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I. Introduction
Il. Acetylene and Commodity Chemicals
Ill. Production of Acetylene and Commaodity
Chemicals
IV. Acetylene-Based Processes for Large-Volume
Chemicals

V. Important Chemical Uses for Acetylene
VI. Reppe Products
VII. Specialty Acetylenics and Derivatives

GLOSSARY

Acetylenic Pertaining to organic compounds containing
a triple bond (—C=C—) or acetylene group in the
molecule.

Adjuvant Acetylenic diol used with pesticides to en-
hance activity, lower the rate of application, and in-
crease safety.

Alkynol Primary, secondary, or tertiary acetylenic alco-
hol with the hydroxyl group generally adjacent or « to
the triple bond.

Ammoxidation Acrylonitrile manufactured by oxidation
of propylene in the presence of ammonia.

Aprotic Pertaining to highly polar solvents such as
dimethyl sulfoxide (DMSO), hexamethylphospho-
ramide (HMPA), N-methyl-pyrrolidone (NMP), and
acetonitrile that can hydrogen bond or complex with
acetylene and acetylenic compounds; used to dissolve
and activate acetylene.

Acetylene

VIIl. Processes for Acetylene Production
IX. Chemistry of Specialty Products
X. Vinyl Ethers

XI. Flavor and Fragrance Compounds and Vitamins
Aand E

XIl. Acetylenic Pesticides

XIll. Acetylenic Reactions with Research and
Commercial Potential

XIV. Acetylene Research in Russia

Carbonylation Reaction of acetylene with carbon
monoxide and alcohols to form acrylate esters; Reppe
process.

Commodity chemicals Large-volume, multitonnage
chemicals, some of which are derived from acetylene.

Ethynylation Reaction of acetylene with aldehydes and
ketones to form acetylenic alcohols and diols.

Grignard Organomagnesium halide used in acetylenic
and other syntheses.

Oil-well acidizing Use of acetylenic alcohols (alkynols)
as corrosion inhibitors to protect steel pipe during
acidizing operations undertaken to free oil from lime-
stone formations.

Pesticides Agricultural chemicals including herbicides,
insecticides, miticides, fungicides, and bacterial con-
trol agents.

Reppe products and technology Pioneered by Dr.
Walter Reppe of the 1. G. Farben; various prod-
ucts derived from the reaction of acetylene with
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formaldehyde to yield butyne-1,4-diol and propargyl
alcohol.

Surfynols Acetylenic hydroxyl compounds used as high-
speed, low-foam wetting—dispersing agents and as
agricultural adjuvants and formulation aids.

Trofimov reaction Formation of substituted pyrroles
and N-vinylpyrroles by reaction of acetylene with
ketoximes.

Vinylation Reaction of acetylene with alcohols or pyrol-
lidone to form vinyl ethers and vinylpyrrolidone.

ACETYLENE CHEMISTRY is the chemistry of the
carbon—carbon triple bond (—C=C—). This functionality
defines the unique chemistry of this reactive group, in ad-
dition to its diverse and important applications. The high
electron density of the triple bond with its circular, sym-
metrical 7 field makes acetylene and its derivatives reac-
tive and useful intermediates for synthesizing a wide va-
riety of organic compounds. These organic products find
wide use in the synthesis of flavors and fragrances, vita-
mins A, E, and K, B-carotene, pesticides, surfactants, cor-
rosion inhibitors, and specially intermediates. This article
describes the technology and applications of acetylene,
acetylenic compounds, and the chemicals derived from
them.

In the mid-1960s more than 1 billion pounds of
acetylene were used annually for the production of
large-volume (commodity) chemicals. Since then, acety-
lene has been gradually supplanted by less expensive
olefin feedstocks. However, acetylene is still used in
multimillion-pound levels to produce Reppe chemicals
(butynediol, propargyl alcohol, butanediol, butyrolactone,
N-methylpyrrolidone, polyvinylpyrrolidone, and vinyl
ether copolymers) and specialty acetylenic chemicals and
their derivatives. Large volumes of butanediol are used in
the manufacture of engineering plastics such as polybuty-
lene terephthalate. Other significant uses for acetylene in
specialty areas include acetylene black, vitamins A and E,
flavor—fragrance (F & F) compounds, corrosion inhibitors,
acetylenic surfactants, and pesticides. Acetylenic chemi-
cals, polymers, and derivatives of potential value in re-
search and commerce are also discussed. Some special
aspects of acetylene chemistry research in Russia are also
summarized.

I. INTRODUCTION

Acetylene has always been an important raw material for
making chemical products. In the early years of its history
(circa 1890-1900) it was used extensively as an illuminant
for trains and city streets. It was soon realized that acety-

Acetylene

lene burned in the presence of oxygen provided a very hot
flame, useful in the joining of metals. The welding indus-
try today still uses significant amounts of acetylene in spite
of the availability of less expensive fuels such as propane.

Initially, acetylene was handled in industry as the undi-
luted liquefied gas below its critical temperature of 36°C
at a pressure greater than 600 psig. This appeared to be
a safe procedure until a series of industrial explosions
in the early 1900s eliminated the practice. Today acety-
lene is shipped in cylinders under pressure that contain a
mixture of diatomaceous earth or asbestos, acetone, and
stabilizers. Another safe method of transport is via granu-
lar calcium carbide in sealed containers, free of water. The
large-volume use of acetylene for the manufacture of com-
modity chemicals has led to the building of plants, either
petrochemical or calcium carbide, “across the fence” from
acetylene producers. Today the factors leading to acety-
lene hazards are well understood and have been well doc-
umented. Acetylene now poses a minimum risk in well-
operated processes and plants.

Il. ACETYLENE AND COMMODITY
CHEMICALS

From 1965 to 1970 more than 1 billion pounds of acetylene
were used annually to manufacture a variety of chemi-
cals. Welding applications constituted ~10% of this to-
tal. After 1970, the use of acetylene for the manufac-
ture of commodity chemicals began to decline markedly,
and by 1979-1983 only 269 million pounds were em-
ployed. Less expensive petrochemical raw materials such
as ethylene, propylene, butadiene, amylenes, and methane
were replacing acetylene. Table I summarizes chemicals
manufactured mainly from actylene before 1965, types of
processes, and replacement raw materials. The principal
use of the monomers listed in the table was in diverse
polymer applications spanning plastics, latex emulsions,
rubbers, and resins. Chlorinated solvents were important
in vapor degreasing, but their use in more recent years
has been gradually limited as a result of toxicity and air
pollution.

The applications of the polymer products derived from
the above monomers are not within the scope of this article.

lll. PRODUCTION OF ACETYLENE AND
COMMODITY CHEMICALS

The following tabulation shows the gradual decline in U.S.
acetylene production from its high point of 1.23 billion
pounds in 1965 to ~269 million pounds in 1979. In 1965
bulk acetylene was valued at 7—12¢/1b, while ethylene was
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TABLE | Early Acetylene-Based Chemicals
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Product C2H; process Replacement raw material Replacement process
Acrylates and acrylic acid Reppe carbonylation (CO + C2H;) Propylene (C3Heg) Two-stage oxidation
Acrylonitrile CyH, + HCN C3Hg Ammoxidation (C3Hg—0,—NH3)
Chloroprene CyH»-Vinylacetylene-HCl Butadiene Chlorination and dehydrochlorination
Chlorinated hydrocarbons CyH, +Cly C|—C3 feedstocks; CoHy Chlorination—dehydrochlorination
Vinyl acetate CyH, + acetic acid Ethylene (C,Hy) Oxyacetylation
Vinyl chloride CyH, + HCl1 Ethylene Oxychlorination

C,H; + HC1 CoH, + CoHy Balanced ethylene—acetylene

3—4¢/b. By 1983—-1984 the cost ratio was approximately
the same, with acetylene valued at about 55-75¢/lb and
ethylene at 23-29¢/1Ib.

Year  C,H; used (10° Ib)

1965 1230
1967 1065
1969 1195
1971 852
1973 571
1976 490
1979 269
1984 286

From 1967 to 1974, 23 plants making such acetylene-
based products as acrylonitrile, chlorinated hydrocarbons,
chloroprene (neoprene), vinyl acetate, and vinyl chloride
were shut down. Sixteen of these plants manufactured
vinyl acetate and vinyl chloride. Table II presents acety-
lene usage for various products in 1970, 1979, and 1984.

In 1984 total U.S. capacity for the production of acety-
lene was estimated to be 384 million pounds. This produc-

TABLE Il U.S Acetylene Usage: Large-Volume

Chemicals

Product 1970 1979 1984
Acrylic acid and acrylates 70 16-45¢ 0
Acrylonitrile 42 0 0
Chloroprene (neoprene) 242 0 0
Chlorinated solvents 91 0 0
Vinyl chloride 268 100-110¢ 146
Vinyl acetate 158 37-52¢ 10
Reppe chemicals? 41 73-80¢ 114
Other acetylenics and 10 14 26

derivatives®

¢ Mainly butane-1,4-diol plus other Reppe products.
b Acetylene black, vinyl fluoride, specialty acetylenics.
¢ Estimated value.

tion is a mix from calcium carbide, by-product acetylene
from cracking, and partial oxidation processes.

The nine U.S. acetylene producers, with their capacity
in millions of pounds, were AIRCO-BOC, Calvert City,
KY, and Louisville, KY (75); Dow, Freeport, TX (16);
Hoffmann-La Roche, Nutley, NJ (5); Monochem,
Geismar, LA (180); Rohm and Haas, Deer Park, TX (55);
Union Carbide, Ponce, P. R. (12); Union Carbide; Seadrift,
TX (12); Taft, LA (10); Texas City, TX (16).

The 1984 demand for acetylene was 286 million
pounds, and it was estimated to be 292 million pounds in
1988. Growth from 1974 to 1983 was negative at —6.9%
per year, while through 1988 it was slightly positive at
0.5% per year. Hoffmann—La Roche generates acetylene
from calcium carbide for use in the manufacture of vita-
mins A and E and S-carotene.

