acid complexes, §4). Reeves (1950), using this cuprammonium complex
formation, has shown that the pyranose sugars assume a chair form in
preference to any boat form wherever both are structually possible. Substi-
tution of an oxygen atom for a carbon atom in cycloshexane causes only minor
distortions in the ring (Hassel ef al., 1947), and consequently the general
conformational features are retained in the pyranose sugars. Reeves (1951)
proposed the two regular conformations shown, and named them C1 (the
normal chair) and 1C (the reverse chair). Reeves (1958) pointed out that
there is an infinite number of skew conformations in which angle strain is
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absent. It is still usual, however, to use the regular conformations of Reeves
since these are readily related to the Haworth formule. Reeves has shown
that the C1 conformation is the more stable, and this is supported by Barker
et al. (1959) who studied the ring structures by periodate oxidations in
buffered solutions. Also, according to these authors, the chief exceptions
are B-D-altrose, f-D-mannose and §-D-talose, which are considered to be

O\
3y 2 1 4 33
Cl IC

appreciably less stable in the 1C conformation. «-D-Lyxose appears to
favour the Cl conformation, and the authors consider that «-p-allose,
p-p-ribose, and a-D-xylose favour the 1C rather than Cl conformation.
As we have seen (§2), p-glucopyranose is an equilibrium mixture (in
solution) of the a- and f-anomers: the conformations of these are:

H CH,O0H
o
HO H
H
HO pra
H
a-(38%) ‘ B-(62%)

We have also seen that the more stable isomer is the one with the larger
number of equatorial substituents, and so the f-form can be expected to
be more stable than the a-. Whiffen ef al. (1954) have used infra-red spectro-
scopy to distinguish between a- and f-anomers; the absorption maxima
depend on the axial or equatorial conformation of hydroxyl groups.

In general, 8-anomers are more reactive than «-, e.g., Bunton ef al. (1954)
have shown that acid-catalysed hydrolysis proceeds more rapidly for
B-methyl pyranosides than for the corresponding a-compounds. According
to these authors (1955), the hydrolysis proceeds by a unimolecular decom-
position of the conjugate acids of the pyranosides. The rate-determining
step, however, may be formulated in two ways, both of which are con-
sistent with the evidence available at present.

H
() C:gMe ” (::H\Q!ﬁMe
; 0O 4+ H,0+t=— ; o

(:JH CH
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(i) CHOMe CHOMe CHOMe
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I

CH—! éH—— J:HOH

i | H

+
H,0—CH—OMe CHOH
]

H,0

I\
fust ety T + MeOH + H+
|
CH—
(
[}

- g__..__
Q
o

On the other hand, axial hydroxyl groups are less reactive (to esterification
and hydrolysis reactions) than equatorial groups (§12. IV). In S-pyrano-
sides, the methoxyl group is equatorial and so mechanism (i) would be more
in keeping with the fact that f-anomers are more readily hydrolysed than
o- (in which the methoxyl group is axijal). However, Bunton et al. (1955)
also showed that the rate of hydrolysis depends on the nature of the aglycon,
In the above example the aglycon is methyl, but when it is phenyl then it is
the «-anomer which is hydrolysed faster.

Since the hemiacetal linkage in the ring-form of reducing sugars is very
labile, reactions involving the carbonyl group may possibly proceed through
the acyclic or the cyclic form (see also mutarotation, §2). Isbell et al.
(1932) have obtained evidence that the oxidation of an aldose with bromine-
water proceeds to the 1,5-lactone by direct oxidation of the pyranose form.
Isbell ef al. (1932-1946) also showed that f-p-anomers (equatorial OH at C,)
are oxidised much faster than the corresponding «-p-anomers (axial OH at
C,). Further experiments on the oxidation of D-glucose by bromine-water
appear to show that the a-anomer is first converted into the S-anomer which
is then rapidly oxidised directly to d-gluconolactone (Perlmutter-Hayman
ef al., 1960). Pentoses (except D-lyxose) are also oxidised in the f-form
(Overend et al., 1960). Isbell (1961), however, disagrees with Overend’s
claim that the rate-determining step is the transformation of «-p-aldopyran-

oses into the f-anomers.

§8. isoPropylidene derivatives of the monosaccharides. Sugars con-
dense with anhydrous acetone in the presence of hydrogen chloride, sulphuric
acid, etc., at room temperature to form mono- and di-isopropylidene (or
acetone) derivatives. These are stable towards alkalis, but are readily
hydrolysed by acids. In the di-ssopropylidene derivatives, one 7sopropyli-
dene group is generally removed by hydrolysis more readily than the other,
and thus by controlled hydrolysis it is possible to isolate the mono-iso-
propylidene derivative, e.g., di-ésopropylideneglucose may be hydrolysed
by acetic acid to the mono-derivative.

The structures of these isopropylidene derivatives have been determined
by the methods used for the sugars themselves, i.e., the compound is first
methylated, then hydrolysed to remove the acetone groups, and the product
finally oxidised in order to ascertain the positions of the methyl groups.
Let us consider p-glucose as an example. This forms a di-isopropylidene
derivative, I, which is non-reducing; therefore C, is involved in the formation
of I. On methylation, I forms a monomethyldi-isopropylideneglucose, 11,
and this, on hydrolysis with hydrochloric acid, gives a monomethylglucose,
III. Hydrolysis of I with acetic acid produces a mono-isopropylidene-
glucose, IV, which is also non-reducing. Thus C, in IV must be combined
with the isopropylidene radical. Methylation of IV, followed by hydrolysis,



204 ORGANIC CHEMISTRY {cH. viI

gives a trimethylglucose, V. Methylation of V gives a methyl tetramethyl-
ghacoside, and this, on hydrolysis, gives 2 : 3 : 5 : 6-tetra-0O-methyl-p-glucose,
VI, a known compound (see §7b). Thus V must be 2:3:5-, 2:3:6-, or
3 : 5 : 6-tri-O-methyl-D-glucose. Now V forms an osazone without loss of
any methyl group; therefore C, cannot have a methoxyl group attached
to it, and so V must be 3 : 5 : 6-tri-O-methyl-D-glucose. Thus one isopro-
pylidene radical in di-isopropylideneglucose, I, must be 3 : 5-, 3:6-or 5 : 6-.
Monomethylglucose, III, on methylation followed by hydrolysis, gives
2:3:4: 6-tetra-O-methyl-D-glucose, VII, a known compound (see §7a).
Hence III must be 2-, 3-, 4- or 6-O-methyl-D-glucose. Since III gives
sodium cyanate when subjected to the Weerman test (see §11), it therefore
follows that C,; has a free hydroxyl group. Oxidation of III with nitric acid
produces a monomethylsaccharic acid; therefore C4 cannot have a methoxyl
group attached to it. This monomethylsaccharic acid forms a lactone which
behaves as a y-lactone; therefore a methoxyl group cannot be at C,. Thus,
by the process of elimination, this monomethyiglucose, I1I, must be 3-O-
methyl-D-glucose. It therefore follows that the two isopropylidene groups
in the di-ssopropylidene derivative must be 1 : 2- and 5 : 6-, the ring being
furanose, and the mono-isopropylidene derivative being 1 : 2-. The fore-
going reactions can be written as on opposite page:
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H—C—OH —C— =0—0,
' (CH3)sCQ | JC(CHg): | (cugso | CCHg)
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H—(|)—OH H—-C|! H—(—————
H—C — H—-C—0 H—C—
| C(CHy), l O\cst),
éHon CH,0 CH;0"
a-D{+)-glucose 1 11
- lCH,‘CO,H lHCl
S
H—(I)—o\ CHOH
C(CH |
H— (g Ok o H—G—0H
0
HO—C—H CH30——(|)—-H
H— H—C—OH
| |
H—(f—-OH H——(IB
CH,0H " CH,0H
IV 111
lﬁ)(cna)zsm l(i)(cumsm
(ii) HC (i) HCI
| —— 3 | | ——
CHOH (l)HOH CHOH
l I
H—-('J —OCH;| (i)(CH3)2S04 H—(ll —OH H—(IE—OCH,
(i) HCI o 0
H—C H—(lz—J H—G—0CH,
H—(:)— OCHj H—C—OCH, H—C
i
CH,0CH, CH,OCH;, CH,0CH;
Vi Vv vil

As a result of much experimental work (of the foregoing type), it has

been found that acetone usually condenses with cis-hydroxyl groups on
adjacent carbon atoms, the condensation occurring in such .a way as to
favour the formation of the di-isopropylidene derivative. For this to occur,
the ring often changes size, e.g., in a-D-galactopyranose, VIII, the hydroxyl
groups on C, and C, are in the cis position, as are also the hydroxyl groups
on C; and C,. Thus galactose forms the 1:2-3 : 4-di-O-isopropylidene-p-
galactopyranose, IX. On the other hand, in a-D-glucopyranose, only the
two hydroxyl groups on C, and C, are in the c¢is position, and thus, in order
to form the di-isopropylidene derivative, the ring changes from pyranose
to furanose, the latter producing 1 :2-5 : 6-di-O-isopropylidene-n-glico-
furanose (I). The mono-derivative is 1 : 2-O-isopropylidene-bD-glucofuranose
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H— C—OH H—C—0 N
I , | CCHy)
H—-(')—OH H—C—O0
|
HO—C—H 0 —C—H o
}[O—-(ll—-H o —(F—H
H——(ll S H—C
|
CH,OH CH,0H
VIII X

(IV). Fructose can form fwo di-sopropylidene derivatives which both con-
tain the pyranose ring.

CH,0 CH,OH
SC(CH,), l
c—o0 ,0—0C
| (CHg)C_ |
HO—C—H 0—C—H
s} ] l O
H—C —0 H—C—0_
| SC(CHy), | JC(CHy)
H»_(I;—o H—C—0
L CH, _ éﬂg
1:2-4:5- 2:3-4:5-

§9. Other condensation products of the sugars. Not only does
acetone condense with sugars, but so do other oxo compounds such as
formaldehyde, acetaldehyde and benzaldehyde. Benzaldehyde condenses
with two ¢is hydroxyl groups on alfernate carbon atoms, e.g., glucose forms
4 : 6-0O-benzylidene-p-glucopyranose, I.

Triphenylmethyl chloride reacts with sugars to form triphenylmethyl
ethers; these are usually known as #ityl derivatives. Trityl ethers are

—
(l}HOH l ?HOCH,

H—C—OH < H~C—OH
|

C
0o | 0
c

HO—C—H J |
H— (‘?—O H—C—OH

|
: H=C —'/\CH'CBHb

' H—C
CH;0” - CH;0-C(CsHs)s
| SR S |

formed much faster with primary alcoholic groups than with secondary,
e.g., methyl glucopyranoside reacts with triphenylmethyl chloride in pyridine
‘solution to form methyl 6-tritylglucopyrangside, II.

p-Toluenesulphonyl chloride (represented as TsCl in the following equa-
tions) reacts with sugars in the presence of pyridine to form fosyl esters.
These esters usually produce epoxy-sugars (anhydro sugars) when hydro-
lysed .with sodium methoxide in the cold, provided that there is a free
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hydroxyl group on an adjacent carbon atom and that this hydroxyl and the
tosyl group are #rans to each other. This is an example of neighbouring
hydroxyl group participation (§6c. I1I), and the mechanism is:

| {
H— (|J——OH sl H——(|3—OTs OMe H;—,cl:[&Ts
HO—C—H CsHyN HO—(l'}—H 0—C—H

On hydrolysis with alkali, these anhydro sugars form a mixture of fwo
sugars, inversion occurring at either carbon when the epoxide ring opens
(see §6. IV).

l .
H—J‘,—OH NaOH H yeon HO“(]:—'H
i O | l
HO—C—H H H—C—OH

| l !
III v

In IIT the configurations of the two carbon atoms are the same as in the
original sugar, but in IV both configurations are inverted (to form a new
sugar). i

When the tosyl group is frans to two hydroxyl groups (on adjacent carbon
atoms), fwo anhydro sugars are formed. At the same time, however, larger
epoxide rings may be produced without inversion, e.g., Peat et al. (1938)
treated 3-tosyl methyl S-glucoside (V) with sodium methoxide and obtained
a mixture of 2 : 3-anhydroalloside (VI; with inversion), 3 : 4-anhydroalloside
(VII; with inversion), and 3 : 6-anhydroglucoside (VIII; no inversion).

VII (25%) | VI (15%)

It is possible, however, by using suitable derivatiﬁés of a 'tosyl ester to
obtain only one ‘anhydro sugar, e.g., 2-benzoyl-3-tosyl 4 : 8-benzylidene
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methyl a-glucoside (IX), on treatment with sodium methoxide, forms
2 : 8-anhydro 4 : 6-benzylidene methyl «-alloside (X).

OCH,
o H o H
- MeONa PhCII\ g H
OMe 0 OMe
H 0-COPh 0
IX X

For the formation of the epoxide to proceed easily, it is necessary that
the trans OH and Ts groups should be diaxial. In the majority of tosyl
derivatives, however, both the tosyl group and the vicinal #rans-hydroxyl
group are equatorial (cf. §7h). Nevertheless, these tosyl derivatives are still
easily converted into epoxides. This may be explained on the basis that
the normal chair form (C1) readily changes into the reverse chair form (1C);
consequently both groups are now axial and so epoxide formation proceeds
readily (cf. §5b. IV).

§10. Glycals and glycosamines and anhydro sugars. Glycals are
sugar derivatives which have a pyranose ring structure and a double bond
between C, and C,, e.¢., D-glucal 1s I.  Glycals may be prepared by reducing
acetobromo compounds (see §24) with zinc dust and acetic acid, e.g.; D-glucal
from tetra-O-acetyl-D-glucopyranosyl bromide, II, followed by hydrolysis
of the acetyl groups.

Glycosamines are amino-sugars in which a hydroxyl group has been
replaced by an amino-group. All naturally occurring amino-sugars are

(I%H élHBr (‘lerOH
CH,0H ; (IJH (|3HO'CO'CH3 CH'NH, |
H . 0 CHOH © CHO-CO-CH, © cHoH ©
OH P C|HO'CO-CH3 dxon
OHH. H ' (l,H—a (I}H———— |
1 CHOH (I}H20'00-0H3 (‘3}{20}1
I III

hexoses, and the amino-group always occurs on C,, ¢.g., glucosamine, which
occurs in chitin, is 2-aminoglucose, II1 (see also §23).

Anhydro sugars. These may be regarded as being derived from mono-
saccharides by the elimination of a molecule of water to form an epoxide.
The size of the oxiran ring varies from 1:2- to 1:6-. The 1: 2-anhydro
sugars are commonly known as a-glycosans, and may be prepared in various
ways, e.g., by heating a sugar under reduced pressure (Pictet ef al., 1920). A
general method of producing the ethylene oxide series is by the hydrolysis
of suitable tosyl esters (see §9).

§11. Vitamin C or r-ascorbic acid. Ascorbic acid is very closely re-
lated to the monosaccharides, and so is conveniently dealt with here.
Hawkins (1593) found that oranges and lemons were effective for treating
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scurvy, a disease particularly prevalent among seamen. The first significant
step in elucidating the nature of the compound, the absence of which from
the diet caused scurvy, was that of Holst and Frélich (1907), who produced
experimental scurvy in guinea-pigs. Then Szent-Gyorgi (1928) isolated a
crystalline substance from various sources, e.g., cabbages, paprika, etc,, and
found that it had antiscorbutic properties. This compound was originally
called hexuronic acid, and later was shown to be identical with vitamin C,
m.p. 192° [a]p of +24°. ' ‘

The structure of vitamin C was elucidated by Haworth, Hirst and thejr
co-workers (1932, 1933). The molecular formnla was shown to be CgHgOy,
and since the compound formed a monosodium and monopotassium salt, "
it was thought that there was a carboxyl group present. Vitamin C behaves
as an unsaturated compound and as a strong reducing agent; it also forms'a’
phenylhydrazone and gives a violet colour with ferric chloride. All this
suggests that a keto-enol system is present, i.e.,

|

|
—CO—CH— = —C(OH)=C—

The presence of an aldehyde group was excluded by the fact that vitamin C
does not give the Schiff reaction. Now, when boiled with hydrochloric acid,
ascorbic acid gives a quantitative yield of furfuraldehyde: ‘

HCl CH—CH
CGHSOB > " " + 002 + 2Hgo

CR _C-CHO

This reaction suggests that ascorbic acid contains at least five carbon atoms
in a straight chain, and also that there are a number of hydroxyl groups
present (¢f. the pentoses). Aqueous iodine solution oxidises ascorbic acid
to dehydroascorbic acid, two atoms of iodine being used in the process and’
two molecules of hydrogen iodide are produced; the net result is the removal
of two hydrogen atoms from ascorbic acid. Dehydroascorbic acid is neutral
and behaves as the lactone of a monobasic hydroxy-acid; and on reduction’
with hydrogen sulphide, dehydroascorbic acid is reconverted into ascorbic
acid. Since this oxidation-reduction process may be carried out with
“ mild ” reagents, it leads to the suggestion that since the oxidation product,
dehydroascorbic acid, is a lactone, then ascorbic acid itself is a lactone and
not an acid as suggested previously. Since, however, ascorbic acid can form
salts, this property must still be accounted for. One reasonable possibilit

is that the salt-forming property is due to the presence of an enol group, the
presence of which has already been indicated. Thus all the preceding r¢-
actions can be explained by the presence of an a-hydroxyketone grouping
in ascorbic acid: :

I

| |
HCOH C—OH C(OH)
= | Leatg TR 4 op
(I)=0 (i} —0H C(OR),
Reducing; Unsaturated; e
forms a colour with .
phenylhydrazone ferric chloride;
sodium enolate
—ﬁ I
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The final result is the removal of two hydrogen atoms to form dehydro-
ascorbic acid.
L CeHO4 + Iy — CgHO4 + 2HI

Although all these reactions may appear to be speculative, they are known
to occur with dihydroxymaleic acid; hence by analogy with this compound,
the explanation offered for the reactions of ascorbic acid is very strongly
supported.

HO\C _CO.H

g
HO” " Sco,1

Dihydroxymaleic
acid

When dehydroascorbic acid is oxidised with sodium hypoiodite, oxalic
and L-threonic acids are produced in quantitative yields (Hirst, 1933).
L-Threonic acid, IV, was identified by methylation and then conversion into
the crystalline amide; this compound was shown to be identical with tri-O-
- methyl-L-threonamide. (obtained from L-threose). Further evidence for the
nature of product IV is given by the fact that on oxidation with nitric acid
it gives D(-+)-tartaric acid. The formation of oxalic and L-threonic acids
suggests that dehydroascorbic acid is III, the lactone of 2:3-diketo-L-
gulonic acid. Hence, if we assume that I-is the structure of ascorbic acid,
the foregoing reactions may be formulated as follows, dehydroascorbic acid
being formed via II.

(l) B co N (fo COH
Ho—-co—l C(OH)gl co (]JO,H
& 9 bomSlme, Uy Yoy S
P o I |
H——(|3 | H—('J H—C H—(l: —OH
 HO—C—H HO—(I} —H HO—(') -H HO—C—H
H0H = | CH,OH CH,0H * CH,0H
I . i 111 v

The ring in ascorbic acid has been assumed to.be five- and not six-
membered, because the lactone (i.e., ascorbic acid) is stable towards alkali
(¢f. §7¢). In actual fact, however, the same final products would also have
been obtained had the ring been six-membered. It must therefore be ad-
mitted that the weakness of the above proof of structure lies in the evidence
used for ascertaining the size of the ring. Structure I, however, has been
amply confirmed by other analytical evidence. Diazomethane converts
ascorbic acid into dimethylascorbic acid (V); these two methoxyl groups are
most likely on C, and C,, since diazomethane readily methylates acidic (in
this case, enolic) hydroxyl groups. This dimethyl derivative is neutral, and
dissolves in aqueous sodium hydroxide to form a sodium salt without the
elimination of a methyl group; thus there cannot be a carbomethoxyl group
present, and so it is most likely that two enolic hydroxyl groups are present
(Hirst, 1933). Furthermore, the formation of the sodium salt from the
neutral compound suggests the opening of a lactone ring (the two enolic
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groups are now methylated and so cannot form a sodium salt). The similar-
ity in structure between ascorbic acid and its dimethyl derivative is shown
by the fact that the absorption spectra of both are similar. When this
dimethyl derivative is methylated with methyl iodide in the presence of
dry silver oxide (Purdie method; see §7), two further methyl groups are
introduced (VI), and since all four methyl groups behave as methyl ethers,
it therefore follows that two alcoholic groups are present in dimethylascorbic
acid. Ozonolysis of this tetramethyl compound produces one neutral sub-
stance containing the same number of carbon atoms as its precursor. Since
ozonolysis of a carbon—carbon double bond results in scission of that bond,
there must be a ring system present in the tetramethyl compound to hold
together the two fragments (VII). This ozonised product, on hydrolysis
with barium hydroxide, gives oxalic acid and dimethyl-L-threonic acid
(VIII). These products contain three carboxyl groups in all, and since
ozonolysis of a double bond produces only two, the third carboxyl group
must have already been present as & lacfone in order that ascorbic acid
should behave as a neutral compound.

The key to the size of the ring in ascorbic acid is the structure of this
dimethyl-L-threonic acid, the nature of which has been ascertained as follows.
On methylation, followed by conversion to the amide, dimethyl-L-threonic
acid gives trimethyl-L-threonamide. Thus this dimethyl compound, which
was unknown when isolated, is a dimethyl-L-threonic acid; but where are
the two methoxyl groups? Their positions were ascertained by means of
- the Weerman test. This test is used for showing the presence of a free
hydroxyl group in the a-position to an amide group, i.e., in an a-hydroxy-
amide. Treatment of a methylated hydroxy-amide with alkaline sodium

CO-NH;, ('JNO

I , ‘

(l)HOH XNaocl, (fHOH NaoH (I)HO + NaNCO
R R

hypochlorite gives an aldehyde and sodium cyanate if there is a free hydroxyl
group on the a-carbon atom. If there is no free hydroxyl group on the
a~carbon atom, z.e., this atom is attached to a methoxyl group, then treat-
ment with alkaline sodium hypochlorite produces an aldehyde, methano],
ammonia and carbon dioxide.

Go-NH,
' (')HOCH, e ?Ho + CH,;OH + NH; + 0O,
e b T

The dimethylthreonic acid obtained from the ozonised product was converted
into the amide (IX), and this, when subjected to the Weerman test, gave
sodium cyanate as one of the products. Thus this dimethylthreonic acid
contains a free «-hydroxyl group, and consequently must be 3 :4-di-O-
methyl-L-threonic acid, VIII. Therefore the lactone ring in ascorbic acid
must be y-, since a §-lactone could not have given VIII (actually, 2 : 4-di-0-
methyl-L-threonic acid would have been pbﬁtained). The amide IX was also
obtained, together with oxamide, by the ac¢tion of ammonia in methanol on
the ozonised product, VII. All the foregoing facts ean be represented by
the following equations:
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7 ° go fo—
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HO—C —H HO—(‘J—H CH;0—C—H CH;0 —C—H
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1 A\ VI s _VII
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f‘“/ iBa(OH),
(IJONH2 (|)02H
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+ +
(IJONH2 (IJO,,H
H— (‘)—OH H—C—OH
CH;0 —C—H CHSO—(I)—H
CH,OCH, CH,OCH,
IX VIII

An interesting point about ascorbic acid is that it is nof reduced by lithium
aluminjum hydride (Petuely et 4l., 1952). Thus ascorbic acid does not con-
tain a ““ normal’’ carbonyl group. It has now been shown that all reduc-

CO——COH

| [

CH, COH
cH,

reductic acid

tones bare not reduced by lithium aluminium hydride. Reductones are

compounds which contain the ene-a-diol-a-carbonyl grouping,
—CO—C(OH)=C(OH)—,

and examples of reductones are ascorbic and reductic acids.

Synthesis of ascorbic acid. Many methods of synthesising ascorbic
acid are now available, e.g., that of Haworth and Hirst (1933), r-Lyxose,
X, was converted into L(—)-xylosone, XI (treatment with phenylhydrazine
and then hydrolysis of the osazone with hydrochloric acid), and XI, on treat

o [ oy ]
HO CHO (llHOH
HO—C—H —> co XN, co
I CaCly I
H—(IJ—OH H—(I}—OH H—(ll—OH
HO— (lJ —H HO—C—H HO—C—H
I
CH,0H CH,O0H CH,0H
X X1

XI1
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0O, H clzogH 7] (Izo_
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_ CHOH C—O0H HO—C
Ha0 ! Il - —H.O I o
L co _ ('}—OH =0 HO— (')__I
H—C —OH H—C~—0H H—(IJ
HO—(II—H HO—C—H HO—~ (IJ—H
CH,0H CH;OH | CH;0H
XIII - XIV

ment in an atmosphere of nitrogen with aqueous potassium cyanide contain-
ing calcium chloride, gave the f-keto-cyanide XII, which hydrolyses spon-
taneously into pseudo-L-ascorbic acid, XIII. This, on heating for 26 hours
with 8 per cent. hydrochloric acid at 45-50°, gave a quantitative yield of
L{-+)-ascorbic acid, XIV.

CH,OH CH,OH CH,OH
HOCH HOCH CcO
| |
HO(IDH B, HO(,:H Actobacer | HOCH
HCOH  Ow-0r HCOH subosydans H(I:OH o
l 1
HOCH HOCH HOCH
| | |
CHO CH,0H CH,OH
D-glucose (+)-sorbitol
Me,
o
H _O._ OH H _o |0
2 Me, CO
I HO Hgs:)‘ H
HOCH, CH,OH (?H2 CH,0H
OH H : o0 H
C
- Me,
{-)-sorbose diacetone-(-)-sorbose
Mce2 C|02H
H o ™0 (lzo
KMnO, H,SO0,
NeOH. H — = HO(IJH
gHi) i CO,Na H(IJOH
Ko HOCH
Me, ‘
CH,0H
Co
\ HO(|) —I 2-ketogulonic-acid
|
: I o
| HOC l
CHCl, soln. |
| HCl HC
|
HOCH
: o L-ascorbic acid
CH,



214 ORGANIC : CHEMISTRY [cH. viI

Ascorbic acid is now synthesised commercially by several methods, e.g.,
p-glucose is catalytically hydrogenated to (-)-sorbitol which is then con-
verted into (—)-sorbose by microbiological oxidation (using Acefobacter
suboxydans or Acefobacter xylinum). (—)-Sorbose can be oxidised directly
to 2-keto-(—)-gulonic acid with nitric acid, but the yield is less than when
the oxidation is carried out as shown above. Nitric acid oxidises other
alcohol groups besides the first, but by protecting these by means of 2 : 3-
4 : 6-di~sopropylidene formation (§8), the yield of the gulonic acid is higher.
The gulonic acid is then dissolved in mixed solvents (of which chloroform is
the main constituent) and hydrogen chloride passed in. The product,
L-ascorbic acid, is then finally purified by charcoaling (see previous page).

Biosynthesis of ascorbic acid (see also §32a. VIII). Horowitz ef al. (1952)
and Burns ef al. (1956) have shown that rat and plant tissues can convert D-
glicose into ascorbic acid. A very interesting observation is that glucose
labelled at C, (with 14C) produces the vitamin labelled at C,. In this way, the
glucose molecule is * turned upside down ” to form the glucose derivative (cf.
the stereochemistry of glucose and gulose, §1). ,

DISACCHARIDES

§12. Introduction. The common disaccharides are the dihexoses, and
these have the molecular formula C;,H,,0,;. Just as methanol forms methyl
glycosides with the monosaccharides, so can other hydroxy compounds also
form glycosides. The monosaccharides are themselves hydroxy compounds,
and so can unite with other monosaccharide molecules to form glycosidic
links. Study of the disaccharides (of the dihexose type) has shown that three
types of combination occur in the natural compounds:

(i) The two monosaccharide molecules are linked through their reducing
groups, €.g., SUCIose.

{ii) C, of one molecule is linked to C, of the other, ¢.g., maltose.

(iii) C, of one molecule is linked to C4 of the other, e.g., melibiose.

Since the glycosidic link may be « or 8, then different stereoisomeric
forms become possible for a given pair of hexoses. In group (i), there are
four forms possible theoretically: o;—a,, o—fs Pi—%s and p~f,. In groups
(ii) and (iii), the reducing group of the second molecule is free, and so in
these two cases there are only two possibilities: «;- and §;-. In group (i),
since both reducing groups are involved in glycoside formation, the resultant
disaccharide will be non-reducing. In groups (ii) and (iii), since one reducing
group is free, the resultant disaccharide will be reducing, and can exist in
two forms, the «- and §-.

General procedure. The disaccharide is first hydrolysed with dilute
acids, and the two monosaccharide molecules then identified. One of the
earlier methods of separating sugars in a sugar mixture was by fractional
crystallisation ; the separation and identification is now carried out by means
of partition chromatography. When the constituents have been identified,
the next problem is to ascertain which hydroxyl group of the molecule
acting as the alcohol {i.e., the aglycon; §3) is involved in forming the glyco-
sidic link. This is done by completely methylating the disaccharide; the
methyl glycoside (of a reducing sugar) cannot be prepared by means of
methanol and hydrochloric acid, since this will lead to hydrolysis of the
disaccharide. Purdie’s method cannot be used for reducing disaccharides
since these will be oxidised (see §7). The only satisfactory way is Haworth’s
method, and to ensure complete methylation, this may be followed by the
Purdie method. The methylated disaccharides are then hydrolysed, and the
methylated monosaccharides so obtained are investigated by the oxidation
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methods described previously (see §§7a, 7b, 7e). Reducing disaccharides
are also oxidised to the corresponding bionic acid, this is then fully methyl-
ated, hydrolysed, and the methylated monosaccharide molecules examined.
By this means the hydroxyl group involved in the glycosidic link and the
size of the oxide ring are ascertained.

The final problem is to decide whether the glycosidic link is « or . This
is done by means of enzymes, maltase hydrolysing a-glycosides and emulsin
B-glycosides (¢f. §3). In non-reducing sugars, the problem is far more
difficult since the links oty—ay, 00, —f5, f1~ay Would all be hydrolysed by maltase.
Consideration of the optical rotations has given information on the nature
of thelink (¢f. §6). Finally, a number of disaccharides have been synthesised,
the acetobromo-sugars being the best starting materials (see §24).

§13. Sucrose. Sucrose has been shown to be «-D-glucopyranosyl--p-
fructofuranoside. Sucrose is hydrolysed by dilute acids or by the enzyme
invertase to an equimolecular mixture of D(+)-glucose and D(—)-fructose.
Methylation of sucrose (Haworth method) gives octa-O-methylsucrose and
this, on hydrolysis with dilute hydrochloric acid, gives 2:3 : 4 : 6-tetra-0-
methyl-p-glucose and 1: 3 : 4 : 6-tetra-O-methyl-D-fructose. The structures
of these compounds were determined by the oxidation methods previously
described (see §§7a, 7e). Thus glucose is present in the pyranose form, and
fructose as the furanose.

Since sucrose is a non-reducing sugar, both glucose and fructose must be
linked via their respective reducing groups. The stereochemical nature of
the glycosidic link may be any one of the four possibilities discussed (see §12),
but the evidence indicates that it is a-glucose linked to f-fructose. Maltase
hydrolyses sucrose; therefore an «-link is present. Furthermore, since the
mutarotation of the glucose produced is in a downward direction, it there-
fore follows that a-glucose is liberated at first. The mutarotation of fructose
is too rapid to be followed experimentally, and hence the nature of the link
in this component remains to be determined. There is, however, an enzyme
which hydrolyses methyl S-fructofuranosides, and it has been found that it
also hydrolyses sucrose. This suggests that fructose is present in sucrose
in the f-form, and is supported by calculations of the optical rotation of the
fructose component. The following structure for sucrose accounts for all
of the above facts:

H—(C=———0 —l THzOH
H——OH C
HO——H HO——H
o 0
H——O0H H——OH
H H
CH,0H CH,0H
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CH,0H _0O

o
CH,OH

H O~ H

H HO/ “CH,0H

OH H

Oxidation of sucrose with periodic acid confirms this structure (but not
the nature of the glycosidic link). Three molecules of periodic acid are
consumed, and one molecule of formic acid is produced. Subsequent oxida-
tion with bromine water, followed by hydrolysis, gives glyoxylic, glyceric
and hydroxypyruvic acids (Fleury ¢f al., 1942).

HC 0 CH,0H HC=—=—0 CH,OH
l ‘ | l | l
1 H?OH (I} CHO C'} —’
2---4---| 3--t-- 0 0
H(l)OH HCIOH I (fHO (fHO '
H(il H(|J HC—— H(ll
CH,OH CH,O0H CH,O0H CH,OH
CHO (;JHZOH
CO.H CO
{i) Bra /Ha0 + CO.H
(i) hydrolysis C 02H + +
HCOH CO.H
CH,0H HOOH
CH,OH

Beevers et al. (1947) examined sucrose sodium bromide dihydrate by X-ray
analysis, and confirmed the stereochemical configuration found chemically,
and also showed that the fructose ring is five-membered.

Sucrose has now been synthesised by Lemieux et al. (1953, 1956). Brigl
(1921) prepared the sugar epoxide, 3:4 : 6-tri-O-acetyl-1 : 2-anhydro-a-p-
glucose, II, from tetra-O-acetyl-f-D-glucose, I (cf. §9; see also §24).

CH,0Ac CH,0Ac
H 0, 0Ac H o _a
H PCl, H (i) NHg in ether
OAc H OAc H (i) NHg in benzene *
AcO H AcO H
H  OAc H  0-C0-CCls
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CH,0Ac ' CH,0Ac
H 0O. H H 0. OMe
H H
MeOH
OAc H = OAc¢ H
AcO f AcO

H H OH

11 111

Brigl also showed that II reacted with methanol to give methyl p-D-
glucopyranoside triacetate, IIT, whereas with phenol, the a-glucopyranoside
was the main product. Other workers showed that secondary alcohols
gave a,f-mixtures. Lemieux was therefore led to believe that fructo-
furanose, a hindered secondary alcohol, would react with anhydrogluco-
pyranose to form an a-glucose linkage. 1 :2-Anhydro-a-D-glucopyranose
triacetate and 1: 3 : 4 : 6-tetra-O-acetyl-D-fructofuranose were heated in a
sealed tube at 100° for 104 hours. The product, sucrose octa-acetate, on
deacetylation, gave sucrose (yield about 5 per cent.). According to Lemieux,
the reaction proceeds as follows:

CH;0Ac CH; OAec CH,0Ac
H H H (0] (0] H
H H +
OAec H OAc H AcO
AcO 4 AcO H HO CH,0Ac
H H OH OAec H
CH,0Ac CH;0Ac
h: i O_ H o H
s H |
OAc H 0 H AcO
AcO CH,0Ac
H OH OAc H

The CH,0Ac group at position 6 in the glucopyranose molecule enters into
neighbouring group participation in the opening of the oxide ring, and
consequently shields this side from attack. Thus the fructofuranose mole-
cule is forced to attack from the other side and this produces the desired
a-glucopyranose linkage.

One other point that is of interest is the ‘inversion ” of sucrose on
hydrolysis. Hydrolysis of sucrose gives first of all a-D(+)-glucopyranose
and B-p(+)-fructofuranose (this is believed to be dextrorotatory), but the
latter is unstable and immediately changes into the stable form, b(—)~fructo-
pyranose (the rotation of (—)-fructose is much greater than that of (4)-
glucose).

CH;OH CH,0H
HO |_on
HO——H HO——H
Q —
H——OH H——OH
H H——OH

CH,O0H : CH,
+)- (=)-
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§14. Trehalose. This is believed to be «-D-glucopyranosyl-a-D-gluco-
pyranoside. It is a non-reducing sugar which occurs in yeasts and fungi.
1t is hydrolysed by hydrochloric acid to two molecules of D-glucose ; methyla-
tion of trehalose gives octa-O-methyltrehalose which, on hydrolysis, produces
two molecules of 2 : 3 : 4 : 6-tetra-O-methyl-D-glucose (see §7a). The nature
of the glycosidic link is uncertain, but there is some evidence to show that
it is o : a, e.g., the high positive rotation. Thus trehalose may be written.