Of all the commodity chemicals listed in Table II,
vinyl chloride showed the least decline from 1970 to
1984. In 1984 acetylene converted to vinyl chloride rep-
resented 51% of total acetylene consumption. However,
this production was from only one site, Monochem at
Geismar, LA, and may be vulnerable in the future if
Monochem decides to convert completely to ethylene as
raw material. The most promising growth areas for acety-
lene in the near term are Reppe chemicals, particularly
butane-1,4-diol, used extensively in engineering plastics
and polyurethanes. Acetylene black and vinyl fluoride are
also specialty growth areas, as are acetylenic surfactants
and corrosion inhibitors. These acetylene-drived products
are discussed in greater detail in Section V.

A. Acetylene Production on a World Basis

Table III shows that, although U.S. acetylene production
is modest, acetylene usage worldwide is still significant,
amounting to ~1.9 billion pounds.

In the longer term, it is believed that worldwide acety-
lene capacity and usage will gradually increase as oil
prices escalate. Acetylene usage for such products as vinyl
acetate, vinyl chloride, Reppe chemicals, and specialty
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TABLE Il World Acetylene Usage?

Location Chemical Industrial Total
United States 282 114 396
Western Europe 814 2000 10140
Japan 106” 100? 206
Others 2000 1500 350°
Total 14020 5640 19662

¢ In millions of pounds.
b Estimated value.

acetylenics is expected to increase. Worldwide acetylene
capacity is spread over a wide geographic area, as shown
in Table IV. The calcium carbide (CaC,) process, based
on coal and limestone, is still extensively practiced or is
present as a backup capacity. In Russia there is probably a
large calcium carbide capacity that has not been reported.

The large-scale use of acetylene for the manufacture
of commodity chemicals will be dependent on the cost
difference between coal and oil and natural gas. Itis certain
that sometime in the future oil and natural gas reserves will
become limited and more expensive than coal. The target
date is the early 21st century. Coal-based technologies
such as the calcium carbide and AVCO (coal-hydrogen
plasma arc) processes are prime candidates for large-scale
acetylene production. The AVCO process (Section VIII)
has been studied successfully at the pilot-plant level.

IV. ACETYLENE-BASED PROCESSES
FOR LARGE-VOLUME CHEMICALS

The processes summarized in the equations below were
important in 1940-1965 for producing commodity chem-
icals. Below each acetylene-based process is shown its
replacement process.

TABLE IV Worldwide Acetylene Capacity

Acetylene

A. Acrylates and Acrylic Acid

1. Reppe Carbonylation
4C,H, + Ni(CO)4 + 4C,Hs0H + 2HCl —>
CHZZCHC02C2H5 + H2 + N1C12

Imo

CH,=CHCO,H + C,HsOH

t =30-40°C; atmospheric pressure.

2. Replacement Process: Two-Stage Propylene
Oxidation

A
CH;—CH=CH, + 30, ———
300—450°C

B
CH,=CHCHO —— CH,=CHCO,H
275-365°C
/' ROH

Acrylate esters

A and B = fixed or fluidized-bed reactors.

B. Acrylonitrile

1. Acetylene—Hydrogen Cyanide

C;H; + HCN —— H,C=CHCN
40-600°C

Fixed-bed process; catalyst, Ca(CN)j,.

2. Replacement Process: Ammoxidation
of Propylene

H;C—CH=CH, + %Oz + NH3; — H,C=CHCN + 3H,0

Capacity

Country (Company, Location) (millions of pounds) Acetylene process
West Germany (BASF, Ludwigshaven) 176 Partial oxidation of natural gas
West Germany (Chem. Werke Huels, Marl) 264 Arc process—refinery gas
West Germany (BASF, Ludwigshaven) 13 By-product CoH; from ethylene
Italy (Anic, Ravenna) 132 Naphtha cracking
Italy (Montedison, Porto Marghera) 154 Partial oxidation of natural gas
Japan (Denki Kagaku Kagyo, Ohmi) 200 Calcium carbide process
Japan (Igegana Electric Co., Ogaki) 616 Calcium carbide process
South Africa (African Explosives) 110 Calcium carbide process
Russia (Lissit Chansk) 77 Partial oxidation of natural gas
United States (Kentucky, Texas) 384 Calcium carbide, cracking by-product,

partial oxidation
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Fixed-bed or fluidized-bed reactors; t = 240-460°C; typ-
ical catalysts, Bi-P-Mo (Sohio), Mo—Vo-Bi (Snam),
Mo-Te—Ce (Montedison—UOP), Se—CuO (BP-Dist.)

C. Chloroprene (Neoprene,
2-Chloro-1,3-Butadiene)

1. Acetylene—Vinylacetylene—Hydrogen Chloride
(Nieuwland—Carothers Process)

CuCl
2CH; —— H,C=CH—C=CH —
NH,CI HCI

H,C=CH—CCI=CH, + HCI

Liquid-phase
pressure.

process; t=50-75°C; atmospheric

2. Replacement Process: High-Temperature
Chlorination of Butadiene

Cl, 3 2C1-

600°C
H,C=CH—CH=CH,; + 2CI' —

H,C=CH—CCI=CH, + HCl

D. Chlorinated Hydrocarbons (Solvents)

1. Chlorination of Acetylene Followed by
Dehydrochlorination

—HCl1
C2H2 + C12 — CHCIZCHC]z E—

CHCI=CCl, — CHCI,CCl;
L 1A

Cl,C=CCl,

2. Replacement Process

This includes the chlorination of hydrocarbon feedstocks
(methane, ethane, propane, ethylene, propylene), which
requires multiproduct technology.

E. Vinyl Acetate
1. Acetylene—Acetic Acid

C,H, + CH3CO,H ——— H,C=CHOCOCH; + H,O
180—210°C

Fixed-bed reactor; catalyst, zinc acetate on carbon.
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2. Replacement Process: Oxyacetylation
of Ethylene

H,C=CH, + CH3;CO,H + 0, ———
175-200°C

H,C=CHOCOCH; + H,0

Fixed-bed or fluidized-bed reactors; catalyst, palladium or
mixture of noble-metal salts deposited on supports.

F. Vinyl Chloride

1. Acetylene-Hydrogen Chloride
(Hydrochlorination)

C,H, + HCl —— H,C=CHCI
90—140°C

Fixed-bed reactor; catalyst, 10% mercuric chloride on
carbon.

2. Balanced Ethylene—Acetylene (Chlorination—
Dehydrochlorination)

C,H4 + Cl, — CICH,CH,Cl — H,C=CHCI + HCI
C,H, + HCl — H,C=CHCIl
Overall: C2H4 + C2H2 + C12 — 2H2C:CHC1

3. Replacement Process: Oxychlorination
of Ethylene

C>H, + 2HCI + 30, — CICH,CH,Cl + H,0
CyH, + Cl, — CICH,CH,Cl

CICH,CH,Cl1 3 H,C=CHCI + HCI
2HCI + $0, — Cl, + H,0
Overall: 2C;Hy + Cl, 4+ 0, — 2H,C=CHCI + H,0

Fixed-bed or fluidized-bed reactors; oxychlorination,
t =450-500°C (atmospheric pressure); catalyst, CuCl,—
KCI on Kieselguhr; chlorination of ethylene,  =50—
140°C (P =4-10 atm); pyrolysis of CICH,CH,ClI,
t =470-540°C (P =24-25 atm).

These acetylene-based processes are well-tested, high-
yield, and high-selectivity operations, averaging well over
90% of theory. The extensive use of these processes is
likely once oil-based feedstocks become more expensive
than coal, which will be the preferred raw material for
acetylene production.
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V. IMPORTANT CHEMICAL
USES FOR ACETYLENE

As shown in Tables IT and III, there has been steady growth
in the production of acetylene-based specialty chemicals.
These products comprise acetylene black, vinyl fluo-
ride, vinyl ethers, Reppe chemicals, and miscellaneous
acetylenic alcohols and diols. Reppe products consist
mainly of butyne-1,4-diol, propargyl alcohol (1-propyn-
3-0l), butane-1,4-diol, butyrolactone, tetrahydrofuran,
pyrrolidone, vinylpyrrolidone, N-methylpyrrolidone,
polyvinylpyrrolidone, polyvinyl ethers, and copolymers.
Butane-1,4-diol has emerged as the most important
user of acetylene for acetylenic chemicals and derived
products. Its usage in specialty polymers and chemicals
increased steadily during the 1977-1979 period from
82 to 92% of total acetylene consumption (74 million
pounds in 1979). The principal uses for butanediol are in
polybutylene terphthalate and other engineering plastics,
besides polyurethanes. By 1984 the total acetylene
usage for acetylenic chemicals had been estimated to be
115 million pounds.

A. Acetylene Black

This unique, conductive form of carbon is made by the
exothermic decomposition of acetylene:

800°C
Csz —2C + Hz.

The reaction is highly exothermic and the evolved heat
(~55,000 cal/g) is used to maintain the pyrolysis temper-
ature. Preferred processes involve (1) continuous explo-
sion of acetylene at 1-2 atm using an electric spark and
(2) decomposition via the electric arc.

The principal uses of acetylene black are in the man-
ufacture of dry cell batteries and the fabrication of
conducting rubber and plastic sheeting and molded plas-
tics. Although acetylene black is too expensive to com-
pete with petrochemical carbons in large-volume polymer
compounding, it has carved out for itself a growing spe-
cialty market in conductive applications. Acetylene con-
sumption (in estimated millions of pounds) for acetylene
black grew steadily from 1967 to 1984 in the United States:
1967 (10); 1979 (19); 1980 (20); 1984 (23).

Producers of acetylene black are Shawinigan (Canada),
Union Carbide (Ashtabula, OH, and Ponce, P. R.), and
Gulf (Cedar Bayou, TX). The Gulf production facility
went on stream in 1979 and is rated at 15-20 million
pounds/year. The markets for batteries and conducting
polymer composites grew significantly from the mid-
1980s, and acetylene black participated in this growth.
The total production of acetylene black from all sources
(millions of pounds) from 1981 to 1987 is estimated as

Acetylene

follows: 1981 (50); 1984 (55); 1987 (60). Union Carbide
produced ~65% of this total, which was used internally
in its battery division.