—-——-—-O-l :‘

H—C H—C
CH;0H H OH
H—+—OH H OH H O H H H
OH H
HO——H o HO——H oo K og H o HOH,
H——OH H—}—OH OH Y ... 0 OH
H OH H
H- H
CH,0H CH,0H

HOCH,|
H

§15. Maltose. This is 4-O-a-D-glucopyranosyl-p-glucopyranose. Mal-
tose is hydrolysed by dilute acids to two molecules of D-glucose; it is a
reducing sugar, undergoes mutarotation, and forms an osazone. Thus there
is one free reducing group present, and since maltose is hydrolysed by maltase,
the glycosidic link of the non-reducing half of the molecule is therefore a-.
Complete methylation of maltose gives an octamethyl derivative which is
non-reducing, and this, on hydrolysis with very dilute cold hydrochloric acid,
is converted into heptamethylmaltose, which has reducing properties. Thus
the original octamethyl derivative must be methyl hepta-O-methyl-D-
maltoside; this is further evidence that only ome free reducing group is
present in maltose. Hydrolysis of hepta-O-methylmaltose with moderately
concentrated hydrochloric acid produces 2 : 3 : 6-tri-O-methyl-D-glucose and
2:3:4: 6-tetra-O-methyl-D-glucose. The structure of the latter is known
(see §7a), but that of the former was elucidated as follows. Analysis of the
compound showed that it was a trimethyl derivative, and since it formed a
phenylhydrazone but not an osazone, C, must therefore be attached to a
methoxyl group. On further methylation, this trimethylglucose gave
2:3:4: 6-tetra-0-methyl-D-glucose, and so the trimethyl compound must
be one of the following: 2:8:4-,2:3: 6-or 2: 4 : 6-tri-O-methyl-p-glucose.
Now, on careful oxidation with nitric acid, the trimethylglucose forms a
dimethylsaccharic acid. This acid contains two terminal carboxyl groups;
one has been derived from the free “ aldehyde *’ group, and the other by oxid-
ation at Cg4, and since in its formation one methyl group is lost, this dimethyl-
saccharic acid must have been derived from a trimethylglucose having a
methoxyl group at Cq. Thus the trimethylglucose must be either 2:3 : 6-
or 2:4:6-tri-O-methyl-pD-glucose. On further oxidation, the dimethyl-
saccharic acid forms dimethyl-p-tartaric acid; this can only arise from a
precursor with two methoxyl groups on adjacent carbon atoms, and so it
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follows that the trimethylglucose must be 2: 3 : 6-tri-O-methyl-p-glucose.
This is confirmed by the fact that the other two possible compounds, viz.,
2:3:4- and 2:4: 6-tri-O-methyl-D-glucose, have been synthesised, and
were shown to be different from the trimethylglucose obtained from maltose.
The foregoing reactions may thus be written:

—
CHOH CO.H
H_\"_OCHS H‘_—_‘OCH:; (‘OzH
cH0——H @ OH0——H (o] H———0CH,
— —
H——OH H——OH CH;0 —+—H
H H——OH CO.H
oA dimethyl- D-
CH,OCHj COH _tartaric aci
2:3:6-trimethyl- 2:3-dimethyl- (+)-tartaric acid
glucose saccharic acid

From this it can be seen that structure I for maltose satisfies all the above
facts. This structure, however,.is not the only one that satisfies all the
facts. The structure of the non-reducing half is certain, but that of the
reducing half need not necessarily be pyranose as shown in I, since a furanose
structure, II, would also give 2: 3 : 6-tri-O-methyl-D-glucose. To decide
whether C, (as in I) or C; (as in II) was involved in the glycosidic link,

| ;
CHOH I H—- C“J
H OH 0 H OH
HO——H 0_] HO——H ¢
H H-~——OH
H H
CH,OH CH,OH
reducing non-reducing
half half
or
CH,0H CH,0H
H O H H o)
H H .
OH H oH H H-OH
) 0]
H OH H OH
non-reducing reducing
half half
I
B a,0m_0
HO M H
HO. OH
H (x-anoner)
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: A
CHOH H—C=——
H——ou!l | m OH
0
Ho——H | ¢ HO H §
H H OH
H "
CH,OH CH,0H
11

fen. vir

Haworth ef al. (1926) oxidised maltose with bromine water to maltobionic
acid, III, and this, on methylation, gave the methyl ester of octamethyl-
maltobjonic acid, IV, which, on vigorous hydrolysis, gave 2: 3 : 5 : 6-tetra-
O-methyl-D-gluconic acid, V (as lactone), and 2 : 3 : 4 : 6-tetra-O-methyl-p-

CHOH H—0= CO.H H—0=]
H——OH H——OH | .  H——OH O n— om
00 ra/HgO
HO——H HO——H 0  HO——H |HO——H 0O
H————\,—J H——O0H H H OH
H H H——OH H
CH,0H CH,OH CH,OH CH,0H
I 111
00,CH; H—0
crasg, HT—OCHs § H——O0CH, l Ho
CH,0——H CH;,0——H 0
H H-——OCH; l
H—}—OCH, H—
CH,OCH, CH,OCH,
v
CO.H CHOH
H——O0CH; H—1—0CH,
CH,0——H 4+ OHO0——H
H——0H H——OCHj
H——O0CH; H
CH,OCH; CH,;0CH; ‘
s VI
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glucose, VI. V can be obtained only if maltose has structure I; structure II
would have given 2 : 3 : 4 : 6-tetra-O-methyl-D-gluconic acid. Thus maltose
is I and-not II. Confirmatjon of the a-glycosidic linkage is afforded by the
agreement of the specific rotation of maltose with that calculated for struc-
ture I, and further evidence for the linkage at C, is as follows. Since maltose
is a reducing sugar, C, (of the reducing half) is free, and since maltose forms
an osazone, C, is also free, i.c., not combined with an alkoxyl group. Zem-
plen (1927) degraded maltose by one carbon atom (see Vol. I}, and obtained
a compound which still formed an osazone; therefore C, is free. On further
degrading by one carbon atom, a compound was obtained which did ot
form an osazone; therefore C, in maltose is not free (see also §7g).

Maltose has been synthesised by the action of yeast on p-glucose (Prings-
heim ez al., 1924), and maltose octa-acetate has been synthesised by heating
a mixture of equimolecular amounts of «- and f-p-glucose at 160°, and then
acetylating the product (Pictet et al., 1927).

§16. Cellobiose (4-0-8-D-glucopyranosyl-p-glucopyranose). Cellobiose is
hydrolysed by dilute acids to two molecules of D(+)-glucose; since this
hydrolysis is also effected by emulsin, the glycosidic link must be 8. Cello-
biose is a reducing sugar, and so one reducing group is free. Methylation,
followed by hydrolysis, gives 2: 3 : 6-trimethyl-D-glucose and 2:3:4: 6-
tetramethyl-D-glucose (these are the same products obtained from maltose,
§15). Oxidation with bromine water converts cellobiose into cellobionic acid,
and this, on methylation followed by hydrolysis, gives 2:3: 5 : 6-tetra-
methylgluconic acid and 2 : 3 : 4 : 6-tetramethylglucose (again the same pro-
ducts as for maltose). Thus cellobiose and maltose differ only in that the
former has a f-glycosidic link, whereas the latter has an «-. Thus cellobiose
is (e-form):

] |
H—C—OH C—H
l CH,OH H OH
H——OH H——OH o o on
0 0 0 H 0 H
HO——H HO——H or OH H 0
H~—1——— u——on | OH H 0" H
H OH CH,0H
H H
CH,0H CH,0H

Degradation experiments confirm the C, linkage (see also §7g), and the
structure has also been confirmed by synthesis (e.g., Stacey, 1946).

§17. Lactose (4-0-8-D-galactopyranosyl-p-glucopyranose). Lactose is a
reducing sugar, and is hydrolysed by dilute acids to one molecule of D(+)-
glucose and one molecule of D(+-)-galactose. Since lactose is hydrolysed
by lactase (which has been shown to be identical with the p-glycosidase in
emulsin), the two monosaccharide molecules are linked by a f-glycosidic
link. The evidence, given so far, does not indicate which molecule is the
reducing half. On methylation, lactose forms methyl heptamethyl-lacto-
side, and this, on vigorous hydrolysis, gives 2 : 3 : 6-tri-O-methyl-D-glucose
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(see §15) and 2:3:4: 6-tetra-O-methyl-D-galactose; thus glucose is the
reducing half. Oxidation with bromine water converts lactose into lacto-
bionic acid, and this, on methylation followed by hydrolysis, gives2:3: 5 : 6-
tetra-0-methyl-p-gluconic acid and 2:3:4: 6-tetra-O-methyl-p-galactose.
Lactose is therefore (f-form) [see also §7g]:

— — .
HO—O—H C—H
CH,OH H OH
H OH H——0H OH o "
00 o H 01/ u
HO——H ,] HO——H | or - :
a—at— | go——n H H H o’ ol
H  OH CH,OH
o H
CH,OH

§18. Melibiose (6-O-a-D-galactopyranosyl-p-glucopyranose).  This di-
saccharide is obtained from the trisaccharide, raffinose (§20); it is a reducing

—
CHOCH, CHOCHg
H——O0H H——OH |
—_— —
HO——H O HO——H O
H—1— Ol H——OH
H H
CH,OH CH,0-C(CqH;)s
111 v
R ~
CHOCH, CHOH
H——OCH, H—1—OCH;
-
CH;0——H © CH,0——H O
H——OCH, H——O0CH;
H H
CH,OH CH,OH
11 I

sugar, forms an osazone, and undergoes mutarotation. When hydrolysed
by dilute acids, melibiose gives D-glucose and D-galactose. Methylation
converts melibiose into methyl heptamethylmelibioside, and this, on hydro-
lysis, forms 2 : 3 : 4-trimethyl-D-glucose and 2 : 3 : 4 : 6-tetramethyl-D-galac-
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tose. The structure of the former has been established as follows. The
trimethylglucose, I, readily forms a crystalline methyl trimethylglucoside, I1I.
Now methyl glucopyranoside, III, can be converted into the 6-trityl deriva-
tive, IV (see §9), and this, on methylation followed by removal of the trityl
group, gives II. Thus IT must be methyl 2 : 8 : 4-tri-O-methyl-p-glucopy-
ranoside, and consequently I is 2: 3 : 4-tri-O-methyl-p-glucose. From the
foregoing facts, it can be seen that galactose is the non-reducing half of
melibiose, and that its reducing group is linked to C, of glucose, the reducing
half. This has been confirmed by gxidation of melibiose with bromine water
to melibionic acid, and this, on methylation followed by hydrolysis, gives
2:3:4: 5-tetra-0-methyl-p-gluconic acid and 2 : 3 : 4 : 6-tetra-O-methyl-p-
galactose; the structure of the former is shown by the fact that, on oxidation
with nitric acid, it forms tetramethylsaccharic acid. There has been some
doubt about the nature of the glycosidic link, but the evidence appears to be
strongly in favour of «-. Thus the structure of melibiose is ($-form) [see
also §7g]: :

I |
—C— —0C
HO—C—H H CH,0H OH H
H——OH H——OH OH o H H oH
] 00 0 H H HON
HO——H HO——H or Ol H
H——oH HO—}—H H 0—cH, © H
H OH OH
H H
CHZ | CHzOH

Melibiose has been synthesised chemically.

§19. Gentiobiose (6-O-8-p-glucopyranosyl-D-glucopyranose). This was
originally obtained from the trisaccharide, gentianose (§20), but it also occurs
in seme glycosides, ¢.g., amygdalin (§27). Gentiobiose is a reducing sugar,
forms an osazone and undergoes mutarotation; hydrolysis with dilute acids
produces two molecules of D-glucose. Since this hydrolysis is also effected
by emulsin, the glycosidic link must be f-. Methylation, followed by
hydrolysis, gives 2 : 3 : 4-trimethyl-p-glucose and 2 : 3 : 4 : 6-tetramethyl-p-~
glucose. Oxidation to gentiobionic acid, this then methylated and followed
by hydrolysis, gives 2 : 3 : 4 : 5-tetramethyl-pD-gluconic acid and 2:3:4: 6-
tetramethyl-D-glucose. Thus gentiobiose is (§-form):

: —H
HO—¢—H c CHOH oH
H——o0H | | H——OH H o] | o H
0 H H
po—u 9 Qmo——u Qo Kon = H o
H——OH H—OH H H OH
H OH OH H
H H

CHy— CH;OH

Gentiobiose has been synthesised chemically.

Another disaccharide containing the 1 : 6-glycosidic link is primeverose
(§26). S

§20. Trisaccharides. The trihexose trisaccharides have the molecular
formula C,gH4,0,,. They are of two types, reducing and non-reducing.
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Manninotriose is the only reducing trisaccharide that has been isolated
from natural sources. All the others of this group have been obtained by
degrading polysaccharides or by synthesis, e.g., cellotriose from cellulose.
Two important non-reducing trisaccharides are raffinose and gentianose.

Raffinose occurs in many plants, particularly beet. Controlled hydro-
lysis with dilute acids gives D-fructose and melibiose; vigorous hydrolysis
gives D-fructose, D-glucose and D-galactose. It is also hydrolysed by the
enzyme invertase to fructose and melibiose, and by an «-glycosidase to
galactose and sucrose. These facts show that the three monosaccharide
molecules are linked in the following order:

galactose—glucose—fructose

This arrangement is confirmed by the products obtained by methylation of
raffinose, followed by hydrolysis, wiz., 2:3:4:6-tetramethylgalactose,
2 : 3 : 4-trimethylglucose and 1 : 3 : 4 : 6-tetramethylfructose. Furthermore,
since the structures of sucrose (§13) and melibiose (§18) are known, the
structure of raffinose must therefore be:

sucrose part,
A

r

OH H

H OH

OH 0o H OH 0 CH,0H
OH H H HO

H H ) H

0
H  OH \ng H CH,0H

N /

melibiose part

Gentianose occurs in gentian roots. Controlled hydrolysis with dilute
acids gives D-fructose and gentiobiose; this hydrolysis is also effected by the
enzyme invertase. Emulsin also hydrolyses gentianose to D-glucose and
sucrose.  Thus the arrangement of the three monosaccharide molecules is:

glucose—glucose—fructose
Hence the structure of gentianose is:

sucrose part
A\

OH H
H N\ OH
H HO
O 0 OH II
0——CH, o CH,OH
H H
gentiobiose part CH20HO H
POLYSACCHARIDES

Polysaccharides are high polymers of the monosaccharides, and may be
roughly divided into two groups: those which serve as “structures ”’ in
plants and animals, e.g., cellulose, and those which act as a metabolic
reserve in plants and animals, e.g., starch.

§21. Cellulose. The molecular formula of cellulose is (CgH,O5)n. When
hydrolysed with fuming hydrochloric acid, cellulose gives D-glucose in 95-96
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per cent. yield (Irvine ef al., 1922); therefore the structure of cellulose is
based on the p-glucose unit. Methylation, acetylation, or ““ nitration >’ of
cellulose produces a trisubstitution product as a maximum substitution
product, and it- therefore follows from this that each glucose unit present
has three hydroxyl groups in an uncombined state. When fully methylated
cellulose is hydrolysed, the main product is 2 : 3 : 6-tri-O-methyl-p-glucose
(90 per cent.). Thus the three free hydroxyl groups in each glucose unit
must be in the 2, 3 and 6 positions, and positions 4 and 5 are therefore
occupied. Now, if we assume that the ring structure is present in each
unit, then this would account for position 5 (or alternatively, 4) being
occupied. Furthermore, if we also assume that the glucose units are linked
by C, of one unit to C, of the next (or alternatively, C;), then the following
tentative structure for cellulose would account for the facts:

—
CH— = CH r CHOH
S . 0O |
H Of | Quuso, | H——0CH) © .. B——o0CH,
—— —
HO——H O CH,0——H O CH,0——H ©O
? H—— (|) H———— H—}—0H
H H H
CH,0H CH,OCH, CH,0CH;,
glucose unit 2:3:6-trimethyl-
glucose

It should be noted, however, that if the linkages at 4 and 5 were inter-
changed, the same trimethylglucose would still be obtained on hydrolysis
(¢f. maltose, etc.).

When subjected to acetolysis, 7.e., simultaneous acetylation and hydrolysis
(this is carried out with a mixture of acetic anhydride and concentrated
sulphuric acid), cellulose forms cellobiose octa-acetate. Thus the cellobiose
unit is present in cellulose, and since the structure of cellobiose is known
(see §16), it therefore follows that the glucose units are present in the pyranose
form, 7.e., Cy is involved in ring formation, and so the glucose units are linked
C,—C4. The isolation of cellobiose indicates also that pairs of glucose units
are joined by p-links, but it does indicate whether the links between the

CHOH | ————C—H ~
0O
H—1—O0OH H——O0H
Ho—p—nu © HO—l—g ©

H—F—— H OH
H H

CH,OH CH,0H

cellobiose

glucose units are the same (all 8-) or alternate (x and f), since all the links
could be §-, or each pair of cellobiose units could be joined by o-links; the
latter possibility is not likely, but it is not definitely exciuded. = Very careful
acetolysis of cellulose, however, has produced a cellotriose, cellotetraose and
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a' cellopentaose, and in all of these the C;—C, links have been shown to be
B- (from calculations of the optical rotations), and so we may conclude that
all the links in cellulose are f-. This conclusion is supported by other
evidence, e.g., the kinetics of hydrolysis of cellulose.

Cellulose forms colloidal solutions in solvents in which glucose is soluble,
and so it is inferred that cellulose is a very large molecule. Moreover, since
cellulose forms fibres, e.g., rayon, it appears likely that the molecule is linear;
X-ray analysis-also indicates the linear nature of the molecule, and that the
i:enu@ose molecule has a long length. Hence a possible structure for cellu-
ose is:

— [ A — ]
CHOH 0—C—H 0—C—H | —0 —C—H
H——OH H OH H——OH H——OH
0 —T— e —T 0 (¢)
HO——H HO Tr—-H HO——H HO——H
H——| H——\ H——\ 1I——OH
H H H H
CHz;OH CH,OH CH,0H J CH,OH
d X
cellobiose units
la
H OH
H
OH H
H
H 0O OH
CH,0H

It should be noted that in the structure given for cellulose, the first glucose
unit in Ia (i.e., the one on the left-hand side; this unit is on the right-hand
side in 15) has a free reducing group, but since this group is at the end of a
very long chain, its properties tend to be masked; thus cellulose does not
exhibit the strong reducing properties of the sugars.

The cellulose molecule is not planar, but has a screw-axis, each glucose
unit being at right angles to the previous one. Although free rotation about
the C—O—C link might appear possible at first sight, it apparently does
not occur owing to the steric effect. This and the close packing of the atoms
give rise to a rigid chain molecule. The long chains are held together by
hydrogen bonding, and thus cellulose has a three-dimensional brickwork.
This would produce strong fibres with great rigidity but no flexibility, and
consequently, although the fibres would have great tensile strength, they
could not be knotted without snapping. Since the fibres can be knotted
without snapping, they must possess flexibility, and the presence of the
latter appears to be due to the partly amorphous character of cellulose.

The chemical structure of cellulose appears to be more complicated than
the one given above. Schmidt et al. (1932) showed that carboxyl groups are
present in carefully purified cotton fibres. Kleinert ef al, (1944) have sug-
gested that various other groups, which are not necessarily carbohydrate in
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nature, may bind the glucose chains together. It should be remembered,
in this connection, that 100 per cent. glucose is never obtained from the
hydrolysis of cellulose.

The molecular weight of cellulose. Owing to its insolubility, simple
methods of molecular weight determination (depression of freezing point
and elevation of boiling point) cannot be applied to cellulose.

Chemical methods. Examination of the formula of cellulose shows
that on methylation, followed by hydrolysis, the end unit (the non-reducing
end) would contain four methoxyl groups, and all the other units three.
Hence, by the determination of the percentage of the tetramethyl derivative
(2:3:4:6-) it is therefore possible to estimate the length of the chain.
Haworth (1932) separated the methylated glucoses by vacuum distillation;
Hibbert (1942) used fractional distillation ; Bell (1944), using silica, and Jones
(1944), using alumina, effected separation by means of chromatography.
The value for the molecular weight of cellulose was found to be between
20,000 and 40,000 (Haworth, 1932); this corresponds approximately to 100
to 200 glucose units. This ““ end-group assay ”, however, gives rise to the
following difficulty. When cellulose is very carefully prepared from cotton,
and then methylated in an atmosphere of nitrogen, 7.e., in the absence of
oxygen, no 2:3:4: 6-tetramethylglucose was obtained after hydrolysis
(Haworth e al., 1939). One explanation that has been offered is that daring
methylation under ordinary conditions, .e., in air, cellulose is partially
degraded, ¢.g., osmotic pressure measurements carried out on methylated
cellulose, produced by two methylations in air, gave a value of 190 glucose
units; sixteen successive methylations in air gave a methylated cellulose of
45 glucose units, as estimated by osmotic pressure measurements (Haworth
et al., 1939). Haworth explained these results by suggesting that the cellu-
lose molecule consists of a very large loop, which undergoes progressive
shortening on methylation. When the methylation is carried out in an
atmosphere of nitrogen, the exposed ends of the shortened loop recombine,
but cannot do so when methylated in the presence of air. Haworth also
suggested that in order that the two chains should be held parallel to form a
loop, it is necessary to have cross-linkages holding the two sides together.,
The nature of these suggested cross-links is unknown. If primary valencies
were involved, then some dimethylglucose should be obtained from the
hydrolysate. Some of this compound has in fact been isolated, but it is not
certain that it is actually present in the methylated cellulose, since it may
arise by demethylation during the degradation of the methylated cellulose.
The following is a pictorial representation of Haworth’s suggestion.

In nitrogen In air
CT T+ 7 C v
Y v




228 ORGANIC CHEMISTRY [cH. viI

By means of chromatography, McGilvray (1953) has detected 2:3 : 4 : 6-
tetra-O-methyl-D-glucose in the hydrolysate after the methylation of cellu-
lose 1n an atmosphere of nitrogen. Thus degradation of the chain has occurred
under these conditions, and so there is no evidence for the linking of the end
groups in the absence of oxygen. Furthermore, McGilvray determined the
degree of polymerisation from viscosity and osmotic pressure measurements,
and also from the end-group assay. The values obtained from the first
two methods were greater than that obtained from the third method, and
McGilvray suggests these results may be accounted for by assuming a
slightly branched structure for the soluble methylcelluloses.

A number of other chemical methods have been used for estimating the
molecular weight of cellulose, e.g., that of Hirst ef al. (1945); this is based on
the periodate oxidation (§7g). Examination of the formula of cellulose
shows that the terminal reducing unit would give two molecules of formic
acid and one of formaldehyde (this reducing unit, which is left in Ia, behaves
as the open-chain molecule, since it is #of a glycoside), whereas the other
terminal unit (right in Iz) would give one molecule of formic acid; ¢.e., one
cellulose molecule gives three molecules of formic acid and one of formalde-
hyde. Estimation of the formic acid produced gives the value of the chain-
length as approximately 1000 glucose units. There appears, however, to be
some uncertainty with these results, since ‘‘ over-oxidation " as well as
normal oxidation with periodic acid results, the former possibly being due
to the progressive attack on the chain-molecules from their reducing ends
(Head, 1953).

Physical methods. Ultracentrifuge measurements have given a value
of 3600 glucose units for native cellulose; lower values were obtained for
purified cellulose and its derivatives (Kraemer, 1935). These differences
are probably due to the degradation of the chains during the process of
purification and preparation of the derivatives. Viscosity measurements on
cellulose in Schweitzer’s solution give a value of 2000-3000 glucose units;
lower values were obtained for viscosity measurements on derivatives of
cellulose in organic solvents (Staudinger ef al., 1935-1937). Osmotic pres-
sure measurements on derivatives of cellulose have given values of approxi-
mately 1000 glucose units (Meyer, 1939). Schulz ¢f al. (1954, 1958) have
determined the molecular weight of cellulose nitrate by measurements of
viscosity, etc., and obtained results varying from 1400 to 7800 glucose units,
the value depending on the source of the cellulose.

From the foregoing account, it can be seen that the values obtained
chemically and physically are not in agreement. This indicates the uncer-
tainty of the value of #, and also that the value of #» depends on the source
and treatment of cellulose. However, the more recent work of Schulz (see
above) is reliable in that evidence was obtained that no degradation occurred
in the course of purification and conversion into the nitrates,

§22. Starch. The molecular formula of starch is (CgH;405)s. Hydrolysis
of starch with acids produces a quantitative yield of D-glucose (cf. cellulose);
thus the structure of starch is based on the glucose unit. Methylation of
starch gives the trimethylated compound (maximum substitution), and this,
on hydrolysis, produces 2 : 3 : 6-tri-O-methyl-p-glucose as the main product,
and a small amount (about 4-5 per cent.) of 2: 3 : 4 : 6-tetra-O-methyl-p-
glucose. Oxidation studies (periodic acid) have also shown the presence of
1 : 4-linked p-glucopyranocse residues. Starch is hydrolysed by the enzyme
diastase (f-amylase) to maltose (see also below). Thus the maltose unit is
present in starch, and so we may conclude that all the glucose units are
joined by a-links (cf. cellulose). The following structure for starch fits these
facts:
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The Haworth end-group assay (1932) showed that starch is composed of
approximately 24-30 glucose units. Thus starch is a linear molecule, at least
as far as 24-30 units. Haworth, however, pointed out that this was a
minimum chain-length, and that starches may differ by having different
numbers of this repeating unit (see also below). Viscosity measurements,
however, showed the presence of a highly branched structure. Now, it has
long been known that starch can be separated into two fractions, but it is
only fairly recently that this separation has been satisfactorily carried out;
the two fractions are a-amylose (the A-fraction; 17-34 per cent.) and
p-amylose (amylopectin, or the B-fraction). The fractionation has been
carried out in several ways, e.g., n-butanol is added to a hot colloidal solution
(aqueous) of starch, and the mixture allowed to cool to room temperature.
The A-fraction is precipitated, and the B-fraction is obtained from the
mother liquors by the addition of methanol (Schoch, 1942). Haworth et al.
(1946) have used thymol to bring about selective precipitation.
a-Amylose is soluble in water, and the solution gives a blue colour with
iodine. B-Amylose is insoluble in water, and gives a violet colour with
todine. Both amyloses are mixtures of polymers, and the average mole-
cular weight depends on the method of preparation of the starch used.
a-Amylose (A-fraction). Meyer e al. (1940) measured the osmotic
pressure of solutions of «x-amylose acetate, and obtained values of 10,000
60,000 for the molecular weight; values up to 1,000,000 have been reported.
When «-amylose with a chain-length of about 300 glucose units (as shown
by osmotic pressure measurements) was methylated and then hydrolysed,
about 0-3 per cent. of 2:3:4: 6-tetra-O-methyl-D-glucose was obtained.
This value is to be expected from a straight chain composed of approximately
300 glucose units. From this evidence it would therefore appear that
a-amylose is a linear polymer, and this is supported by the early work with
soya-bean fB-amylase (diastase). This enzyme converts a-amylose into
maltose in about 100 per cent. yield; this indicates that a large number of
maltose units are joined by a-links, 7.e., x-amylose is a linear molecule. Peat
et al. (1952), however, showed that highly purified soya-bean f-amylase
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gives only about 70 per cent. of maltose, and this has been confirmed by
other workers. Since f-amylase only attacks «-1 : 4-glucosidic linkages, it
thus appears that a-amylose contains a small number of other linkages.
Careful purification of ““ crude ”’ soya-bean f-amylase showed the presence
of two enzymes, f-amylase and another which was named Z-enzyme; it is
the latter which was shown to hydrolyse the non «-1:4-linkages. Thus
unpurified f-amylase (which contains both enzymes) degrades «-amylose
completely to maltose. It has also been shown that Z-enzyme has §-gluco-
sidase activity and that emulsin can hydrolyse these *“ anomalous *’ linkages.
These observations suggest that a-amylose contains a small number of
p-glucosidic linkages.

Another difficulty arises from the fact that the structure of potato amylose
depends on its method of preparation, e.g., one sample is completely degraded
by purified B-amylase, whereas other samples are not. The first sample
represents about 40 per cent. (by weight) of the total amylose in potato
starch, and thus it follows that potato amylose is heterogeneous both in
structure and in size. A large proportion is completely linear (and contains
about 2000 glucose units), and the remainder (which contains about 6000
units) contains a small number of these anomalous linkages. The nature of
these anomalous linkages is still uncertain.

Ampylopectin (B-fraction). Molecular weight determinations of amylo-
pectin by means of osmotic pressure measurements indicate values of 50,000
to 1,000,000 (Meyer ef al., 1940). Larger values have also, been reported,
e.g., Witnauer et al. (1952) have determined the molecular weight of potato
amylopectin by the method of light scattering, and report an average value
of 10,000,000 or more. Let us consider an amylopectin having an average
molecular weight of 550,000; this corresponds to about 3000 glucose units.
The end-group assay by methylation shows the presence of one unit with
four free hydroxyl groups per 24-30 glucose units; the same results are also
obtained by the periodate method. Thus the 3000 units are joined in such
a manner as to give about 100 end units; it therefore follows that the chain
must be branched. The problem is further complicated by the fact that
Hirst (1940), after methylating amylopectin and hydrolysing the product,
obtained, in addition to tri- and tetra-O-methyl-p-glucose, about 3 per cent.
of 2:8-di-O-methyl-p-glucose. This has been taken to mean that some
glucose units are also joined by C, and C, atoms. Furthermore, in certain
experiments, enzymic hydrolysis has given a small amount of 1 : 6 «-linked
diglucose, i.e., isomaltose is also present in amylopectin (Montgomery et al.,
1947, 1949). Wolfrom et al. (1955, 1956) have obtained evidence that there
is also an a-p-1 : 3-bond in amylopectin; the principal bond is «-D-1 : 4, and
branching occurs through o«-D-1 : 6-bonds.

The branching of the chains in amylopectin is supported by the following
evidence:

(i) Amylopectin acetate does not form fibres; fibre formation is character-
istic of linear molecules.

(ii) f-Amylase hydrolyses amylopectin to give only about 50 per cent. of
maltose. Thus there are ‘‘ blocked ”’ points, and these will occur at the
branch points. -

(iii) Amylopectin solutions do not show an orientation of the molecules
in the direction of flow in the concentric cylinder technique; the molecules
are therefore not linear.

The detailed structure of amylopectin is still not settled. Haworth and
Hirst (1937) suggested a laminated formula for amylopectin; each line
represents a basal chain of 24-30 glucose units joined by a C,—C, links,
and each arrow head represents the joining of the terminal reducing group
(Cy) of each chain to the central glucose member (at Cg) of the next chain,
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If it is branched in the fashion shown, then methylated amylopectin should
give some dimethylglucose on hydrolysis. Since 2 : 3-di-O-methyl-D-glucose
is actually obtained, the link must be C, of one chain to C, of the next. If

the unions are as regular as this, then there will be one C,—C, link for
every one end group. Hirst et al. (1945), however, showed by the end-
group assay by the periodic acid method that amylopectin contains only
traces of glucose residues joined solely by C;—C, links.

Prolonged methylation of amylopectin produces a diminution of the
molecular size (as determined by physical methods); e.g., methylation of
starch seventeen times changed the particle size from 3000 glucose units
to 190 units (Averill, 1939). This diminution in particle size cannot be -
due to the break-down of the basal chains, since the end-group assay always
gives the same basal chain-length, whether the methylation is carried out in
air or in an atmosphere of nitrogen. Haworth therefore suggested that this
diminution in particle size is due to the ‘ disaggregation >’ of the basal
chains.

As pointed out previously, f-amylase gives only 50 per cent. of maltose
with amylopectin. The high molecular weight residue is known as dextrin,
and this is not degraded because of the presence of the C,—C, link ($-amylase
breaks only a C;—C, links). According to Haworth (1946), S-amylase
attacks the chain, breaking them into units of two, the attack stopping at
the cross-links. Thus:

12
—> maltose 4

dextrin

In support of this explanation, it has been found that dextrin has a unit
chain-length of 11-12 glucose units.

Further work has shown that the Haworth laminated formula does not
satisfy the behaviour of amylases on amylopectin; the formula is far too
regular (¢f. Hirst’s work, above). Meyer (1940) proposed a highly branched
structure; this fits the behaviour of the amylases better. Furthermore,

mathematical calculations have shown that the regular form is unlikely.
A difficulty of the Meyer structure, however, is that amylopectin would be
globular; this is not in keeping with all the evidence.

§23. Some other polysaccharides. A number of other polysaccharides
besides cellulose and starch also occur naturally, and some of these are
described briefly below. .

Glycogen. This is the principal reserve carbohydrate in animals. It is
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hydrolysed by f-amylase to maltose, and molecular weight determinations
by physical methods give values between 1 and 2,000,000. The molecular
structure of glycogen appears to be similar to that of amylopectin; both
polysaccharides have many features in common. One main difference is
their degree of branching, the average chain-length in amylopectin being
about 24 glucose units and in glycogen about 12.

Inulin. This is a fructosan, and occurs in dahlia tubers, dandelion roots,
etc. Acid hydrolysis gives p-fructose, but if inulin is first methylated and
then hydrolysed, 3 : 4 : 6-tri-O-methyl-D-fructose is the main product, thus
indicating that inulin is composed of fructofuranose umits.

Mannans are polysaccharides which yield only mannose on hydrolysis;
they are found in ivory nut, seaweeds, bakers’ yeast, etc. Similarly, galac-
tans yield only galactose on hydrolysis; they occur in seeds, wood, etc.
There are also polysaccharides which contain pentose residues only, viz.
pentosans, ¢.g., xylans give p-xylose; arabans give L-arabinose. Some
pentosans are composed of both xylose and arabinose, and other poly-
saccharides are composed of pentose and hexose units, e.g., xylo-glucans
(xylose and glucose), arabo-galactans, etc. In addition to these neutral poly-
saccharides, there are also the acid polysaccharides. These are gums and
mucilages, and owe their acidity to the presence of uronic acids. Gums
are substances which swell in water to form gels {or viscous solutions),
e.g., gum arabic and gum tragacanth; on hydrolysis, the former gives ara-
binose, galactose, rhamnose and glucuronic acid, and the latter xylose,
L-fructose and galacturonic acid. Mucilages are polysaccharides which swell
in water to form viscous solutions; on hydrolysis, they give galacturonic
acid, arabinose, xylose, etc. The hemi-celluloses (which are widely dis-
tributed in the cell-wall of plants) also contain both uronic acids (glucuronic
or galacturonic) and pentoses (xylose, arabinose).

Pectin. This occurs in plants, particularly fruit juices. It is composed
of D-galacturonic acid residues and the methyl ester.

Alginic acid. This occurs in the free state and as the calcium salt in
various seaweeds. Hydrolysis of alginic acid produces pD-mannuronic acid.

Chitin. This is the polysaccharide that is found in the shells of crus-
taceans. Hydrolysis of chitin by acids produces acetic acid and D-glucos-
amine (chitosamine; 2-aminoglucose). Chitin is also hydrolysed by an
enzyme (which occurs in the intestine of smails) to N-acetylglucosamine.
X-ray analysis has shown that the structure of chitin is similar to that of
cellulose (N-acetylglucosamine replaces glucose).

—
CHOH
H—— NI, CH,0H
0 o)
HO——H A H
H—l— o OH H
OH OH
H H NH-CO*CHj
CH,OH N-acetylglucosamine

D-glucosamine
N-Methyl-L-glucosamine is a component of streptomycin (see §7. XVIII).

§23a. Photosynthesis of carbohydrates. The scheme outlined below
is largely that proposed by Calvin ef al. (1954). These authors exposed
certain algee to carbon dioxide (labelled with C) and light, then killed the
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alge and extracted with ethanol and chromatographed (on paper) the
extract. Two monosaccharides, ribulose and sedoheptulose, play an essen-
tial part in the photosynthesis of carbohydrates, and the steps involved
are as follows :

(i) Ribulose diphosphate accepts one molecule of carbon dioxide and one
of water.

(ii) The product now splits into two molecules of phosphoglyceric acid
(CH,O-POH,*CHOH-CO,H).

(i11) Phosphoglyceric acid undergoes reduction to phosphoglyceraldehyde.

(iv) Two molecules of phosphoglyceraldehyde combine to form hexose
phosphate.

(va) Hexose phosphate forms disaccharides and polysaccharides.

(vb) A molecule of hexose phosphate reacts with a molecule of phospho-
glyceraldehyde to form ribulose phosphate and a tetrose phosphate. The
latter reacts with a molecule of phosphoglyceraldehyde to produce sedo-
heptulose phosphate which, in turn, also reacts with a molecule of phospho-
glyceraldehyde to produce one molecule of ribose phosphate and one mole-
cule of ribulose phosphate. The ribose phosphate is then converted into
ribulose phosphate, thus completing the cycle.