B. Vinyl Fluoride

The principal use for this specialty monomer is the produc-
tion of polyvinyl fluoride (PVF), a polymer considerably
more stable than polyvinyl chloride (PVC). The use of
PVF in exterior coatings for aluminum siding, steel build-
ing panels, hardboard siding, and asbestos-impregnated
felt roofing continues to grow. PVF was introduced by
Du Pont in 1963 under the registered trademark Tedlar.
In 1966 acetylene consumption for PVF production was
estimated to be ~1 million pounds and by 1984 it was
6-9 million pounds, showing steady growth.

Vinyl fluoride is produced by the addition of hydrogen
fluoride to acetylene in the presence of a mercuric salt
catalyst deposited on carbon. The intermediate vinyl flu-
oride is not isolated due to the difficulty of separating it
from acetylene. The resulting difluoroethane (DFE) is in
turn cracked to vinyl fluoride and the evolved hydrogen
fluoride is recycled:

C,H; + 2HF — [H,C=CHF] — CH;CHF,
Vinyl fluoride DFE

DFE 5 H,C=CHF + HF.

The principal U.S. producers of vinyl fluoride and PVF
are Du Pont (Louisville, KY) and Diamond Shamrock
(Houston, TX). The intermediate DFE is also important
for the manufacture of vinylidene fluoride, as shown in
the next section.

C. Vinylidene Fluoride (Vinylidene Difluoride)

Vinylidene fluoride (VDF), a monomer, can be produced
from DFE via chlorination and cracking or from 1,1,
1-trifluoroethane:

C,H, + 2HF — CH;CHF, <%

H;C—C(CI)F, 3 H,C=CF, (1)
CDFE VDF
CH;CF; 3 H,C=CF, + HF )

At present the preferred starting material for VDF
production is 1-chloro-1,1-difluoroethane (CDFE), also
known as refrigerant 142b. Numerous other intermediates
have been described for the preparation of VDF. The prin-
cipal use for this monomer is the production of polyviny-
lene difluoride (PVDEF, PVF;). The polymer is semicrys-
talline and has the following desirable properties; high
mechanical and impact strength, resistance to most chemi-
cals, very high dielectric constant, and excellent resistance
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to ultraviolet and nuclear radiation and general weather-
ing. It can be cross-linked via electron-beam radiation to
give further improved properties.

It is used extensively in the interior coating of pipes
and as a base for long-lasting decorative finishes on alu-
minum, galvanized steel, and other architectural metals.
Other applications include wire insulation and connectors
for computer boards, telecommunications uses, and resis-
tant coatings for harsh environments.

The U.S. suppliers of PVDF are Pennwalt, Solvay, and
Dynamit Nobel. Du Pont produces PVDF for its own in-
ternal use, primarily to produce Viton plastic. The total
U.S. production of this polymer is significantly greater
than that of PVE.

VI. REPPE PRODUCTS

Reppe products, a line of large-volume, acetylene-based
specialty chemicals, bear the name of their discoverer,
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Walter Reppe of the I. G. Farben, who is one of the leg-
endary figures of acetylene chemistry and its application
to the production of valuable chemicals for Germany dur-
ing World War II. Reppe’s research spanned the 1930s
and reached commercial importance during the war years
in the 1940s. Ethynylation technology to produce the key
starting materials 2-butyne-1,4-diol and propargyl alcohol
(1-propyn-3-ol) is summarized in Section IX.B.

CuC,H
C;H; + HCHO ——

HOCH,—C=CCH,0H + HOCH,C=CH

2-Butyne-1,4-diol Propargyl alcohol

Products derived from butynediol are 2-butene- 1,4-diol,
1,4-butanediol, y-butyrolactone, N-methyl-2-pyrroli-
done, 2-pyrrolidone, N-vinyl-2-pyrrolidone, polyvinyl-
pyrrolidone (PVP), and polypyrrolidone. The reaction
flow diagram in Fig. 1 shows the interrelationship of
these products. Other Reppe chemicals such as vinyl
ethers, polyvinyl ethers, vinyl ether—maleic anhydride

HC=CH + 2HCHO —— HOCH,C=C—CH,OH + HO—CH,—C=CH

(1) (1a)

le

HOCH,CH,CH,CH,OH < HO—CH,CH—CHCH,OH

3)

H,0 CHzm(lin
CH, CH
A 2 2
\O/
(4)
?Hzic 2 NH C|H27|
3 |
2H, + CH, C=0 CH, C
NN N
¢}
(5) b
icHJNHZ 6)
(i:HZVCHZ
l
CH, C=0
\T/
CH,
)

2

(7)

|

Polyvinylpyrrolidone (PVP)
®)

FIGURE 1 Reaction flow diagram: Reppe chemicals. (1) 2-Butyne-1,4-diol; (1a) propargy! alcohol; (2) 2-butene-1,
4-diol; (3) butane-1,4-diol; (4) tetrahydrofuran; (5) y-butyrolactone; (6) 2-pyrrolidone; (7) N-vinylpyrrolidone;
(8) polyvinylpyrrolidone; (9) N-methylpyrrolidone.
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TABLE V Applications of Reppe Chemicals?

Product

Applications®

Propargyl alcohol
Butyne-1,4-diol

Butene-1,4-diol
Butane-1,4-diol

y-Butyrolactone

Tetrahydrofuran

Pyrrolidone

N-Methylpyrrolidone

N-Vinylpyrrolidone

Metal treatment; corrosion inhibition; oil-well acidizing; electroplating; intermediate for vitamin A and pesticides

Important Reppe starting material; metal treatment; acid pickling; electroplating additive; stabilization of
chlorinated solvents; intermediate for pesticides

Intermediate for pesticides, pharmaceuticals, fungicides, and bacteriacides; polyurethane intermediate

Important Reppe intermediate for THF, butyrolactone, and PVP polymers; manufacture of polybutylene
terphthalate; polyurethanes, spandex fibers; specialty plasticizers

Intermediate for pyrrolidone and PVP; acetylene solvent (Sacchse); specialty solvent for polymers, lacquers,
paint removers, and petroleum processing; intermediate for herbicides, azo dyes, and methionine

Continuous top coating of automotive vinyl upholstery, general solvent for resins; coating of cellophane with
vinylidene polymers; polymers; polyurethane polymers; spandex fibers

Intermediate for N-vinyl and PVP polymers; powerful solvent for resins; acetylene solvent; polar reaction solvent;
formulating agent; floor waxes; specialty inks; reaction intermediate

Commercial acetylene solvent; uses same as pyrrolidone; selective extraction solvent for butadiene purification
(cracked naphtha); spinning synthetic fibers; surface coatings; pigment dispersant; formulating agent

Intermediate for PVP polymers; functional monomer; lube oil manufacture; copolymer applications; paints,
paper-coating adhesives, cosmetics; increased dye receptivity; pigment dispersant

¢ Reprinted from Tedeschi, R. J. (1982). “Acetylene-Based Chemicals from Coal and Other Natural Resources,” pp. 101-102, courtesy of

Dekker, New York.

’ THF, tetrahydrofuran; PVP, polyvinylpyrrolidone.

copolymers, acetylenic alcohols and diols, and poly- from metal treatment and corrosion inhibition to inter-
butylene terphthalate are discussed in subsequent mediates, specialty solvents for acetylene and polymers,

sections.

A. Applications of Reppe Products

top coating and spinning of fibers, preparation of speci-
alty polymers and engineering plastics, vitamins A and
E, and pesticides. The most important products in terms
of production and sales are butanediol and tetrahydrofu-

The uses of both butynediol and propargyl alcohol and ran (THF), which are key building blocks for engineer-
their derivatives are quite diverse (Table V). They vary ing plastics, polyurethanes, and spandex fibers. Table VI

TABLE VI Applications of Polyvinylpyrrolidone Polymers?

Product Composition® Applications
Polyvinylpyrrolidone — Approved by the Food and Drug Administration for food and drug use; blood
plasma expander; nontoxic, biodegradable; varied uses
Polyclar AT Standard PVP grade Beverage clarification aid (fruit juices, wines, beer); chill proofing of beer;
(white powder) complexing agent
Plasdone Pharmaceutical-grade PVP Tablet manufacture (granulating agent); tablet coating; liquid dosages; topical

Kolima adhesive
polymers (Kolima
35,55,75)

Ganex V polymers

Polectron (P) emulsion
copolymers

preparations; stabilizer, dispersant, drainage aid (syringes); skin creams, hair
sprays, shampoos, general cosmetic use

Modified, clear high-solids Superior glue-line strength; sealing of smooth hard surfaces; grease and

PVP solutions chemical resistance; superior adhesion at temperature extremes; superior

surface wetting; residual tack and viscosity control applications

Proprietary PVP polymers Coatings, detergents, pigment dispersants, plastic additives, textiles, petroleum
applications, protective colloids for vinyl lattices, improved freeze-thaw
stability and scrub resistance

PVP copolymer lattices: P-130 Adhesives: remoistenables, pressure sensitise, heat-sealing applications
(ethyl acrylate); P-230 Coatings: leather sizes and finishes, metal primers
(2-ethylhexylacrylate); P-430,  Paper: board sizing, pigment binding, precoating, heat sealing
450 (styrene); P825L, Textiles: fabric laminates, oil repellent finishes, permanent pressing, polyester
845L (vinyl acetate) sizing

¢ Reprinted from Tedeschi, R. J. (1982). “Acetylene-Based Chemicals from Coal and other Natural Resources,” pp. 134-135, courtesy of

Dekker, New York.
b



Acetylene

TABLE VIl Applications of Vinyl Ethers and Polymers?
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Product Composition

Applications

Methyl vinyl ether CH30—CH=CH,

Ethyl, n-butyl, isobutyl, CH,H; + alcohol - RO—CH=CH,
decyl vinyl ethers

Gantrez M Polyvinyl methyl ether grades M-55,
M-154 (50% H,0) M-574
(70% solids in toluene)
Copolymer of methyl vinyl ether and
maleic anhydride grades AN-139,
AN-149, AN-169

Gantrez AN

Gantrez VC Copolymers of alkyl vinyl ethers
(e.g., isobutyl vinyl ether) and

vinyl chloride

Specialty monomer; intermediate; Gantrez resins

Specialty monomers; copolymers (adhesives); lacquers, paints,
plasticizers, pour-point depressants; reaction intermediates

Adhesive formulations with high wet tack; adhesion
to plastic and metal surfaces; uses: adhesives, coatings,
printing inks, textiles

Polyelectrolyte in aqueous media; uses: hair sprays, shampoors,
detergents, leather, paper coating, pigment grinding,
nonwoven fabrics, topical remedies, tablet coating,
photoreproduction

Traffic, marine, and maintenance surface coatings; foundation
sealants; corrosion-resistant paints; flame retardancy for vinyl
substrates; primer coat for metals, paper coating

@ Reprinted from Tedeschi, R. J. (1982). “Acetylene-Based Chemicals from Coal and Other Natural Resources,” p. 142, courtesy of

Dekker, New York.

summarizes typical uses of polymers and copolymers de-
rived from N-vinylpyrrolidone.