All the aldohexoses and all the aldopentoses are interconvertible by inver-
sion of one asymmetric carbon atom, but how this occurs in the plant is not
certain. Furthermore, aldohexoses may be stepped down to aldopentoses,
and again how this occurs is not certain; one suggestion is (see also §32a.
VIII):

oxidation

CHO+(CHOH),-CHOHCH ,OH ———» CHO-(CHOH) ;>CHOH-CO,H
decarhboxylation
————— > CHO-(CHOH),-CH,0H

The foregoing account of photosynthesis describes the various inter-
mediates produced. In green plants the presence of chlorophyll (§6. XIX)
is necessary for photosynthesis, but its exact function is not certain. It
appears that all the light energy is used in the * light phase ”’ to raise chloro-
phyll 2 from its ground state to an excited state, and then this energy of
the excited state is used in the “ dark phase ” to convert carbon dioxide
into carbohydrates (Trebst ef al., 1958-1960). Furthermore, the same series
of dark-phase reactions has also been shown to occur in non-chlorophyllous
cells (inter alia, McFadden et al., 1957, 1959). What is peculiar to photo-
synthesis is its light phase.
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GLYCOSIDES

§24. Introduction. ‘A great variety of glycosides occur in plants. The
simple glycosides are colourless, soluble in water and are optically active;
they do not reduce Fehling’s solution. On hydrolysis with inorganic acids,
glycosides give a sugar and a hydroxylic compound, the aglycon (§3), which
may be an alcohol or a phenol. Most glycosides are hydrolysed by emulsin;
therefore they are f-glycosides. Actually, in the natural state, each glyco-
side is usually associated with an enzyme which occurs in different cells of
the plant. Maceration of the plant thus produces hydrolysis of the glyco-
side by bringing the enzyme in contact with the glycoside. Glucose has
been found to be the most common sugar component; when methylated
and then hydrolysed, most glycosides give 2:3:4 : 6-tetra-O-methyl-p-
glucose. Thus most glycosides are f-p-glucopyranosides.

Synthesis of glycosides. The synthesis of a glycoside uses an aceto-
bromohexose as the starting material; this compound is now named
systematically as a tetra-O-acetyl-D-hexopyranosyl 1-bromide, e.g., if the
hexose is glucose, then the a-form will be tetra-O-acetyl-a-p-glucopyranosyl
1-bromide. ,

When glucose is treated with acetic anhydride at 0° in the presence of
zinc chloride, the product is 1:2: 3 : 4 : 6-penta-O-acetyl-a-D-glucose (a-D-
glucose penta-acetate). If, however, glucose is heated with acetic anhydride
in the presence of sodium acetate, the product is 1:2:3:4: 6-penta-O-
acetyl-g-D-glucose. Furthermore, the f-isomer may be converted into the
a- by heating with acetic anhydride at 110° in the presence of zinc chloride.
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(IJHOH H-—(I}—O'CO'CH
CHgCO)40:ZnC
((I-JHOH)30 CCODOZTE. (CHOCOCHy), §
!
CIH——J CH
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CHjy'COgNu; (CHg CO)20;

heat
CH;CO0— (lJ—H I
(CHO-CO-CHy); §
| l
CH

I
CHzo'CO'CHg

P-glucose penta-acetate

l(CH,'CO)gO ;

These penta-acetates are readily hydrolysed to glucose by means of dilute
aqueous sodium hydroxide, ethanolic ammonia at 0°, or by methanol con-
taining a small amount of sodium methoxide. When dissolved in glacial
acetic acid saturated with hydrogen bromide, the glycosidic acetoxyl group
of a hexose penta-acetate is replaced by bromine to give an a-acetobromo-
hexose; the a-isomer is obtained whether the penta-acetate used is the a-
or f-compound (Fischer, 1911). Thus a Walden inversion occurs with the
f-compound (§1. III).
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Scheurer ef al. (1954) have synthesised acetobromo sugars in good yield
as follows. Bromine is added to a suspension of red phosphorus in glacial
acetic acid, and to this solution (which now contains acetyl bromide) is
added the sugar or acetylated sugar, the latter giving the better yields.

The bromine atom in these acetobromohexoses is very active.. Thus it
may be replaced by a hydroxyl group when the acetobromohexose is treated
with silver carbonate in moist ether (Fischer ef al., 1909), or by an alkoxyl
group when treated with an alcohol in the presence of silver carbonate
(Kénigs and Knorr, 1901). In the latter reaction the yields are improved
if anhydrous calcium sulphate and a small amount of iodine are used instead
of silver carbonate (Evans et al., 1938). In either case, the a-acetobromo-
hexose gives the f-glycoside. On the other hand, if mercuric acetate is
used instead of silver carbonate, then the a-glycoside is obtained. The
foregoing reactions may thus be written (using the symbol —us—> to represent
a Walden inversion; see §3. III).

H~G-0-00-CH, | CH,0- Cll-H |

0
(CHO"CO-CHy)s (CHO-CO-CHy);
I |
CH CIHL
| |
CH,0-CO-CH; CH,0-CO-CH,

a-penta-acetate B-glycoside

[ 0
((I}HO-CO-CH3)3 .
CH————' \

|
CH,0-CO-CH;

a-acetobromohexose

CHy;CO O— C-H l H—C—GCH;, O]

! 0 |
((I}HO'CO’CHS)S (CHO-CO-CHj)
’ | ’
(IJH CH
|
CH;0-CO-CH; CH,0-CO-CH;,
B-penta-acetate a-glycoside

§25. Indican. This glycoside occurs in the leaves of the indigo plant
and in the woad plant. When the leaves are macerated with water, the
enzyme present hydrolyses indican to glucose and indoxyl, and the latter,
on exposure to air, is converted into indigotin (see Vol. I).

The molecular formula of indican is C;,H, ;0,N, and since it gives D-glucose
and indoxyl on hydrolysis, it is therefore indoxyl p-glucoside. When indican
is methylated (with methyl iodide in the presence of dry silver oxide), tetra-
methylindican is obtained, and this, on hydrolysis with methanol containing
1 per cent. hydrogen chloride, gives indoxyl and methyl 2: 3 : 4 : 6-tetra-O-
methyl-p-glucoside. Thus the glucose molecule is present in the pyranose
form, and since indican is hydrolysed by emulsin, the glycosidic link must
be 8. Thus the structure of indican is III, and this has been confirmed by
synthesis from indoxy], I, and tetra-O-acetyl-a-D-glucopyranosyl 1-bromide,
II, as follows:
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§26. Ruberythric acid. This occurs in the madder root, and on hydro-
lysis, it was originally believed to give one molecule of alizarin and two
molecules of D-glucose. Jones and Robertson (1933), however, showed that
two molecules of D-glucose were not present in the hydrolysate; a mixture
of two sugars was actually present, D-glucose and D-xylose. Thus the mole-
cular formula of ruberythric acid is Cy;H,40,5, and not, as was originally
believed, CyeH,0,,. Thus the hydrolysis is:

0O
OH

OH
C%H%Oxs"' 2H20 —> CeIllgos + 05H1005 +

(o)

Jones and Robertson also showed that the two monosaccharide molecules
were present in the form of the disaccharide primeverose. Now, this
disaccharide is 6-0-8-p-xylopyranosyl-p-glucopyranose (Helferich, 1927), and

—
CHOH
C—H
H——OH ¢
HO—H O O H——OH
H——OH HO——H
H H—0H
CH, CHy—

primeverose
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it therefore follows that alizarin is linked to the glucose half of the prime-
verose molecule. Further work has shown that the glucosidic link is g,
and that it is the 2-hydroxyl group of alizarin that is involved. Thus the
structure of ruberythric acid is:

OH
—
0O—C-H C—H
H——OH H—1—O0H
00 0
0 HO——H HO——H
H——O0H H——O0H
H CH,—
CHy ————

§27. Amygdalin. Thisoccursin bitter almonds. The molecular formula
is CgqH,,0,1N, and it is hydrolysed by acids to one molecule of benzaldehyde,
two molecules of D-glucose, and one of hydrogen cyanide.

CaoH,;0,,N + 2H,0 —» CH,-CHO -+ 2C,H,,0, + HCN

Since emulsin also brings about this hydrolysis, amygdalin must contain a
B-glycosidic link. On the other hand, the enzyme zymase hydrolyses amyg-
dalin into one molecule of glucose and a glucoside of (4)-mandelonitrile
(this compound is

CaoH,y70,N + H,0 —> CgH;,04 + CoH-CH(CN)-0-C¢H,,0,4

identical with prumasin, a naturally occurring glucoside). Thus the agly-
con of amygdalin is (+)-mandelonitrile, and the sugar is a disaccharide.
Haworth ef al. (1922, 1923) have shown that this disaccharide is gentiobiose
{§19), and have synthesised amygdalin (in 1924) as follows. Gentiobiose, I,
was converted into hepta-acetyl-bromogentiobiose, II, by means of acetic
anhydride saturated with hydrogen bromide, and then IT was condensed
with racemic ethyl mandelate in the presence of silver oxide, whereby the
f-glycoside, ITI, was obtained. Treatment of this with ethanolic ammonia
hydrolysed the acetyl groups, and at the same time converted the ester
group into the corresponding amide; thus the (+)-amido-glycoside, IV, was
obtained. IV was then treated with acetic anhydride in pyridine solution,
and the (+)-hepta-acetyl derivative of the amide, V, was then separated
into its diastereoisomers by fractional crystallisation (the mandelic acid
portion is + and —, the gentiobiose portion is +; hence the two forms
present are -+ and —+, i.e., they are diastereoisomers). The (4)-form
was then dehydrated with phosphorus pentoxide to give the (+)-nitrile, VI,
and this, on de-acetylation with ethanolic ammonia, gave (+)-amygdalin,
VII, which was shown to be identical with the natural compound. (See
overleaf.)
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CHOH
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HO—+H HO—+H CH,C00
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H H
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——
H--0COCH; H-+OH H-+O0H
H H H
CH, CH,0COCH; CH; CH,0H
VI VII

§28. Arbutin and Methylarbutin. Arbutin is hydrolysed by emulsin
to give one molecule of D-glucose and one of quinol; thus arbutin is a -
glucoside. When methylated (with methyl sulphate in the presence of
sodium hydroxide), arbutin forms pentamethylarbutin, and this on hydro-
lysis with methanolic hydrogen chloride, gives methyl 2:3: 4 : 6-tetra-O-
methyl-D-glucoside and monomethylquinol (Macbeth ef al., 1923) ; structure I
for arbutin accounts for all these facts.
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| [ —
IIO@—O—C—H (CH3)aSO0s CH30©—O—C——H
H—1—0H NaOH H—}—O0CH;
HO——H ¢ CH0——H O
H~——O0H H——O0CH,
H “H
CH,OH CH,OCH,
I
——
CHOCH,
OCH,
H——O0CH;
il + CH 0—+—H O
CH;0H
H——OCH;
OH -
CH,0CH,

Pentamethylarbutin has been synthesised by converting 2:3: 4 : 6-tetra-
O-methyl-p-glucose into tetra-O-methyl-a-D-glucopyranosyl 1-bromide, and
condensing this with monomethylquinol; the product is 1dent1cal with the
methylated natural compound

Methylarbutin. This is hydrolysed by emulsin to one molecule of D-
glucose and one molecule of monomethylquinol; thus methylarbutin is a
B-glucoside, and its structure is:

cnaoQ-o —Q—H.
n H——0H
HO—}—H O
H—]—0H
H
CH,OH

Methylarbutin has been synthesised by condensing tetra-O-acetyl-a-p-gluco-
pyranosyl 1-bromide with monomethylquinol in the presence of silver
carbonate, followed by de-acetylation.

§29. Salicin. This is hydrolysed by emulsin to one molecule of D—glucose
and one of salicyl alcohol (saligenin). Thus salicin is a g-glucoside, but it
is not possible to tell from the hydrolytic products whether it is the phenolic
or alcoholic group of the salicyl alcohol which forms the glycosidic link.
Which group is involved is readily shown as follows (Irvine et al., 1906).
Oxidation of salicin with nitric acid forms kelicin, and this, on hydrolysis,
gives glucose and salicylaldehyde. Thus the phenolic group in salicyl alcohol
must form the glucoside. Methylation of salicin produces pentamethyl-
salicin, and this, on hydrolysis, gives 2:3: 4 : 6-tetra-O-methyl-p-glucose.
Hence the glucose residue is in the pyranose form; the structure given for
salicin fits the foregoing facts. This structure has been confirmed by con-
densing tetra-O-methyl-a-D-glucopyranosyl 1-bromide with salicyl alcohol,
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CH,OH
0—0—H
H—|—on
HO——H1 ©
H——0H
H

CH,OH

and then methylating the product. The pentamethylsalicin so obtained
was identical with the methylated natural product (Irvine et al., 1906).

§30. Sinigrin. This glycoside occurs in black mustard seed, and on
hydrolysis with the enzyme myrosin, p-glucose, allyl {sothiocyanate and
potassium hydrogen sulphate are obtained.

C10H1604NS:K -+ H,0 — CH,,04 + CH,—CH-CH,-NCS + KHSO,
Sodium methoxide degrades sinigrin, and one of the products obtained is

thioglucose, C;H;;0,SH. From this it is inferred that the glucose residue
is linked to a sulphur atom in sinigrin. Gadamer (1897) proposed I for the

K+0,5:0-C-S:CoH,;04 CH,;—CH-CH,-C*S'CH,,0;
f [
N-CH,CH=CH, N-0-SO4-K+
I II

structure of sinigrin, but Ettlinger ¢f al. (1956) have proposed II, since
these authors have shown that allyl ssothiocyanate is produced by re-
arrangement when the glycoside is hydrolysed by myrosin (c¢f. the Lossen
rearrangement; see Vol. I).
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CHAPTER VIII
TERPENES

§1. Introduction. The terpenes form a group of compounds the majority
of which occur in the plant kingdom; a few terpenes have been obtained
from other sources. The simpler mono- and sesqui-terpenes are the chief
constituents of the essential oils; these are the volatile oils obtained from
the sap and tissues of certain plants and trees. The essential oils have
been used in perfumery from the earliest times. The di- and tri-terpenes,
which are not steam volatile, are obtained from plant and tree gums and
resins. The tetraterpenes form a group of compounds known as the caro-
tenotds, and it is usual to treat these as a separate group (see Ch. IX).
Rubber is the most important polyterpene.

Most natural terpene hydrocarbons have the molecular formula (C;Hg)a,
and the value of # is used as a basis of classification. Thus we have the
following classes (these have already been mentioned above):

(i) Monoterpenes, CyoHs. (ii) Sesquiterpenes, CyzH,,.
(i1i) Diterpenes, CyoHgo. (iv) Triterpenes, CyoHys.
(v) Tetraterpenes, C,Hg, (these are the carotenoids).

(vi) Polyterpenes, (CsHg)n.

In addition to the terpene hydrocarbons, there are the oxygenated derivatives
of each class which also occur naturally, and these are mainly alcohols,
aldehydes or ketones.

The term ferpene was originally reserved for those hydrocarbons of mole-
cular formula C,gH,,, but by common usage, the term now includes all com-
pounds of the formula (CsHg),. There is, however, a tendency to call the
whole group ferpenoids instead of ferpenes, and to restrict the name Zerpene
to the compounds C,oH,,.

The thermal decomposition of almost all terpenes gives isoprene as one
of the products, and this led to the suggestion that the skeleton structures
of all naturally occurring terpenes can be built up of isoprene units; this is
known as the isoprene rule, and was first pointed out by Wallach (1887).
Thus the divisibility into isoprene units may be regarded as a necessary
condition to be satisfied by the structure of any plant-synthesised terpene.
Furthermore, Ingold (1925) pointed out that the isoprene units in natural
terpenes were joined ‘‘ head to tail  (the head being the branched end of
isoprene). This divisibility into isoprene units, and their head to tail union,
may conveniently be referred to as the special isoprene rule. It should be
noted, however, that this rule, which has proved very useful, can only be
used as a guiding principle and not as a fixed rule. Several exceptions to
it occur among the simpler terpenes, e.g., lavandulol is composed of two
‘isoprene units which are not joined head to tail; also, the carotenoids are
joined tail to tail at their centre (see Ch. IX).

C}Is /C}Iz Cl[s
>C:CH.CH2'?H_C<CH Cliy=C—CH=CIL
. o O —OT[=—
i ClLOH s = 2
lavandulol isoprene

242
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The carbon skeletons of open-chain monoterpenes and sesquiterpenes are:

c ; c
C—-(‘:—C—G-J,'—C—(l)—c—c
head taili head tail

I N
C—C—C—C— c-o-c-c-g-o-c-c—o'

Monocyclic terpenes contain a six-membered ring, and in this connection
Ingold (1921) pointed out that a gem-dialkyl group tends to render the
cyclohexane ring unstable. Hence, in closing the open chain to a cyclo-
hexane ring, use of this * gem-dialkyl rule ” limits the number of possible
structures (but see, e.g., abietic acid, §31). Thus the monoterpene open
chain can give rise to only one possibility for a monocyclic monoterpene,
viz., the p-cymene structure. This is shown in the following structures,
the acyclic structure being written in the conventional “‘ ring shape .

C C
] e
Cc C C. _C
N\ N A
C N
¢ c
C/ \C C/ \C
acyclic p-cymene
structure structure

All natural monocyclic monoterpenes are derivatives of p-cymene.

Bicyclic monoterpenes contain a six-membered ring and a three-, four-
or five-membered ring. Ingold (1921) also pointed out that cyclopropane
and cyclobutane rings require the introduction of a gem-dimethyl group to
render them sufficiently stable to be capable of occurrence in nature. -Thus
closure of the C,, open chain gives three possible bicyclic structures; all
three types are known.

g ¢ v
c C C
AN
AN AT
oo Joedy -0 (L
C C ‘C 1C C >
N \L4 \(L/

If we use these ideas with the sesquiterpene acyclic structure, then we find
that only three monocyclic and three bicyclic structures are possible (not
all are known; see the sesquiterpenes).
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Recently some furano-terpenes have been isolated, e.g., dendrolasin, which
is believed to have the following structure (Quilico ef al., 1957); it contains
three isoprene units joined head to tail.

UCHg . CH2 . CH:('} . CHz' CH2' CH=CM92
Me

(o)

§2. Isolation of monoterpenes and sesquiterpenes. Plants contain-
ing essential oils usually have the greatest concentration at some particular
time, e.g., jasmine at sunset. In general, there are four methods of extrac-
tion of the terpenes: (i) expression; (ii) steam distillation; (iii) extraction
by means of volatile solvents; {iv) adsorption in purified fats (enfleurage).
Method (ii) is the one most widely used; the plant is macerated and then
steam distilled. If the compound decomposes under these conditions, it
thay be extracted with light petrol at 50°, and the solvent then removed
by distillation under reduced pressure. Alternatively, the method of ad-
sorption in fats is used. The fat is warmed to about 50°, and then the |
flower petals are spread on the surface of the fat until the latter is saturated. |
The fat is now digested with ethanol, any fat that dissolves being removed
by cooling to 20°, The essential oils so obtained usually contain a number
of terpenes, and these are separated by fractional distillation. The terpene
hydrocarbons distil first, and these are followed by the oxygenated de-
rivatives. Distillation of the residue under reduced pressure gives the
sesquiterpenes, and these are separated by fractional distillation.

§3. General methods of determining structure. The following brief
account gives an indication of the various methods used in elucidating the
structures of the terpenes (see the text for details).

(i) A pure specimen is obtained, and the molecular formula is ascertained
by the usual methods. If the terpene is optically active, its specific rotation
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is measured. Optical activity may be used as a means of distinguishing
structures (see, e.g., §12). ' :

(ii) If oxygen is present in the molecule, its functional nature is ascertained,
i.e., whether it is present as hydroxyl, aldehyde, ketone, etc. (¢f. alkaloids,
§4. XIV).

(iii) The presence of olefinic bonds is ascertained by means of bromine,
and the number of double bonds is determined by analysis of the bromide,
or by quantitative hydrogenation, or by titration with monoperphthalic
acid. These facts lead to the molecular formula of the parent hydrocarbon,
from which the number of rings present in the structure may be deduced.

(iv) The preparation of nitrosochlorides and a study of their behaviour
(see also the nitroso compounds, Vol. I).

(v) Dehydrogenation of terpenes with sulphur or selenium, and an exami-
nation of the products thereby obtained (see also §2 vii. X).

(vi) Measurement of the refractive index leads to a value for the molecular
refractivity. From this may be deduced the nature of the carbon skeleton
(see, in particular, sesquiterpenes). Also, optical exaltation indicates the
presence of double bonds in conjugation (cf. §11. I).

(vii) Measurement of the ultraviolet, infra-red and Raman spectra. More
recently X-ray analysis of crystals has also been used.

(viii) Degradative oxidation. The usual reagents used for this purpose
are ozone, acid or alkaline permanganate, chromic acid and sodium hypo-
bromite. In general, degradative oxidation is the most powerful tool for
elucidating the structures of the terpenes.

(ix) After the analytical evidence has led to a tentative structure (or
structures), the final proof of structure depends on synthesis. In terpene
chemistry, many of the syntheses are ambiguous, and in such cases analytical
evidence is used in conjunction with the synthesis. Many terpenes have not
yet been synthesised.

MONOTERPENES

The morioterpenes may be subdivided into three groups: acyclic, mono-
cyclic and bicyclic. This classification affords a convenient means of study
of the monoterpenes,

ACYCLIC MONOTERPENES

§4. Myrcene, C, H, ,, is an acyclic monoterpene hydrocarbon which occurs
in verbena and bay oils. It is a liquid, b.p. 166-168°. Catalytic hydro-
genation (platinum) converts myrcene into a decane, C;4H,,; thus myrcene
contains three double bonds, and is an open-chain compound. Furthermore,
since myrcene forms an adduct with maleic anhydride, two of the double
bonds are conjugated (Diels ¢t al., 1929; see the Diels-Alder reaction, Vol. I).
This conjugation is supported by evidence obtained from the ultraviolet
spectrum of myrcene (Booker et al., 1940). These facts, i.e., that myrcene
contains three double bonds, two of which are in conjugation, had been
established by earlier investigators (e.g., Semmler, 1901). Ozonolysis of
myrcene produces acetone, formaldehyde and a ketodialdehyde, C;H,O,,
and the latter, on oxidation with chromic acid, gives succinic acid and
carbon dioxide (Ruzicka ef al., 1924). These results can be explained by
assigning structure I to myrcene. In terpene chemistry it has become
customary to use conventional formulz rather than those of the type I.
In these conventional formule only lines are used; carbon atoms are at
the junctions of pairs of lines or at the end of a line, and unsaturation is
indicated by double bonds. Furthermore, the carbon skeleton is usually

1
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drawn in a ring fashion (the cyclohexane ring). Thus myrcene may be
represented as II, and this type of structural formula will, in general, be

0{13 ﬁsz
C=CH—CHy—CH,—C— CH=CH,
I i

used in this book. Thus the process of ozonolysis and oxidation of the
ketodialdehyde may be written:

o CHO
acetone  formaldehyde

CHO
(0]
ketodialdehyde
CHO o I{CozH
ch:::nc I 2 + C 02
~.,CHO CH,

A \cozﬂ
0

This structure for myrcene is supported by the fact that on hydration
{under the influence of sulphuric acid), myrcene forms an alcohol which,
on oxidation, gives citral. The structure of this compound is known (see
§6), and its formation is in accord with the structure given to myrcene.

§4a. Ocimene, C,,H,,, b.p. 81°/30 mm. When catalytically hydro-
genated, ocimene adds on three molecules of hydrogen to form a decane.
Thus ocimene is an acyclic compound which contains three double bonds.
Furthermore, since ocimene forms an adduct with maleic anhydride, two
of the double bonds are conjugated. On ozonolysis, ocimene produces
formaldehyde, methylglyoxal, levulaldehyde, acetic and malonic acids, and
some acetone. All of these products, except acetone, are accounted for by
structure I for ocimene (this has an ssopropenyl end-group). In order to
account for the appearance of acetone in the oxidation products, ocimene

N
(00)
+ 0Oy ,CHO + CH,0
g
CHO CHj
I l Co,H

CH3 ¢ COz H+ Céz
CO.H
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is also believed to exist in the ssopropylidene form, II, ¢.e., ocimene is a
mixture of I and II, with I predominating (but see citral, §5).

CH, CH, CO,H
Ve /
2y {IC + CH, + CH, CO-CHO + CH,0
S 00,H

§5. Citral, C;,H,;,0. This is the most important member of the acyclic
monoterpenes, since the structures of most of the other compounds in this
group are based on that of citral. Citral is widely distributed and occurs
to an extent of 60-80 per cent. in lemon grass oil. Citral is a liquid which
has the smell of lemons.

Citral was shown to contain an oxo group, e.g., it forms an oxime, etc.
On heating with potassium hydrogen sulphate, citral forms p-cymene, II
(Semmler, 1891). This reaction was used by Semmler to determine the posi-
tions of the methyl and ssopropyl groups in citral; Semmler realised that
the citral molecule was acyclic, and gave it the skeleton structure, I (two

C C CH; ,CH;
\?/ S (':1{
(6] C
/ 7\
C C CH (fH
l | — |
C C CH /CH
No” \?/
4 o,
I 11

isoprene units joined head to tail). Citral can be reduced by sodium amal-
gam to an alcohol, geraniol, C,,H,,0, and is oxidised by silver oxide to
geranic acid, C,,H,¢O,; since there is no loss of carbon on oxidation to the
acid, the oxo group in citral is therefore an aldehyde group (Semmler, 1890).
Oxidation of citral with alkaline permanganate, followed by chromic acid,
gives acetone, oxalic and kevulic acids (Tiemann and Semmler, 1895). Thus,
if citral has structure III, the formation of these oxidation products may be

CO,H
CHds ,CH s ,
CHO —» qﬁ/ ? + (|3H2, + CO.H
Y CHe CO.H
t,
CH,

accounted for. This structure is supported by the work of Verley (1897),
who found that aqueous potassium carbonate converted citral into 6-methyl-
hept-5-en-2-one, IV, and acetaldehyde. The formation of these products
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is readily explained by assuming III undergoes cleavage at the « : §-double
bond; this cleavage by alkaline reagents is a general reaction of «: f-un-
saturated oxo compounds (see Vol. I). Furthermore, methylheptenone it-
self is also oxidised to acetone and laevulic acid; this is again in accord with

CHO + H,0 K2COs CHO

. CH;
~ Clo
II1 v

structure ITI. The structure of methylheptenone was already known from
its synthesis by Barbier and Bouveault (1896). These workers condensed
2 : 4-dibromo-2-methylbutane with sodio-acetylacetone, and heated the re-
sulting compound with concentrated sodium hydroxide solution. Barbier

-
CH, ,OH; om0, oHs OH
CBr CBr NaOH
| + NaCH(COCHg;—>| | — I
H, CH, CIH
/OH / 4
CHQBI‘ ?Hz (l) 2
| CH(COCHS), | CH,
co
CH;

and Bouveault (1896) then converted methylheptenone into geranic ester, V,
by means of the Reformatsky reaction, using zinc and ethyl iodoacetate.
The synthesis of citral was completed by Tiemann (1898) by distilling a

+ Zn+ CH,I-CO,Et—> acidy
CHg' COgEt CI‘Ig * COzEt
CO .
[ . Znl OH
v
(CH;C0);0 :
~Hy0 CH:CO,Et
v

mixture of the calcium salts of geranic and formic acids (ca represents
“half an atom of calcium ”);
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, CHO + CaCO,
CHCOpcq + H'COzc2 —>

A more recent synthesis of citral is that of Arens and van Dorp (1948).
Methylheptenone was first prepared as follows:

CH; CH. CH; CH CH; CH
\(;/ 3+(‘H (i) Na—tiquid NHj \g/ e N3
T 272 @) A0 > [ SOH hoo f\oH
(0] — ///C //CH
CH CH,
CH; CH CH; CH
Al \3 3
PBrsi E.AA.
" synthesis "
CH H
CHQBP (l}Hz
CI\I\Z
(lJO
CH,

Then the methylheptenone was treated with ethoxyacetylene-magnesium
bromide, the product reduced and then de-alkylated. It should be noted

CMgBr .
etc, COCgH5 Hg CHOCg H5
? . gocsz“ > Z& Pd—Ba534

OH OH

HO CHO

that an allylic rearrangement occurs in both parts of this synthesis (see also
§8). Ethoxyacetylenemagnesium bromide may conveniently be prepared
from chloroacetaldehyde diethyl acetal as follows (Jones ef al., 1954):

CH,CI-CH(OC,H,), ——% CH=C-0C,H, 2255, BrMgC=c-0C,H,
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Examination of the formula of citral shows that two geometrical isomers

are possible:
B

1 CHO
CHO 1T
trans-form; cis-form;
citral-a; citral-b;
geranial neral

Both isomers occur in natural citral, e.g., fwo semicarbazones are formed by
citral; both forms of citral itself have also been obtained: citral-a (also
known as geranial) has a b.p. 118-119°/20 mm., and citral-b (also known
as neral) has a b.p. 117-118°/20 mm. The configurations of these two
forms have been determined from a consideration of the ring closures of
the corresponding alcohols (see geraniol, §7).

The problem of the structure of citral is further complicated for the
following reasons. Ozonolysis of citral gives acetone, levulaldehyde and
glyoxal (Harries, 1903, 1907); these products are to be expected from
structure III. On the other hand, Grignard et al. (1924) also isolated a
small amount of formaldehyde from the products of ozonolysis; this points
towards structure VI, which has an #sopropenyl end-group. Thus citral

CHO /" CcHO

111 VI

has been regarded as a mixture of four substances, two geranials and two
nerals. Assuming, then, that both the ¢sopropylidene and ssopropenyl forms
are present, it is possible that these two structures form a three-carbon
tautomeric system:

(|}H3 CH;
CH;— C=CH-- == CHp==C—CHg-

Recent work, however, has cast doubt on the existence of these two forms
in citral. According to infra-red spectroscopic studies, it appears that
naturally occurring acyclic monoterpenes as a class possess only the Zso-
propylidene end-group structure (Barnard, Bateman ¢t al., 1950). Accord-
ing to these authors, during oxidative degradation, partial rearrangement
from the isopropylidene to the isopropenyl structure occurs, and so this
method of determining fine structure is unreliable (see also geraniol, §7).
Oliver (1961) has developed a chemical together with a chromatographic
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method for separating a mixture of ssopropylidene and ssopropenyl isomers.
This should be of value in the studies of natural terpenes.

§6. Ionones. When citral is condensed with acetone in the presence of
barium hydroxide, y-ionone is formed and this, on heating with dilute
sulphuric acid in the presence of glycerol, forms a mixture of «- and §-ionones
(Tiemann and Kriiger, 1893). The proportion of « to f varies with the
nature of the cyclising agent used, e.g., with sulphuric acid, f-ionone is
the main product; with phosphoric acid, a-ionone is the main product.
Both ionones have been obtained from natural sources; the f-isomer is
optically inactive, whereas the a-isomer can exist in optically active forms

CHs CHs CH; ,CH,
C C
ﬁ g
(9] CH-CHO BaoH)y CH CH-CH=CH-CO-CHj H,50,
] + CH;CO-CH;— > | | (+2H,0)
CH, ,C-CHj CH, C:CH, )
CH, CH,
¢~ionone
— -
CH; CH
\é/ :
C ﬁg NoH CH=CHCOCH; CH=CHCOCH;,
| CHsCH=CHCO-CH, R +
| ~CH.
C 3
}\IZ 4 “Non
L. 2 - B-ionone a-ionone

since it contains one asymmetric carbon atom. Actually, the (+)-, (—)-
and (-)-forms of a-ionone occur naturally. Very dilute ethanolic solutions
of B-ionone have the odour of violets.

The structures of the ionones were established by a study of the oxidation
products produced by potassium permanganate (Tiemann, 1898, 1900);

CH=CH:CO-CH;,
— CO,H + CO,H + CO.H
CO-CH; /COZH CO,;H

B-ionone I I 3¢

p-ionone gave geronic acid, I, a: a-dimethyladipic acid, II, and «: a-di-
methylsuccinic acid, III. On the other hand, a-ionone gave a mixture of
isoger(‘);lic acid, IV, §: f-dimethyladipic acid, V, and « : a-dimethylglutaric
acid, VI. ’

CH=CH:CO"CH
e N . ( CoH
CO-CH CO,H
CO,H CO,H COH
VI

a-ionone . v v
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Theimer e al. (1962) have isolated y-ionone (by vapour-phase chromato-

CH=CH-CO-CH,

graphy) from the mixture of ionones obtained above (this ionone corresponds
to the p-irone; see below).

The ionones are related to irone, C,Hy,O; this occurs in the oil obtained
from the orris root. The structure of irone was established by Ruzicka
et al. (1947), who showed that on ozonolysis, irone gives formaldehyde and
B : B : y-trimethylpimelic acid, VIII; also, reduction of irone with hydriodic
acid and red phosphorus, followed by dehydrogenation with selenium, gives
1:2: 6-trimethylnaphthalene, IX. Ruzicka therefore proposed structure

CH=CH:C0"CHj 0.H] CO.H
s CH,0+ N S
CO.H
0
VI VIII
o$¢
Qe CH,
s, CH;
—
CH,

irene IX

VII for irone. Ruzicka (1947) further showed that irone was a mixture
of three isomers (VIL is y-irone):

. : CH=CH CO-CH; j CH=CH-CO-CH; i CH=CH-CO-CH;

a-irone -lI‘OIle Y- irone

§7. Geraniol, C,,H, 0, b.p. 229-230°/757 mm. This is found in many
essential oils, particularly rose oil. Geraniol was shown to be a primary
alcohol, e.g., on oxidation it gives an aldehyde (citral-a); and since it forms
a tetrabromide, geraniol therefore contains two double bonds. Reduction
of citral produces geraniol, but at the same time some merol is formed.
The structural identity of geraniol and nerol is shown by the following facts.
Both add on two molecules of hydrogen when hydrogenated catalytically;
thus both contain two double bonds. Both give the same saturated alcohol,
CoHz0. Also, on oxidation, geraniol and nerol give the same oxidation
products which, at the same time, show the positions of the double bonds
to be 2 and 7 (cf citral, §5). Thus geraniol and nerol are geometrical iso-
mers. Geraniol has been assigned the frans configuration and nerol the cis
on the fact that cyclisation to a-terpineol (§11) by means of dilute sulphuric
acid takes place about 9 times as fast with nerol as it does with geraniol;




§8] TERPENES 253

this faster rate with nerol is due to the proximity of the alcoholic group
to the carbon (*) which is involved in the ring formation. Thus:

OH
* *
CH,OH H
—_— ———
H CH,0H
nerol a-terpineol geraniol
(cts-) (trans-)

Nerol also occurs naturally in various essential oils, e.g., 0il of neroli, berga-
mot, etc.; its b.p. is 225-226°,

Knights ef al. (1955) have found that, on ozonolysis, geranyl acetate gives
less than 3 per cent. of formaldehyde, and have concluded that the acetate
and geraniol itself have predominantly the ¢sopropylidene structure (cf.
citral, §5).

§8. Linalool, C,(H,.O, b.p. 198-199°. This is an optically active com-
pound; the (—)-form occurs in rose oil and the (+4)-form in orange oil.
It was shown to be a tertiary alcohol, and since it adds on two molecules of
hydrogen on catalytic hydrogenation, it must contain two double bonds.
When heated with acetic anhydride, linalool is converted into geranyl
acetate; and the latter is converted into the former by heating with steam
at 200° under pressure. Also, heating linalool with hydrogen chloride in
toluene solution at 100° produces geranyl chloride, and this, when treated
with moist silver oxide in benzene solution, is reconverted into linalool.
These reactions are parallel to those which occur when crotyl alcohol is
treated with hydrogen bromide; a mixture of crotyl bromide and methyl-
vinylcarbinyl bromide is obtained. When either of these products is treated
with moist silver oxide, a mixture of crotyl alcohol and methylvinylcarbinol
is obtained.

CHyCH: CH-CH,0HE*, 0H,- CH: CH: CH,Br + CH,CHBr-CH:CH,
[ &/ Sy
“049 Ygco

CHy CH: CH-CH,0H +CHyCHOH-CH:CH,

Thus the elucidation of the structure of linalool is complicated by the ease
with which the allylic rearrangement occurs (see also Vol. I). Since the
structure of geraniol is known, a possible structure for linalool is obtained
on the basis of this allylic rearrangement.

CH;0H

OH
geraniol linalool
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This structure has been confirmed by synthesis of linalool (Ruzicka ef al.,
1919); 6-methylhept-5-en-2-one was treated as follows:

moist ether

OH
(#)-linalool

Normant (1955) has synthesised linalool in one step by the action of vinyl-
magnesium bromide on methylheptenone.

§9. Citronellal, C,;H,;0. This is an optically active compound which
occurs in citronella oil. Citronellal is an aldehyde; reduction with sodium
amalgam converts it into the alcohol citronellol, C,qH,40, and oxidation
gives citronellic acid, C;gH;40,. Now there is another aldehyde, rhodinal,
which is isomeric with citronellal, and on reduction, rhodinal gives the
alcohol, rhodinol, which is isomeric with citronellol. Furthermore, reduc-
tion of ethyl geranate with sodium and ethanol gives rhodinol (Bouveault
et al., 1900).