Propargyl alcohol is used extensively in the United
States as a corrosion inhibitor in acid media for such appli-
cations as oil-well acidizing and acid pickling of steel and
electroplating and as an intermediate for vitamin A and
pesticides. These combined uses are estimated to com-
prise about 3—5 million pounds annually.

Other Reppe derivatives such as y-butyrolactone,
pyrrolidone, N-methylpyrrolidone, and N-vinylpyrroli
done are used mainly as intermediates in the manu-
facture of PVP. However, butyrolactone and N-methyl-
pyrrolidone are used extensively as solvents for polymers
and acetylene. Butynediol has minor uses in metal treat-
ment and as a pesticide intermediate (Barban). However, it
is very important as a starting point in the manufacture of
THF and butanediol, the two largest volume Reppe prod-
ucts. Both of these products have large-volume uses in
the manufacture of engineering plastics and polyurethane
polymers (see Table V and Sections VI.C and VI.D). PVP
has important uses in the clarification of beer, wine, and
fruit juices, in pharmaceutical tablet manufacture, and
in cosmetic manufacture. Its high degree of solubility
and compatibility makes it useful in numerous adhesive
applications.

Vinyl ethers and derived polymers are summarized in
Table VII. These products are particularly useful in formu-
lating adhesives and coating additives. The copolymer of
methyl vinyl ether and maleic anhydride is sold by General
Aniline and Film Corporation (GAF) under the name
Gantrez AN series. These copolymers are important in hair
sprays and shampoos and compete with the PVP polymers
as versatile specialty polymers. Polyvinyl methyl ether and

copolymers have various uses as adhesives, particularly in
high-tack formulations.

Vinyl ether monomers are prepared by the base-
catalyzed reaction of alcohols with acetylene. With reac-
tive alcohols such as methanol, ethanol, and isopropanol,
the reaction can be carried out at atmospheric pressure:

C,H,; + ROH — RO—CH=CH,.

The original Reppe process involved heating the
alcohol—acetylene charge at 150-180°C using 1-2% KOH
or sodium as catalyst under pressure, with a partial ni-
trogen atmosphere. GAF has produced a variety of alkyl
vinyl ethers, but the most important is methyl vinyl ether,
probably due to the commercial success of its copolymer
series with maleic anhydride. The vinyl ethers polymer-
ize readily via free-radical catalysts to yield both homo-
and copolymers. They are reactive molecules and can
also be used as intermediates to make a large variety of
products.

B. Butane-1,4-Diol and Tetrahydrofuran:
Large-Volume Polymer Uses

Butanediol has evolved into the most important chemical
in the Reppe line on the basis of its uses in the manufac-
ture of polybutylene terephthalate (PBT) and THF. It is
also important as a chain extender for polyurethanes. If
total acetylene usage for acetylenic chemicals in 1984 is
estimated to be 115 million pounds and butanediol pro-
duction is estimated conservatively to be 75% of this total,
then at least 270 million pounds of butanediol were then
produced.
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C. Polybutylene Terephthalate

Although this engineering plastic competes with polyethy-
lene terephthalate (PET), PBT is considered a supe-
rior polymer because of its outstanding properties. It is
produced by ester interchange between dimethyl tereph-
thalate and butanediol, while PET is derived from ethylene
glycol as the diol component. PBT is most widely used as
a 30% glass-filled blend.

The desirable properties of PBT include excellent
dimensional stability, superior strength and stiffness,
exceptional moldability and low mold shrinkage, low
creep atelevated temperatures, excellent electrical (dielec-
tric) properties, and good chemical resistance.

It has end uses in the automotive industry: dielec-
tric and heat-resistant uses to 300°F; ignition system
components—distributor caps, coil bobbins, rotors; light
sockets; emission control parts; body panels and louvers;
transmission components. It is also used in electronics
for connectors, switches, relays, cases, and covers. In the
manufacture of appliances, PBT is a component of han-
dles, small housings, impellors, and general engineering
parts; it also has high-voltage applications (resistance to
arc tracking).

The annual growth rate of PBT from 1974 to 1977 was
~40%, and in 1984 it was estimated to be 10-15%. If
acetylene usage between butanediol and THF production
is about equal, then PBT derived from acetylene could be
of the order of 200 million pounds/year.

D. Tetrahydrofuran: Commercial Uses

Du Pontbuilt a THF production facility in Houston in 1969
based on Reppe technology. The capacity of the plant was
increased from 50 million to 90 million pounds annually
by 1973. This plant made Du Pont the largest producer of
THF in the United States. By virtue of the uses summa-
rized below, THF has been growing at an annual rate of
7%; by 1979 U.S. production was ~112 million pounds.

1. Continuous top coating of automotive vinyl
upholstery via THF-PVC solutions

2. Coating cellophane with vinylidene copolymers

3. Coating of PVC and acrylic polymer sheets

4. Protective coatings, film casting, printing inks,
adhesives

5. Activating solvent for tetraethyllead manufacture,
specialty solvent

6. Polymer intermediate for polyethers, polyurethane
elastomers, spandex fibers

To date the Reppe process for both butanediol and THF
remains dominant.

Acetylene

VIl. SPECIALTY ACETYLENICS
AND DERIVATIVES

Specialty acetylenics and their derivatives have a variety
of uses which are described in the subsections that fol-
low. Further details are provided in Sections IX-XII. The
production volumes and dollar sales of such products are
often proprietary and seldom exceed 2—15 million pounds.

A. Vitamins A, E, and K and 3-Carotene

Acetylene is an important building block in the lengthy
synthesis of vitamins A, E, and K and S-carotene, all of
which are important polyterpene compounds. Synthetic
vitamin E, also known as d/-a-tocopherol, has emerged
as one of the most important vitamins in the world to-
day. Before 1950 its role in nutrition was in dispute, and
it was not considered an essential vitamin. The synthesis,
development, and manufacture of vitamins A and E were
pioneered by Hoffmann—La Roche in Basel, Switzerland
and Nutley, NJ. Both vitamins are important in animal,
human, and pet nutrition. The largest commercial markets
are animal feeds and supplements. In 1983 the production
of both synthetic and natural vitamin E was estimated to
be 11 million pounds with a value of about $164 million.
Vitamin A production is about one-tenth that of vitamin E,
and that of vitamin K is even less. Vitamin K is used almost
entirely as an antihemorrhagic agent, while B-carotene
made from vitamin A (frans-retinol) is used as a safe food
colorant. Since g-carotene is metabolized in mammalian
organisms partly to vitamin A, it is far more effective than
ordinary yellow food dyes. The technology of vitamins A
and E and flavor—fragrance (F & F) compounds is sum-
marized in Section XI.

B. Flavors and Fragrance Compounds

Although it is possible to produce a variety of F & F com-
pounds by the reaction of acetylene with Cs to Cg ketones
followed by hydrogenation, only a small number of these
have attained commercial importance, as shown in the fol-
lowing subsections.
KOH
Rle—CZO + C2H2 e

solvent

R, R2—|C—CECH %R, R2—|C—CH=CH2
OH OH

1. Linalool (3,7-Dimethylocta-1,6-dien-3-ol)

The fragrance compound linalool is prepared via the
route shown above by the reaction of methylheptenone
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(6-methylhept-5-en-2-one) with acetylene to yield de-
hydrolinalool (DHL, 3,7-dimethylocta-6-en-1-yn-3-ol),
which is semihydrogenated to give the final product.

DHL is an important intermediate in the commercial
synthesis of vitamin A, while linalool is a key intermediate
in the production of vitamin E (d[-a-tocopherol). Linalool
is one of the most important fragrance compounds in use
today. It is used in many perfume compositions where a
desirable floral-rose note is desired. In the past an impor-
tant natural source of linalool was Brazilian rosewood. It
has also had minor uses as a flavor ingredient. Besides
the acetylenic route, large amounts of linalool are pro-
duced by a turpentine-based intermediate, myrcene. The
Glidden—SCM Company produces a commercial grade of
linalool that is used extensively as a vitamin E intermedi-
ate. The chemistry of DHL and linalool is summarized in
Section XI.

2. Citral (3,6-Dimethylocta-2,6-dienal)

The isomerization of the alkynol DHL with vanadium cat-
alysts yields citral, an important lemon F & F compound
used in many F & F compositions. Citral is also used as
a vitamin A intermediate. Its condensation with acetone
yields pseudoionone, which on cyclization (H,SO,4) forms
B-ionone, a key compound with the vitamin A ring system
and a valuable perfumery compound (Section XI).

w g
CH3—C=CHCH,CH,—C=CHCHO

3. B-lonone [4-(2,6,6-Trimethyl-1-cyclohexen-
1-yl)-3-buten-2-one]

Besides the acetone—citral route just described, S-ionone
is made by condensing the acetylenic alcohol DHL with
diketene or methylisopropenyl ether. Both routes yield
pseudoionone in comparable yields. The diketene route
described in Section XI yields a tertiary acetylenic ace-
toacetate ester as the primary product, which is then rear-
ranged with the loss of CO, to yield pseudoionone. The
latter compound is readily converted to B-ionone, with
dilute sulfuric acid as catalyst. This terpenic ketone, in
addition to its use in the production of vitamin A, is an
important ingredient of floral (iris) perfumes with woody
notes. It also has minor uses as an ingredient in fruit
flavors.