Oxidatiorz of citronellal with chromic acid gives g-methyladipic acid and
acetone (Tiemann ef al., 1896, 1897). Rhodinal also gives the same products

0O + COH
CHO CrOs 002H

I
on oxidation. Thus structure I would fit the facts for both citronellal and
rhodinal. On the other hand, ozonolysis of citronellal gives f-methyladipic
acid, acetone and some formaldehyde (Harries et al., 1908). These results
point towards structure II for citronellal, as well as I. Thus citronellal
appears to be a mixture of I (isopropylidene end-group) and II (isopropenyl
end-group). Furthermore, a detailed study of rhodinal has shown that this

co,H
CHO 0, 1,0+ CHyCO.H + CO B

11
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compound is identical with citronellal, but consists of a mixture of the two
forms in different proportions (but ¢f. citral, §5).

§9a. Citronellol and Rhodinol, C,;H,,0. (—)-Citronellol occurs in rose
and geranium oils, and is a mixture of the two forms:

&Hgoﬂ éﬂzon

The (+)-form of citronellol is made commercially by reduction of citronellal
with sodium or aluminium amalgam; it also occurs in Java citronella oil.

Rhodinol is identical with citronellol, but the proportions of the two forms
are different from those which occur in citronellol; the identity of citronellol
and rhodinol is shown by the products of ozonolysis,

MONOCYCLIC MONOTERPENES

§10. Nomenclature. For the purposes of nomenclature of the mono-
cyclic monoterpenes, the fully saturated compound p-methylisopropylecyclo-
hexane, hexahydro-p-cymene or p-menthane, C;oH,,, is used as the parent
substance; it is a synthetic compound, b.p. 170°. p-Menthane is I, and II
is a conventional method of drawing formula I. The positions of sub-
stituents and double bonds are indicated by numbers, the method of number-
ing being shown in I (and II). When a compound derived from p-menthane

8 10

contains one or more double bonds, ambiguity may arise as to the position
of a double bond when this is indicated in the usual way by a number which
locates the first carbon atom joined by the double bond. To prevent am-
biguity, the second carbon atom joined to the double bond is also shown,

0 9 ¢

A%-p-menthene; p-menth- ‘ p-mentha-
2-p-menthene; 1(7)-ene 1:4(8)-diene

p-menth-2-ene;
p-menthene-2. . :
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but is placed in parentheses. The previous examples illustrate the method
of nomenclature; in the first example, all the types of methods of nomen-
clature have been given; in the second and third examples, only the nomen-
clature that will be used in this book is given.

§lla. a-Terpineol. This is an optically active monoterpene that occurs
naturally in the (+4)-, (—)- and (4-)-forms; it is a solid, m.p. (of the racemic
modification) 35°. The molecular formula of a-terpineol is C,,H,O, and
the oxygen atom is present as a tertiary alcoholic group (as shown by the
reactions of a-terpineol). Since a-terpineol adds on two bromine atoms, it
therefore contains one double bond. Thus the parent (saturated) hydro-
carbon of «-terpineol has the molecular formula C;yH,,. This corresponds
to C,H,,, the general formula of the (monocyclic) cycloalkanes, and so it
follows that «-terpineol is a monocyclic compound.

When heated with sulphuric acid, «-terpineol forms some p-cymene.
Taking this in conjunction with the tentative proposal that «-terpineol is
monocyclic, it is reasonable to infer that a-terpineol contains the p-cymene
skeleton. Thus we may conclude that «-terpineol is probably p-menthane
with one double bond and a tertiary alcoholic group. The positions of
these functional groups were ascertained by Wallach (1893, 1895) by means
of graded oxidation. The following chart gives the results of Wallach’s
work; only the carbon content is indicated to show the fate of these carbon
atoms (the formule are given in the text). :

a-Terpineol il Trihydroxy compound 0 [Ketohydroxyacid]
Coo HMR0s Cio 10
1 II II1
—> Keto-lactone
Cuo
v

warm
alk.
KMnO,

Terpenylic acid M0, Terebic acid

Cs C,
v VI
+

CH,-CO,H

Oxidation of a-terpineol, I, with 1 per cent. alkaline potassium permanganate
hydroxylates the double bond to produce the trihydroxy compound II,
CioHg00s. This, on oxidation with chromic acid (chromium trioxide in
acetic acid), produces a compound with the molecular formula C,H,,0,
(IV). This compound was shown to contain a ketonic group, and that it
was neutral, e.g., it gave no reaction with sodium carbonate solution. When,
however, IV was refluxed with excess of standard sodium hydroxide solu-
tion, and then back titrated, it was found that alkali had been consumed, the
amount corresponding to the presence of one carboxyl group. Thus com-
pound IV appears to be the lactone of a monocarboxylic acid. Furthermore,
since it is the lactone that is isolated and not the hydroxy acid, this spon-
taneous lactonisation may be interpreted as being produced from a y-hydroxy-
acid, 7.e., IV is a yp-lactone, and therefore III is a p-hydroxyacid. It is
possible, however, for d-hydroxyacids to spontaneously lactonise, and so
whether IV is a y- or d-lactone is uncertain at this stage of the evidence.
Now, since IV is formed from II by scission of the glycol bond, and since
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_ _
OH OH oH
— —_ —_—
C0,H
N OH CIO
IOH bn |
I 1 11
0 —> CHyCOH+ 0 — N 0
2
co—l HO,0 co—J oo_l
co VI
CH, v
v :

thereis no loss of carbon atoms in the process, the double bond must there-
fore be in the ring in I.  On warming with alkaline permanganate, IV gave
acetic acid and a compound CgH,,0, (V). The formation of acetic acid
suggests that 1V is a methyl ketone, i.e.,'a CHyCO group is present. Thus
IV is a methyl ketone and a lactone; it is known as homoterpenyl methyl
ketone, and the structure assigned to it has been confirmed by synthesis
(Simonsen ¢f al., 1932). A study of the properties of terpenylic acid, V,
showed that it was the lactone of a monohydroxydicarboxylic acid. Further
oxidation of terpenylic acid gives terebic acid C,H,,0, (VI), which is also
the lactone of a monohydroxydicarboxylic acid.

The above reactions can be formulated as shown, assuming 1 (p-menth-
1-en-8-ol) as the structure of a-terpineol. These reactions were formulated
by Wallach, who adopted formula I which had been proposed by Wagner
(1894). The structures of terpenylic (V) and terebic (VI) acids were estab-
lished by synthesis, e.g., those of Simonsen (1907).

Terebic acid, m.p. 175°.

CH, CH, OHs
|
(l;() CiHeONn CIJO CHRC1-CO4CsHs E;)I ICH:Mel
CH, CHNa
VAR
CO,C.H; CO2CzHs COLCqHs (lez
CO,C,H;
CH; CH, B ]
N\
([.}’-O}Ig]: hydrotysis OH lactonises
CH
7\ ?
COC,H, CH, CO,H Co.H _]
00,0 H; CO,H | co

terebic acid



258 ORGANIC CHEMISTRY [cH. Vi

Terpenylic acid, m.p. 90°,

C‘Hs C|Hz
CO CO .
|+ 2CH,CI-CO,C,H, ZatlsONa, ) oo
CHQ {2 steps) C hydrolysis
|
1
C()QCQI'I5 ?Hg 00202H5(I)H2
CO,C,Hj CO,C, g
CH; (l}I[;; CH; CH;
?0 CaHgOH ?0 1CH: Mgl ?“OMgI
CH ha CH CH
4 N\ N\ / N\
(Ij 2 CH2 CH2 CHZ CHz HZ
[ - |
CO.H CO.H CO,CH; CO,CHjg CO,CyHy CO,C.Hy
hydrolysis OH lactonises
—_—
0
CO,H CO,H CO,H COJ

terpenylic acid

It is of interest to note here that Sandberg (1957) has prepared the
B-acetotricarballylate in one step from acetoacetic ester and ethyl bromo-
acetate in the presence of sodium hydride (in benzene solution).

These syntheses strengthen the evidence for the structure assigned to
«-terpineol, but final proof rests with a synthesis of «-terpineol itself. This
has been carried out by Perkin, junior (1904), and by Perkin, junior, with
Meldrum and Fisher (1908). Only the second synthesis is given here; this
starts with p-toluic acid.

COH CO.H
CO,H CO,H CO,H
H,SO: KOH _. Na HBr
SOH OH CaHsOH OH Br
CH CH, CH
’ : ? Hy H;
OH

CO:H CO;C,H; ‘ OMgl
heaf i.n CgHsOH _?_C_PLigI» L.d>
pyridine HCI
HBr)

Vi (*)-a-terpineol
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Compound VII was also resolved with strychnine, each enantiomorph treated
as shown above (esterified, etc.), and thereby resulted in the formation of
(-+)- and (—)-terpineol. It should be noted that in the above synthesis

CO,H CO,H
pyridine
Br
CH,
VIII

the removal of a molecule of hydrogen bromide from 3-bromo-4-methyl-
cyclohexane-1-carboxylic acid to give VII is an ambiguous step; instead of
VII, compound VIII could have been formed. That VII and not VIII is
formed rests on the analytical evidence for the position of this double bond;
VIII cannot give the products of oxidation that are actually obtained from
a-terpineol.

A much simpler synthesis of a-terpineol has been carried out by Alder
and Vogt (1949); this makes use of the Diels—Alder reaction, using isoprene
and methyl vinyl ketone as the starting materials (see also Vol. I).

,(|7Hs ?Hs
CO CO
HC'}H (')H (i) CHyMgBr OH
) I% o) /7 \ (ii) acid
CH; CH,g CH, CH,
st Al | I
§CH CI{z //CH
A\ o ?
|
CH; CH,

Two other terpineols are also known, viz., B-terpineol and y-terpineol;
both occur naturally.

Q9

B-terpineol y-terpineol
m.p. 32-33° m.p.68-70°

§12. Carvone, C,;H,,0, b.p. 230°/75656 mm. This occurs in various essen-
tial oils, e.g., spearmint and caraway oils, in optically active forms and also
as the racemic modification.

Carvone behaves as a ketone and, since it adds on four bromine atoms, it
therefore contains two double bonds. Thus the parent hydrocarbon is
CyoHao, and since this corresponds to the general formula C,H,,, carvone is
monocyclic. 'When heated with phosphoric acid, carvone forms carvacrol;
this suggests that carvone probably contains the p-cymene structure, and
that the keto group is in the ring in the ortho-position with respect to the
methyl group.
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C. C
\C/ C\%Is /CH3
| ‘ CH
C
AN
4 C
| | _—
C=0 OH
\C/ CH;,
|
Y carvacrol
carvone
skeleton

The structure of carvone is largely based on the fact that carvone may be
prepared from «-terpineol as follows:

OH OH OH OH
NOC1 isomerises C(:P::COI;\I'A HaS0,
NO NOH NOH 0O
Cl Cl
I II IIT° v v

The addition of nitrosyl chloride to «-terpineol, I, produces a-terpineol
nitrosochloride, 11, the addition occurring according to Markownikoff's rule
(the chlorine is the negative part of the addendum; see Vol. I). This
nitrosochloride rearranges spontaneously to the oximino compound, III
(see nitroso-compounds, Vol. I; it might be noted that this rearrangement
proves the orientation of the addition of the nitrosyl chloride to the double
bond; addition the other way could not give an oxime, since there is no
hydrogen atom at position 1 in «-terpineol). Removal of a molecule of
hydrogen chloride from III by means of sodium ethoxide produces IV, and
this, on warming with dilute sulphuric acid, loses a molecule of water with
simultaneous hydrolysis of the oxime to form carvone, V. Thus, according
to this interpretation of the reactions, carvone is p-menth-6 : 8-dien-2-one.
Actually, these reactions show that carvone has the same carbon skeleton
as a-terpineol, and also confirm the position of the keto group. They do
not prove conclusively the positions of the two double bonds; instead of
position 6 (in IV), the double bond could have been 1(7), and instead of
position 8 (as in V), the double bond could have been 4(8). Thus the above
reactions constitute an ambiguous synthesis of carvone («-terpineol has
already been synthesised). The exact positions of these two double bonds
have been determined analytically as follows.

The double bond in the 8-position. The following reactions were carried
out by Tiemann and Semmler (1895).

Carvone E“/i:;—:ﬂ{» Dihydrocarveol —KI%‘%’S'—»Trihydroxy compound
; v Cm Craih Vi CIO * VII Clo
" CO,H
Cro Ketoniec  NaOBr Hydroxy = Brs /HaO
cH,-cS,H' alcohol ? acid 190° OH
II C IX C
VIIL G ’ CH,

X
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Reduction of carvone, V, with sodium and ethanol gives dihydrocarveol,
C10H150 (VI); this is a secondary alcohol and contains one double bond,
i.e., the keto group and one of the two double bonds in carvone have been
reduced. Hydroxylation of the double bond in dihydrocarveol by meéans
of 1 per cent. alkaline permanganate produces the trihydroxy compound
Cy0H 003 (VII). Oxidation of VII with chromic acid causes scission of the
glycol bond to produce a compound CyH, 0, (VIII); this was shown to
contain a keto group and a hydroxyl (alcoholic) group. The action of
sodium hypobromite on VIII caused the loss of one carbon atom to produce
the compound CgH,,0; (IX); this was shown to be a hydroxymonocarboxylic
acid, and since one carbon is lost in its formation, its precursor VIII must
therefore be a methyl ketone. Finally, dehydrogenation of IX by heating
with bromine-water at 190° under pressure produced m-hydroxy-p-toluic
acid, X (a known compound). Tiemann and Semmler explained these
reactions on the assumption that one double bond in carvone is in the
8-position. Thus:

CH; CH,OH CH
NnZ OH Nom o
— —_— —_—
OH OH OH
\'% VI VII

VIII
COH

CO,H
—_— —_—
QOH OH
CH,
IX X
Had the double bond been in the 4(8)-position (structure Va), then com-

pound VIII, and consequently X, could not have been obtained, since
three carbon atoms would have been lost during the oxidation.

‘ OH 0
H
— —_— —>CH; COCH.
OH OH s i OH
0
Va

It might be noted in passing that V contains an asymmetric carbon atom,
whereas Va is a symmetrical molecule and so cannot exhibit optical activity.
Since carvone is known in optically active forms, structure Va must be
rejected on these grounds.

The double bond in the 6-position. Carvone adds on one molecule of
hydrogen bromide to form carvone hydrobromide, C,gH,;0Br (XI), and
this, on treatment with zinc dust and methanol, is converted into carvo-
tanacetone, C;H,0 (XII), by replacement of the bromine atom by hydro-
gen. Thus the final result of these reactions is to saturate one of the two
double bonds in carvone. Carvotanacetone, on oxidation with perman-
ganate, gives isopropylsuccinic acid, XIII, and pyruvic acid, XIV (Semmler,
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1900). These products are obtainable only if the ring contains the double
bond in the 6-position. Had the double bond been in the 1(7)-position,

COH
HBr_ COZH C
COZH

XIII XIV

COH
[0) + 7
COH CO,H  CH,

XII

formic acid and not pyruvic acid would have been obtained. Further
support for the 6-position is provided by the work of Simonsen éf al. (1922),
who obtained f-ésopropylglutaric acid and acetic acid on oxidation of carvo-
tanacetone with permanganate.

§13. Limonene, C,;H,q, b.p. 175-5-176-5°. This is optically active; the
(4)-form occurs in lemon and orange oils, the (—)-form in peppermint oil,
and the (4)-form in turpentine oil. The racemic modification is also pro-
duced by racemisation of the optically active forms at about 250°, The
racemic modification is also known as dipentene; this name was given to
the inactive form before its relation to the active form (limonene) was
known.

Since limonene adds on four bromine atoms, it therefore contains two
double bonds. (+4)-Limonene may be prepared by dehydrating (+)-«-
terpineol with potassium hydrogen sulphate, and limonene {(or dipentene)
may be converted into «-terpineol on shaking with dilute sulphuric acid.

OH
ZHO or
I I

Thus the carbon skeleton and the position of one double bond in limonene
are known, The position of the other double bond, however, remains un-
certain from this preparation; I or II is possible.

Proof for position 8. Structure I contains an asymmetric carbon atom
(C,), and hence can exhibit optical activity. II is a symmetrical molecule
and so cannot be optically active. Therefore I must be limonene.

Chemical proof for position 8 is afforded by the following reactions:

. . . ) KOH .
Limonene ————> Limonene nitrosochloride —aon” CATvoxime
t Rad )

I III v
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Since the structure of carvoxime is known, it therefore follow§ that I must
have one double bond in position 8; thus the above reactions may be
written:

[~ A

NOCI isomerises KOH
\ NO OH| OH
Cl Cl
I 111

— - v

The connection between limonene and dipentene is shown by the fact
that (4-)- or (—)-limonene adds on two molecules of hydrogen chloride in
the presence of moisture to form limonene dihydrochloride, and this is
identical with dipentene dihydrochloride.

Cl
+ 2HCl —>
Cl

@)~ or (-
limonene

Limonene dihydrochloride no longer contains an asymmetric carbon atom,
and so is optically inactive. It can, however, exhibit geometrical isomer-
ism; the cis-form is produced from limonene, and the frams-form from
cineole (§14).

H H,
cl

1
(CHj,),CCl CH;
cts trans

(CHj),CCl

Dipentene can be regenerated by heating the dihydrochloride with sodium
~acetate in acetic acid, -or boiling with aniline. On the other hand, when
limonene dihydrochloride is heated with silver acetate in acetic acid, and
then hydrolysing the ester with sodium hydroxide, 1 : 8-terpin is formed;
the direct action of sodium hydroxide on the dihydrochloride regenerates

dipentene.
al 0:CO'CH;, OH
CHg'COsAg, iaO_H)
Cl 0-CO'CH, OH

1:8-terpin
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1 : 8-Terpin exists in two geometrical isomeric forms, corresponding to the
cis and frams dipentene dihydrochlorides. ¢is-1: S-Terpln 1s the common
form, m.p. 105°, and readily combines with one molecule of water to form
terpin hydrate. The #rans-form, m.p. 158-159°, does not form a hydrate
(see also §14).

There is also a 1:4-terpin; this was originally prepared by the action
of dilute alkali on terpinene dihydrochloride.

Cl OH

NaOH
—_—

Cl OH

Terpinenes, C,gHs. There are three isomeric terpinenes, and all give
the same terpinene dihydrochloride with hydrogen chloride.

a-terpinene B-terpinene y-terpinene
b.p. 180-182° b.p.173-174° b.p. 69-73%/20mm.
All three occur naturally.

Terpinolene, C, H,q, b.p. 67-68°/10 mm. This occurs naturally. It is
not optically active, and since it may be prepared by dehydrating a-terpineol
with oxalic acid, its structure is known (it is II, the alternative formula
offered for limonene). Terpinolene adds on two molecules of hydrogen
chloride to form dipentene dihydrochloride.

OH

—H30

II

Phellandrenes, C,;H;,. There are two phellandrenes, both of which
are optically active, and all the enantiomorphs occur naturally.

a-phellandrene g-phellandrene
b.p. 58-59°/16 mm. b.p. 171-172°
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§14. 1:8-Cineole, C,,H, O, b.p. 174-4°. This occurs in eucalyptus oils.
It is isomeric with «-terpineol, but contains neither a hydroxyl group nor
a double bond. The oxygen atom in cineole is inert, e.g., it is not attacked
by sodium or by the usual reducing agents. This inertness suggests that
the oxygen atom is of the ether type. Support for this is obtained from
the fact that dehydration of cis-1 : 8-terpin gives 1 : 8-cineole; at the same
time, this reaction suggests that the structure of cineole is I.

OH
0]
=H,0
OH -
I

Further support for this structure is afforded by a study of the products
obtained by oxidation (Wallach ef al., 1888, 1890, 1892). When oxidised
with potassium permanganate, cineole forms cineolic acid, II, and this, on
distillation with acetic anhydride, forms cineolic anhydride; III. When
distilled at atmospheric pressure, cineolic anhydride forms 6-methylhept-
5-en-2-one, IV, a known compound (§5). These reactions were interpreted
by Wallach as follows:

0 o] O COH.0 O Cg o st
0, H CO
(EO
I 11 I11

CH;,
v
Further work on the structure of cineolic acid has confirmed the above
sequence of reactions (Rupe, 1901, —).
It seems most probable that the 1 : 8-terpins have chair conformations,

but when they form 1 : 8-cineole, the latter possesses the boat conforma-
tion; thus:

OH OoH HO o
H@-Me H Me
e > —
H

cis-terpin 1: 8-cineole

There is also a 1:4-cineole; this occurs naturally.

1:4-cineole
b.p. 172°
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Ascaridole, C,;H, ;0,, b.p. 96-97°/8 mm. The cineoles are oxides; ascari-
dole, however, is a peroxide, the only known terpene peroxide, and it occurs
naturally in, e.g., chenopodium oil. When heated to 130-150°, ascaridole
decomposes with explosive violence. When reduced catalytically, ascari-
dole forms 1 : 4-terpin (Wallach, 1912), and this led to the suggestion that

v

ascaridole is V. This structure has been confirmed by further analytical
work. Ascaridole has been synthesised by Ziegler ef al. (1944) by the irradia-
tion of a-terpinene in dilute solution in the presence of chlorophylil.

§15. Sylvestrene, C,,H ¢, b.p. 175-178°. This compound exists in (+)-,
(—)- and (4 )-forms; the racemic modification is also known as carvestrene
(¢f. limonene and dipentene, §13). The (+)-form of sylvestrene was first
obtained from Swedish pine needle oil (Attenberg, 1877), and was shown
to contain the m-cymene carbon skeleton (Baeyer ef al., 1898). Thus syl-
vestrene appeared to be the only monocyclic monoterpene which did not
have the p-cymene structure and was obtainable from natural sources.
Although the m-cymene structure can be divided into two isoprene units
(Wallach’s isoprene rule), these two units are not joined head to tail.

C\X‘C\ c-—c/c
l \\\I\\~~ \C
C c
N
C/

m-cymene skeleton

Subsequent work, however, showed that sylvestrene does not occur in pine
oil. In the extraction of sylvestrene, the pine oil is heated with hydrogen
chloride to give sylvestrene dihydrochloride. This compound was shown

car-3-ene
2HCI Cl  _sna +
Cl

sylvestrene

car-4-ene
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by Simonsen e al. (1923, 1925) to be produced by the action of hydrogen
chloride on car-3-ene, 7.e., these workers showed conclusively that the terpene
originally present in Swedish pine oil is car-3-ene. Sylvestrene may be
obtained from its dihydrochloride by heating the latter with aniline; removal
of hydrogen chloride from the ring can give rise to two possible positions
for the ring double bond. Analytical work has shown that the side-chain
is 7sopropenyl (and not 7sopropylidene), and that sylvestrene is a mixture
of the two forms, m-mentha-1 ; 8-diene and m-mentha-6 : 8-diene. Further-
more, it has been shown that car-4-ene is also present in pine oil; both of
these carenes are readily converted into sylvestrene, and so it appears that
the precursor of sylvestrene (itself a mixture) is a mixture of the two carenes
(see §21).

The enantiomorphs of sylvestrene have been synthesised (Perkin, junior,
et al., 1913), and it has also been shown that an equimolecular mixture of
the dihydrochlorides of (+)- and (—)-sylvestrene is identical with car-
vestrene dihydrochloride.

§16. Menthol and menthone. Menthol, C,(H,,0, is an optically active
compound, but only the (—)-form occurs naturally, e.g., in peppermint oils.
(—)-Menthol, m.p. 34°, is a saturated compound, and the functional nature
of the oxygen atom is alcoholic, as shown by its reactions, e.g., menthol
forms esters. Furthermore, since oxidation converts menthol into men-
thone, a kefone, the alcoholic group in menthol is therefore secondary. Also,
since reduction with hydrogen iodide gives p-menthane, menthol most prob-
ably contains this carbon skeleton. Finally, since (+)-pulegone gives men-
thol on reduction, and since the structure of pulegone is known to be I
(see §17), it therefore follows that menthol must be II. This structure,

' OH
—
I Il

#p-menth-3-0l, for menthol has been confirmed by consideration of the oxida-~
tion products of menthone (see below), and also by the synthesis of menthol.

Examination of the menthol structure shows that three dissimilar asym-
metric carbon atoms (1, 3 and 4) are present; thus eight optically active
forms (four racemic modifications) are possible theoretically. All eight
enantiomorphs are known and their configurations are as follows (the hori-
zontal lines represent the plane of the ¢yclohexane ring):

CH; OH H CH, H
1 3 4 1 3 4
ltv H iH(CHs)z H iH CiH(CHs)z

Menthol neoMenthol

IHS H $H(0H3)2 CH; OH CH(CH,),
1 3 4 1 3 4
H H H i H

iso Menthol neotso Menthol
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These configurations have been assigned from a study of chemical and
optical relationships and the Auwers-Skita rule. More recently the applica-
tion of conformational analysis has confirmed these results. Eliel (1953)
applied the principle that the esterification of an axial hydroxyl group
occurs less readily than with an equatorial one. Furthermore, Eliel postu-
lated that the reaction proceeds via the conformation of the molecule in
which the reactive hydroxyl group is equatorial, and that the rate differences
should be attributed to that energy necessary to place the other substituents,
if necessary, into the axial conformation (see also §12. IV). On this basis,
the rates of esterification of the isomeric menthols will be:

menthol > 7so- > neoiso- > neo-.
These are the orders of rates actually obtained by Read ef al. (1934). The
following conformations have been assigned by Eliel from chemical studies,

and are supported by Cole et al. (1956) from their infra-red spectra and
conformation studies.

H H
1-Pr i-Pr
Me OH Me H
H H H OH

Menthol neoMenthol
H H
i~Pr 1-Pr
H OH H H
Me H Me OH
1soMenthol neotsoMenthol

In menthol, all of the substituents are equatorial, and in the rest one is
axial. It should also be noted that the larger of the two alkyl groups (sso-
propyl) is always equatorial (cf. §11. IV).

Menthone, C,;H, O, b.p. 204°/750 mm. (—)-Menthone occurs in pepper-
mint oil, and it may readily be prepared by the oxidation of (—)-menthol
with chromic acid. Menthone is a saturated compound which has the
characteristic properties of a ketone. When heated with hydriodic acid
and red phosphorus, menthone is reduced to p-menthane; thus this skeleton
is present in menthone. Oxidation of menthone with potassium perman-
ganate produces a compound C,¢H,¢Oj; this compound was shown to con-
tain a keto-group and one carboxyl group, and is known as ketomenthylic
acid (IV). Ketomenthylic acid itself is very readily oxidised by perman-
ganate to -methyladipic acid (V) and some other acids (Arth, 1886; Manasse
et al., 1894). The foregoing oxidative reactions may be formulated as
follows, on the assumption that III is the structure of menthone. This

Lk ooua
to1, g/oozﬂ 1o, QOQH
III IV

v
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structure for menthone has been confirmed by synthesis, e.g., Kotz and
Schwarz (1907) obtained menthone by the distillation of the calcium salt of
B'-methyl-a-isopropylpimelic acid, which was prepared as follows. 3-Methyl-
cyclohexanone, VI, was condensed with ethyl oxalate in the presence of
sodium, and the product VII then heated under reduced pressure; this gave
the ethyl ester of 4-methylcyclohexan-2-one-1-carboxylic acid, VIII. VIII,
on treatment with sodium ethoxide followed by #sopropyl iodide, gave IX,
and this when boiled with ethanolic sodium ethoxide and the product then
acidified, gave f'-methyl-a-isopropylpimelic acid, X (note the acetoacetic
ester fragment in VIII).

Structure III contains two dissimilar asymmetric carbon atoms (1 and
4), and so four optically active forms (and two racemic modifications) are
possible. All are known, and correspond to the menthones and 7somen-
thones; these are geometrical isomers, each one existing as a pair of enantio-
morphs. The configurations have been assigned on physical evidence; the
cis-isomer has the higher refractive index and density (Auwers-Skita rule;
see §6 x. IV).

COLC,H, Pt
&o < GO,CoH\
O O ) [6) \\‘
Na heat A (i) CaHsONa
+ (COZCZHS)Z —_— W P P W
pressure) s
VI VII VIII
CO,0,H
4 O O
(i) C3HgONa OQH Ca
i) HCl i
( CHyCO,H
X X 111
0 (0]
o K
H H H CH;
cis-isomer trans-isomer
zsoMenthone Menthone

§17. (4 )-Pulegone, C,H, O, b.p. 221-222°. This occurs in pennyroyal
oils. Pulegone contains one double bond, and behaves as a ketone. On
reduction, pulegone first gives menthone and this, on further reduction,
gives menthol. When oxidised with permanganate, pulegone forms acetone
and f-methyladipic acid (Semmler, 1892); when boiled with aqueous ethan-
olic potassium hydroxide, acetone and 3-methylcyclohexanone are obtained
(Wallach, 1896). These reactions show that pulegone is p-menth-4(8)-en-
3-one.
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co.H

OX&Y\OK*_QOZH

This structure has been confirmed by synthesis, starting from 3-methyl-
cyclohexanone (Black ef al., 1956: ¢f. menthone, §16).

pulegone

CO,Et
co CO,Et
O 0O 0
_ (CO.EY, heat
EtONa (-C0)
CO,Et
0—CH, 0 0O
(CH,OH), (i) 2 MeMgI
(p-Me-C,H, SO, H O0—CH, (i) HO +
catalyst)
cyclic ketal pulegone  isopulegone

isoPulegone can be isomerised to pulegone by alkaline reagents (Kon ¢ 4l.,
1927), and Black ef al. found that, on treating their mixture with sodium
ethoxide, the resulting compound was pure pulegone.

§18. (—)-Piperitone, C,,H,,0, b.p. 232-233°/768 mm. This occurs in
eucalyptus oils, and is a valuable source of menthone and thymol. Piperi-
tone contains one double bond, and behaves as a ketone. Piperitone, on
catalytic hydrogenation (nickel), gives menthone in almost quantitative
yield; on oxidation with ferric chloride, thymol is obtained (Smith et al.,
1920). These reactions show that piperitone is p-menthene-3-one, but do

0
- COH (o) FGOQH o) FCOQH
CO,H
g co CO,H
0 l
I 11

H
CH,

III L IV

not show the position of the double bond. This had been shown by Schim-
mel (1910), who found that on oxidation with alkaline permanganate, piperi-
tone gave a-hydroxy-a-methyl-a’-ésopropyladipic acid, II, y-acetyl-a-iso-
propylbutyric acid, III, and a-fsopropylglutaric acid, IV. These results
can be explained only if piperitone is p-menth-1-en-3-one, I. This struc-
ture for piperitone has been confirmed by various syntheses (e.g., Henecka,
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1948 ; Birch et al., 1949).

ketone.

Bergmann et al. (1959) have shown that piperitone
is formed directly by the condensation of mesityl oxide with methyl vinyl

BICYCLIC MONOTERPENES

§19. Introduction. The bicyclic monoterpenes may be divided into
three classes according to the size of the second ring, the first being a six-

membered ring in each class.
Class I (6- + 3-membered ring).

CHS CHS
: ¢
/CH _ H
(lJH cH, cH, CH,
| I |
CHN\ _CH, CHy
~ I - CH/ |
o /\CH3
cfi, “CH, CHs
thujane carane
Class II (6- 4 4-membered ring).
I
CH\
| CHy~C=CH;
CH, l H,
s
CH
pinane
Class III (6- 4 5-membered ring).
CHS
\ CH;3
CH, |\CH2 CH, l C
| cH-c—on| |  cCH, l CH,
CH CH CH, CH-CH.
2\l R ¢ | / :
CH
. camphane zsocamphane
i
C CH
CH, I CH,
CH, | /CH3 lCHs—c—CHzl
l ¢ H, | CH'CH;,
N o “ScH
fenchane isobornylane
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It is important to note that the two rings do not lie in one plane, but are
almost perpendicular to each other (see, e.g., §23b).

§20. Thujone and its derivatives. The members of this group which
occur naturally are the following:

OH 0 ‘ OH
0
a-thujene thujyl alcohol thujone °  umbellulone sabinene sabinol

§21. Carane and its derivatives. It appears that only three carane
derivatives occur naturally:

4 Q4 &

car-3-ene car-4-ene car-3-ene-5:6-epoxide

Car-3-ene occurs in Swedish pine needle oil. It is a liquid, b.p. 170°;
when treated with hydrogen chloride it forms a mixture of sylvestrene
dihydrochloride (see §15) and dipentene dihydrochloride (§13).

4-6-¢

(+)-Car-4-ene, b.p. 165-5-167°/707 mm., occurs in various essential oils.
It forms sylvestrene dihydrochloride on treatment with hydrogen chloride
(18).

Car-3-ene-5: 6-epoxide, b.p. 83-85°/14 mm., occurs in certain essen-
tial oils.

Carone, b.p. 99-100°/15 mm., is a synthetic compound, and is of some
importance because of its relationship to carane. It was first prepared by

0] 0 0
HBr KOH
Br

dihydrocarvone carone

Baeyer ef al. (1894) by the action of hydrogen bromide on dihydrocarvone,
which was then treated with ethanolic potassium hydroxide, whereupon
carone was obtained.
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0
[0] COQH

HO,C,

The structure of carone was established by Baeyer ef al. (1896), who
obtained caronic acid on oxidation of carone with permanganate. Baeyer
suggested that caronic acid was a cyclopropane derivative, and this was
confirmed by synthesis (Perkin, junior, and Thorpe, 1899), starting with
ethyl f: f-dimethylacrylate and ethyl cyanpacetate.

CH, _CH, CH, _CH;
C C\C _-CN
Il CN C3HsONa | CH__ hydrolysis
CH  + O;COGH; g —> CHy  COCHHG
ondensation
CO,C;H; condensation) 00,0, H,
CH CO,H CH
EaN T 00 EANS Brg/P
—CH- o> C—CH,;CO,H ———
cHy | co,H %" cHy” B
CH,"CO.H CH,;*CO,H
B:B-dimethylglutaric acid
CHBr'COBr CHBr-CO,C,Hj, .
~ CaHsOH - ethanolic
(CH,),C — O CHY,C e
¥ NCH, COBr “CH,C0,C;H, RoH
CH'COzH
~
(CHy):0__|
CH-CO;H

An interesting point about carone is that its ultraviolet absorption spec-
trum shows similarities to that of « : f-unsaturated ketones (Klotz, 1941).

§22. Pinane and its derivatives. Pinane, the parent compound of
this group, is a synthetic substance which may be prepared by the catalytic
hydrogenation (nickel or platinum) of either «- or f-pinene. Pinane exists

©—@—@

a-pinene pinane @-pinene

in two geometrical isomeric forms, ¢is and irans, and each of these exists
as a pair of enantiomorphs.

H CIl,
cis

trans
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§22a. a-Pinene. This is the most important member of the pinane class.
It occurs in both the (-+)- and (—)-forms in all turpentine oils; it is a
liquid, b.p. 156°.

The analytical evidence for the structure of a-pinene may conveniently
be divided into two sections, each section leading independently to the
structure, and the two taken together giving very powerful evidence for
the structure assigned.

Method 1. -The molecular formula of a-pinene is C;yH, 4, and since a-pinene
adds on two bromine atoms, one double bond is present in the molecule.
Thus the parent hydrocarbon is Cy4H,e, and since this corresponds to the
general formula C,Hz,_o the general formula of compounds containing
two rings, it therefore follows that a-pinene is bicyclic (Wallach, 1887-
1891). In the preparation of x-pinene nitrosochloride (by the action of
nitrosyl chloride on o-pinene) the by-products which were formed were
steam distilled, and the compound pinol, CioH,40, was thereby obtained.
Pinol adds on one molecule of bromine to form pinol dibromide, and so
pinol contains one double bond. Furthermore, the action of lead hydroxide
on pinol dibromide converts the latter into pinol glycol, C1oH1:0(0OH),, and
this, on oxidation, gives terpenylic acid (Wallach ef al., 1889). Pinol (III)
is also obtained by the action of sodium ethoxide on a-terpineol dibromide,
II (Wallach, 1893). Wagner (1894) showed that the oxidation of pinol with
permanganate gives pinol glycol (IV), which is further oxidised to terpenylic
acid (V). All these facts can be explained as follows, based on I being the
structure of «-terpineol (see also §11). »

Br
Br
Brg CgHsONa or
- 0
OH OH
I II III
OH

[0l OH ) CO CO.H
— — r

0 0

v

Support for the structure given for pinol (III) is obtained from the fact
that oxidation of sobrerol (pinol hydrate) produces a tetrahydric alcohol,
sobrerythritol. Sobrerol itself is readily prepared by the action of hydrogen
bromide on pinol, followed by sodium hydroxide. These reactions may thus
be formulated:

OH
HO HO HO OH
HBr ~ NaOH 7 l_(ixl(_)g,_»
(6]
Br OH OH

pinol pinol sobrerol sobrerythritol
hydrobromide
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Thus, if the formula for «-pinene is VI, then the formation of the above
substances can be explained. This structure also accounts for other re-
actions of «-pinene, e.g., its ready hydration to o-terpineol (see later).

Vi

Although the Wagner formula (VI) for a-pinene readily explains all the
facts, there is no direct evidence for the existence of the cyclobutane ring.
Such evidence was supplied by Baeyer (1896). This is described in method 2.

Method 2. As in method 1, a-pinene was shown to be bicyclic. When
treated with ethanolic sulphuric acid, «-pinene is converted into a-terpineol
(Flavitzky, 1879). Therefore a-pinene contains a six-membered ring and
another ring (since it is bicyclic), the carbon skeleton of pinene being such
as to give a-terpineol when this second ring opens. Since, in the formation
of a-terpineol, one molecule of water is taken up and the hydroxyl group
becomes attached to Cg, this suggests that the Cq of a-terpineol is involved
in forming the second ring in a-pinene. There are three possible points of
union for this Cg, resulting in two three-membered and one four-membered
ring (see VII); at the same time the position of the double bond in «-pinene
is also shown by the conversion into a-terpineol (I).

ﬂ* |
vl OH -
I

VIila

A point of interest here is that there are actually four possible points of
union for Cg, the three shown in VII and the fourth being at the double
bond to form a four-membered ring (VIIa). This one, however, was rejected
on the grounds of Bredt’s rule (1924) which states that a double bond cannot
be formed by a carbon atom occupying the bridge-head (of a bicyclic system).
The explanation for this rule is that structures such as VIIz have a large
amount of strain,

This second ring was shown to be four-membered by Baeyer (1896), who
carried out the following series of reactions.

. 1% alk. . . warm alk, . . .
«-Pinene ———» Pinene glycol ———> Pinonic acid
KMnO, KMn0,

CIO CIO C10
VI VIII IX
=% Pinic acid + CHBr, ~A2nWBOM, - Norpinic acid
(1ii) chromic acid
Cy Cs
X XI

Pinene glycol, C,oH,4(OH),, is produced by hydroxylation of the double
bond in «-pinene, and pinonic acid, C;gH, 40;, is produced by scission of the |
glycol bond. Pinonic acid was shown to be a saturated keto-monocarboxylic
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acid. The formation of pinic acid, CgH,,0,, and bromoform, indicates the
presence of an acetyl group in pinonic acid. - Pinic acid, which was shown
to be a saturated dicarboxylic acid, on treatment with bromine, then barium
hydroxide, and finally the product oxidised with chromic acid, gives cis-
norpinic acid, CgH;,0,. This was shown to be a saturated dicarboxylic
acid, and so its formula may be written C¢H,,(CO,H),. Furthermore, since
«-pinene contains two methyl groups attached to a carbon atom in the
second ring (see VII), and it is the ofher ring (the six-membered one con-
taining the double bond) that has been opened by the above oxidation, then
norpinic acid (with this second ring intact) contains these two methyl groups.
Thus the formula for norpinic acid may be written (CHg),C,H,(CO,H),.
Hence, regarding the methyl and carboxyl groups as substituents, the parent
(saturated) hydrocarbon (from which norpinic acid is derived) is C;Hgz.  This
corresponds to cyclobutane, and so norpinic acid is (probably) a dimethyl-
cyclobutanedicarboxylic acid. On this basis, pinic acid could therefore be
a cyclobutane derivative with one side-chain of —CH,CO,H.

Baeyer therefore assumed that pinic and norpinic acids contained a cyclo-
butane ring, and so suggested the following structures to account for the
above reactions, accepting structure VI for a-pinene, the structure already
proposed by Wagner (1894).

HO s
HO Co ' CO.H
' COH)  Na COH
[0} [o} o NaOBr CHBr; + 2.
!
VI VIII IX X
CO,H CO,H CO.,H
Brs GO BaoH)s COH o)
HO,C
Br HO
bromopinie hydroxypinic XI
acid acid

The synthesis of norpinic acid (to confirm the above reactions) proved
to be a very difficult problem, and it was not carried out until 1929, when
Kerr succeeded with the following ingenious method (apparently the presence
of the gem dimethyl group prevents closure to form the cyclobutane ring).

The norpinic acid obtained was the frans-isomer; this is readily converted
into the cis-isomer (the isomer obtained from the oxidation of a-pinene)
by heating the #rans acid with acetic anhydride, whereupon the ¢is anhydride
is formed and this, on hydrolysis, gives the c¢is acid (Simonsen ¢t al., 1929).

CN (llN
7 CH-CO
CH2'00202H5 ethanol 7~ ~
CH,),CO + +NH;— o> (CHs)eC
( 8)2 CI’\Ig'COngH5 olution \C'H'CO/
CN ON
CN qN
CNa'CO C—CO
_CaMeONy oprg,0 SNH -2 (0H.)C \oH, SNH
(IINa'CO (') —CO

CN CN
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CO,H

mo
> (CH;):C~_  _-CH,
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_CH:COH

COH

The total synthesis of a-pinene has now been carried out in the following
way. Guha et al. (1937) synthesised pinic acid from norpinic acid, and
Rao (1943) synthesised pinonic acid from synthetic pinic acid.

Ruzicka et al. (1920-1924) had already synthesised «-pinene starting from

pinonic acid (obtained by the oxidation of «-pinene).

Thus we now have

COH

CO.H CO
(CHyCO)30 \ 0 Na (,) HBr
: 4 cmsong (ii) KCN ?
O - CcO CH,OH

trans-norpinic acid  cis-anhydride

CO,H CO,H CO,CHjs
hydrolysis CO,H ¢, H;0H ?OzCsz partial
is
CH. 2 -CN CH2 HCl CHz hydrolys
pinic acid
CO,CoH; CO,C.Hj CO,H
(‘/OzH (i) SOClﬂa CO'N(CGHsh HjS04 5 CO'N(CGH5)2
[ | ) (ii)(CeHa)aNH
(|1H3 (|}H3
CcO CO
(i) SOCl, CO-N(CgHs)q (i)koH CO,H
(ii) CH3CdCl (ii)HC1

a total synthesis of «-pinene.

trans-pinonic acid .

Ruzicka’s synthesis makes use of the Darzens

glycidic ester synthesis (see Vol. I); the steps are:

CH3
do

E COzcha"" 0H20]'COQ(:‘2H5 C3HsONa

ethyl pinonate

CH,
0-COH

140 HO KMnO, CO,H C3HsOH

=
0
C<=—CH-C0, C,H;
CO,C,H; acid
glycidic ester

0,Colls
C04CaH;
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0 HCl 1) (i)NHgOH
(Dleukmann (if) [H]
reaction) COZC ZH 5
+ -
N(CHg)sf OH
(i) CHal distil
(ii) AgOH r:;‘:’;fd
pressure

a-pinene 8-pinene

The final step gives a mixture of two compounds, «- and J-pinene. The
former was identified by the preparation of the nitrosochloride; this proves
that one of the products is x-pinene, but does not prove which is « and which
is . These are differentiated by consideration of the analytical evidence;
the following evidence also supports the structure given for a¢-pinene. This
evidence is based on the fact that diazoacetic ester combines with compounds
containing a double bond to form pyrazoline derivatives, and these, on
heating alone or with copper powder, decompose to produce cyclopropane
derivatives (see also §2a. XII). When the two pinenes were subjected to this

CH cozch5 CH, o0,
(i) CHNy COCaH s
(u) Cu HO 20

CO,H
a-pinene
HO,C -
CO.
i Nja°CO H 2
oy CHOOCyH >
HO,C
8-pinene

treatment, and the resulting compounds oxidised, a-pinene gave 1-methyl-
cyclopropane-1 : 2 : 3-tricarboxylic acid, and §-pinene cyclopropane-1:2: 3-
tricarboxylic acid. These products are in accord with the structures assigned
to a- and J-pinene.

Examination of the a-pinene structure shows that two dissimilar asym-
metric carbon atoms are present; thus two pairs of enantiomorphs are
possible. In practice, however, only one pair is known. This is due to
the fact that the four-membered ring can only be fused to the six-membered
one in the eis-position; frans fusion is impossible. Thus only the enantio-
morphs of the ¢is-isomer are known.

Isomeric with «-pinene are - and d-pinene; the former occurs naturally,
the latter is synthetic (see Ruzicka’s synthesis). Crowley (1962) has obtained
a small amount of B-pinene by irradiating a one per cent. ethereal solution
of myrcene (§4) with ultraviolet light. This is of some interest in connection
with the biosynthesis of terpenes (see §32a).
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9 8

B-pinene 8-pinene

§23. Camphane and its derivatives. Camphane, C,H,,, is a syn-
thetic compound, and may be prepared from camphor, e.g.,

(i) By reduction of camphor to a mixture of borneols (§23b), these then
converted to the bornyl iodides which are finally reduced to camphane
(Aschan, 1900).

o N /Hs OH HI I z
H,0 > CHyCOgH

camphor camphane

(ii) Camphor may also be converted into camphane by means of the
Wolff-Kishner reduction (see also Vol. I).

' N-NH,
Ay s Gy ()

Camphane is a solid, m.p. 156°; it is optically inactive.

§23a. Camphor. This occurs in nature in the camphor tree of Formosa
and Japan. It is a solid, m.p. 179°, and is optically active; the (+)- and
(—)-forms occur naturally, and so does racemic camphor, which is the
usual form of synthetic camphor (from «-pinene; see later).

A tremendous amount of work was done before the structure of camphor
was successfully elucidated; in the following account only a small part of
the work is described, but it is sufficient to justify the structure assigned
to camphor.

The molecular formula of camphor is C;gH,40, and the general reactions
and molecular refractivity of camphor show that it is saturated. The
functional nature of the oxygen atom was shown to be oxo by the fact that
camphor formed an oxime, etc., and that it was a keto group was deduced
from the fact that oxidation of camphor gives a dicarboxylic acid containing
10 carbon atoms; a monocarboxylic acid containing 10 carbon atoms cannot
be obtained (this type of acid would be expected if camphor contained an
aldehyde group). From the foregoing facts it can be seen that the parent
hydrocarbon of camphor has the molecular formula C,4H,; this corresponds
to CpHon_2, and so camphor is therefore bicyclic. " Camphor contains a
—CH,"CO— group, since it forms an oxime with nitrous acid (¢soamy] nitrite
and hydrogen chloride). Finally, distillation of camphor with zinc chloride
or phosphorus pentoxide produces p-cymene. :

Bredt (1893) was the first to assign the correct formula to camphor (over
30 have been proposed). Bredt based his formula on the above facts and
also on the facts that (4) oxidation of camphor with nitric acid gives cam-
phoric acid, C,H,;,0, (Malaguti, 1837); (b) oxidation of camphoric acid
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{or c)amphor) with nitric acid gives camphoronic acid, C H,,04 (Bredt,
1893).

Since camphoric acid contains the same number of carbon atoms as
camphor, the keto group must be in one of the rings in camphor. Camphoric
acid is a dicarboxylic acid, and its molecular refractivity showed that it is
saturated. Thus, in the formation of camphoric acid from camphor, the
ring containing the keto group is opened, and consequently camphoric acid
must be a monocyclic compound.

Camphoronic acid was shown to be a saturated tricarboxylic acid, and
on distillation at atmospheric pressure, it gave ¢sobutyric acid, II, trimethyl-
succinic acid, III, carbon dioxide and carbon (and a small amount of some
other products). Bredt (1893) therefore suggested that camphoronic acid
is & : o : B-trimethyltricarballylic acid, I, since this structure would give the
required decomposition products. In the following equations, the left-hand-
side molecule is imagined to break up as shown; one molecule of carbon
dioxide and two molecules of ¢sobutyric acid are produced (but there is a
shortage of two hydrogen atoms). The right-hand-side molecule breaks up
to form one molecule of trimethylsuccinic acid, one molecule of carbon
dioxide, one atom of carbon and two atoms of hydrogen which now make
up the shortage of the left-hand-side molecule. Thus:

CH, CH,
Hy— _(Iy‘_—cozn ) _c_r_rﬂ—{ C—CO,H
‘\\ (lf(CHa)z [ o
€OH CO,H \032,11 00 H
B 1 I
lheat lheat
CH, CH,
005 + 20Hy— CH:COH 00, + H—G—CO,
' IT \\ C(CH),
N CO,H
S 111

\+C

Hence, if camphoronic acid has structure I, then camphoric acid (and cam-
phor) must contain #hree methyl groups. On this basis, the formula of
camphoric acid, C;oH;40,, can be written as (CH,);C;Hy(CO,H),. The
parent (saturated) hydrocarbon of this is C;H,, which corresponds to

" CuHgn, 4.e., camphoric acid is a cyclopentane derivative (this agrees with
the previous evidence that camphoric acid is monocyclic). Thus the oxida-
tion of camphoric acid to camphoronic acid may be written:

CH,
N CH,
o ‘\,c CHy— G —(COH
0l | comy B> | Gemg 400,
C‘\"&(L COH CO.H
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This skeleton, plus one carbon atom, arranged with two carboxyl groups,
will therefore be the structure of camphoric acid. Now camphoric an-
hydride forms only one monobromo derivative (bromine and phosphorus);
therefore there is only ore «-hydrogen atom in camphoric acid. Thus the
carbon atom of one carboxyl group must be ,C (this is the only carbon atom
joined to a tertiary carbon atom). Furthermore, ,C must be the carbon of
the keto or methylene group in camphor, since it is these two groups which
produce the two carboxyl groups in camphoric acid. The problem is now
to find the position of the other carboxyl group in camphoric acid. Its
position must be such that when the cyclopentane ring is opened to give
camphoronic acid, one carbon atom is readily lost. Using this as a working
hypothesis, then there are only two reasonable structures for camphoric

/G}OZH @QWH G;Ozl{

COH 0,H

HOC z ’
v IVa v

acid, IV and V. IV may be rewritten as IVg, and since the two carboxyl
groups are produced from the —CH,:CO— group in camphor, the precursor
of IVa (.., camphor) will contain a six-membered ring with a gem-dimethyl
group. This structure cannot account for the conversion of camphor into
p-cymene. On the other hand, V accounts for all the facts given in the
foregoing discussion. Bredt therefore assumed that V was the structure
of camphoric acid, and that VI was the structure of camphor, and proposed
the following reactions to show the relationships between camphor, cam-
phoric acid and camphoronic acid.

o] COH oH o7 CO,H CO,H
CO,H  COH| ~COs HOC CO,H
~ ’ O
VI v I

OH

Bredt, however, realised that if camphor had structure VII, then all the
foregoing facts would be equally satisfied, but he rejected VII in favour of
VI for a number of reasons. One simple fact that may be used here for

. OH
oH
0

CH(CHj),
VII VIII

rejection of VII is that camphor gives carvacrol, VIII, when distilled with
iodine. The formation of this compound can be expected from VI but
not from VII.

Formula VI for camphor was accepted with reserve at the time when Bredt
proposed it (in 1893), but by 1903 all the deductions of Bredt were confirmed
by the syntheses of camphoronic acid, camphoric acid and camphor.
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Synthesis of (1-)-camphoronic acid (Perkin, junior, and Thorpe, 1897).

CH;, CH; CH;

CO CcO CO

(i) C3HsONa (i) CaHgONa Zn+ CH,Br*CO3CaHp

(Reformatsky

| - .
cH, €M OH-GHy @ ™' O(CHg)y  reaction)

|
C0,C,H, CO.C;H; C0,C,H;

(I)H3 CI)HS.
C C
/ |\OZnBr |\0H
CH C(CHy), acid H C(CH;); (i) PCl
: | 5 (f : (@) KC;I
COCH; CO,CyH; CO,GH; C0;C;H;
CN CO.H
HCl
C0,C.Hy CO,C;H; CO,H COH

Synthesis of (4)-camphoric acid (Komppa, 1903). Komppa (1899)
first synthesised f : f-dimethylglutaric ester as follows, starting with mesityl

C0,C;H;
Ca} v CH\
(CHy),C=CH-CO-CH, + CHy(CO;C;Hy)y 22> ((CH;)5C C0,CyH;
T, OCH;
~cb
?Oﬁczﬂﬁ
AR ACHg
CaHgONa (CH3)9? (|JO (i) Ba(OH)s (CH-")?? ?O
CH, CH, @@HC CH, CH,
N 8 7
cO o
'CO H CHz'COngHs
NaOBr CHBI‘3 + (CH3)20/0H2 2 CsHsOH (CHg)gC/

\CHZ 002H Ha \CHQ '00202H5
oxide and ethyl malonate. The product obtained was 6 : 6-dimethyleyclo-
hexane-2 : 4-dione-1-carboxylic ester (this is produced first by a Michael
condensation, followed by a Dieckmann reaction). On hydrolysis, followed
by oxidation with sodium hypobromite, f: f-dimethylglutaric acid was
obtained (cf. carone, §21).

Komppa (1903) then prepared camphoric acid as follows:

CO QH (lez'COgCgHs H
ZC 5 00202 5
+ C ( CHs)z CaHgONa
CO,C,l, ~ CO,C2Hs
Foas CHy CO3CeHj o
diketoapocamphoric

ester
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. 040, H, RO Peom
(i) Na Na-Hg
(i) CHsl NaOH
3 o CO,C,Hg HO CO,H
diketocamphoric .

ester
HI OH 1, oH O.H
> ? CHyCOgH
COH CO,H ~"-* CO.H
Br

The structure given for camphoric acid can exist in two geometrical
isomeric forms, css and #rans, neither of which has any elements of sym-
metry. Thus four optically active forms are possible; all are known, and
correspond to the (+)- and (—)-forms of camphoric acid and isocamphoric
acid. Since camphoric acid forms an anhydride, and isocamphoric acid
does not, the former is the cis-isomer, and the latter the frans- 85 i. IV).

H H H H
CO:H CO:H CO:H CHs;
CHj CHs3
camphoric acid, tso-camphoric acid,
m.p.187° m.p.171-172°
Synthesis of camphor (Haller, 1896). Haller started with camphoric

acid prepared by the oxidation of camphor, but since the acid was syn-
thesised later by Komppa, we now have a total synthesis of camphor.

N\
CO.H CO CO ,
1 251 CHyCOCH >O Na-Hg >0 KCN
/002H CO H,

camphoric camphoric a-campholide

acid anhydride

N .

COZK hydrolvsis OzH Ca salt 0
T heat
/CHz'CN CH,CO;H
homocamphoric
acid

This is not an unambiguous synthesis, since the campholide obtained might
have had the structure IX (this is actually S-campholide).

CH, CH,COH
20 —===== >
0 COH

p-campholide _ X
‘ IX
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In this case, homocamphoric acid would have had structure X, and this
would have given camphor with structure VII which, as we have seen,
was rejected. Sauers (1959) has now oxidised camphor directly to a-cam-
pholide by means of peracetic acid. It is also of interest to note that
Otvés et al. (1960) have shown, using labelled —CH,*C*O,H (14C), that in
the pyrolysis of the calcium salt of homocamphoric acid to camphor, it
is the labelled carboxyl group that is lost.

Stereochemistry of camphor. Camphor has two dissimilar asymmetric
carbon atoms (the same two as in camphoric acid), but only one pair of
enantiomorphs is known. This is due to the fact that only the cis-form
is possible; frans fusion of the gem-dimethylmethylene bridge to the cycio-
hexane ring is impossible. Thus only the enantiomorphs of the cis-isomer
are known (¢f. a-pinene, §22a).

Camphor and its derivatives exist in the boat conformation. Since the
gem-dimethyl bridge must be cis, the cyclohexane ring must have the boat
form (see also §23b for the usual way of drawing these conformations; the
viewing point is different):

camphor borneol isoborneol

Some derivatives of camphor. The positions of substituent groups in
camphor are indicated by numbers or by the Greek letters o (= 3), 8 or
o (==10) and = (= 8 or 9). When (4-)-camphor is heated with bromine
at 100°, a-bromo-{-+)-camphor is produced. This, on warming with sul-
phuric acid, is converted into «-bromo-(--)-camphor-z-sulphonic acid which,

108 (w)

on reduction, forms (4-)-camphor-m-sulphonic acid. (4)-Camphor-z-sul-
phonic acid is obtained by the sulphonation of (+4)-camphor with fuming
sulphuric acid; under these conditions, (+)-camphor is racemised. On the
other hand, sulphonation of (+)-camphor with sulphuric acid in acetic
anhydride solution produces (+)-camphor-f-sulphonic acid. These various
(+)-camphorsulphonic acids are very valuable reagents for resolving racemic
bases (§10 iv. II). '

Commercial preparation of camphor. Synthetic camphor is usually
obtained as the racemic modification. The starting material is a-pinene,
and the formation of camphor involves the Wagner-Meerwein rearrange-
ments (see §23d). Scheme (i) is the earlier method, and (ii) is the one that
is mainly used now.

(i)  «-Pinene RN Bornyl chloride CHC0T Camphene CR00.8

10° —HC1 H,S0,
isoBornyl acetate 0% isoBorneol —ti% Camphor

(i) «-Pinene % Bornyl chloride EE%%}E) Camphene Tz

. NaOH , 0
isoBornyl formate —— #soBorneol W Camphor
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§23b. Borneols, C,(H,,0. There are two stereoisomeric compounds of
the formula C,,H,;0; these correspond to borneol and isoborneol, and
both are known in the (+)- and (—)-forms. The borneols occur widely
distributed in essential oils, but it appears that the isoborneols have been
isolated from only one essential oil. Borneol and ¢soborneol are secondary
alcohols, and the evidence now appears to be conclusive that borneol has
the endo-configuration in which the gem-dimethyl bridge is above the plane

OH H
H OH

borneol #soborneol

m.p. 208:5° m.p.217°

of the cyclohexane ring and the hydroxyl group is below the plane. 4so-
Borneol has the exo-configuration in which the bridge and the hydroxyl
group are both above the plane of the cyclohexane ring (see also §23a).

Kwart ef al. (1956) have now obtained direct evidence on the configura-
tion of bornyl chloride. Bornyl dichloride (I), the structure of which has
been established by Kwart (1953), is converted into bornyl chloride (II)
by sodium amalgam and ethanol, and into camphane (III) by sodium and
ethanol.

Na-Hg Na
EtOH EtOH

Cl Cl ClL
II 1 III

Both borneol and #soborneol are produced when camphor is reduced, but
the relative amounts of each are influenced by the nature of the reducing
agent used, e.g., electrolytic reduction gives mainly borneol, whereas catalytic
hydrogenation (platinum) gives mainly ssoborneol; ssoborneol is also the
main product when aluminium ¢sopropoxide is used as the reducing agent
(the Meerwein-Ponndorf-Verley reduction; see Vol. I). Borneol is con-
verted into a mixture of bornyl and #sobornyl chlorides by the action of
phosphorus pentachloride. Borneol and ssoborneol are both dehydrated to
camphene (§23c), but the dehydration occurs more readily with ssoborneols
than with borneol.- Both alcohols are oxidised to camphor, but whereas
borneol can be dehydrogenated to camphor by means of a copper catalyst,
isoborneol cannot.

§23c. Camphene and Bornylene. Camphene, C,;H,, m.p. 51-52°,
occurs naturally in the (4)-, (—)- and (+)-forms. It may be prepared by
the removal of a molecule of hydrogen chloride from bornyl and isobornyl
chlorides by means of sodium acetate, or by the dehydration of the borneols
with potassium hydrogen sulphate. These methods of preparation suggest
that camphene contains a double bond, and this is supported by the fact
that camphene adds on one molecule of bromine or one molecule of hydrogen
chloride.  Oxidation of camphene with dilute nitric acid produces carboxy-
apocamphoric acid, C,0H,,0¢, and apocamphoric acid, CgH,,0, (Marsh et al.,
1891). The formation of the former acid, which contains the same number
of carbon atoms as camphene, implies that the double bond in camphene
is in a ring; and the fact that carboxyapocamphoric acid is converted into
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apocamphoric acid when heated above its melting point implies that the
former contains two carboxyl groups attached to the same carbon atom

CO.H
Cl
CHyCOgNa HNO, 0.H -~COg COH
~-HC1 *0O,H
2 02H
bornyl camphene  carboxyapocamphoric apocamphoric
chloride I acid acid

(¢f. malonic ester syntheses). These facts were explained by giving cam-
phene the formula shown (I). The structure of apocamphoric acid was
later proved by synthesis (Komppa, 1901; ¢f. camphoric acid, §23a).

This structure for camphene, however, was opposed by Wagner. The
oxidation of camphene with dilute permanganate gives camphene glycol,
C,oH, ¢(OH), [Wagner, 1890]. This glycol is saturated, and so camphene is
a bicyclic compound (so, of course, is structure I). On further oxidation
of camphene glycol, Wagner (1896, 1897) obtained camphenic acid, C;,H,40,
(a dibasic acid), and camphenylic acid, C,4H,¢0; (a hydroxy-monobasic
acid), which, on oxidation with lead dioxide, gave camphenilone, C,H,,0
(a ketone). According to Wagner, it was difficult to explain the formation
of these compounds if camphene had structure I. Wagner (1899) therefore
suggested that camphene is formed by a molecular rearrangement when the
borneols or bornyl chlorides are converted into camphene, and proposed
structure II for camphene (see also §23d).

C C{

| ct,—c—oH, | or J} cH, | om,
CH, I CH, H, C
/ “CH,

\ CH/ CH

II
With this formula, the formation of camphene glycol, camphenylic acid
and camphenilone could be explained as follows:

OH OH 0
@ CH,OH CO,H

camphene camphene camphenylic camphenilone
glycol acid
I III Ilf v

O CO.H
- CO.H
carbocamphenilone camphenic

acid

Vi VIl

Although it was easy to explain the formation of III, IV and V, it was
difficult to explain the formation of VII. The formation of VII was ex-
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plained by later workers, who suggested it was produced via carbocamphenil-
one, VI. Another difficulty of the camphene formula, II, is that it does
not explain the formation of apocamphoric acid when camphene is oxidised
with nitric acid (see above). The course of its formation has been suggested
by Komppa (1908, 1911), who proposed a mechanism involving a Wagner
rearrangement. -

Structure II for camphene is supported by the fact that treatment of
bornyl iodide with ethanolic potassium hydroxide at 170° gives bornylene,
CioHyg (m.p. 98°), as well as camphene (Wagner ef al., 1899). Bornylene
is readily oxidised by permanganate to camphoric acid; it therefore follows
that bornylene has the structure I, the structure originally assigned to
camphene; no rearrangement occurs in the formation of bornylene.

: 1
don_, o, (LR
B CO,H

bornyl bornylene camphorie
iodide acid
Ozonolysis of camphene gives camphenilone and formaldehyde (Harries
et al., 1910); these products are in keeping with the Wagner formula for

camphene.
1 v

Further support for this structure for camphene is afforded by the work of
Buchner ¢t al. (1913). These workers showed that camphene reacts with
diazoacetic ester, and when the product is hydrolysed and then oxidised,

C
+ COHNyCO4CHy; ——> @f" OsCaHs
II
(i) hydrolysis H020><\
(ii) oxidation G
(A1 CO,H
B ym ?

cyclopropane-1 : 1 : 2-tricarboxylic acid, VIII, is produced. VIII is to be
expected from structure II, but not from I; I (bornylene) would give cyclo-
propane-1 : 2 : 3-tricarboxylic acid, IX.

+ CHNz' COngHs —— ®00202H5

I €O, H
(i) hydrolysis COgH
(ii) oxidation
CO.H
IX
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Lipp (1914) has synthesised camphenic acid (VII), and showed that it
has the structure assigned to it by Wagner. Finally, camphene has been
synthesised as follows (Diels and Alder, 1928-1931).

CH-CHO CHOH,_N CHO(CH;‘CO),O
+ 1l —_— —_ "
CH,
CH-0-CO-CH,
0, (i) NaNH, CHsMgl
_— T
(ii) CHsl

OH
G:[—]:3 ac:d
(—H.,-O)

§23d. Wagner—-Meerwein rearrangements. Wagner, as we have seen,
proposed a molecular rearrangement to explain the formation of camphene
from the borneols and bornyl chlorides. Wagner also recognised that a
molecular rearrangement occurred when o«-pinene was converted into bornyl
chioride. Many other investigations concerning rearrangements in the ter-
pene field were carried out by Meerwein and his co-workers, e.g., when
a-pinene is treated in-ethereal solution at —20° with hydrogen chloride,
the product is pinene hydrochloride. This is unstable, and if the tempera-
ture is allowed to rise to about 10°, the pinene hydrochloride rearranges to
borny!l chloride (Meerwein ¢f al., 1922). Rearrangements such as these
which occur with bicyclic monoterpenes are known as Wagner—Meerwein
rearrangements. Furthermore, Meerwein extended the range of these re-
arrangements to compounds outside bicyclic terpenes; these compounds
were monocyclic. Finally, the range was extended to acyclic compounds,
the classical example being that of neopentyl into f-pentyl compounds
(Whitmore ef al., 1932- ).

All of these rearrangements conform to a common pattern, ionisation to
a carbonium ion followed by rearrangement. Most rearrangements in the
terpene field involve a change in ring structure, and in a few cases the
migration of a methyl group. All of these rearrangements are examples
of the 1,2-shifts (Vol. I, Ch. V).

The following are examples, and the details of the mechanisms are dis-
cussed later; (but see Vol. I for a discussion of example v).

(i) The conversion of a-j)mene hydrochlomde into bornyl chloride.

P
X L0l

HCI -CI" + L, L
== -+ = -+ I NH

TV |

(i) The conversion of camphene hydrochlomde into isobornyl chloride.

¢ | | _H
- + ar, X
l-zfl — —— 4 — _> Cl
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(i) and (ii) are of particular interest since both appear to proceed through the
same carbonium ion. Why the epimers should be obtained is not certain (but
see later).

(iii) The dehydration of borneol to camphene (with acids).

CHzrH
_OH Q)H‘;
H H, ' —H30, + . -H*

(iv) The racemisation of camphene hydrochloride.

<: + Cl

(v) Rearrangements in the neopentyl system, e.g., the action of hydrobromic
acid on neopentyl alcohol to give Z-pentyl bromide.

Me
+ - 4+
Me;€ —CH,0H <= Me,C —CHsLOH} 10> MezC —CH,

—> Me,6—CH;Me —B > Me,CBr—CH, Me

Evidence for the intermediate formation of a carbonium ion in the
Wagner-Meerwein rearrangement. Meerwein et al. (1922), in their detailed
investigation of the reversible conversion of camphene hydrochloride into iso-
bornyl chloride (example ii), concluded that the first step was ionisation, and
this was then followed by rearrangement of the carbonium ion:

Fu - dredi
|

-H*

Their evidence for this mechanism was that the rate of the rearrangement was
first order, and that the rate depended on the nature of the solvent, the rate
being faster the greater the ionising power of the solvent. The order observed
for some solvents was:

SO, > MeNO, > MeCN > PhOMe > PhBr > PhH > Et,0

This dependence of rate on solvent was more clearly shown by also studying
the solvolysis rates of triphenylmethyl chloride in the same solvents. It was
found that the rate of the rearrangement of camphene hydrochloride was faster
in those solvents in which triphenylmethyl chloride undergoes solvolysis more
readily. Meerwein also found that the rearrangement was strongly catalysed
by Lewis acids such as stannic chloride, ferric chloride, etc. All of these form
complexes with triphenylmethyl chloride. Furthermore, halides such as phos-
phorus trichloride and silicon tetrachloride, which do not form complexes with
triphenylmethyl chloride, did not catalyse the rearrangement. Further evidence
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by Meerwein et al. (1927) and by Ingold (1928) also supports the mechanism
given above.

Meerwein, however, recognised a difficulty in his proposed mechanism. The
carbonium ion formed in the rearrangement of camphene hydrochloride would
presumably be the same as that formed in the rearrangement of pinene hydro-
chloride to bornyl chloride (example i). The reason why the epimers are ob-
tained is not certain; one possibility is that the ions are not the same, and as
we shall see later, the ions are not identical if we assume there is neighbouring
group participation producing a non-classical carbonium ion.

Bartlett ¢ al. (1937, 1938) showed that the rearrangement of camphene hydro-
chloride in non-hydroxylic solvents is strongly catalysed by hydrogen chloride,
and pointed out that the formation of ¢sobornyl chloride requires a Walden
inversion at the new asymmetric carbon atom. According to these authors, the
function of the hydrochloric acid is to help the ionisation of the chloride ion
{(from the camphene hydrochloride). Evidence for this is that phenols have a
catalytic effect on the rearrangement rate of camphene hydrochloride, and that
the order of this catalytic activity of substituted phenols is the same as the
order of the increase in acid strength of hydrogen chloride which phenols promote
in dioxan as solvent. These catalytic effects were explained by Bartlett et al.
(1941) as being due to hydrogen bonding between the phenolic hydroxyl group
and the receding chloride ion.

Nevell e al. (1939) suggested that the type of resonance hybrid Z is involved
in the rearrangement. Thus the hydrogen chloride-catalysed reaction in the
inert solvents used would produce an ion-pair [Z+][HCl,~] (§2e. III). Z+ can

now react with HCl,— at position 1 to regenerate camphene hydrochloride, or
at position 2 to give isobornyl chloride. This interpretation is supported by
experimental work.

(i) Nevell et al. found that the rate of radioactive chlorine (3¢Cl) exchange
between HCI* and camphene hydrochloride is 15 times faster than the rate of
rearrangement to isobornyl chloride. It therefore follows that the rate-deter-
mining step of the rearrangement is no¢ the ionisation step, but is the reaction
of the bridged-ion with HCl,— at position 2. It also follows, from the principle
of microscopic reversibility (Vol. I), that the rate-determining step of the re-
arrangement of isobornyl chloride back to camphene hydrochloride is the reac-
tion with hydrogen chloride to produce the ion-pair directly.

(ii) On the basis of the bridged-ion being an intermediate in the rearrangement
in inert solvents and also for solvolytic reactions of both camphene hydrochloride
and isobornyl chloride, then both isomers should give the same products Meer-
wein et al. (1922) found that methanolysis, in the cold, of camphene hydrochloride
gave at first the -methyl ether (attack at position 1) and this, on long standing,
gave isobornyl methyl ether. isoBornyl chloride also gave isobornyl methyl
ether, but in this case the reaction was slower. These results can be explained
by the presence of the liberated hydrogen chioride which would make the methan-
olysis reversible.

(iii} Neighbouring group participation in solvolytic reactions of camphene
hydrochloride would be expected to accelerate these reactions (anchimeric
assistance) as compared with the formation of a classical carbonium jon inter-
mediate. This will be so because the formation of the bridge will assist the
expulsion of the chloride jon. Hughes, Ingold ¢f al. (1951) have found that the
ethanolysis of camphene hydrochloride is 6000 times faster (at 0°) than the cor-
responding reaction with ¢-butyl chloride. Also, from the reaction rates of the
solvolysis of 1-chloro-1-methylcyclopentane, it followed that camphene hydro-
chloride is 870 times more reactive than this cyclopentyl derivative. Purely on
the basis of ring strain, the camphene compound should have been less reactive.
Thus the high reactivity of the camphene compound is very strong evidence for
neighbouring group participation,
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The relative rates of solvolysis of cyclopentyl chloride, bornyl chloride, and
isobornyl chloride (in 80 per cent. ethanol at 85°) are respectively 9-4, 1-0 and
36,000 (Roberts et al., 1949; Winstein et al., 1952). This very large difference
between the behaviour of bornyl and isobornyl chlorides is readily explained
by neighbouring group participation. In isobornyl chloride the methylene group
that forms the bridged ion is érans to the chloride ion ejected and so can readily

1 H
Cl
isobornyl bornyl 1
chloride chloride

attack the C+ (of the C—CI) at the rear, thereby assisting ionisation; this neigh-
bouring group participation cannot occur with bornyl chloride. Various repre-
sentations of this bridged-ion are possible; I has been proposed by Winstein
et al. (1952). ,

Ver3(r strong evidence for the participation of a neighbouring saturated hydro-
carbon radical has been obtained by Winstein ef al. (1952) in their detailed
examination of some reactions of the parent norbornyl systems.

7
j .
OH H
H

H
exo-norbornyl endo-norbornyl
alcohol alcohol

These authors showed that the relative rates of acetolysis of the brosylates
(p-bromobenzenesulphonates) of exo/endo norbornyl alcohols in acetic acid at
25° are 8350/1. The explanation offered for the large relative rate of the exo-
isomer acetolysis was neighbouring group participation to form the non-classical
carbonium ion (Iz). Asthe OBs— ion is leaving from the front, the neighbouring
group (group C¢) can attack from the rear to form the bridged-ion. This

?
p
A=
OBs
H

sequence is not possible as such for the endo-compound, and so the latter reacts
far more slowly. Further support for the formation of (Ia) is as follows. This
ion has a plane of symmetry (see Ib) and hence is optically inactive. It has
been shown that solvolysis of exo-norbornyl brosylate in aqueous acetone,
ethanol or acetic acid gives only exo-products, but in these products the carbon
atoms have become ‘* shuffled ”* (see below). Winstein et al. (1952) also showed
that acetolysis of optically active exo-norbornyl brosylate gave racemic exo-
norbornyl acetate. Attack must be from the back of the CH, bridge and so
this results in the exo-product; also, since positions 1 and 2 are equivalent, equal
amounts of the enantiomorphs (i.e.,, racemate) will be produced.