CH;_ CH,
CH=CHCOCH;

CH,

B-lonone
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C. Acetylenic Surfactants

The reaction of methyl ketones such as methyl ethyl and
methyl isobutyl ketones with acetylene via base-catalyzed
ethynylation yields tertiary acetylenic diols. These com-
pounds containing the 1,4-dihydroxyacetylenic grouping
at carbon chain lengths of eight or higher are superior

CH3 CHj;
KOH | |
2R—COCH; + C,Hy —— R—(E—CEC—(f—R
solvent
OH OH

surfactants. They are produced by Air Products and Chem-
icals, Inc., and are sold under the trademark SurfynolTM.
Typical products are listed in the tabulation below:

Trademark Generic name or description

Surfynol 82
Surfynol 104
Surfynol 104-A
Surfynol TG
Surfynol 440

3,6-Dimethyl-4-octyne-3,6-diol
2,4,7,9-Tetramethyl-5-decyne-4,7-diol
Surfynol 104 4+ 50% 2-ethylhexanol
Proprietary Surfynol surfactant
Ethoxylated (40%) Surfynol 104

These surfactants, particularly Surfynols 104 and 440,
are superior wetting—dispersing agents with very low foam
characteristics. They are used extensively in water-based
industrial primers and finishes, in rinse-aid applications, in
pigment grinding, and in agricultural formulations. They
give synergistic performance with other surfactants in
terms of wetting and defoaming action, and in coating
formulations they yield latex paints that can be painted
directly on oily surfaces without the finished paint crawl-
ing or developing “fish eyes” on drying. These specialty
surfactants have enjoyed steady growth since 1974, and
a 1984-1985 production estimate was 5 million pounds
annually.

D. Corrosion Inhibitors

Acetylenic alcohols have been used extensively since
the mid-1950s in oil-well acidizing operations to free
trapped oil in limestone formations. The acetylenic al-
cohol (alkynol) is formulated with 15 to 28% HCI and
pumped downhole via steel tubing (N-80, J-55) to the
limestone formation. Some acidizing operations attain
depths of more than 20,000 ft with temperatures greater
than 300—400°F. The alkynols, by virtue of complexing or
reacting with the iron surface, minimize HCI corrosion and

Alkynol Chemical structure

Propargyl alcohol HO—CH,—C=CH
1-Hexyn-3-ol CH3(CH;3),—CH(OH)—C=CH
4-Ethyl-1-octyn-3-0l  CH3(CH;)3—CH(C,Hs)—CH(OH)—CH=CH

OW-1 Proprietary acetylenic inhibitor
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TABLE VIl Acetylenic Pesticides

Acetylene

Name Uses

Starting material Pesticide structure

Kerb (pronamide)
crops: alfalfa, trefoil, endive, escarole

Barban (carbyne) Control of wild oats in production of spring
wheat, durum wheat, barley, sugar beets,
soybeans, lentils, flax

Omite (propargite)

of many varieties of mites; very effective

against spider mites; used on fruit (apples,
apricots, oranges, peaches, plums) and field

crops (corn, potatoes)

Control of grasses in lettuce production; other

Acaricide with residual killing action; control

Cl

@»CONHC(CH;)ZC*CH

Cl

@NHCOZCHZ —C=CCH,Cl

OSOCH,—C==CH

e )

3-Methyl-1-butyn-3-ol

2-Butyne-1,4-diol

Proporgyl alcohol

extend the life of the tubing for years. These products have
been recommended for the acid pickling of steel to remove
mill scale. This use is smaller than oil-well acidizing.

The alkynols used in these applications are propargyl al-
cohol (1-propyn-3-ol), hexynol, ethyl octynol, and OW-1
(proprietary alkynol-based product) (see table below).

The most effective acetylenic inhibitors are secondary
acetylenic alcohols of C¢—Cg chain length, with the hy-
droxyl group « to the terminal ethynyl group. Propargyl
alcohol, a primary alkynol, is somewhat less effective than
the best inhibitors, but since it is a by-product of the Reppe
process it is significantly less expensive than hexynol or
ethyl octynol. The total 1984-1985 usage of acetylenic
corrosion inhibitors was estimated to be about 3—4 mil-
lion pounds with propargyl alcohol accounting for about
half of this total.

E. Acetylenic Pesticides and Adjuvants

Acetylenic compounds have found selective uses as her-
bicides and miticides in the control of weeds and pests.
It is likely that if more research and development effort
were extended to triple-bonded compounds, superior pes-
ticides would be developed. Three acetylenic compounds
used commercially are Kerb (pronamide), Barban (car-
byne), and Omite (propargite). They are summarized in
Table VIII and Sections XII.LA-XII.C in terms of the
acetylenic starting material, pesticide structure, and uses.

It is believed that the use of Omite is considerably
greater than that of either Kerb or Barban. Surfynol
104 (tetramethyldecynediol) and the Surfynol 400 series
(ethoxylated S-104), while not pesticides, have been ex-
tensively evaluated as adjuvants for use with crop herbi-
cides such as atrazine, alachlor, basagran, sencor, treflan,
and kerb. In most cases they have been found superior to
standard commercial surfactants of the nonionic and an-
ionic types, if used with the above herbicides. They are

also effective when used with bacterial control agents for
the control of larva-worm infestations. They are used in
significant amounts as agricultural formulation aids.

Viil. PROCESSES FOR ACETYLENE
PRODUCTION

Common raw material sources for the production of acety-
lene are coal, natural gas, and liquid petroleum feedstocks
such as naphthas and light oils. Calcium carbide tech-
nology using coal (coke) and limestone was the earliest
means of producing acetylene. It is still used, but on a
limited scale.

Petrochemical acetylene, based on natural gas and lig-
uid feedstocks, began to emerge as a competitor of the car-
bide process in 1940—-1950. Until the mid-1960s acetylene
was still the favored raw material for such products as acry-
lates, vinyl chloride, vinyl acetate, chloroprene, acryloni-
trile, and chlorinated hydrocarbons. However, as steam
cracking of C;—Cj; alkane feedstocks to olefins (ethylene,
propylene) became important, the role of both petrochem-
ical and carbide acetylene declined markedly by the mid-
1970s. These olefin cracking processes also produced by-
product acetylene, which could be recovered by selective
solvent extraction and sold or utilized for chemical pro-
cesses by nearby chemical companies. Companies such
as Union Carbide, Tenneco, and Monochem have such
by-product acetylene facilities in Texas and Louisiana.

Table IX summarizes processes that were or are prac-
ticed in the United States and elsewhere, with the excep-
tion of the newer AVCO coal-based plasma are process.
Coal-based processes such as calcium carbide or AVCO
will probably become important after the year 2000 as oil
reserves become depleted.

Petrochemical acetylene processes are characterized
by a common principle. A hydrocarbon feedstock is
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TABLE IX Acetylene from Natural Gas, Petroleum, and Coal Sources?

Typical process Principal feedstock

Technology Typical companies

Electric arc Methane, gas oils Arc or plasma Huels, Du Pont
Sachsse Methane, natural gas mixtures Partial combustion (one stage) BASF, Dow, Monsanto
SBA Methane, natural gas mixtures (first stage);  Partial combustion SBA, M. W. Kellogg
naphthas, heavier feedstocks (one and two stage)
(second stage)
Waulff Natural gas, naphthas, heavier feedstocks Regenerative furnace pyrolysis Union Carbide, Wulff
(four cycles)
Montecatini Natural gas, naphthas Partial combustion under pressure ~ Montecatini, Diamond Alkali

By-product acetylene  Ethane, hydrocarbons, naphthas, oil
Calcium carbide Limestone (CaCO3) and coke

AVCO Coal and hydrogen

Steam cracking

CaC; from C + CaCOs3; CoH;
from CaC,+ H,O

Hydrogen plasma

Major oil and chemical companies
(EXXON, Shell, Dow, Union Carbide)

AIRCO-BOC, Union Carbide

AVCO (pilot and demonstration plants)

“ Reprinted from Tedeschi, R. J. (1982). “Acetylene-Based Chemicals from Coal and Other Natural Resources,” p. 11, courtesy of Dekker, New

York.

subjected to an intense energy source and thereby heated
to 1200-1500 K. By the use of very short residence times
(0.01-0.001 sec) and quick quenching of the cracked gas
to 550 K, acetylene and the starting feedstock can be re-
covered. The recovery and purification of petrochemical
acetylene is a lengthy operation compared with the simple
calcium carbide process, which readily yields high-purity
acetylene.

The petrochemical acetylene processes most likely to
be practiced today are the partial oxidation types. Promi-
nent among these are Sachsse, SBA, and Montecatini pro-
cesses. The SBA and Montecatini processes utilize either
natural gas or naphtha feedstocks, while the Sachsse pro-
cess is designed primarily for natural gas or methane, but
can be modified for naphtha. However, Sachsse technol-
ogy has been widely practiced both in the United States
and in Europe, showing it to be reliable and trouble free.

In contrast, the electric are process is more sensitive
to process variables, which can lead to the formation of
large amounts of by-product carbon. The Wulff process
was once widely used in Europe, South America, Japan,
and the United States. By controlling the feedstock and
operating conditions, the four-cycle regenerative process
could be made to deliver mainly acetylene or ethylene,
making it more versatile than other petrochemical pro-
cesses. The fact that the Wulff process is now seldom used
may be due to the high efficiency of stream cracking of
alkanes to form ethylene and propylene at lower energy
usage, thereby making the Wulff mixed product stream
less attractive.