When endo-norbornyl brosylate undergoes acetolysis, ionisation of the OBs—
group leaves the endo-norbornyl carbonijum jon. This is probably originally the

Bs
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classical carbonium ion, but it then rearranges to the more stable exo-bridged-
ion. The formation of the latter is shown by the fact that acetolysis of the opti-
cally active endo-brosylate produces racemic exo-acetate.

The structure of the bridged carbonium ion, however, appears to be more
complicated than that shown by formula (Iz). Examination of (I6) shows the
equivalence of positions 1 and 2, and of positions 3 and 7.  Thus labelling the
brosylate with 4C at positions 2 and 3 should give products equally labelled
at positions 1, 2, 3 and 7. Roberts ef al. (1954) carried out the acetolysis of this
labelled exo-brosylate, and the tracer atom was found at 1, 2, 3 and 7, but posi-
tions 5 and 6 also contained labelled carbon (15 per cent. of the total radio-
activity). These results can be explained on the basis that there is also a 1,3-
hydride shift from position 2 to position 6. Thus positions 1, 2 and 6 become
shuffled to a certain extent, and there is also the same amount of interchange
among positions 3, 5 and 7. This raises the question as to whether some ions

or

H-bridging

have both carbon and hydrogen bridging. Winstein (1955) has pointed out that
the “* extra *’ carbon shuffling (to positions 5 and 6) depends on the nucleophilic
activity of the solvent, and is zero for very reactive solvents in which the life
of the carbonium ion is short. This suggests that the hydrogen shift competes
with the solvent attack and so occurs after the formation of the purely carbon
bridged-ion.

§23e. Correlation of configurations of terpenes. This has been made
possible by the work of Fredga on quasi-racemic compounds (see §9a. II).
This author has established the following configurations:

CHO CoO,H CO,H
HO—C—H CH,—C—H (CH,) ,CH—C—H
CH,OH CH,CO,H CH,-CO,H
L-glyceraldehyde L(—)-methyl- L{ —)-isopropyl-
succinic acid succinic acid

By means of these configurations, combined with various interrelations
obtained by oxidative degradations and by molecular rearrangements, it
has been possible to correlate the configurations of many mono- and bicyclic
terpenes with r-glyceraldehyde, e.g.,
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H, CH
(+)-camphor  (+)-a-pinene H-a- (#)-limonene  (-)-carvone
terpineol
H Me
?D [ ] [ ] —
. CMe, CMe2 Me2CH “H Me,CH “H
(+)-citronellal (+)-pulegone (=)- menthone trans-(+)-
tetrahydro-
l carvone
H Me
HO?CN
CO,H
| Me2CH 'H Me20H ‘H
\ D-(+)-methyl- (+)-piperitone (+)-oc-
succinic acid phellandrene
|
|
CO,H
|
Me,CH "H

D-(+)-isopropyl-
succinic acid

§24. Fenchane and its derivatives. The most important natural ter-
pene of this group is fenchone; this occurs in oil of fennel. It is a liquid,
b.p. 192-193°, and is optically active, both enantiomorphs occurring
naturally.

The molecular formula of fenchone is C,,H,40, and the compound behaves
as a ketone. When fenchone (I) is reduced with sodium and ethanol,
fenchyl alcohol, C;oH,4O (II), is produced, and this, on dehydration under
the influence of acids, gives a-fenchene, C,;H;; (III). On ozonolysis, «-
fenchene is converted into a-fenchocamphorone, C,H,,0 (IV), which, on
oxidation with nitric acid, forms apocamphoric acid, V, a compound of
known structure. This work was carried out by Wallach e al. (1890-
1898), but it was Semmler (1905) who was the first to assign the correct
structure to fenchone; the foregoing reactions may be formulated:
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C regredeo
=

It should be noted that the dehydration of fenchyl alcohol, I, to a-fenchene,

III, occurs via a Wagner—Meerwein rearrangement; the mechanism for this
reaction may thus be written (¢f. §23d):

@OH_»@OH__* N A }
b0

The structure of fenchone has been confirmed by synthesis (Ruzicka, 1917).

CO;C;H C0,C;H,
(i) Zn+ CHaBr-COyCoHs (i) PBrg
(ii) acid (ii) heat
CHz'COzCsz
{ 00,05H;
0,H
[{ 1) Hqo—Pt _
{ n) hydrolysis CHz C OgH
CHz COgCgHs CHQ COgH -
Pb salt (i) Na

heat (i) CH,al
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SESQUITERPENES

§25. Introduction. The sesquiterpenes, in general, form the higher boil-
ing fraction of the essential oils; this provides their chief source. Wallach
(1887) was the first to suggest that the sesquiterpene structure is built up
of three isoprene units; this has been shown to be the case for the majority
of the known sesquiterpenes, but there are some exceptions.

The sesquiterpenes are classified into four groups according to the number
of rings present in the structure. If we use the ésoprene rule, then when three
isoprene units are linked (head to tail) to form an acyclic sesquiterpene
hydrocarbon, the latter will contain four double bonds. Each isoprene unit
contains fwo double bonds, but one disappears for each pair that is con-
nected: ‘

N R
C=0—-C=C + C=C—C=C + C=C—C=C

C
|
C=C—C~C~=C—C—C—C=C—C—C=C

When this open-chain compound is converted into a monocyclic structure,
another double bond is utilised in the process, and so monocyclic sesqui-
terpene hydrocarbons contain three double bonds. In a similar manner,
it will be found that a bicyclic structure contains two double bonds, and a
tricyclic one. Thus the nature of the sesquiterpene skeleton is also charac-
terised by the number of double bonds present in the molecule. The sesqui-
terpene hydrocarbon structures may also be distinguished by the calculation
of the molecular refractivities for the various types of structures, and then
using these values to help elucidate the structures of new sesquiterpenes;
e.g., zingiberene (§27a).

Class of | Number of Molecular
sesquiterpene | double bonds | refractivity
i ;
Acyclic . . . .| 4 i 69-5
Monocyclic ! 3 : 67-8
Bicyclic . 2 ! 66-1
Tricyclic . 1 ( 64:4

This type of information can also be used with the monoterpenes, but in
this case it has not been so useful as in the sesquiterpenes. It might be
noted here that the non-acyclic members of the sesquiterpenoid group may
have rings of various sizes: 4, 5, 6, 7, 9, 10 and 11; and in many of these the
rings are fused.

ACYCLIC SESQUITERPENES

§26. Farnesene, C, ;H,,, b.p. 128-130°/12 mm., is obtained by the de-
hydration of farnesol with potassium hydrogen sulphate (Harries of al.,

a-farnesene B-farnesene
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1913). This compound is the a-isomer, and it has now been shown that
the S-isomer occurs naturally (in oil of hops), and Sorm e al. (1949, 1950)
have assigned it the structure shown. p-Farnesene is also obtained by the
dehydration of nerolidol.

§26a. Farnesol, C;;H;,0, b.p. 120°/0-3 mm., occurs in the oil of ambrette
seeds, etc. Its structure was elucidated by Kerschbaum (1913) as follows.
When oxidised with chromic acid, farnesol is converted into farnesal,
C,;H,,0, a compound which behaves as an aldehyde. Thus farnesol is a
primary alcohol. Conversion of farnesal into its oxime, followed by de-
hydration with acetic anhydride, produces a cyanide which, on hydrolysis
with alkali, forms farnesenic acid, C,;H,,0,, and a ketone, C,3H,,0. This
ketone was then found to be dihydro-pseudo-ionene (geranylacetone). In
the formation of this ketone, two carbon atoms are removed from its pre-
cursor. This reaction is characteristic of « : f-unsaturated carbonyl com-
pounds, and so it is inferred that the precursor, farnesenic acid (or its
nitrile), is an o : f-unsaturated compound. Thus the foregoing facts may
be formulated as follows, on the basis of the known structure of geranyl-

acetone.
CrO; (i) NH;0H
CH,O:! CHO () (CHa"CORO
farnesol farnesal
KOH +
CN COo,H
0
farnesenonitrile farnesenie acid geranylacetone

Kerschbaum’s formula has been confirmed by Harries e al. (1913), who
obtained acetone, levulaldehyde and glycolaldehyde on the ozonolysis of
farnesol.

G
O CHZOH
+ 2 + | .
O " CHO
CHO

Ozonolysis, however, also gave some formaldehyde, thus indicating the
presence of the isopropenyl end-group as well as the isopropylidene end-
group (but cf. citral, §5). Ruzicka (1923) synthesised farnesol (with the
isopropylidene end-group) by the action of acetic anhydride on synthetic
nerolidol (¢f. linalool, §8).
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nerolidol farnesol

§26b. Nerolidol, C,;H,,0, b.p. 125-127°/4-5 mm., occurs in the oil of
neroli, etc., in the (--)-form. Nerolidol is isomeric with famesol, and
Ruzicka (1923) showed that the relationship between the two is the same
as that between linalool and geraniol (see §8). Ruzicka (1923) confirmed
the structure of nerolidol by synthesis.

CH,Cl CH, -
CaHgONa CH'COng 5
+ ‘CO-CHy COC.Hy ———— |
CH; 5"COCoHs do-CH,

geranyl chloride

(i) Ba(OH)4 (i) NaNH; OH
Gy her @o-cm (i o @

geranylacetone

Na OH
——
+ moist ether

(#)-nerolidol

MONOCYCLIC SESQUITERPENES

§27. Bisabolene, C,;H,,, b.p. 133-134°/12 mm., occurs in the oil of
myrrh and in other essential oils, The structure of bisabolene was deter-
mined by Ruzicka et al. (1925). Bisabolene adds on three molecules of
hydrogen chloride to form bisabolene trihydrochloride, and this regenerates
bisabolene when heated with sodium acetate in acetic acid solution. Thus
bisabolene contains three double bonds and is therefore monocyclic (sée §25).
Nerolidol may be dehydrated to a mixture of a- and S-farnesenes (cf. §26).
This mixture, on treatment with formic acid, forms a monocyclic sesqui-
terpene (or possibly a mixture) which combines with hydrogen chloride to
form bisabolene trihydrochloride. Removal of these three molecules of



298 ORGANIC CHEMISTRY [cH. vin

hydrogen chloride (by means of sodium acetate in acetic acid) produces
bisabolene; thus bisabolene could be I, II or ITI, since all three would give
the same bisabolene trihydrochloride.

o o

nerolidol a-farnesene B-farnesene
Cl
{i) H:COgH —3HCI
(i) +3HQl cl
Cl

bisabolene trihydrochloride

504 2

a-bisabolene B-bisabolene y-bisabolene

Ruzicka ef al. (1929) showed that synthetic and natural bisabolene con-
sisted mainly of the y-isomer (III), since on ozonolysis of bisabolene, the
products were acetone, levulic acid and a small amount of succinic acid.
These products are readily accounted for by III; and this structure has
been confirmed by synthesis (Ruzicka ef al., 1932).

§27a. Zingiberene, C,;H,,, b.p. 134°/14 mm.,, occurs in the (—)-form
in ginger oil. It forms a dihydrochloride with hydrogen chloride, and thus
apparently contains two double bonds. The molecular refractivity, how-
ever, indicates the presence of three double bonds and, if this be the case,
zingiberene is monocyclic (see §25). The presence of these three double
bonds is conclusively shown by the fact that catalytic hydrogenation (plati-
num) converts zingiberene into hexahydrozingiberene, C,sHs,. Zingiberene
can be reduced by means of sodium and ethanol to dihydrozingiberene,
C,sH,q; this indicates that two of the double bonds are probably conjugated
(Semmler ef al., 1918). Further evidence for this conjugation is afforded
by the fact that zingiberene shows optical exaltation; whereas dihydro-
zingiberene does not. The absorption spectrum of zingiberene also shows
the presence of conjugated double bonds (Gillam ef al., 1940).

Ozonolysis of zingiberene gives acetone, levulic acid and succinic acid
(Ruzicka et al., 1929). Since these products are also obtained from bis-
abolene (§27), it appears probable that zingiberene and bisabolene have the
same carbon skeleton. Oxidation of dihydrozingiberene, I, with perman-
ganate gives a keto-dicarboxylic acid, C;3HyO5 (II), which, on oxidation




§28] TERPENES 299

with sodium hypobromite, forms a tricarboxylic acid, C;;H;30, (III). Thus
II must contain a methyl ketone group (CH;*CO—), and so, if I be assumed
as the structure of dihydrozingiberene, the foregoing oxidation reactions
may be formulated:

o . .
CO-CH,4 CO,H
oy 00t Co,HC0RH
I II I

Thus I, with another double bond in conjugation with one already present,
will be (probably) the structure of zingiberene. The position of this third
double bond was shown as follows (Eschenmoser ¢t al., 1950). Zingiberene
forms an adduct with methyl acetylenedicarboxylate, and this adduct (which
was not isolated), on pyrolysis, gives 2:6-dimethylocta-2 : 7-diene and
methyl 4-methylphthalate. These reactions can be explained on the assump-
tion that zingiberene has the structure shown below.

(IDOZCHs
C
+ i —

CO,CH;

§27b. Humulene (a-caryophyllene), C, H,,, b.p. 264°, is an eleven-
membered ring compound which contains three double bonds. Its structure is
very closely related to that of caryophyllene (§28c).

10 9 0
il _w O.
= BSOS
3 ) [ /
* OAc

humulene pyrethrosin

Pyrethrosin is also a monocyclic sesquiterpene; it is a y-lactone which con-
tains a ten-membered ring.

BICYCLIC SESQUITERPENES

§28. Cadinene, C,;H,,, b.p. 134-136°/11 mm., occurs in the (—)-form
in oil of cubebs, etc. Catalytic hydrogenation converts cadinene into tetra-
hydrocadinene, C,;H,s. Thus cadinene contains two double bonds and is
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bicyclic. On dehydrogenation with sulphur, cadinene forms cadalene,
CsHs (Ruzicka et al., 1921). Cadalene does not add on bromine, and
forms a picrate. This led to the belief that cadalene was an aromatic
compound, and its structure was deduced as follows. Ruzicka assumed
that the relationship of farnesol (§26a) to cadinene was analogous to that
of geraniol (§7) to dipentene (§13). Furthermore, since dipentene gives
p-cymene when dehydrogenated with sulphur, then cadalene should be, if
the analogy is correct, 1: 6-dimethyl-4-isopropylnaphthalene; thus:

g

geraniol dipentene p-cymene
' S
CH,0H -
farnesol  cadinene cadalene
skeleton
1 : 6-Dimethyl-4-isopropylnaphthalene was synthesised by Ruzicka el al.
(1922), and was found to be identical with cadalene.
0 CH, CO,C, H CH,
Zn acid COgH
Cl1sBr-COsCaHs OH (~Hz0)
carvone -
CO.H CO;C,Hj H,OH
isomerises CaHsOH Na
’ H;50, CaHOf
(i) HBr HaSO4
(i) CH3*CNa(CO2CsHs)g q(cozczﬂﬁ)z /CH-CHs

CH, CO,H




§28] TERPENES

301
SOCI; AlCls (i) Na=CgH1;OH
/CH'CH (ii) S distillation >
3 /
€oql X CH,

Thus cadinene has the carbon skeleton assumed. The only remaining
problem is to ascertain the positions of the two double bonds in cadinene.
Since the molecular refractivity shows no optical exaltation, the two double
bonds are not conjugated (§11. I); this is supported by the fact that cadinene
is not reduced by sodium and amyl alcohol. Ozonolysis of cadinene pro-
duces a compound containing the same number of carbon atoms as cadinene.
The two double bonds are therefore in ring systems, but they cannot be in
the same ring, since in this case carbon would have been lost on ozonolysis.
Ruzicka et al. (1924) were thus led to suggest I {a or f) for the structure of
cadinene, basing it on the relationship of cadinene to copaene, which had
been given structure I by Semmler (1914). I was proposed mainly on the

I B- 11

fact that copaene adds two molecules of hydrogen chloride to form copaene
dihydrochloride, which is dentical with cadinene dihydrochloride (both the
« and f structures of I would give the same dihydrochloride as II). Struc-
ture I (« or f) was accepted for cadinene until 1942, when Campbell and
Soffer re-investigated the problem. These authors converted cadinene into
its monoxide and dioxide by means of perbenzoic acid, treated these oxides
with excess of methylmagnesium chloride, and then dehydrogenated the
product with selenium. By this means, Campbell and Soffer obtained a
monomethylcadalene from cadinene monoxide, and a dimethylcadalene from
cadinene dioxide. Now the introduction of a methyl group #ia the oxide
takes place according to the following scheme:

o=

(E Cc (I} C
H—C=é}—0 CaHy-CO-04H H—C—(I)—C CHy"MgCl
\/
0
cC C ? C
DN o |
H—(|)—-—(l}—~C — (')=C-—C
CH; OH CH,

Thus the positions of the additional methyl groups show the positions of
the double bonds in cadinene. The Ruzicka formula for cadinene would
give dimethylcadalene III (from the « isomer) or IV (from the f), and the
monomethylcadalenes would be V (from « or ), VI (from «) and VII (from
p). Campbell and Soffer oxidised their dimethylcadalene, first with chromic
acid and then with nitric acid, and thereby obtained pyromellitic acid
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(benzene-1: 2 : 4 : 5-tetracarboxylic acid), VIII. The formation of VIII
therefore rules out III as the structure of dimethylcadalene, but IV, with

ey

111 v \'%
HO,C CO;H
HO,C COH
VIII
VI vII

the two methyl groups at positions 6 and 7 in ring B, could give VIII.
Therefore the double bond in cadinene in ring B is 6:7. From this it
follows that VI is also eliminated. If the double bond in ring A is as in
structure I, then dimethylcadalene is IV, and monomethylcadalene is V
or VII. Campbell and Soffer synthesised IV and VII, and found that each
was different from the methylcadalenes they had obtained from cadinene.
Thus IV and VII are incorrect; consequently the double bond in ring A
cannot be 3:4. The only other dimethylcadalene which could give VIII
on oxidation is IX. This was synthesised, and was found to be identical
with the dimethylcadalene from cadinene. Cadinene must therefore be X,
and the introduction of one or two methyl groups may thus be formulated

as follows:
/,
XI X vl

}

X

X could give two monoxides (oxidation of ring A or B), and one of these
(ring B oxidised) would give VII. This, as pointed out above, was different
from the monomethylcadalene actually obtained. Therefore, if X is the
structure of cadinene, the monomethylcadalene obtained from cadinene
must be XI. XI was synthesised, and was found to be identical with the
compound obtained from cadinene. Thus X is the structure of cadinene,
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It should be noted, in passing, that this new structure for cadinene has
necessitated revision of the structure of copaene. Briggs and Taylor (1947),
using a technique similar to that of Campbell and Soffer, have assigned
the following structure to copaene.

copaene

The absolute configurations of the cadinenes (and cadinols) have now
been established (Motl et al., 1958; Soffer ¢t al., 1958).

§28a. Selinenes, C,;H,,. Selinene occurs in celery oil; when treated
with hydrogen chloride, it forms a dihydrochloride which, when warmed
with aniline, is converted into the compound C,;H,,. This is isomeric with
selinene, and the natural compound was called f-selinene, and the synthetic
isomer a-selinene (Semmler ef al., 1912). Semmler showed that the catalytic
hydrogenation of the two selinenes gives the same tetrahydroselinene, C, ;H,,.
Thus they each contain two double bonds, and are bicyclic. Ozonolysis
of f-selinene produces a diketone (I} with the loss of two carbon atoms,
and oxidation of I with sodium hypobromite gives a tricarboxylic acid (II),
with the loss of one carbon atom. From this it follows that I contains a
CHyCO— group. Ozonolysis of «-selinene gives a diketo-monocarboxylic
acid (III) with loss of one carbon atom, and III, on oxidation with sodium
hypobromite, loses two carbon atoms to form II. Thus III contains fwo
CH;CO— groups (Semmler et al.,, 1912). Ruzicka ef al. (1922) distilled
f-selinene with sulphur, and thereby obtained eudalene (see §28b for the
evidence for the structure of this compound). If we use the isoprene rule,
all the foregoing facts are explained by giving the selinenes the following
structures (Ruzicka e¢f al., 1922). The relationship of the selinenes to
eudesmol (§28b) confirms the nature of the carbon skeleton given to the

selinenes.

B-selinene eudalene a-selinene

o p

NaOBr NaOBr
CO.H AL
CH, CO HO,C 0o,  CHyCO ¢o
0 CH,

I II : II1
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§28b. Eudesmol, C,;H,;0, occurs in eucalyptus oil. Catalytic hydro-
genation converts eudesmol into dihydroeudesmol, C;;H,;O. Thus one
double bond is present in the molecule, and since eudesmol behaves as a
tertiary alcohol, the parent hydrocarbon is C,;Hye=C,Hg,—_2; eudesmol is
therefore bicyclic. When dehydrogenated with sulphur, eudesmol forms
eudalene, C,,H,, and methanethiol (Ruzicka ef al., 1922). Eudalene be-
haved as an aromatic compound (cf. cadalene, §28), and its structure was
deduced as follows. Since eudalene was a naphthalene derivative, and
since it contained one carbon atom less than cadalene, it was thought to
be an apocadalene, 7.e., cadalene minus one methyl group. Thus eudalene
is either l-methyl-d-ssopropylnaphthalene (Ila) or 7-methyl-1-ssopropyl-
naphthalene (Iz). To test this hypothesis, Ruzicka oxidised cadalene with
chromic acid, and thereby obtained a naphthoic acid, C;3H,40,, which must

CO,H
O] o1, i
CO.H

I 2 11
. cadalene
lsoda lime lsoda lime

{
Ia Ila

be I or II. Distillation of this acid with soda-lime gives a methylisopropyl-
naphthalene which must be Ia or Ila. Ila was synthesised from carvone
(the synthesis is the same as for cadalene except that ethyl malonate is
used instead of ethyl methylmalonate; see §28). The synthetic compound
(ITa) was found to be different from the hydrocarbon obtained by the
distillation of the naphthoic acid from cadalene. Thus the apocadalene
obtained must be Ia, 7.e., 7-methyl-1-isopropylnaphthalene.

Ruzicka now found that eudalene was not identical with either I or Ila.
On oxidation, however, eudalene gives the same naphthalenedicarboxylic
acid as that which is obtained by the oxidation of Ia. This is only possible
if in eudalene the two side-chains in Ia are interchanged, 7.¢., eudalene is
1-methyl-7-isopropylnaphthalene; thus:

fo] [0]
CO.H .

X

Ia CO,H eudalene

This structure for eudalene was proved by synthesis (Ruzicka ef al., 1922).
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CHOH
CHO . CH
+ BrCH, CO,CyHj + Zn Soormatsky {2

cuminal

“H 0 q—(,,ﬂ,ou (i) HBr
00202H5 CH;0H (IKCN
(x) hydrolysis AlCl;
CHyCN soc
COCl1

>©Q

euda.lene

To develop the sesquiterpene carbon skeleton from that of eudalene, it
is necessary to introduce one carbon atom in such a position that it is
eliminated as methanethiol during the sulphur dehydrogenation (see above).
If we use the ¢soprene rule with the units joined head to tail, then there 1s
only one possible structure that fits the requirements, véz., III (cf. §1).

m ©

Now g-selinene combines with hydrogen chloride to form selinene dihydro-
chloride, which is also obtained by the action of hydrogen chloride on
eudesmol (Ruzicka ef al., 1927, 1931). Since eudesmol contains one double
bond and a tertiary alcoholic group, it follows that the double bond must
be in the side-chain, and the hydroxyl group in the ring, or vice versa, i.e.,
IV, V or VI isthe structure of eudesmol.

B-selinene selinene
dihydrochloride



306 ORGANIC CHEMISTRY [cH. vi

Hydrogenation of eudesmol forms dihydroeudesmol, VII, and this, on treat-
ment with hydrogen chloride followed by boiling with aniline (to remove
a molecule of hydrogen chloride), gives dihydroeudesmene, VIII. VIII, on
ozonolysis, forms 3-acetyl-5 : 9-dimethyldecalin, IX, with the elimination of
one carbon atom. These results are explained if IV or V is the structure
of eudesmol, but not by VI. Thus the hydroxyl group is in the {sopropyl
side-chain.

8
IV |, (i) HCI O3 % 1
or r—> ()-HCI 0 6
Vv o 5
OH
VII IX

VIII

The final problem is to ascertain the position of the double bond in eudesmol,
i.e., Is the structure IV or V?  Ozonolysis of eudesmol showed that eudesmol
is a mixture of IV («x-eudesmol) and V (8-eudesmol), since fwo products are
obtained: a hydroxyketo-acid X, with no loss of carbon, and a hydroxy-
ketone XI, with the loss of one carbon atom (but c¢f. citral, §5).

Os >
0,H
OH H ?0

v X CH,4
a-eudesmol
Os
> + CH;0
OH OH
\s x1 ©
B-eudesmol

The proportions of these two isomers vary with the source, and McQuillin
et al. (1956) have succeeded in separating them (véz their 3 : 5-dinitrobenzo-
ates), and at the same time have characterised a third, synthetic y-isomer.

OH
~ vy -eudesmol

§28c. Caryophyllene, C,;H,,, b.p. 123-125°/10 mm., is a bicyclic sesqui-
terpene containing a fused system of a four- and a nine-membered ring. The
main source of this compound is the sesquiterpene fraction of oil of cloves, and
three isomeric hydrocarbons have been isolated. These were originally called

caryophyllene
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(@)
O

tsocaryophyllene santonin acorone

-, f-, and y-caryophyllene, but it has now been shown that the «-isomer is
identical with humulene (§27b); the f-isomer (the main hydrocarbon) is called
caryophyllene; and the y-isomer (which is believed to be produced by thermal
isomerisation) is known as isocaryophyilene.

Santonin is a lactone sesquiterpene of the decalin type (cf. pyrethrosin,
§27b). )

Acorone is a most interesting bicyclic sesquiterpene in that it is a carbo-
cyclic spiran, the first example of such a compound to be found in nature.

§29. Azulenes. Many essential oils contain blue or violet compounds,
or may form such compounds after distillation at atmospheric pressure or
dehydrogenation with sulphur, selenium or palladium-charcoal (Ruzicka
et al., 1923). These coloured compounds may be extracted by shaking an
ethereal solution of the essential oil with phosphoric acid (Sherndal, 1915).
These coloured substances are known as azulenes. Their molecular formula
is Cy5H,q, and they are sesquiterpenes, the parent substance being azulene,
CyoHjg, which contains a seven-membered ring fused to a five-membered one.
Azulene has been synthesised as follows (Plattner ef al., 1936).

OH
-H;0 O3 NayCOg
e —— ——— e
(ZnClyJ @ solution

2-decalol ¢yclodecane-1:6-dione
0] HO  H
azulene

Azulene is a deep blue solid, m.p. 99°; its systematic name is bicyclo[5 : 3 : 0]-
decane. Two sesquiterpenes containing this bicyclodecane skeleton are

T <o

OH  guaiol vetivone

Azulene is a mom-benzenoid aromatic compound in which # = 2 (aromatics

0 -0 (@
. dipolar structure

contain (4n + 2) m-electrons in a “ circular *’ system; see Vol. I, Ch, XX). It
undergoes many typical aromatic substitution reactions.
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DITERPENES

§30. Phytol, C,,H,,0, b.p. 145°/0-03 mm., is an acyclic diterpene; it is
produced from the hydrolysis of chlorophyll (§6. XIX), and it also forms
part of the molecules of vitamins E and K (see Ch. XVII). The reactions
of phytol showed that it is a primary alcohol (Willstitter ef al., 1907), and
since on catalytic reduction phytol forms dihydrophytol, C,H,,0, it there-
fore follows that phytol contains one double bond. Thus the parent hydro-
carbon is CygH,y (==C,Ha,+2), and so phytol is acyclic. Ozonolysis of phytol
gives glycolaldehyde and a saturated ketone, C,gH3eO (F. Fischer e al.,
1928). Thus this reaction may be written:

CysHyy=CH-CH,0H ~2> (Cy3H;,0 + CHO-CH,0H

The formula of phytol led to the suggestion that it was composed of four
reduced isoprene units. If this were so, and assuming that the units are
joined head to tail, the structure of the saturated ketone would be:

: OHj CH, CH,
CHs o o o
OH'CHz'CI'Ig"ICHg CH'CHQ'CHz':CHz' CH: CHgC:H.Z :CHz'C=O
CH3/ b 1
This structure was proved to be correct by the synthesis of the ketone

from farnesol (F. Fischer ef al., 1928). The catalytic hydrogenation of
farnesol, I, produces hexahydrofarnesol, II, which, on treatment with phos-

(I}Hs (|3H3 CH,
CH, C=CH-CH,-CH, - C=CH-CH,*CH; C=CH-CH,0H

I
lH,—Pd

CH, (lJHs CH
CH,-CH"(CH,)yCH*(CH,)y CH- CH,* CH,OH

11 ¢PB"3

O
CH;y"CH(CH,)s' CH*(CHy)s CH-CH,*CH,Br

11X
CHg'CO*CHNa-COzC3Hs

(IJHa flle |0H3 _COCHy
CHj*CH*(CH,)3 CH(CH,)3"CH- CHp' CHy'CH
lke\onic 00202H5
hydrolysis

CH;  OH;  CH
CHj'CH'(CH,) 3 CH*(CH,) 3 CH'CHy'CH4"CH,"CO-CH;
v
phorus tribromide, gives hexahydrofarnesyl bromide, III. III, on treat-
ment with sodio-acetoacetic ester, followed by ketonic hydrolysis, forms
the saturated ketone, IV. This ketone (IV) was then converted into phytol

as follows (F. Fischer et al., 1929); it should be noted that the last step
involves an allylic rearrangement (cf. linalool, §8).
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on,  om GH o
CH,* CH-(CH,);" CH*(CH,)'CH-(CHy)y' C=0
Iv l(i) NaNH;
(iy) CH=CH
c, oH, o, o,
CH3' CH'(CH2)3 * CH‘(CHz)g' CH'(CHz)g' IC -C=CH
Hy—Pd OH
g g
CH CH:(CHy)  CH(CHy)y CH(CHy)y'C-CH= CH,
l OH
(CH3'CO)0
(EHs CI’H:; (EH3 (IJHs
CH,+ CH~(CH,); -CH-(CHy)y CH-(CH, )5 C=CH-CH,0H
phytol

It appears that natural phytol has a very small optical rotation; Karrer
et al. (1943) have isolated a (+)-form from nettles.

§31. Abietic acid, CpH;,0,, m.p. 170-174°, is a tricyclic diterpene.
The non-steam volatile residue from turpentine is known as rosin (or colo-
phony), and consists of a mixture of resin acids which are derived from the
diterpenes. Abietic acid is one of the most useful of these acids.

abietic acid

A great amount of work was done before the structure of abietic acid
was elucidated. For our purpose it is useful to have the structure of abietic
acid as a reference, and then describe the evidence that led to this structure.
I is the structure of abietic acid; the system of numbering is shown, and
also the four isoprene units comprising it. This way of numbering abietic
acid follows the phenanthrene numbering. There has been recently, how-
ever, a tendency to bring the numbering of all diterpenes in line with the
steroids (§3. XI); this is shown in Ia. In the following discussion I has
been used (the reader should work out the change-over for himself).

The general reactions of abietic acid showéd that it was a monocarboxylic
acid. On dehydrogenation with sulphur, abietic acid gives retene (Vester-
berg, 1903); better yields of retene are obtained by dehydrogenating with
selenium (Diels et al., 1927), or with palladised charcoal (Ruzicka et al.,
1933). Retene, C;gH,s, m.p. 99°, was shown by oxidative degradation to

L
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be 1-methyl-7-isopropylphenanthrene (Bucher, 1910), and this structure
was later confirmed by synthesis, e.g., that of Haworth e al. (1932).

CH.).CH CHj3 CO~
+(CHy),CHBr 2102,k T
(CH,).CH: cnson (CH;),CH _G)ICHsMgl
HCl (u)heat(—H,O)
CO (iii) hydrolysis
HOLC ﬁCH2 CH; 0,0, ,CH2
CH

(CHs)zCH@ I—P (CHg )ZCH‘@\ H,so;
C CH3 CH CH,

HO,C, \c P/Iz HO, C\CH
(CHS)QOHO% i (CHy zCHQ%
HCI =
(CH,),CH:
CH;
retene

Hence we may assume that this carbon skeleton is present in abietic
acid. Thus:

C
| CH3
?/C\ A g
4 Al B l +20 S5
\O/C\ / \
| A° ’ _CH(CHS),

Y /J—C\C

Now it is known that in sulphur dehydrogenations, carboxyl groups and
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angular methyl groups can be eliminated (see §2 vii. X). It is therefore
possible that the two carbon atoms lost may have been originally the carb-
oxyl group (in abietic acid) and an angular methyl group.

Abietic acid is very difficult to esterify, and since this is characteristic of
a carboxyl group attached to a tertiary carbon atom, it suggests that abietic
acid contains a carboxyl group in this state. This is supported by the fact
that abietic acid evolves carbon monoxide when warmed with concentrated
sulphuric acid; this reaction is also characteristic of a carboxyl group
attached to a tertiary carbon atom.

Catalytic hydrogenation of abietic acid gives tetrahydroabietic acid,
CgoH340,.  Thus abietic acid contains two double bonds; also, since the
parent hydrocarbon is C,,H,, (regarding the carboxyl group as a substituent
group), abietic acid is tricyclic (parent corresponds to C,Hgy,-4), which agrees
with the evidence already given.

Oxidation of abietic acid with potassium permanganate gives a mixture
of products, among which are two tricarboxylic acids, C;,H,,0, (II), and
C,oH,404 (IIT) [Ruzicka et al., 1925, 1931]. 1I, on dehydrogenation with
selenium, forms m-xylene, and III forms hemimellitene (1 : 2 : 3-trimethyl-
benzene) [Ruzicka ef al., 1931]. In both cases there is a loss of three carbon
atoms, and if we assume that these were the three carboxyl groups, then
two methyl groups in II and IIT must be in the meta-position. Further-
more, since 1I and III each contain the methyl group originally present in
abietic acid (position 1), acids II and III must contain ring A of abietic
acid. This suggests, therefore, that there is an angular methyl group at
position 12, since it can be expected to be eliminated from this position in
sulphur dehydrogenations of abietic acid (this 12-methyl group is meta to
the 1-methyl group). Vocke (1932) showed that acid II evolves two mole-
cules of carbon monoxide when warmed with concentrated sulphuric acid;
this indicates that II contains two carboxyl groups attached to tertiary
carbon atoms. These results can be explained by assuming that one carboxyl
group in II is that in abietic acid, and since in both cases this carboxyl
group is attached to a tertiary carbon atom, the most likely position of
this group is 1 (in abietic acid). Accepting these assumptions, the oxidation
of abietic acid may be formulated as follows, also assuming IV as the carbon

CO,H C0,H 00,H
COzH COzH
ﬂ)— +
. 'COzH 002H
o _ II I
| o lSe lSe
CH, CH,
CHg
CH, CH,

skeleton of abietic acid. Vocke subjected II to oxidative degradation, and
obtained a dicarboxylic acid (V) which, on further oxidation, gave a-methyl-
glutaric acid (VI).. Vocke assumed that II had the structure shown, and
formulated the reactions as below, assuming structure V as the best way
of explaining the results.
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CO.H CH

3
CO.H
C0,H 2
OH [0 2 [o] H
CO,H CO.H (-C0.H
CH
11 v vi ?

Structure V (assumed by Vocke) has been confirmed by synthesis (Rydon,
1937).