A process diagram of the BASF Sachsse (burner) reac-
toris shown in Fig. 2. Normally, with natural gas the burner
is a one-stage reactor. However, it can be modified to use
naphtha by extension of the combustion chamber (second

stage) and an oxygen—steam off-gas mixture to provide a
moist flame zone in the lower end of the burner to crack
naphtha to acetylene. About two-thirds of the hydrocar-
bon feed is burned in the reactor to provide the thermal
energy needed to crack the remaining feed to acetylene.
The AVCO coal-hdrogen plasma process has not yet
been scaled up to commercial production. However in
a joint AVCO-DOE project (1980) at Wilmington, MA,
a coal-fed hydrogen—plasma reactor capable of produc-
ing 2 million pounds/year of acetylene was successfully
demonstrated, The pilot unit gave an acetylene yield of
35% based on coal with low electrical usage. AVCO claims
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FIGURE 2 BASF (Sachsse) burner. (1) Oxygen; (2) inert gas
(safety purge); (3) methane or naphtha feed; (4) neck and mix-
ing chamber; (5) auxiliary oxygen; (6) burner block; (7) reac-
tion chamber; (8) water quench. [Reprinted from Tedeschi, R. J.
(1982). “Acetylene-Based Chemicals from Coal and Other Natural
Resources,” p. 21, courtesy of Dekker, New York.]
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FIGURE 3 Coal-hydrogen (AVCO) plasma arc reactor. (1) Cath-
ode and drive rolls; (2) hydrogen feed; (3) coal feed; (4) plenum;
(5) reactor body; (6) anode; (7) field coils; (8) hydrogen quench
ports; (9) rotating arc; (10) char and gas to cyclone. [Reprinted
from Tedeschi, R. J. (1982). “Acetylene-Based Chemicals from
Coal and Other Natural Resources,” p. 30, courtesy of Dekker,
New York.]

that this process can be scaled rto commercial size to give
acetylene commpetitive with or less expensive than ethy-
lene used for commodity chemicals such as vinyl chloride
and vinyl acetate.

Figure 3 is a schematic diagram of the AVCO plasma
reactor. By means of an external magnetic field, the arc
is made to rotate and spread out radially in the reactor.
The finely divided coal in contact with the arc area is
activated and reacts with the hydrogen plasma to form
acetylene at a temperature gradient of 8000-15,000 K.
Acetylene concentrations in the off gas of up to 16% (yield
33 wt%) and energy consumption of 9.5 kWh/kg have
been claimed. About 67% of the coal is consumed, and
the remainder is converted to char, which can be used as
fuel for the process.

The use of AVCO coal-based technology for the large-
scale production of acetylene will depend on future oil
reserves and prices. At present, it does not seem likely
that coal will be a cheaper raw material than oil in the
United States for this purpose. Also, the calcium carbide
process, a competitive coal-based process for acetylene,
has worldwide capacity with some of it in use. Its tech-
nology and economics are well understood and have been
published, so that increased acetylene production can be
implemented if needed without excessive development
and capital costs. An improved electric furnace process

Acetylene

for the production of 300 million pounds of acetylene per
year has been reported by SRI International, together with
detailed economics and process diagrams.

IX. CHEMISTRY OF SPECIALTY
PRODUCTS

The chemical compounds discussed in this section are
either acetylenics or their derivatives. Often, acetylene
is a building block in the synthesis of a more complex
molecule and is not recognizable as such in the final com-
pound. Products such as vitamins A and E examplify this.
Specialty chemicals derived from acetylene have varied
and selective uses, and their market size can vary from
thousands of pounds to millions of pounds per year.

A. Ethynylation Reaction

The introduction of an acetylenic group (—CH=CH or
—C=C—) was called ethynylation in Reppe days, and the
term has persisted. The reaction on a commercial scale is
applied to the reaction of acetylene with aldehydes and ke-
tones to yield acetylenic alcohols (alkynols). The ethyny-
lation of carbonyl compounds occurs via the following
routes:

1. Reppe system: Reaction of acetylene with
formaldehyde in the presence of a copper acetylide
catalyst under pressure

2. Lithium or sodium acetylide—liquid ammonia
(atmospheric pressure)

3. Potassium hydroxide—acetylene—organic solvents
(atmospheric to low pressure, 5 psig)

4. Catalytic potassium (sodium) hydroxide—
acetylene—liquid ammonia (pressure, 50-400 psig)

5. Catalytic quaternary ammonium hydroxide catalyst,
ethynylation of acetone under pressure (1000 psig
hydrostatic)

6. Liquid acetylene as solvent and reactant (pressure
300-650 psig)

7. Grignard route: reaction of carbonyl compounds with
acetylenic Grignard compounds (R—C=C—MgBr)
(atmospheric pressure)

These ethynylation methods are discussed in greater
detail in Sections IX.B-IX.I.

B. Reppe Process for 2-Butyne-1,4-Diol and
Propargyl Alcohol (1-Propyn-3-ol)

Cuprous acetylide deposited on silica-based carriers or
supports has proved to be a unique catalyst for the reaction
of aqueous formaldehyde with acetylene under pressure
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FIGURE 4 Butynediol-propargyl alcohol process. (1) Acetylene storage; (2) compressor; (3) recycle compressor;
(4) pressure reactor; (5) vent; (6) separator; (7) pumps; (8) stripping still; (8a) recycle formaldehyde; (9) formaldehyde
storage; (10) NaOH feed; (11) settling tank; (12) waste effluent; (13) butynediol storage; (14) recycle CoHo stream
for vinylpyrrolidone production. [Reprinted from Tedeschi, R. J. (1982). “Acetylene-Based Chemicals from Coal and
Other Natural Resources,” p. 105, courtesy of Dekker, New York.]

at 90-130°C. The products resulting from this reaction,
butynediol and propargyl alcohol, are formed in approxi-
mately 9:1 ratio, with butynediol the predominant product.
The reaction proceeds readily (exothermic) in total con-
versions and selectivity of well over 90%.

CuCH
HCHO + C,H, —— H—C=C—CH,0OH
Propargyl alcohol

+ HO—CH, —C=C—CH,—OH
Butynediol

Higher aldehydes or reactive methyl ketones fail to re-
act in the Reppe system. Even a reactive aldehyde such
as acetaldehyde reacts very slowly and gives only an 18%
conversion in 22 hr at 125°C. In contrast, formaldehyde
reacts exothermically and is the basis for the continuous
operation in current Reppe plants. Flow diagrams of the
butynediol-propargyl alcohol process and the continuous
process for the production of all Reppe products are shown
in Figs. 4 and 5, respectively. The commercial importance
of these acetylene-based products and their estimated pro-
duction volumes are discussed in Sections VI.A-VIL.D.

C. Sodium and Lithium Acetylides
in Liquid Ammonia

Although alkali metal acetylides can be prepared in polar
organic solvents by the reaction of acetylene with alkali
metal dispersions, the preparation and synthetic use of
either sodium or lithium acetylides in liquid ammonia has
proved to be the preferred route both in the laboratory and

in commercial practice. Below is shown the formation of
sodium acetylide in liquid ammonia and its reaction with
a vitamin E intermediate, geranylacetone (GA), to yield
the important terpene alkynol, dehydronerolidol (DHN):

L. Fe(NO3); 1
1. Na + Liquid NH; —— NaNH, + ;H, 3)
—33C

2. NaNH, + C,H, 8 NaC,H + NH;

3. (CH3),—C=CH—(CH,), —C=CH—(CH,),
GA
—COCH; + C,H(NH3)
l 1.NaCH
2.Hy O—NH4Cl (4)

o

(CH3),—C=CH—(CH,),— C=CH—(CH,),— (|J—CECH
OH
DHN

(&)

This technology is used by Hoffmann—La Roche to pre-
pare intermediates for the manufacture of vitamins A and
E. The process has been in operation since the early 1950s.
The use of lithium acetylide is preferred for more sensitive
or less reactive carbonyl compounds. Reactions (3)—(5)
are run consecutively in liquid ammonia without isola-
tion. The formation of the alkali metal acetylide (sodium,
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Propargy! halide Butenediol Butanediol

Propargyl
alcohol

(I7) (210)(220)

3
3) 8 (230)

(24)

Pyrrolidone or

(28a) Butyrolactone methyl- (37 .
(31 (320) (—mbyrrolidone 21°=(38) Vinyl-  (42)
(25) 2 4
(27) 29 9 [132 (34) <o 46)
30 (33) (36)

5 PVP - lodine

(26) (28a) (35) Polyvinyl-
(390) pyrrolidone

FIGURE 5 Continuous process for the production of Reppe chemicals (GAF). (1) Crude acetylene; (2) scrubber;
(3) compressor; (4) ethynylation reactor; (4a) formaldehyde; (5) separator; (6) vent; (7) still; (8) butynediol; (9) crude
propargyl alcohol; (10) propargyl alcohol still; (10a) to waste; (11) propargy! alcohol still; (12) batch hydrogenation;
(13) hydrogen feed; (14) catalyst feed; (15) catalyst filter; (16) halogenation reactor; (16a) catalyst; (16b) halogen;
(17) propargyl halide still; (18) butenediol batch still; (19) butanediol hydrogenator; (20) vent; (21) butanediol still; (21a)
to butanol recovery; (22) butanediol still; (22a) waste; (23) final butanediol still; (23a) waste; (24) to dehydrogenation
reactor; (25) dehydrogenation reactor; (26) separator; (27) to hydrogen recovery; (28) butyrolactone stills; (28a) waste;
(29) pump; (30) pyrrolidone product reactor; (31) liquid NH3z or methylamine feed; (32) product stills; (32a) waste; (33)
pyrrolidone feed; (34) catalyst feed; (35) catalyst preparation; (36) vinylation reactor; (37) compressor; (38) purified
acetylene; (39) vinylpyrrolidone stills; (39a) waste; (40) polymerizer; (41) catalyst and distilled water; (42) purified air;
(43) spray dryer; (44) vent; (45) iodine feed; (46) reactor. [Reprinted from Tedeschi, R. J. (1982). “Acetylene-Based

Chemicals from Coal and Other Natural Resources,” p. 106, courtesy of Dekker, New York.]

lithium) is rapid and quantitative, and the formation of the
alkynol averages more than 90%.

D. Potassium Hydroxide—Acetylene-Organic
Solvent Route

Favorsky, the Russian chemist, discovered that potassium
hydroxide ground in solvents such as ethers, acetals, and
amines was an effective medium for reacting acetylene
with ketones and certain aldhydes to yield acetylenic al-
cohols and glycols. This reaction system yields secondary
and tertiary acetylenic hydroxy compounds and is partic-
ularly useful for the tertiary series. This technology is now
practiced by Air Products and Chemicals via a continuous
process whereby both acetylenic alcohols and diols are
produced in organic media.

The ethynylation reaction, in general, can be controlled
via acetylene concentration, reaction temperature, and the

ratio of base to ketone and acetylene. Alkynol formation
is favored at lower temperatures, generally below 10°C,
while alkynediol formation is favored at 30-50°C. What
follows is the formation of methylbutynol and dimethyl-
hexynediol from acetone and acetylene:

1. KOH—solvent
(CH;3),—CO + CoHy ——
2. H,O

- Hy
(CH3)2—|C—CECH + (CH3)2—|C—CEC—C|I—(CH3)2
OH OH OH

Acetylenic alcohols and diols produced commercially
by this process are shown in the tabulation below.

Products with the (S-) designation are Surfynol sur-
factants extensively used as nonfoaming wetting and dis-
persing agents. The applications for these products are
discussed in Section VII.C.
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E. Ethynylation in Liquid Ammonia
Using Catalytic Amounts of KOH
or Sodium Acetylide

Tedeschi showed that catalytic amounts of either NaOH or
KOH in liquid ammonia—acetylene medium could affect
the ethynylation of aldehydes and ketones in high cat-
alytic efficiency. The reaction was carried out at 20-40°C
at acetylene—ammonia pressures of 150-300 psig. The
mole ratio of reactants for methylbutynol formation aver-
ages 6—18 mol acetone, 18—24 mol acetylene, 0.5—1.5 mol
KOH, and 18-24 mol ammonia. The conversion to methyl-
butynol based on acetone averages 75-100%, with a cat-
alytic yield based on KOH averaging 380-900%. Longer
chain aldehydes and ketones react in the ammonia system
with equal ease. The ethynylation of methylheptenone to
DHL proceeds catalytically in more than 90% conversion.
When stoichiometric to excess amounts of acetylene are
used in the ammonia system, acetylenic diol formation is
quite low (0.5-1.0%).

The reaction proceeds via the formation of an alkynol—
KOH complex. the isolated crystalline complex can be
substituted for KOH in the ethynylation reaction with
equal results. However, lithium hydroxide, unlike lithium
acetylide in liquid ammonia, fails to yield any acetylenic
hydroxy compound. The mechanism of catalytic ethyny-
lation in liquid ammonia and aprotic solvents based on
key intermediates has been published by Tedeschi. Alkali
metal acetylides can be used as catalytic species in place
of KOH. Although acetylenic glycols can be formed in

Carbonyl compound Alkynol Alkynediol

Acetone Methylbutynol Dimethylhexynediol

Methyl ethyl ketone ~ Methylpentynol Dimethyloctynediol (S-82)

Methyl isobutyl Dimethylhexynol — Tetramethyldecynediol
ketone (S-61) (S-104)

Butyraldehyde Hexynol

2-Ethylhexaldehyde  Ethyloctynol

liquid ammonia using KOH, the reaction is not catalytic,
requiring stoichiometric to excess amounts of base. The
catalytic liquid ammonia—KOH process has great poten-
tial for economically producing secondary and tertiary
alkynols. Long-chain terpenoid alkynols used as interme-
diates in the synthesis of vitamins A and E can be made
in high conversions and catalytic efficiency in the am-
monia system. Secondary alkynols, such as 1-hexyn-3-ol
and 4-ethyl-1-octyn-3-ol used commercially as corrosion
inhibitors, are also readily formed. Methylbutynol, made
from acetone and acetylene, is important commercially as
a starting point for vitamins A and E, as a stabilizer for
chlorinated solvents, as an intermediate for the herbicide
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Kerb, and for the large-scale production of isoprene. In the
last-named use it is made catalytically in liquid ammonia,
as described in Section IX.F.

F. Isoprene from Acetylene and Acetone

Anic (an affiliate of Ente Nazionale Idocarburi) at
Ravenna, Italy, has been operating a large production facil-
ity for the manufacture of isoprene, which is used to make
cis-polyisoprene. The route developed by Anic involves
the catalytic formation of methylbutynol (MB), semihy-
drogenation to methylbutenol (MBe), and dehydration of
the latter to isoprene:

NH;
|. (CH3),—CO + C;H, ——— (CH3),—C—C=CH
50% KOH |

OH
MB (6)
Pd catalyst
2. MB+H) —— (CH3)2—|C—CH:CH2
OH @)
MBe
—H,O0
3. MBe —— H,C=C(CH;3)—CH=CH, )

Methylbutynol is formed continuously in liquid am-
monia under pressure using 50% aqueous KOH as cat-
alyst. The conversions to both MB and MBe are close
to 100%, and the overall yield to isoprene is well over
90%. The process delivers high-purity isoprene, readily
purified for use in the isotactic polymerization of iso-
prene to cis-polyisoprene. A process flow diagram of the
Anic methylbutynol—-isoprene process (SNAM Progetti)
is shown in Fig. 6. The plant originally had a capacity of
66 million pounds of isoprene per year but is believed to
have been expanded.

G. Grignard Route

The use of Grignard reagents to form acetylenic products
is a relatively expensive route used primarily in the phar-
maceutical industry to produce drugs or vitamin interme-
diates. The acetylenic Grignard reagent is readily formed
in 100% yield by reacting ethylmagnesium bromide with
a terminal acetylenic compound in THF media:

H5C2—MgBr + R—C=CH — R—GEC—MgBr + C2H6

The acetylenic Grignard is used in situ and is best em-
ployed with sensitive aldehydes or ketones, which are af-
fected adversely by basic reagents. An intermediate step
in the manufacture of vitamin A involves the formation
of the 1,5-acetylenic di-Grignard, which is then reacted
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(A)

()]

(4)
(5)

(6)

(8)

(C)

(30

FIGURE 6 Anic (SNAM Progetti) process: isoprene from acety-
lene and acetone. (A) Methylbutynol; (B) methylbutenol and
isoprene; (C) isoprene purification. (1) Acetylene feed; (2) re-
frigerant; (3) ammonia condenser; (4) acetone feed; (5) KOH
catalyst feed; (6) stopper; (7) refrigerant; (8) acetylene con-
denser; (9) ethynylation reactor; (10) flash tank; (11) steam;
(12) NH3 + unreacted C,Hy; (13) unreacted acetone; (14) re-
frigerant; (15) acetone recovery column; (16) water; (17) heavy
ends column; (18) cooling water; (19) aqueous methylbutynol to
hydrogenation; (20) hydrogen feed; (21) inhibitor feed; (22) hy-
drogenation reactors; (23) fresh catalyst and catalyst feed;
(24) unreacted hydrogen; (25) catalyst separator; (26) methyl-
butenol (MBe) receiver; (27) MBe evaporator; (28) dehydratior
reactor; (29) fuel gas; (30) raw isoprene to purification; (31) wash-
ing tower; (32) water to washing tower; (33) water distillation;
(34) extractive distillation column; (35) extraction solvent;
(36) purge line; (37) isoprene stripper; (38) pure isoprene; (39) re-
jectisoprene from polymerization plant. (Reprinted from Tedeschi,
R. J. (1982). “Acetylene-Based Chemicals from Coal and Other
Natural Resources,” pp. 164—165, courtesy of Dekker, New York.)

Acetylene

with a B-ionylidene (C,4) aldehyde to yield an acetylenic
dihydroxy vitamin A precursor, as illustrated below. In
general, the yields are high and the conditions mild for
the Grignard route. When acetylene is reacted with ethyl-
magnesium bromide, both hydrogen atoms are replaced
and the resulting acetylenedimagnesium bromide is ex-
clusively formed. This di-Grignard can be used to form
sensitive acetylenic diols (see Scheme 1).

H. Use of Basic Quaternary AmmonHium
Hydroxide Resins

Considerable effort has been expended on the develop-
ment of basic resins as replacements for KOH or NaOH in
the catalytic ethynylation of carbonyl compounds. The ob-
jective in the past has been to develop a fixed-bed continu-
ous process in which neutralizaion of the reaction mixture
is not required and product isolation is much simplified.
This type of process has been extensively studied in the
catalytic ethynylation of acetone to form methylbutynol.

The quaternary ammonium hydroxide resin is prepared
from the chloride form of the resin by elution with sodium
hydroxide solution, followed by washing with water, then
methanol washing, and finally vacuum drying. A serious
problem associated with these resins is their degradation
and loss of activity on continued use. Furthermore, alde-
hydes react very poorly and give almost entirely aldol by-
products. Ketones higher than methyl ethyl ketone react so
slowly that the process is not economical. The use of lig-
uid ammonia has been employed to activate the resin and
reactants. However, due to the limited application of this
process, it is doubtful whether this technology is widely
used or whether it is used at all.