The position of the carboxyl group at position 1 in abietic acid (assumed
above) has been confirmed by Ruzicka ef al. (1922). Methyl abietate,
C,9H,e"CO,CH,, on reduction with sodium and ethanol, forms abietinol,
C,oH,y'CH,OH, which, on treatment with phosphorus pentachloride, loses
a molecule of water to form * methylabietin ”, CogHg,. This, on distillation
with sulphur, forms homoretene, C;,H,,. Homoretene contains one CH,
group more than retene, and on oxidation with alkaline potassium ferri-
cyanide, gives phenanthrene-1 : 7-dicarboxylic acid, the identical product
obtained from the oxidation of retene under similar conditions (Ruzicka
et al., 1932). These results can only be explained by assuming that homo-
retene has an ethyl group at position 1 (instead of the methyl group in
retene), 4.e., homoretene is 1-ethyl-7-isopropylphenanthrene. This has been
confirmed by synthesis (Haworth ef al., 1932; ethylmagnesium iodide was
used instead of methylmagnesium iodide in the synthesis of retene). The
formation of an ethyl group in homoretene can be explained by assuming
that abietinol undergoes a Wagner-Meerwein rearrangement on dehydra-
tion (see §23d). Thus:

CHy
CO,CH, CH,0H - CH, O,
methyl abietate abietinol “methylabietin” CH(CHg),

homoretene

It has already been pointed out that abietic acid has two double bonds.
Since abietic acid forms an adduct with maleic anhydride at above 100°, it
was assumed that the two double bonds are conjugated (Ruzicka ef al.,
1932). It was later shown, however, that levopimaric acid also forms the
same adduct at room temperature. 1t thus appears that abietic acid iso-
merises to levopimaric acid at above 100°, and then forms the adduct.
Thus this reaction cannot be accepted as evidence for conjugation in abietic
acid. Nevertheless, the conjugation of the double bonds in abietic acid
has been shown by means of the ultraviolet spectrum, which has not only
shown the conjugation, but also indicates that the two double bonds are
not in the same ring (Kraft, 1935; Sandermann, 1941).

Oxidation of abietic acid with potassium permanganate gives, among
other products, isobutyric acid (Ruzicka et al., 1925). This suggests that
one double bond is in ring C and the 6 : 7- or 7 : 8-position. If the double
bond is in the 6 :7-position, then the other double bond, which is con-
jugated with it, must also be in the same ring (5:13 or 8:14); if 7:8,
then the other double bond could be in the same ring C, but it could also
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CO,H CO.H
O CH(CHy), CH(CHy);
6:7- 7:8-

be in ring B. Since, as we have seen, the two double bonds are in different
rings, their positions are probably 7:8 and 14:9. Further evidence for
these positions is afforded by the fact that in the oxidation of abietic acid
to give acids IT and III (see above), i which ring A is intact, rings B and C
are opened, and this can be readily explained only if rings B and C each
have a double bond. Oxidative studies on abietic acid by Ruzicka ef al.
(1938-1941) have conclusively confirmed the positions 7:8 and 14: 9.
The only other point that will be mentioned here is the conversion of
abietic acid into levopimaric acid. Since the latter was originally believed
to be the enantiomorph of (+)-pimaric acid, it was ealled (—)-pimaric acid
or levopimaric acid. It is now known to be a structural isomer of dextro-
pimaric acid, and so it has been suggested that levopimaric acid be called
sapietic acid to avoid any confusion. The following equations show the
formation of the adduct of abietic acid with maleic anhydride.

CO,H CO.H
: <|:'H-co>0
_00° CH-CO
CH'CO\
>
CH-CO
abietic acid sapietic acid adduct

(levopimaric acid)

TRITERPENES

§32. Squalene, CyH,, b.p. 240-242°/4 mm., has been isolated from the
liver oils of sharks. Other sources are olive oil and several other vegetable
oils. Squalene has also been detected in leaves. Catalytic hydrogenation
(nickel) converts squalene into perhydrosqualene, Cy,H,,; therefore squalene
has six double bonds, and is acyclic. Ozonolysis of squalene gives, among
other products, levulic acid; this suggests that the following group is present
in squalene:

=CH-CHy CHy =
Since squalene cannot be reduced by sodium and amyl alcohol, there are
no conjugated double bonds present in the molecule, Perhydrosqualene
was found to be identical with the product obtained by subjecting hexa-

hydrofarnesyl bromide to the Wurtz reaction. This led Karrer ef al. (1931)
to synthesise squalene itself from farnesyl bromide by a Wurtz reaction.
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?Hs ?Hs
9(CHy);C=CH-CH,CH,C=CH-CH,-CH, C=CH-CH,Br + Mg ———>

(Hs CHy CHy CHs
(CHy)eC=CH(CH,)yC=CH-(CH,)y'C= CH'(CHy)y CH= C+(CHy)y CH=C"(CH,)y"CH= C(CHg),;
+

MgBr,

It should be noted that the centre portion of the squalene molecule has the
two isoprene units joined tail to tail (¢f. the carotenoids, Ch. IX). Squalene
forms a thiourea inclusion complex, and hence it has been inferred that it
is the all-trans stereoisomer (Schiessler ef al., 1952). This is supported by
X-ray crystallographic studies of the thiourea inclusion complex (Nicolaides
et al., 1954).

§32a. Biosynthesis of terpenes. As more and more natural products
were synthesised in the laboratory, so grew the interest in how these com-
pounds are synthesised in the living organism (both animal and plant).
The general approach to biosynthesis has been to break up the structure
into units from which the compound could plausibly be derived. These
units must, however, be known, or can be expected, to be available in the
organism. Furthermore, this does not mean that the units chosen must
necessarily be involved in the building-up of the compound. The general
principle is that although a particular unit may itself be involved, it is also
possible that its ““ equivalent ”’ may act as a substitute, .c., any compound
that can readily give rise to this unit (by means of various reactions such
as reduction, oxidation, etc.) may be the actual compound involved in the
biosynthesis. E.g., the equivalent of formaldehyde could be formic acid,
and that of acetone acetoacetic acid. One other point about the choice
of units or their equivalents is to attempt to find some relationships between
the various groups of natural products so that the units chosen are common
precursors.

When the units have been chosen, the next problem is to consider the
types of reactions whereby the natural products are synthesised in the
organism. The general principle is to use reactions which have been de-
veloped in the laboratory. The difficulty here is that some types of labora-
tory reactions require conditions that cannot operate in the organism, e.g.,
carboxylation and decarboxylation are known biological processes, but when
carried out in the laboratory, these reactions normally require elevated
temperatures. Deamination is also a known biological process, but in the
laboratory this reaction is usually carried out under conditions of (pH)
which would be lethal to the living organism. These differences between
laboratory syntheses and biosyntheses are due to the action of enzymes in
the latter. According to Schopf (1932), syntheses in plants may take place
through the agency of specific or non-specific enzymes (see §§12-17. XIII),
or without enzymes at all. Chemical syntheses (these do not involve the
use of enzymes) must therefore, from the point of biosynthetic studies, be
carried out under conditions of pH and temperatures comparable with those
operating in plants. Chemical syntheses performed in this way (with the
suitable units) are said to be carried out under physiological conditions (which
involve a pH of about 7 in aqueous media and ordinary temperatures).

Reactions which are commonly postulated in biosynthesis are oxidation,
hydrogenation, dehydrogenation, dehydration, esterification, hydrolysis,
carboxylation, decarboxylation, amination, deamination, isomerisation, con-
densation and polymerisation. It might be noted here that the choice of
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uiiits and type of reaction are usually dependent on each other. Further-
more, other reactions which are known to occur in biological syntheses are
O- and N-methylation or acylation. These may be described as extra-skeletal
processes, and can occur at any suitable stage in the postulated biosynthesis.
Another extra-skeletal process is C -methylation, but this is much rarer than
those mentioned above.

Now let us apply these principles to the biosynthesis of terpenes. As
we have seen, according to the special isoprene rule, terpenes are built up
of isoprene units joined head to tail (§1). Assuming then that the isoprene
unit is the basic unit, the problem is: How is it formed, and how do these
units join to form the various types of terpenes? At present it is believed
that the fundamental units used in the cell in syntheses are water, carbon
dioxide, formic acid (as “ active formate "), and acetic acid (as “ active
acetate ). These ‘ active ” compounds are acyl derivatives of coenzyme A
(written as CoA—H in the following equation); e.g., acetoacetic acid is
believed to be formed as follows:

2CH4*CO*CoA + H,0 —> CH,-CO-CH,-CO,H + 2CoA—H
Now the biosynthesis of cholesterol (§7a. XI) from acetic acid labelled with 14C
in the methyl group (C,,) and in the carboxyl group (C,) has led to the sugges-

tion that the carbon atoms in the isoprene unit are distributed as follows:
Cm

\Cc—Cm—Cc
Cn”
This distribution is in agreement with a scheme in which senecioic acid
(3-methylbut-2-enoic acid) is formed first, and this pathway was supported
by the isolation of this acid from natural sources. Further support for the
formation of this carbon skeleton is given by the fact that labelled 7sovaleric
acid gives rise to cholesterol in which the ssopropyl group and the carboxyl
group have been incorporated.
13CH
\CH-CH2-14C02H
BCH .
Tavormina ez al. (1956), however, have shown that the lactone of mevalonic
acid (f-hydroxy-p-methyl-d-valerolactone) is converted almost completely
into cholesterol by rat liver, and is a much better precursor than senecioic
acid. The following scheme has therefore been proposed for the early stages
in the biosynthesis of terpenes; it is in agreement with the distribution of
the carbon atoms in cholesterol (see above):

Me Me
| ] ’ HO Me HO Me
e b e g
CoA cH, cH, CH, CH, clmz
CO-CoA CO-CoA CO.H CHO C0.H
HMG
leucine IL l
N Me Me HO Me
o ! o "
pa = P
(l!H SMe —= cf \cIJH2 (|:H2 \CH2
CO- CoA CO-CoA CO,H CH,0H CO,H
MVA

senecioic acid

Three molecules of active acetate form hydroxymethylglutaric acid, HMG
(Lynen éf al., 1958; Rudney, 1959), and this is then converted into mevalonic
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acid (MVA), possibly through the intermediate mevaldic acid (Rudney e al.,
1958; Lynen, 1959). Support for this sequence is afforded by the following
facts. MVA has been jsolated from natural sources (Wolf ¢t al., 1957), and
it is also known that HMG may be formed from leucine by the route shown
(Lynen ef al., 1958, 1959).

‘The biosynthesis of terpenes can be subdivided into three definite steps:
(i) the formation of a biological ésopentane unit from acetate; (ii) the con-
densation of this unit to form acyclic terpenes; (iii) the conversion of acyclic
into cyclic terpenes.

The stages leading to MVA have been discussed above. What happens
after this is uncertain. One suggestion is that MVA forms a pyrophosphate
(at the primary alcoholic group), and then the carboxyl and the tertiary
hydroxyl group are eliminated simultaneously to form ¢sopentenyl pyro-
phosphate (I). This isomerises to the ssopropylidene compound, g : f-di-
methylallyl pyrophosphate, which combines with (I) to form the pyro-
phosphate of the acyclic terpene geraniol (in the following equations P
represents the pyrophosphate residue, P,0.H,):

CH,—O—P CH,—O—P
| |
CH, OH CH,
>C< —> | —_—
CH, Me C
| CH 2/ \Me
CO,H
I

B, CHsO—P * p o-cu
il
C H
Me/ \Me i

This is supported by the following work: Stanley (1958) has shown that
labelled MVA (2-14C-MVA) is incorporated into a-pinene. Park ef al. (1958)
have observed the incorporation of labelled MVA into rubber (§33) by an
enzyme system from latex, and Lynen ef al. (1961) have also demonstrated
the conversion of 4sopentenyl pyrophosphate into rubber (see also §7a. XI).
Geranyl pyrophosphate has also been shown to be a precursor for farnesyl
pyrophosphate, which then gives squalene.

A point of interest here is that Harley-Mason et a4l. (1961) have prepared
phenylpropiolic acid by the action of brosyl chloride on the sodium derivative
of diethyl benzoylmalonate and treating the product with sodium hydroxide
in aqueous dioxan at room temperature. The reaction has been formulated
as follows:

PhCO-CH(CO,Et), S 1>h(l:=0(cozm)2 o,

OBs
n oSO
~¢ ic} 0

CoBs 003
This provides one of the mildest known methods for making an acetylenic bond,

and this reaction may be regarded as support for the mechanism proposed by
Jones (1961) as a possible route for the biosynthesis of acetylenic bonds:

—> PhC=C-CO; + CO, + OBs
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CO.H
MeCO-CoA + CO,H: CH, CO-CoA —> MeCO-CH

™C0-CoA
0
Me, C -
cnzyme, Q N0 —» Me0=C CO-CoA + 0P
d o

T CoA
P

POLYTERPENES

§33. Rubber. Rubber (caoutchouc) is obtained from latex, which is an
emulsion of rubber particles in water that is obtained from the inner bark
of many types of trees which grow in the tropics and sub-tropics. When
the bark of the rubber tree is cut, latex slowly exudes from the cut. Addi-
tion of acetic acid coagulates the rubber, which is then separated from the
liquor and either pressed into blocks or rolled into sheets, and finally dried
in a current of warm air, or smoked.

Crude latex rubber contains, in addition to the actual rubber hydro-
carbons (90-95 per cent.), proteins, sugars, fatty acids and resins, the amounts
of these substances depending on the source. Crude rubber is soft and
sticky, becoming more so as the temperature rises. It has a low tensile
strength and its elasticity is exhibited only over a narrow range of tempera-
ture. When treated with solvents such as benzene, ether, light petrol, a
large part of the crude rubber dissolves; the rest swells but does not dis-
solve. This insoluble fraction apparently contains almost all of the protein
impurity. On the other hand, rubber is insoluble in acetone, methanol, etc.
When unstretched, rubber is amorphous; stretching or prolonged cooling
causes rubber to crystallise.

Structure of rubber. The destructive distillation of rubber gives iso-
prene as one of the main products; this led to the suggestion that rubber is
a polymer of isoprene, and therefore to the molecular formula (C;H,),. This
molecular formula has been confirmed by the analysis of pure rubber. Crude
rubber may be purified by fractional precipitation from benzene solution by
the addition of acetone. This fractional precipitation, however, produces
molecules of different sizes, as shown by the determination of the molecular
weights of the various fractions by osmotic pressure, viscosity and ultra-
centrifuge measurements; molecular weights of the order of 300,000 have
been obtained.

The halogens and the halogen acids readily add on to rubber, ¢.g., bromine
gives an addition product of formula (C;H,Br,),, and hydrogen chloride
the addition product (C;H,Cl),. Pure rubber has been hydrogenated to the
fully saturated hydrocarbon (CzH,,),—this is known as kydrorubber—Dby
heating with hydrogen in the presence of platinum as catalyst (Pummerer et
al., 1922). Rubber also forms an ozonide of formula (C;HgO,)n. All these
addition reactions clearly indicate that rubber is an unsaturated compound,
and the formule of the addition products show that there is one double
bond for each isoprene unit present.

Ozonolysis of rubber produces lzvulaldehyde and its peroxide, levulic
acid and small amounts of carbon dioxide, formic acid and succinic acid
(Harries, 1905-1912). Pummerer (1931) showed that the levulic derivatives
comprised about 90 per cent. of the products formed by the ozonolysis.
This observation led to the suggestion that rubber is composed of isoprene
units joined head to tail. Thus, if rubber has the following structure, the
formation of the products of ozonolysis can be explained:
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—CH, C = CH-CH,"CH, C=CHCH,CH, -C=CH"CH;—
lozonolysis
CH, CH, CH,

—-CHZ-CI1=O + OCH-CHy CH, C =0+ OCH: CH,*CH,’ (IJ=O + OCH-CH, —
Some of the levulaldehyde is further oxidised to levulic and succinic
acids.
/CHs'CO'CHg-CHg'COZH
CH4-00- CH, CH, CHO
\002+ CO,H"CH,*CH, COH

Gutta-percha (which is also obtained from the bark of various trees) is
isomeric with rubber; their structures are the same, as shown by the methods
of analysis that were used for rubber.. X-ray diffraction studies (Bunn,
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VAN ' C
H CH, 7\
Vs cg, H
N\
rubber gutta-percha
cis-form trans-form

1942) have shown that rubber is composed of long chains built up of isoprene
units arranged in the cis-form, whereas gutta-percha is the #rams-form.
Gutta-percha is hard and has a very low elasticity.

In rubber, the chain repeat unit is 8-10 A, whereas in gutta-percha it is
4-72 A. Both of these values are shorter than the theoretical values of the
repeat distances (9-13 A and 5-04 A respectively) calculated from models.
The reasons for these discrepancies are not clear, but for gutta-percha it
has been explained by assuming that the isoprene units are not coplanar.
The infra-red absorption spectrum of rubber has bands which are in keeping
with the structure that has been proposed. Also, the Jinear shape of the
molecule is indicated by viscosity measurements of rubber solutions. Schulz
et al. have examined cyclohexane solutions of rubber by light-scattering
methods, and obtained a value of 1,300,000 for the molecular weight. Their
other work also supports the linear nature of the chain.

§33a. Vulcanisation of rubber. When crude rubber is heated with a
few per cent. of sulphur, the rubber becomes vulcanised. Vulcanised rubber
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is less sticky than crude rubber, and is not so soluble and-does not swell so
much in organic solvents. Furthermore, vulcanised rubber has greater
tensile strength and elasticity than crude rubber. '

The mechanism of vulcanisation is still not clear. Vulcanised rubber is
not so unsaturated as rubber itself, the loss of one double bond corresponding
approximately to each sulphur atom introduced. It therefore appears that
some sulphur atoms enter the chain, vulcanisation thus occurring through
intramolecular and intermolecular cross-links; it is the latter type of reaction
that is desirable in vulcanisation. It should be noted that not all the
sulphur is in a combined state; some is free, and this can be readily extracted.

Vulcanisation may be accelerated and carried out: at lower temperatures
in the presence of certain organic compounds. These compounds are con-
sequently known as accelerators, and all of them contain nitrogen or sulphur,
or both, e.g.,

/NH' Cng, ! % ﬁ
NH=C (CHg)N* C-8-S: C-N(CHg),
SNH-CeH,
675 tetramethylthiuram
diphenylguanidine disulphide
™
] ] C-SH
(CH,),N* C'8+Zn"S-C*N(CHy), e

zine dimethyldithiocarbamate
. . mercaptobenzothiazole -

Mercaptobenzothiazole is the most widely used accelerator. Many inorganic
compounds can also act as accelerators, e.g., zinc oxide. Organic accelerators
are promoted by these inorganic compounds, and current practice is to
vulcanise rubber with, e.g., mercaptobenzothiazole in the presence of zinc
oxide.

The actual properties of vulcanised rubber depend on the amount of
sulphur used, the best physical properties apparently being achieved by
using about 3 per cent. sulphur, 5 per cent. zinc oxide and about 1 per cent.
of the accelerator. When 30-50 per cent. sulphur is used, the product is
ebonite.

The elasticity of rubber is believed to be due to the existence of rubber
as long-chain molecules which are highly ‘‘ kinked " in the normal state.
When subjected to a stretching force, these chains ““ unkink ", and return
to their normal condition when the force is removed.

§33b. Synthetic rubbers. There are many synthetic rubbers in use,
each type possessing certain desirable properties. A great deal of work has
been done on the synthesis of natural rubber, but the difficulty has been to
obtain the isoprene units in the all-cis configuration. Wilson et al. (1956)
have achieved this by using stereospecific catalysts.

Buna rubbers. Under the influence of sodium, butadiene polymerises
to a substance which has been used as a rubber substitute under the name
of Buna (see Vol. I). Buna N is a synthetic rubber which is produced by
the copolymerisation of butadiene and vinyl cyanide. Buna S or Perbunan
is a copolymer of butadiene and styrene.

Butyl rubber. Copolymerisation of Zsobutylene with a small amount
of isoprene produces a polyisobutylene known as Butyl rubber.

Neoprene. When passed into a solution of cuprous chloride in am-
monium chloride, acetylene dimerises to vinylacetylene. This dimer can
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add on one molecule of hydrogen chloride to form Chloroprene (2-chlorobuta-
1: 3-diene), the addition taking place in accordance with Markownikoff’s
rule (see also Vol. I).

HC]
2CH=CH ——> CH;~CH—C=CH —— CH,=CH—CCl=CH,

Chloroprene readily polymerises to a rubber-like substance known as Neo-
preme. Actually, the nature of the polychloroprene depends on the con-
ditions of the polymerisation. ,

Silicone rubbers. These are chemically similar to the silicone resins.
The chief silicone rubber is prepared by treating the hydrolysis product of
dimethyldichlorosilane, (CH,),SiCl,, with various compounds capable of in-
creasing the molecular weight without the formation of cross-links, i.e.,
they produce long-chain molecules.

—Si(CH,) ;—O0—Si(CH,) ,—O—Si(CH) ,—O—
Silicone rubbers have very high electrical insulating properties, and do not

deteriorate on exposure to light and air, and are resistant to the action of
acids and alkalis.
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CHAPTER IX
CAROTENOIDS

§1. Introduction. The carotenoids are yellow or orange pigments which
are widely distributed in plants and animals. Chlorophyll is always associ-
ated with the carotenoids carotene and lutein; the carotenoids act as photo-
sensitisers in conjunction with chlorophyll. When chlorophyll is absent,
e.g., in fungi, then the carotenoids are mainly responsible for colour. Caro-
tenoids are also known as lipochromes or chromolipids because they are
fat-soluble pigments. They give a deep blue colour with concentrated sul-
phuric acid and with a chloroform solution of antimony trichloride (the
Carr—Price reaction); this Carr-Price reaction is the basis of one method of
the quantitative estimation of carotenoids. Some carotenoids are hydro-
carbons; these are known as the carofenes. Other carotenoids are oxygen-
ated derivatives of the carotenes; these are the xamthophyils. There are
also acids, the carotenoid acids, and esters, the xanthophyll esters.

Chemically, the carotenoids are polyenes, and almost all the carotenoid
hydrocarbons have the molecular formula C,,H;s Also, since the carbon
skeleton of these compounds has a polyisoprene structure, they may be
regarded as tetraterpenes (¢f. §1. VIII).

In most of the carotenoids, the central portion of the molecule is composed
of a long conjugated chain comprised of four isoprene units, the centre two
of which are joined tail to tail. The ends of the chain may be two open-
chain structures, or one open-chain structure and one ring, or two rings.
The colour of the carotenoids is attributed to the extended conjugation of
the central chain (see Vol. I). X-ray analysis has shown that in the majority
of natural carotenoids, the double bonds are in the frans-position; a few
natural carotenoids are cis-. Thus, if we represent the ends of the chain by
R (where R may be an open-chain structure or a ring system), frans-carotenes
may be written:

H CH,H CH H H H H H

E b b 60 A AL AL b AR

N\ N NN
e \\?/C \\(f/ \?/ \\?/ \?/ \(|J \? \?
III H H H H CH; H CH; H

If we use the conventional formula of terpenes (§4. VIII), the above formula
will be the following (the reader should write out in this way the various
formule given in the text; see §6 for an example):

AAAAAAAS

§2. Carotenes. Carotene was first isolated by Wackenroder (1831) from
carrots (this was the origin of the name carotin, which was later changed to
carotene). The molecular formula of carotene, however, was not determined
until 1907, when Willstatter showed it was CyHgs. Carotene was shown to
be unsaturated, and when treated with a small amount of iodine, it forms
a crystalline di-iodide, C,qH;4I,. Kuhn (1929) separated this di-iodide into
two fractions by means of fractional crystallisation. Treatment of each
fraction with thiosulphate regenerated the corresponding carotenes, which
were designated «- and B-carotene. Kuhn ef al. (1933) then found that

321



322 ORGANIC CHEMISTRY [cH. 1X

chromatography gives a much better separation of the carotenes themselves,
and in this way isolated a third isomer, which he designated y-carotene.

«-Carotene, m.p. 187-187-5°; optically active (dextrorotatory).

B-Carotene, m.p. 184-5°; optically inactive.

y-Carotene, m.p. 176-5°; optically inactive.

It appears that all three carotenes occur together in nature, but their relative
proportions vary with the source, e.g., carrots contain 15 per cent. «, 85 per
cent. 8 and 0'1 per cent. . Carotenes are obtained commercially by
chromatography, two of the best sources being carrots and alfalfa.

Biosynthetic studies of the carotenes have been carried out, and the pathways
are those for the terpenes (§32a. VIII). Thus Braithwaite ef al. (1957) and
Grob (1957) have shown that labelled mevalonic acid is incorporated into f§-
carotene. Scheuer ef al. (1959) have also shown that this acid is incorporated
into lycopene. Furthermore, Modi et al. (1961) have isolated mevalonic acid
from carrots.

§3. B-Carotene, C,oH ;. When catalytically hydrogenated (platinum), g-
carotene forms perhydro-B-carotene, C,oH,5. Thus f-carotene contains eleven
double bonds, and since the formula of perhydro-g-carotene corresponds to
the general formula C,Hs,—2, it follows that the compound contains two rings.

When exposed to air, f-carotene develops the odour of violets. Since
this odour is characteristic of f-ionone, it was thought that this residue is
present in f-carotene (see §6. VIII). This was confirmed by the fact that
the oxidation of a benzene solution of S-carotene with cold aqueous potas-
sium permanganate gives g-ionone. Now f-ionone, I, on ozonolysis, gives,
among other things, geronic acid, II (Karrer ef al., 1929).

H=CH-CO-CH,
N CO.H
——
CO-CH,
I ’ ' II

B-Carotene, on ozonolysis, gives geronic acid in an amount that corresponds
to the presence of two f-ionone residues (Karrer ef al., 1930). Thusa tenta-
tive structure for f-carotene is:

P i S
CH=CH:C= Ca =0+ CH=CH

Cis Cis

Since the colour of p-carotene is due to extended conjugation (§1), the C,,
portion of the molecule will be conjugated. The presence of conjugation in
this central portion is confirmed by the fact that f-carotene forms an adduct
with five molecules of maleic anhydride (Nakamiya, 1936).

Geronic acid, on oxidation with cold aqueous potassium permanganate,
forms a mixture of acetic acid, « : a-dimethylglutaric, III, « : x-dimethyl-
succinic, IV, and dimethylmalonic acids, V. :

CO,H H020><002H
—f°—]>-?< o,
o

CO,
v v

CO,H
#1010, COH+
_COCH; .

I1
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Oxidation of f-carotene in benzene solution with cold aqueous permanganate
gives a mixture of S-ionone, III, IV, V, and acetic acid, the amount of acetic
acid being more than can be accounted for by the presence of two g-ionone
residues. Thus there must be some methyl side-chains in the central C,,
portion of the molecule. Since it is essential to know the exact number of
these methyl side-chains, this led to the development of the Kuhn-Roth
methyl side-chain determination (1931). The first method used was to
oxidise the carotenoid with alkaline permanganate, but later chromic acid
(chromium trioxide in sulphuric acid) was found to be more reliable, the
methyl group in the fragment —C(CH,)= being always oxidised to acetic
acid. It was found that alkaline permanganate only oxidises the fragment
=C(CH,)—CH== to acetic acid, and fragments such as =C(CH,)—CH,—
are incompletely oxidised to acetic acid, or not attacked at all (Karrer éf al.,
1930). Since a molecule ending in an ¢sopropylidene group also gives acetic
acid on oxidation with chromic acid, this end group is determined by ozon-
olysis, the acetone so formed being estimated volumetrically. Application
of the Kuhn—Roth methyl side-chain determination to f-carotene gave four
molecules of acetic acid, thus indicating that there are four —C(CH,)=—
groups in the chain. The positions of two of these have already been tenta-
tively placed in the two end f-ionone residues (see tentative structure above),
and so the problem is now to find the positions of the remaining two. This
was done as follows. Distillation of carotenoids under normal conditions
bringsabout decomposition with the formation of aromatic compounds. Thus
the distillation of S-carotene produces toluene, m-xylene and 2 : 6-dimethyl-
naphthalene (Kuhn et al., 1933). The formation of these compounds may
be explained by the cyclisation of fragments of the polyene chain, without
the B-ionone rings being involved. The following types of chain fragments
would give the desired aromatic products:

(@) Ly

a
cH—C¢ CH CH,

CH toluene

y a4 ~ 7/
cﬁ "CH CH3-C/ © O"CH; CH, CH,
I or I I -
/CH

m-xylene

|
s SN
?H ot (lz-CH3 CHy ﬁH pu CH,
or
CH
CHyG_ CH CH CH CH ,CCH, s
r N4
Neft ‘(Izﬁ Neft

2:6-dimethylnaphthalene
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The following symmetrical structure for g-carotene would satisfy the require-
ments of (2), () and (c); the tail to tail union of the two isoprene units at
the centre should be noted.

O CH CH H,
=CH-0=CH +CH=CH C=CH" CH=CH-CH= - CH=CH-CH=C- CH=CH
1 2 3 4 5 [ 7 8 9 10 1 12 13

® 15 16 17 18

i 1:5——> 1:6 t 1:5
(8) (e) (5)

This symmetrical formula for g-carotene has been confirmed by the follow-
ing oxidation experiments (Kuhn ef al., 1932-1935). When S-carotene is
oxidised rapidly with potassium dichromate, dihydroxy-g-carotene, VI, is
obtained and this, on oxidation with lead tetra-acetate, gives semi-g-
carotenone, VII, a diketone. Since both VI and VII contain the same number
of carbon atoms as fi-carotene, it follows that the double bond in one of the
p-ionone rings has been oxidised; otherwise there would have been chain
scission had the chain been oxidised. Oxidation of semi-S-carotenone with
chromium trioxide produces §-carotenone, VIII, a tetraketone which also has
the same number of carbon atoms as p-carotene. Thus, in this compound,
the other f-ionone ring is opened. Now only one dihydroxy-f-carotene
and owe semi-f-carotenone are obtained, and this can be explained only by
assuming a symmetrical structure for f-carotene. Thus the oxidations may
be formulated:

OH
CH---CH H--CH
—_— —
OH
VI

B-carotene
CO'CH"' O-CH----CH-CO
—_—
CO'CH3 CO'CH3 CI'Is'CO
VIl VIII

This structure for f-carotene has been confirmed by synthesis, e.g., that of
Karrer et al. (1950). The acetylenic carbinol IX is treated with ethyl-
magnesium bromide and the product is treated as shown on opposite page.
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H=CH- c CH2 O=CH
P)
lcﬂ-l;MgBr

=CH- C CH2 C=C-MgBr
2 OMgBr

Hs (|3Ha
CO-CH3*CH=CH" CH,*CO

CH;

|
CH=CH: C CHg C=C- (|}'CH2'CH=
OH

2
lﬂg‘l’d
— (IJH:; -
CH=CH- C CHz CH=CH- (IJ CH, CH=
OH
! Js
P-CH3'CgHy'SOsH
(=Hz0}
o
ij[ =CH- C—CH CH=CH:C=CH-CH=
p-carotene Jdo

IX has been prepared by Isler (1949) by treating f-ionone with propargyl
bromide in the presence of zinc (cf the Reformatsky reaction):

i "CH= CHCO+CHBrC CH
i CH= CHCCH C=CH -

|

!

|
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The most convenient way of preparing the diketone (oct-4-ene-2 : 7-dione)
starts with but-1-yn-3-ol (Inhoffen et al., 1951):
2CH ,-CHOH-C=CH 'Eu”cf_?‘m’ CH ,"CHOHC=C-C=C-CHOH-CH, — 22
CH,-CHOH-CH—CH-CH=CH-CHOH-CH, ——3.
CH,CO-CH=CH-CH=CH-CO-CH, EE’ZST)‘E
CH,-CO-CH,-CH=CH-CH,-CO-CH,
An important point to note in this synthesis is that lithium aluminium

hydride will reduce a triple bond to a double bond when the former is ad-
jacent to a propargylic hydroxyl group, t.e.,

— C(OH)-C=C— —, _C(OH)-CH=CH—

1t is worth while at this point to consider the general aspects of carotene
syntheses. All syntheses have used the union of a bifunctional unit, which
forms the central part of the carotene molecule, with two molecules (identical
as for, e.g., f-carotene, or not identical as for, ¢.g., a-carotene). The various
methods have been divided into four groups according to the carbon content
of the three units used in the synthesis: Cjy + C3 + Cig; Ci6 + Cg + Cye:
Cys + Cia -+ Ciq; Cip + Cyo + Cyp-  The second group has been used in the
above synthesis of f-carotene.

An example of the synthesis of f-carotene by the third is that of Isler ef al.
(1957) [Rg = f-ionine ring]:

OH

\% + BrMgC=CMgBr —>
2 CHO Y
OH
.. gedtt
' M
0 OEst
W\/\/\ — o W\/\/\
0 OEt
X

Et0), CH R,
R,/\/\OH(OEb),+ o, (BOn \/\/ .

ZnCly
EtO OEt OEt
R /\/\/WW,R,
8
OEt OEt OEb
AcOR

R
R,ANYW\)\/\/\/’

lM-P—V reduction

H
R
Ry ?
H

(i) aliylic rearr, and dehydration
(i) partial hydrogenation
{iiiy stereomutatiog

R
R3

B-carotene
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An example of the fourth group makes use of the Wittig reaction (see crocetin,
§9 for an illustration of this method).

§4. a-Carotene, C,;H,. This is isomeric with §-carotene, and oxidation
experiments on «-carotene have led to results similar to those obtained for
B-carotene, except that ssogeronic acid is obtained as well as geronic acid.
Since #sogeronic acid is an oxidation product of a-ionone, the conclusion is
that a-carotene contains one f-ionone ring and one o-ionone ring (§6. VIII)
[Karrer et al., 1933]. ’

CH=CH-CO-CH;,
[0l CH-CO,H —COy
CO-CH; CO-CH;
CO,H CO,H
a-ionone 1sogeronic acid
Thus the structure of «-carotene is:
CH; CH3 CH3 CH;

| | |
H=CH-C=CH-CH=CH C=CH CH=CH:CH=C-CH=CH-CH=C-CH=CH

As we have seen, a-carotene is optically active (§1), and this is due to the
presence of the asymmetric carbon atom (*) in the «-ionone ring. The
structure given for «-carotene has been confirmed by synthesis (Karrer
et al., 1950). The method is the same as that described for f-carotene, except
that one molecule of the acetylenic alcohol (structure IX, §3) is used together
with one molecule of the corresponding «-ionone derivative:

CHs
=CH: -CHy C=CH
OH

It is interesting to note that a-carotene has been converted into the f-isomer
by heating the a-compound with ethanolic sodium ethoxide and benzene at
100-110° for some time (Karrer et al., 1947); this is an example of three
carbon protolropy.

§5. Lycopene, C,oH ¢, m.p. 175°, is a carotenoid that is the tomato pig-
ment. Since the structure of y-carotene depends on that of lycopene, the
latter will be discussed here, and the former in the next section.

On catalytic hydrogenation (platinum), lycopene is converted into per-
hydrolycopene, C,jHgg. Therefore lycopene has thirteen double bonds, and
is an acyclic compound (Karrer ef al., 1928). Ozonolysis of lycopene gives,
among other products, acetone and levulic acid; this suggests that lycopene
contains the terminal residue:

CH; ! HyC
*No-LoR-CHyCHy 6 420~ -
CHy” | e

acetone ! laevulic acid
1

~<—methylheptenone —»
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This is supported by the fact that controlled oxidation of lycopene with
chromic acid produces 6-methylhept-5-en-2-one (cf. §5. VIII). Quantitative
oxidation experiments (ozonolysis) indicate that this grouping occurs at each
end of the molecule (Karrer ¢t al., 1929, 1931). Also, the quantitative oxida-
tion of lycopene with chromic acid gives six molecules of acetic acid per
molecule of lycopene, thereby suggesting that there are six —C(CHj)=
groups present in the chain (¢f. §3). Controlled oxidation of lycopene with
chromic acid gives one molecule of methylheptenone and one molecule of
lycopenal, C4,H,,0, and the latter may be further oxidised with chromic acid
to another molecule of methylheptenone and one molecule of a dialdehyde,
CyH240, (Kuhn ef al., 1932). Thus this dialdehyde constitutes the central
part of the chain, and the two molecules of methylheptenone must have
been produced by the oxidation of each end of the chain in lycopene. The
dialdehyde may be converted into the corresponding dioxime, and this, on
dehydration to the dicyanide, followed by hydrolysis, forms the dicarboxylic
acid Cg,H,40,, which is identical with norbixin (§9). Thus the dialdehyde
must be bixindialdehyde, and so it may be inferred that the structure of
lycopene is the following symmetrical one, since it accounts for all the above
facts.

CH, CH; GH,
(CH3)20=0H-CH2-CHZ-0=CH-CH=CH-J:=0H-CH=CH-C=CH-ﬁH
(OHyC=CH.-CHy CHy C=CH- CH=CH'(|1=CH'CH=CH-(|)=CH-CH

CH, CH;, CH;
lycopene

CrO3
G oG
(CH,);C=CH-CH,-CH,* C=0 + CHO-CH=CH:C=CH-CH=CH C=CH' CH
methylheptenone
(CH;),C=CH" CHy CHy (I) =CH- CH=CH'(I) =CH-" CH=CH'(') =CH-CH

CH; CHj, CH;
lycopenal

lcro3
(I}Hg (')Hs
CH, + CHO- CH=CH - ¢=CH: CH=CH" C=CH-CH
(CH;),C=CH-CHyCH, C=0  CHO-CH=CH" (IJ=CH CH=QH -('1=CH ‘CH
methylheptenone CH; CH;
bixindialdehyde
l(i) NHzOH

(i) (CH5*C0),0[FH30]
(iii} hydrolysis

ZH3 CH,
€0,H* CH=CH-C=CH-CH=CH- C =CH-CH
G0;H: CH=CH-G=CH CH=CH"0=CHCH

CH; CH;
norbixin
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The structure assigned to lycopene has been confirmed by synthesis (Karrer
et al., 1950). Instead of the acetylenic carbinol IX in §3, two molecules of the
following compound were used.

/C(CHs), CHy
CH CHCH =CH‘(’3'CH2'CECH
CH, C-CH, OH

Nof,

§6. y-Carotene, C,,H,,. Catalytic hydrogenation converts y-carotene
into perhydro-y-carotene, CyoHgo. Thus there are twelve double bonds pre-
sent, and the compound contains one ring. Ozonolysis of y-carotene gives,
among other products, acetone, leevulic acid and geronic acid. The forma-
tion of acetone and levulic acid indicates the structural relationship of
y-carotene to lycopene, and the formation of geronic acid indicates the pre-
sence of a f-ionone ring (Kuhn ef al., 1933). On this evidence, and also on
the fact that the growth-promoting response in rats was found to be half
that of B-carotene, Kuhn suggested that y-carotene consists of half a molecule
of f-carotene joined to half a molecule of lycopene; thus:

CHy H CHy CHy,  (CHJO
'H=CH- C=CH:CH=CH-0=CH-CH=CH-CH=C-CH=CH-CH=C-CH=CH-CH
CHyC_ CH,

y-carotene \Cﬁ!

This structure for y-carotene is supported by the fact that the absorption
maximum of y-carotene in the visible region lies between that of f-carotene
and that of lycopene. Final proof for this structure has been obtained by
the synthesis of y-carotene (Karrer ¢t al., 1953); the following reactions are
written with the conventional formule (see §1):

C=CMgBr BrMgO
OMgBr . M/\fo + BrMgC=C
0
N
OH OH
N A\
OH OH

(i) Hy—Pd
{ii) Ts OH (-H,0)

y-carotene
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A §-carotene has also been isolated, and this has been shown to be the
«-ionone analogue of y-carotene (Kargel et al., 1960).

§7. Vitamin A, C,0H,,0. Vitamin A is also known as Axerophthol, and
is also usually referred to as vitamin A, since a second compound, known as
vitamin A,, has been isolated.

Vitamin A, influences growth in animals, and also apparently increases
resistance to disease. Night blindness is due to vitamin A; deficiency in the
human diet, and a prolonged deficiency leads to xerophthalmia (hardening
of the cornea, etc.). Vitamin A, occurs free and as esters in fats, in fish livers
and in blood. It was originally isolated as a viscous yellow oil, but later
it was obtained as a crystalline solid, m.p. 63-64° (Baxter & al., 1940).
Vitamin A, is estimated by the blue colour reaction it gives with a solution
of antimony trichloride in chloroform (the Carr—Price reaction; cf. §1); it is
also estimated by light absorption (vitamin A; has a maximum at 328 mu).

Carotenoids are converted into vitamin A, in the intestinal mucosa, and
feeding experiments showed that the potency of a- and y-carotenes is half
that of B-carotene. This provitamin nature of g-carotene led to the sugges-
tion that vitamin A; is half the molecule of fS-carotene.

On catalytic hydrogenation, vitamin A, is converted into perhydro-
vitamin A;, CyH,O; thus vitamin A, contains five double bonds. Since
vitamin A, forms an ester with p-nitrobenzoic acid (this ester is not crystal-
lisable), it follows that vitamin A; contains a hydroxyl group. Thus the
parent hydrocarbon of vitamin A, is CyHyy, and consequently the molecule
contains one ring. Ozonolysis of vitamin A, produces one molecule of
geronic acid (§3) per molecule of vitamin A,, and so there must be one f-
ionone nucleus present (Karrer, 1931, 1932). Oxidation of vitamin A, with
permanganate produces acetic acid; this suggests that there are some
—C(CHy)== groups in the chain. All of the foregoing facts are in keeping
‘with the suggestion that vitamin A, is half the f-carotene structure. When
heated with an ethanolic solution of hydrogen chloride, vitamin A, is con-
verted into some compound (II) which, on dehydrogenation with selenium
forms 1 :6-dimethylnaphthalene, III (Heilbron ef al, 1932). Heilbron
assumed 1 as the structure of vitamin A;, and explained the course of the
reaction as follows: '

CQ H
\(IJH HC1—-C3Hs0H
/CCH3 CH3
& om, cHj (s
CH=CH'C=CH'CH,0H =CH-C=CH'CH;OH
I I1
H;
Se
CH;
11X

Perhydrovitamin A; has been synthesised from f-ionone (Karrer, 1933),
and was shown to be identical with the compound obtained by reducing
vitamin A,; thus there is evidence to support the structure assigned to
vitamin A;. Final proof of structure must rest with a synthesis of vitamin A,
itself, and this has now been accomplished by several groups of workers.
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The following synthesis is that of Isler et al. (1947). This starts with methyl
vinyl ketone to produce compound IV, one stage of the reactions involving

Preparation of IV.

CH, CH,
i) Na-liqui H.
CHyCH: 0=0 =™ CH,=CH-C-C=CH —*>>
ONa

H3 (l)H3
OH=CH-C-O=CH —*% . OH,0H.-CH=C-C=CH

!

OH

CHg
CalsMeBr o BrMgOCH, CH=C-C=C"MgBr
v

Preparation of V., ,
CH, CH,

CH=CH-C=0 CH=CH-&\—/CH'00202H5
+ CH,01-CO,CpHy st o
NH;
i ik
CH=CH-CH'CO-COH ‘H=CH’ CH-CHO
hydrolysis heat with Cu
powder under
red. press.

] 3
CH,-CH=C-CHO

isomerises

v

an allylic rearrangement (c¢f. §8. VIII). Compound V is prepared from
p-ionone by means of the Darzens glycidic ester reaction (see also Vol. I).
The following chart shows the steps of the synthesis, and it should be noted
that another allylic rearrangement is involved in one of the later steps.
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Combination of IV and V, elc.
CH, CH, .
CH,CH=C-CHO + BngCEC'é‘—“CH'CHzOMgBr

v v
i g
CH,CH=C: (FH C=C-C=CH-CH,0H
OH VI
#Hg—l’d* BaSO,

?Hs CHj
CHy CH=C-CH- CH=CH- O=CH.CH,0H

OH VvII
L(’CH,-CO)QO

om,
CHy CH=C- GH: CH=CH: 0=CH.: CH;0C0- CHy

OH l VIII

trace of I3 in benzene solution

CH, H,
OH-C=CH-CH=CH- C=CHCH;0- 00" CH,
OH

e
CH, OH, :
H=CH-G=CH-CH=CH-C=CH-CH,0-CO-CHj

IX
hydrolysis

Hs CH,
CH=CH"C=CH-CH=CH' C=CH-CH;OH

In the hydrogenation of VI to VII, barium sulphate is used to act as a
poison to the catalyst to prevent hydrogenation of the double bonds. Partial
acetylation of VII (primary alcoholic groups are more readily acetylated than
secondary) protects the terminal group from an allylic rearrangement in the
conversion of VIII to IX.

The crude vitamin A, obtained in the above synthesis was purified via
its ester with anthraquinone-2-carboxylic acid, and was thereby obtained
in a crystalline form which was shown to be identical with natural vitamin A,.

Lindlar (1952) has shown that triple bonds may be partially hydrogenated
in the presence of a Pd—CaCOj catalyst that has been partially inactivated
by treatment with lead acetate; better results are obtained by the addition
of quinoline. Thus the hydrogenation of VI gives VII in 86 per cent. yield
when the Lindlar catalyst is used.
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Another method of synthesising vitamin A, is due to van Dorp ¢t al. (1946)
who prepared vitamin A, acid (X), which was then reduced by means of
lithium aluminium hydride to vitamin A, by Tishler (1949); f-ionone and
methyl p-bromocrotonate are the starting materials.

CH,
CH=CH-CO + CH,Br-CH= CH- CO,CH,

lZn (Reformatsky)

CH,
CH=CH:- C CH :CH=CH-CO,CH,
OH
() (CO.H), [~H,0]
(i) KOH
CH,

CH=CH-C= CHCH CH:-CO,H

(i) 80C1,
(i) CH,Li

CH, CH,
CH=CH-(C= CH CH=CH- CO

CH;Br:C0;C,H;/Zn
{ Reformatsky)

CH, CH,
CH=CH-C= CHCH CHCCH CO0,C,H,

OH

Q

(i) —H0
(i) KOH

CH, CH,
CH=CH-C= CH CH=CH:C= CH COH

LiAlH, X

CH, CH,
CH=CH-C= CH ‘CH=CH-(C= CH CH,0H -

QQ
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Attenburrow et al. (1952) have also synthe51sed vitamin A, starting from
2-methyleyclohexanone.

0 ' C=CH
NaNH, CH=CH
CHal Na/NH, OH

CH, CH,
=C- C CH CH-CH=CH-C- CH CH,
(i) EtMgBr OH
(i) CH, CH, OH
00-CH=CH-CH=C- OH=CH, XI
CH, CH,
C=C-C=CH-CH=CH C=CH-CH,0H
acid
H
(rearr.) X1I
CH CH,
CH=CH-C= CH CH=CH-C= CH CH,0-CO-CH,4
(i) LiAlH,
OH
(i) (CH;C0),0 XII11

CH, CH,
CH=CH-C= CHCH CH-C= CHCHOH
pMe-CyH, SO;H
(-H,0)

Acid causes rearrangement of XI to XII in which all multiple bonds are
in complete conjugation, and the reduction of XII to XIII by lithium
aluminium hydride is possible because of the presence of the propargylic
hydroxyl grouping (§3).

Synthetic vitamin A, is now a commercial product.

Two biologically active geometrical isomers of Vitamin A, (all-Zrams) have
also been isolated: neovitamin a from rat liver (Robeson éf al., 1947) and neo-
vitamin b from the eye (Oroshnik e al., 1956). Vitamin A, is the most active
form in curing * vitamin A »’ deficiency.

CH,OH
CH,0H

vitamin A, neovitamin a

CH,0H
neovitamin b



§8} " CAROTENOIDS 335

Vitamin A,. A second vitamin A, vitamin A,, has. been isolated:from
natural sources, and has been synthe315ed by Jones et al. (1951, 1952); it is
dehydrovitamin A,.

CHj,

|
=CH- C—CH -CH=CH-C=CH'CH,0H
vitamin A,

Jones et al. (1955) have also introduced a method for converting vitamin A,
into vitamin A,. Vitamin A, may be oxidised to vitamin A, aldehyde (retin-
ene,) by means of manganese dioxide in acetone solution (Morton et al., 1948),
and then treated as follows:

N-bromo-

[CH = CH: CMe = CH ], CHO e
uceInimi

retinene,

[CH = CH-CMe = CH],-CHO Nephenyl-
morpholine
(-HBr)

[CH=CH:CMe = CH ]y CHO Liad,

retineney

[cH=CH cMe = CH],- CH,0H
vitamin A,

§8. Xanthophylls. The xanthophylls occur naturally, and all have the same
carbon skeletons as the carotenes or lycopene (except flavoxanthin).
Cryptoxanthin, C,H;,O, m.p. 169°, is monohydroxy-g-carotene; it has

provitamin-A activity.
HO i : : i

Rubixanthin, C,;H;,O, m.p. 160°, is monohydroxy-y-carotene, and lyco-
xanthin, C,H,,O, m.p. 168°, appears to be monohydroxylycopene.

(CH,),C C(CH;)y  (CH;)C,
""" )
CH, CHY
rublxanthm lycoxanthin

Rhodoxanthin, C,H,,0,, m.p. 219°, is believed to be the following diketone.

Jose
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Lutein, C,H;,0,, m.p. 193°, was formerly known as xanthophyll; it is di-

hydroxy-a-carotene.
@E"“ """ )
HO H

Zeaxanthin, m.p. 205°, and lycophyll, m.p. 179°, are the corresponding di-
hydroxy derivatives of f-carotene and lycopene, respectively.

C(CHy), (CHghC,
o L,
H OH HO CH; CHjy OH

zeaxanthin lycophyll

§9. Carotenoid acids. These are compounds which do not contain
40 carbon atoms.

Bixin, C,;H0,. Natural bixin is a brown solid, m.p. 198°, and is the
cis-gorm; it is readily converted into the more stable frans-form, m.p. 216-
217°,

When boiled with potassium hydroxide solution, bixin produces one mole-
cule of methanol and a dipotassium salt which, on acidification, gives the
dibasic acid norbixin, C,H,;0,. Thus bixin is a monomethyl ester, and
can be esterified to give methylbixin.

On catalytic hydrogenation, bixin is converted into perhydrobixin,
Cy5H,50,; thus there are 9 double bonds present in the molecule (Lieber-
mann ¢ al., 1915). Perhydrobixin, on hydrolysis, forms perhydronorbixin.
Oxidation of bixin with permanganate produces four molecules of acetic
acid (Kuhn ef al., 1929) ; thus there are four —C(CH,)= groups in the chain.
Furthermore, since the parent hydrocarbon of perhydronorbixin, C,,H,,0,,
is CyH,g (the two carboxyl groups are regarded as substituents), the mole-
cule is acyclic.

The thermal decomposition of bixin produces toluene, #-xylene, m-toluic
acid and the methyl ester of this acid (Kuhn et 4l., 1932). Hence the follow-
ing assumptions may be made regarding the nature of the chain (¢f. §-
carotene, §3).

CH,
o .
=C0H—CH=CH—(=CH—CH=
CH,
mo W
=CH-(C=CH—CH=CH- (0= CH,
CH,
CH,
HOLO-CH=CH—0=CH_CH=CH— CO,H

CH,
CH,
CH,0yC—CH=CH— = CH—CH=CH— CO,CH;
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The foregoing facts may be explained by assuming the following structure
for bixin (Kuhn et al., 1932):

IC}IS (EH:‘ H3 H3
HO,C-CH=CH'C=CH-CH=CH: C=CH' CH=CH' CH=C- CH=CH' CH=C' CH=CH" CO,CH,

This structure is supported by the fact that perhydronorbixin has been
synthesised, and shown to be identical with the compound obtained from
the reduction of bixin (Karrer ef al., 1933). Further proof is the synthesis
of norbixin (Isler et al., 1957).

Jackman et al. (1960) have shown, from an examination of the NMR
spectra (§19a. I) of many carotenoids, that the positions of the absorption
bands resulting from the methyl groups give spme indication of the molecular
environment of these groups. ** Natural ” methylbixin is the cis-isomer of
the following frans-isomer:

) ,CO,Me
M002 C

The methyl ester of crocetin (see below) also probably has the cis-configura-
tion at the corresponding 2,3-position.

Crocetin, C,H,,0,. Crocetin occurs in saffron as the digentiobioside,
crocin. ‘The structure of crocetin was elucidated by Karrer et al. (1928) and
Kuhn et al. (1931). Crocetin behaves as a dicarboxylic acid and has seven
double bonds (as shown by catalytic hydrogenation to perhydrocrocetin,
Cy0H30,). On oxidation with chromic acid, crocetin gives 3—4 molecules
of acetic acid per molecule of crocetin; thus there are 3-4 methyl side-
chains. The structure of crocetin was finally shown by the degradation of
perhydronorbixin, C;sH,40,, by means of the following method:

Brao—P hydrolysis
—_——

R-CHy'CO,H ———RCHBr'CO,H R'CHOH-COH

CHyNy CHaMgl

R-CHOH-C0,CH; =M€, R.CHOH-C(OH)(CHj),

(CHyCOMP o p.op0 D 5 R-CO,H

This set of reactions was performed fwice on perhydronorbixin, thereby
resulting in the loss of four carbon atoms (two from each end); the product
so obtained was perhydrocrocetin, CyoHy40,. On these results, crocetin is
therefore:

CH, CH, CH, CH,
HO;C-C=CH"CH=CH-C=CH' CH=CH-CH=C- CH=CH- CH=C"CO,;H

This structure is supported by the fact that the removal of two carbon atoms
from perhydrocrocetin by the above technique (one carbon atom is lost
from each end) resulted in the formation of a-dikefone. The formation of
this compound shows the presence of an a-methyl group at each end of the
molecule. The structure of crocetin is further supported by the synthesis
of perhydrocrocetin, and by the synthesis of crocetin diesters by Isler e al.
(1957). These diesters probably have the cés-configuration at the 2,3-
position (see bixin, above). The trams-crocetin dimethyl ester has been
synthesised by the Wittig reaction (a carbonyl group is exchanged for a
methylene group; Vol. I) between the dialdehyde and two molecules of the
phosphorane (Buchta ef al., 1959, 1960).
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. : /+

Vo050 MPPM oH CMCHO . Phan\(Gone
Lo L CO, Me
M802C : . .
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CHAPTER X
POLYCYCLIC AROMATIC HYDROCARBONS

§1. Introduction. Naphthalene, anthracene, phenanthrene, fluorene,
etc., have been described in Volume I. All these compounds occur in coal-
tar, but also present are many polycyclic hydrocarbons containing four or
more rings, and others of this type have been synthesised.

§2. General methods of preparation of polycyclic hydrocarbons.
Before dealing with a number of individual hydrocarbons, it is instructive
to review some of the general methods whereby these polycyclic hydro-
carbons may be prepared (see also Vol. I).

(i) Fittig reaction, e¢.g., anthracene and phenanthrene may be prepared
by the action of sodium on o¢-bromobenzyl bromide.

CH,Br Br H,
+4Na + —_—
Br v . BI'CH2 CHZ

fo]

anthracene

CH,Br BrCH, H,C—CH,
QB;‘ + 4Na + Br@ —_—
s 50

phenanthrene

(ii) Ullmann diaryl synthesis. This method results in the formation
of isolated polynuclear compounds, e.g., heating iodobenzene with copper
powder in a sealed tube produces diphenyl.

2CeH;T + 2Cu —> @—@ + 2Cul

Compounds of the isolated system type can, under suitable conditions, be
converted into condensed polycyclic compounds (see method iii). In certain
cases, the Ullmann synthesis leads to condensed systems (see §4c).

(iii) Many compounds of the isolated system type can be converted into
condensed systems by strong heating, e.g., o-methyldiphenyl forms fluorene.
2: 2'-Dimethyldiphenyl forms phenanthrene when passed through a red-hot

339
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0113
—

tube, but a much better yield is obtained when the dimethyldiphenyl is
heated with sulphur. The latter is an example of cyclodehydrogenation
(see also method vii).

CH;, CH,
S —
CH;, CH;

(iv) Friedel-Crafts reaction. Condensed polycyclic compounds may
be prepared via an external or an internal Friedel-Crafts reaction. An
example of the former is the preparation of anthracene from benzyl chloride;
an example of the latter is the preparation of phenanthraquinone from benzil.

CH,Cl CH,
L O0=0L )
CICHY
CO-CO.
SROTE

A very important case of the internal Friedel-Crafts reaction is that in which
ring closure is effected on acid chlorides, e.g., the conversion of y-phenyl-
butyryl chloride to a-tetralone.

ﬂb

CHz AICls
CH2
CO@
0

This type of ring closure may be effected by the action of concentrated
sulphuric acid on the carboxylic acid itself, e.g.,

0
cO
@\/ @ HyS04
CO,H
O
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(v) Elbs reaction. In this method, polynuclear hydrocarbons are pro-
duced from a diaryl ketone containing a methyl group in the o-position to
the keto group. The reaction is usually carried out by heating the ketone
under reflux or at 400-450° until water is no longer evolved, ¢.g., o-methyl-
benzophenone forms anthracene.

020~ 0

(vi) Phenanthrene syntheses. The phenanthrene nucleus is parti-
cularly important in steroid chemistry, and so a number of methods for
synthesising phenanthrene are dealt with in some detail.

(@) Pschorr synthesis (1896). This method offers a means of preparing
phenanthrene and substituted phenanthrenes with the substituents in known
positions. Phenanthrene may be prepared as follows, starting with o-nitro-
benzaldehyde and sodium p-phenylacetate.

CHO CHpCO,Na OH==C;CO,H

CH=——=—=C:C0,H CH==C:C0O,H

(i) [H]
(i) NaNO3 /H,50, Nz HSO, H,so,
heat
—=co, =

(b)) Haworth synthesis (1932). Naphthalene is condensed with succinic
anhydride in the presence of aluminium chloride in nitrobenzene solution.
Two naphthoylpropionic acids are obtained, and these may be separated
(see next page).
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CH,CO
2750
CH,-CO

AlClg

lZn—Hg: lZn—Hg:
HCt HCI
CH, CH,
/ /
C N H, HO,C \(I)H2

(i) Zn—Hg /HCI
(ii) Se’ /
3

4 2
5 1
[
7 10
8 9

The Haworth synthesis is very useful for preparing alkylphenanthrenes with
the alkyl group in position 1 (from I) or position 4 (from II); e.g.,

OH oL
3
0 (i)CHgMg! CHj Pd—C
(i) HyO
1
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By using methylsuccinic anhydride instead of succinic anhydride, a methyl
group can be introduced into the 2- or 3-position; in this case the condensa-
tion occurs at the less hindered keto group, 7.e., at the one which is farther
removed from the methyl substituent. :

CF [2 CH 3, CH

/ 7\
CO h H'CHj HO,C (f]Hz

0. H Co

+CH3-(1)H-CO>O AlCly +
CHyCO
| L gH;
@Clﬁ *

a-Bromoketone derivatives of naphthalene may be used in the malonic
ester synthesis to prepare alkylphenanthrenes, e.g.,

CO-CH,CH
+ CHyCH,"COCQ1 -ﬁ%m @ 2 3 ﬂ)

main product

C(\) C(\)
?HBI‘ CHNa(CO3CsHg)a CH-CH,
CH; CH(CO,C;H;),

CH,
Oy \?H'CH;,, ' CH;
co
{i) KOH
— 1 e
() HC >
(iif) heat

(c) Stobbe condensation (1893). This method has been improved by

%/'OIIIHSI(;n (1944), and has been used to prepare phenanthrene derivatives (see
ol. T); eg.,

CO'CH3+ (|3H2'00302H5 (CH)sCOK (ll=(IJ'CH2'COgH
CIIQ'COQCaHs CH3 COQOgHs
—o—, Gt
HBr—CHjy COgH C-CH,"CH3CO (i)NaOH CH: CHyCHyCO,H
—_— } —_—

reflux CH3 (i) Hy
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CH,

HF CHs Pd—C
—_

(d) Bardhan-Sengupta synthesis (1932). In this synthesis the start-
ing materials are 2-phenylethyl bromide and ethyl ¢yclohexane-2-carboxyl-
ate; these may be prepared as follows:

/
(i) C4H;Br &> C,H,MgBr <28 0 H;CHy CHRO0H 25> Cg Hy CHy CH, Br

CO-CO,C.H,

C0,C.H
() | + (00,CaHg)y 2 e o
These two compounds are then treated as shown:
CHzBr R
CH,—CH,

2 CH200202H5
u) HCI

_CH,
oI,
@ Pz B
monst
ether

(¢) Bogert—Cook synthesis (1933). The following chart shows the pre-
paration of phenanthrene.

/ CHz
He o
Hy CH,MgBr
© O st 8

N.p-g

It might be noted here that the Bardhan—Sengupta and Bogert-Cook methods
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both proceed via the formation of olefin III, which then gives a mixture of
octahydrophenanthrene IV and the spiran V.

OH

HO' —_— ——

111

1 {

W

(vii) Dehydrogenation of hydroaromatic compounds with sulphur,
selenium or palladised charcoal. This method is mainly confined to
the dehydrogenation of six-membered rings, but five-membered rings may
sometimes be dehydrogenated when they are fused to a six-membered ring.
The general methods are as follows:

(a) Heating the compound with the calculated amount of sulphur at 200-
220°; hydrogen is eliminated as hydrogen sulphide (Vesterberg, 1903).

(b) Heating the compound with the calculated amount of selenium at
250-280°; hydrogen is eliminated as hydrogen selenide (Diels, 1927).

(¢) Heating the compound with palladium-charcoal up to about 300°, or
passing the vapour of the compound over the catalyst heated at 180-
350°; hydrogen is eliminated catalytically. Simple examples of catalytic
dehydrogenation are:

cyclohexane
H
decalin
H H,
H
hydrindane indene

Perhydro-compounds, s.e., fully hydrogenated compounds, are readily de-
hydrogenated catalytically, but are very little affected, if at all, by the
chemical reagents sulphur and selenium. Partially unsaturated compounds,
however, are readily dehydrogenated by sulphur and selenium.
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The method of dehydrogenation has been very useful in the elucidation of
structure in terpene and steroid chemistry; specific examples are described
in these two chapters. The following is an account of some of the general
problems involved in dehydrogenation.

Originally, dehydrogenation was applied almost entirely to hydrocarbons,
but subsequently it was found that many compounds containing certain
functional groups could also be dehydrogenated, the nature of the products
depending on the nature of the functional group.

(i) Alcoholic groups may be eliminated with the formation of unsaturated
hydrocarbons, e.g., eudesmol gives eudalene (§28b. VIII); cholesterol gives
Diels’ hydrocarbon (§1. XI).

(ii) Phenolic hydroxyl groups and methylated phenolic groups are usually
unaffected by dehydrogenation with sulphur. With selenium, these groups
may or may not be eliminated, but the higher the temperature at which the
dehydrogenation is carried out (particularly above 300°), the greater the
likelihood of these groups being eliminated.

(iii) The products obtained from ketones depend on whether the keto
group is in a ring or in an open chain. Thus cyclic ketones are dehydro-

genated to phenols, e.g.,
0]
0131
S or Se ©

When the keto group is in a side-chain, then it is often unaffected.

(iv) Carboxyl (or carboalkoxyl) groups are eliminated when attached to
a tertiary carbon atom, e.g., abietic acid gives retene (§31. VIII). If, however,
the carboxyl group is attached to a primary or secondary carbon atom, it
is usually unaffected when the dehydrogenation is carried out with sulphur
or palladium-charcoal. On the other hand, the carboxyl group is usually
eliminated (decarboxylation) when selenium is used, but in some cases it is
converted into a methyl group (see, e.g., vitamin D, §6. XI}.

(v) Ina number of cases, dehydrogenation is accompanied by a rearrange-
ment of the carbon skeleton, this tending to occur at higher temperatures
and when the heating is prolonged.

(@) Ring contraction may occur, e.g.,

CH, ‘
Se

cycloheptane

() Ring expansion may occur, e.g., cholesterol gives chrysene (see §1. XI).

(¢) Compounds containing an angular methyl group tend to eliminate this
methyl group as CH,SH or CH,;SeH, e.g., eudesmol gives eudalene (§28b.
VIII), cholesterol gives Diels’ hydrocarbon (§1. XI). In some cases, the
angular methyl group enters a ring,

CH,
@ @ CHa
Se
—_—
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thereby bringing about ring expansion [¢f. (b) above]. On the other hand,
a normal substituent methyl group may migrate to another position, e.g.,
5:6:7: 8-tetrahydro-1 : 5-dimethylphenanthrene gives 1 : 8-dimethylphen-
anthrene on dehydrogenation with selenium.

(@) Side-chains larger than methyl may remain intact, or be eliminated

or be degraded, e.g.,
CH, CHyC
2 2 6115 @CHQ CHg CgHs
S
CH, CHy CHy"COH

OCH,4

cholesterol Diels’ hydrocarbon
(¢) Dehydrogenation may produce new rings (¢f. method iii); e.g.,

e
CH, CH,,
= 5D

BENZANTHRACENES

§3. Naphthacene (2:3-Benzanthracene), C,gH,,, is an orange solid,
m.p. 357°, It occurs in coal-tar, and has been synthe51sed as follows (Fieser,

1931).
6} (610)
0 + @ AlCly
COH

phthalic tetralin
anhydride

B 1 12 1
fuming Zn dust 2
H;50, ——>-mo .
7
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When oxidised with fuming nitric acid, naphthacene forms naphthacene-
quinone.

O

(0]

§3a. Rubrene (5:6: 11 : 12-tetraphenylnaphthacene) may be prepared
by heating 8-chloro-1: 3 : 3-triphenylprop-l1-yne alone, or better, with
quinoline at 120° /» wacuo (Dufraisse ef al., 1926).

?sHs (IJsHs

C C
Vi
\C/

1
C (fl —_—
C/} \C

[ [
CeHy CeHj
CeHs CsHs Cells CeHj
CeHs ;cHs CeHls CsHs
I II
Tt is interesting to note that Dufraisse originally gave rubrene structure II,
but changed it to I in 1935. The mechanism of the reaction is uncertain,
Rubrene is an orange-red solid, m.p. 334°. Its solution in benzene has a
yellow fluorescence, but when this solution is shaken with air in sunlight,
the fluorescence slowly disappears, and a white solid can now be isolated.

This is rubrene peroxide, and when heated to 100-140° in a high vacuum, it
emits yellow-green light and evolves oxygen, reforming rubrene.

CsHs CgHs

air—sunlight

heat in a vacuum

CsHs CoHs

Rubrene peroxide is actually a derivative of 5 : 12-dihydronaphthacene, and
so the molecule is not flat but folded about the O-O axis (the carbon atoms
at 5 and 12 are tetrahedrally hybridised).

§3b. Two linear benzene derivatives of naphthacene have been prepared,
viz., pentacene (a deep violet-blue solid) and hexacene (a deep-green solid)
[Clar, 1930, 1939].
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11 12 13 14 1 12 13 14 15 16 1
10 2 1 2
9 3 10 3
8 7 6 5 4 9 8 7 6 5 4
pentacene hexacene

Clar (1942) thought he had prepared heptacene, but in 1950 he showed that

the compound he had isolated was 1 : 2-benzohexdcene. Bailey et al. (1955)
have synthesised heptacene.

heptacene

§3c. 1:2-Benzanthracene, m.p. 160°, occurs in coal-tar, and has been
synthesised as follows (Bachmann, 1937)

:MlLBl Zn dust,
dlstll
01{3

l-naphthalene-
magnesium
bromide

§3d. 1:2:5: 6-Dibenzanthracene, m.p. 266°, has been synthesised by
Cook et al. (1931), who showed that it had strong carcinogenic activity.

CO,H cocl
PCl RIS

2-naphthoic
acid

COCl _ACly _heat
¢ S, rt(ai!a:m)
+

2-methyl-
* naphthalene
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Buu-Hoi ef al. (1960) have shown that picene (§4a) is converted into
1:2:5: 6-dibenzanthracene by aluminium chloride in benzene.

§3e. 3:4-Benzpyrene is a pale yellow solid, m.p. 179°, which is very
strongly carcinogenic. It occurs in coal-tar, and has been synthesised as

follows from pyrene (see §4b).

9
8 10 )
7 1 CHyCO AICly Zn-10% NaOH
+ | 20 CsHsNO; 200° B
6 2 CHyCO s
5 3 o
> : 0

pyrene CH
o: A
HO,C
(i) PC15 Zn dust ]
(5) AICTs > dstl
/
e )
HO,0_ CH,
“of1, 0

§3f. 20-Methylcholanthrene is a pale yellow solid, m.p. 180°. It is a
steroid derivative, and has been prepared by the degradation of, e.g., chol-
esterol (see §3 iii. XI). Cook (1934) showed that methylcholanthrene has
powerful carcinogenic properties, and Fieser ef al. (1935) synthesised it in

the following way:
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Cl AICI, Cl Cl
+ COCI-CHyCH,CI T +
CH;, * CHg CO-CHyCH,Cl CHg
CO-CHyCH,CI
H,50, Cl + Cl  zoHg
105° CH CH3 HQO) CH
CIO (|}Hz
CH;—CH, CO—CH,
CuCN CN 1-naphthylmagnesium
245° bromide
CH;
410°

L.

(Elbs reaction) - CH3

The alternative way of writing the formula shows more clearly the relation-
ship of methylcholanthrene to the steroids (see §3. XI for the method of
numbering in cholesterol). The steroids are phenanthrene derivatives, and
so methylcholanthrene may also be regarded as a phenanthrene derivative
(instead of an anthracene derivative).

PHENANTHRENE DERIVATIVES

§4. Chrysene (1 :2-benzphenanthrene) is a colourless solid, m.p. 251°.
It occurs in coal-tar, and has been synthesised in several ways:
(i) By strongly heating 2-[1-naphthyl]-1-phenylethane.
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(ii) By a Bogert-Cook synthesis (cf. §2. (vi) ¢).

/CHzMgB r CH Ig
CH, ® Ho

- <I@ . w
—— —-———>
330°

(iii) By a Pschorr synthesis [¢f. §2 (vi) a].

@ N02 @
( CHjy'CO)20O
OH2 COzNa,
(i) [H] heat
ii) NaNQg—HCl —CO
}iii)) C\? povgvder 002H :

(iv) Phillips (1936) has prepared chrysene from naphthalene and the
lactone of trans 2-hydroxycyclohexaneacetic acid:

+ A1013
0—CO HO,C,
(|) PCl; (|) LiAlH,
(II) AlCYy (u) Pd-C

Chrysene is produced by the pyrolysis of indene, and also by the dehydro-
genation of steroids with selenium.

§4a. Picene (1 :2: 7 : 8-dibenzphenanthrene), m.p. 365°, is obtained when
cholesterol or cholic acid is dehydrogenated with selenium. It has been
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synthesised by heating 1-methylnaphthalene with sulphur at 300° (see also

§3d).
CH om%

§4b. Pyrene is a colourless solid, m.p. 150°. It occurs in coal-tar, and
has been synthesised from diphenyl-2 : 2'-diacetyl chloride as follows:

CH
cocl I _AlCs HI- P
éHz COCl ¢ imno,

Buchta et al. (1958) have synthesised pyrene using an internal Stobbe
reaction [§2 (vi) ¢]:

, CO,Et
U A A
L oo
COo MeONa
0 - 0
o
_CH, CH,
Et0,C CO,Et
CO,H
_HF _ Zn

— L
0 heat

OH

§4c. Perylene is a very pale yellow solid, m.p. 273°. It occurs in coal-
tar, and has been synthesised in several ways.

(i) 2-Naphthol, on treatment with ferric chloride solution, forms 1 : 1’-di-
naphthol, and this, on heating with a mixture of phosphorus pentachloride
and phosphorous a01d gives perylene.
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¢ 3
5 2
o) OH 8 1
FeCls PCIg—H;I05
400-500°
OH OH 7 12
] 1
9 10

(i) Perylene may also be prepared by heating 1: 8-d1—10donaphthalene
with copper powder (i.e., by an Ullmann synthesis; ¢f. §2. ii).

(iii) Perylene is formed when 1 : 1’-dinaphthyl is heated with hydrogen

fluoride under pressure.

Robertson et al. (1953), by X-ray analysis of perylene, have shown that the
two bonds connecting the two naphthalene units are longer (1-50 A) than the
usual aromatic C—C bond (1-38-1-44 A). The existence of these long bonds is
supported by some magnetic susceptibility measurements (Hazato, 1949).

§4d. Coronene, m.p. 430°, is a yellow solid with a blue fluorescence in
benzene solution; it has been found in coal-gas (Lindsay et al., 1956). It
was synthesised by Scholl ¢t al. (1932), starting from m-xylene and anthra-
quinone-1 : 5- dlcarbonyl chloride, the latter behaving in the tautomeric
form shown in the following chart.

_—T>
120260

;
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CH,
CH;,
Cl. 0—CO 0-CO
CH,
AlClg alkaline
+2 CH, CHeNOs KMnO,
Co-0 t1 ¢o-0
CH;
CH;
CO,H
(o]
O CO,H
boil in HI-P in
water boiling
CHyCOgH
COH | ~0
20
C0,H
CO.H
HO,C
CO,H
conc. H,sos 20% H3PO4 + P30
room temp. oleum 340-350°
Y CO,H

COH
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CO.H
H, H,
HI-P NaOH+Cu
180° 500° ?
H, H,
CO,H CO,H
CO.H COH 12 1
n 2
__hNo, Naon _ 10 8
zzo° 500° 9 4
8 5
CO,H CO,H 7 6

Newman (1940) has also synthesised coronene, starting from 7-methyl-
tetralone, and proceeding as follows:

CH;
Al-H OH __heat
CH; Czﬂaoﬁ OH (-21—1,0)
CHj3
O
n-co. . CH; co CH; CO
H-co™ >O (CH:—C;?:)),Pb >O
CHj, (610} CH, CO |
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CHj CO
Pd-C KOH
=) 0 —m>
CH, CcO

The simplest and most efficient synthesis of coronene appears to be that
of Clar ef al. (1957). The starting material is perylene (§4c), and this is
treated with (i) maleic anhydride and chloranil, and followed by (ii) heating
with soda-lime; these processes are then repeated:

(i) (i) 3
(ii) % (ii)
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