I. Use of Liquid Acetylene as Solvent
and Reactant

Liquid acetylene employed below its critical pressure
(650 psi) and temperature (36°C) was used at the bench-
scale level, in batch reactors, to prepare such products
as alkali metal acetylides (lithium, sodium, potassium),
methylbutynol, aminobutynes, and transition metal com-
plexes. The work was carried out under 600 psig acetylene
pressure in a special reactor system and pressure cubicle.
The research showed that liquid acetylene could be han-
dled safely in a variety of syntheses, with no exothermic
decompositions or explosions. Pure, white alkali metal
acetylides were easily formed at 10-25°C, and the forma-
tion of methylbutynol took place in high conversions (80—
85%) using only catalytic amounts of KOH and ammonia.
This work by Tedeschi and Moore was never scaled up to
commercial practice.
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T
HO—CH,CH=C—C==CH

2C2H5 MgBr
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G
BrMgCH,CH=C—C=CMgBr
i
O:CH2CH =—C—CHO
CH;

| |
CH,CH =C—(|IH—CEC—C=CHCH20H

OH

SCHEME 1

X. VINYL ETHERS

The reaction of alcohols with acetylene to form vinyl
ethers, commonly termed vinylation, takes place readily
at 150-180°C using basic catalysts such as alkali metal
hydroxides or alkoxides:

ROH + C,H, - RO—CH=CH,

The vinylation process can be carried out at both at-
mospheric pressure and under elevated pressures with an
acetylen—nitrogen atmosphere. The formation of methyl
vinyl ether from methanol and acetylene can be carried
out continuously at atmospheric pressure and 180°C. The
GAF Corporation has produced a variety of vinyl ethers
derived from methoanol, ethanol, n-butanol, isobutanol,
and decanol. The vinyl ethers find their most important
use as the copolymers derived from methyl vinyl ether
and maleic anhydride, known as the Gantrez AN series.
Applications of these products and other polyvinyl ethers
are summarized in Section VL.A.

XIl. FLAVOR AND FRAGRANCE
COMPOUNDS AND VITAMINS
A AND E

The reaction flow sheets in Figs. 7-13 summarize the
rather lengthy chemistry and technology developed since
1955 for the production of polyterpene compounds. This
chemistry is characterized by change and is highly propri-
etary. Prominent companies in this field are Hoffmann—-La
Roche and BASF. The choice of a given synthetic route de-
pends on cost and availability of raw materials in addition
to manufacturing sites.

The synthesis sequence pioneered by Roche and
used for more than 30 years involves (1) ethynylation,
(2) semihydrogenation, (3) reaction with diketene or

methylisopropenyl ether, and (4) allylic isomerization
with loss of carbon dioxide. This four-step sequence is
repeated a number of times in the synthesis of both vi-
tamins A (trans-retinol) and E (dl-a-tocopherol). Some
of the intermediate products such as methylheptenone,
linalool, pseudoionone, S-ionone, citral, geranylacetone,
and nerolidol, are valuable flavor—perfumery chemicals.
This circumstance increases the overall versatility and
profitability of the process by providing diversification.

The reaction sequence in Fig. 7 illustrates the following
transformations:

Acetone + acetylene — methylbutynol
— methylbutenol — methylheptenone
— dehydrolinalool — linalool

This route and related routes are high-yield, high-
selectivity steps of basic importance to the final economics
of the processes for vitamins A and E. The second se-
quence, shown in Fig. 8, illustrates two processes for the
production of citral from the alkynol DHL. The DHL-
acetic anhydride route involves earlier technology, which
may have been replaced by the direct isomerization of
DHL, the second process. Large amounts of citral are
also produced by SCM-Glidden via the oxidative dehy-
drogenation of geraniol.

The flow sheet shown in Fig. 9 illustrates the following
process sequences:

DHL or citral — pseudoionone — «- and S-ionones;
linalool — geranylacetone — dehydronerolidol
— nerolidol

Citral and DHL compete with one another in the prepa-
ration of pseudoionone, the precursor of the ionones.
Lemongrass oil and myrcene (from turpentine) are nat-
ural sources of citral. S-lonone is a very important
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Acetylene

Product sequence:
acetone + acetylene —— methylbutynol —— methylbutenol —— methylheptenone

(MB) (MBe) (MHe)

l

linalool «— dehydrolinalool

(DHL)
Technology:

CH,COCH, + C,H, —*> (CH,);—C—C=CH — (CH,),—C—CH=CH, —= (CH,),—C—CH=CH,

| |
OH OH OCOCH,COCH,

(MB, 90-95%) (MBe, 97-99%) <. lA. 160-180°C
4)

T
(CH3)2C:CHCH2CH2C‘—CH=CH2

OH
(linalool, 97-99%)
e
. (CHy),C=CHCH; CH,—C—C=CH <+ (CH,),C=CHCH,CH,COCH, + CO,
OH
(DHL, 90-95%) (MHe, 80-90%)

FIGURE 7 Linalool and dehydrolinalool from acetylene—acetone (Roche, BASF). Process conditions (average process yields under
formulas): (1,5) catalytic ethynylation in polar solvents using KOH or sodium under pressure (t=30-50°C); (2,6) partial hydrogenation
using a palladium catalyst modified (t = 25-45°C); (3) reaction of methylbutenol with diketene (DK)
Y
H,C—CO

(t=20-40°C): catalyst, tertiary amine; MBe, acetocetate ester not isolated [see (4)]; (4) allylic rearrangement and cleavage of product
(8) using aluminum isopropoxide under fractionation column.
From dehydrolinalool (DHL): (Roche technology)

CH, CH,
(CH;),—C=CH(CH,),—C—C=CH + (CH;C0),0 — (CH;),—C=CH(CH,),—C—C=CH + CH,CO,H
OH OCOCH;
(DHL) (not isolated)
Ha
Ag(SaIl lc"'
CH, CH, CH,

i | |
(CH;),—C=CH(CH,),—C—CHCHO <“>- (CH,),—C—C(CH,),—C—=C(OCOCH,), + (CH,),—C=CH(CH,),—C=C=CHOCOCH,

(citral, overall yield ~82%) (allenic acetates, not isolated)

Isomerization of DHL: DHL —— citral

FIGURE 8 Processes for the production of citral. Roche: Catalysts, siloxyvanadium moieties; excess tris(trimethylsiloxy) vanadium oxide;
conditions, liquid phase, 2-20 hr at 125-140°C; conversions 72—77%; yield 96%. Rhone Poulenc (Rhodia): Catalysts, vanadium alkoxides,
excess cyclohexyl orthovanadate; conditions, liquid phase, 15 min to 4 hr at 125-160°C; conversions 37—40%; yield 77-82%; Oxidative
Dehydrogenation of Geraniol (SCM-Glidden).

CHj

‘ H
(CH3),—C—CH(CH,)2—C=CHCH,0OH R Citral + H,O

Possibly vapor-phase process; copper-type catalyst; estimated yield 70—-80%.
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Acetylene

Beta ionone (fI) — C,, aldehyde (C,,-A) sequence:

(10) BI + CICH,CO,C,H;

NaOC,H,
P

T
CH=CH—C—CHCO,C,H;

\/

(B1-D)

CH,

|
CH,CH=C—CHO

NaOC,H,
—_

(1) pLD 2

+ CO, + C,H,OH

(Cis-A)

3-Methylpent-l-en-4-yn-3-ol (3-ol) sequence:

T
(12) CH,—CHCOCH, + LiC,H 'T'EH%» CH2=CH-(|3—CECH

10% H,SO,
_

(13) 3-ol

OH
(3-ol)

|
OHCH,CH=C—C=CH

(1-ol) cis—trans

v

(14) 1-ol + 2C,HsMgBr — BrMgCH,CH=C—C=C—MgBr

(cis)

(1,5-DG)

FIGURE 10 Vitamin A production. Reaction flow sheet (steps 10-14).

intermediate, since it contains the correct isomeric ring
system for vitamin A. Linalool, made from DHL via par-
tial hydrogenation, is a key intermediate in the synthesis
of vitamin E (dl-a-tocopherol) via the above compounds,
leading to isophytol, the precursor of dl-a-tocopherol.

Vitamin A production is shown by the reaction flow
sheets in Figs. 10 and 11: B-ionone (81) — C4 aldehyde,
and Cy4 aldehyde — vitamin A, respectively. S-Ionone re-
acted with chloroethyl acetate via the Darzens reaction is
converted to the intermediate epoxy ester, which on rear-
rangement yield Cy4 aldehyde.

The di-Grignard reagent (Fig. 10) of 3-methyl-pent-
2-en-4-yn-1-ol (cis-1-ol) on reaction with Cj4 aldehyde
(Fig. 11) yields the C,y eneynediol (Cyy yn-D), which
contains the correct ring system and carbon chain of
vitamin A. The important cis-1-ol compound is derived
from methyl vinly ketone and lithium acetylide, followed

by isomerization. The use of lithium acetylide is preferred
since sodium acetylide gives considerably lower yields.
The remaining four steps of the process [(16)—(18)] are
concerned with the synthesis of the all-trans vitamin A
(retinol).

The flow sheet in Fig. 12 shows the 12-step process
leading to the C,( polyterpene alcohol isophytol (IP). The
formation of vitamin E is shown in Fig. 13, as are syntheses
for the second component, trimethylbenzoquinone
(TMHQ). The condensation of IP and TMHQ yields dl-a-
tocopherol (vitamin E).

Vitamin A is also manufactured by Wittig technol-
ogy, starting with S-ionone. This route was pioneered
by G. Wittig and H. Pommer at BASF. A general syn-
thesis step involves the condensation of terpene alcohols,
such as vinyl-B-ionol, with triphenylphosphine in the pres-
ence of HCl to yield quaternary phosphonium salts. These



Acetylene

C,4 Aldehyde —— vitamin A sequence:

C

C‘H, H,
CH,CH=CCH—C=C—C—CHCH,OH
(15)C,¢-A + 1,5-DG —— (’)H

c,
|

(C;0-yn-D)
CH,
' CHZCH:éCHCHZCH—CZCHCHZOH
(16) Cy4-yn-D + H, —PH“'—> (‘)H
(C,o-Tr-D)
CH,

\
b |
"CH,CH—C=CH—CH=CH
(17a) C,4-Triene-diol _CH,coq @ (‘) i

T

(C,o-TR-D) (VAP)

CH,

~_

HBr + CHCI,

CH—CH— C—CH—CH=—CH—C=CHCH,O0COCH,
-H,0, -25°C
(17b) VAP a0 —2C, @[

(Vitamin A-

CH,

Ac)

Vitamin A (all trans)

FIGURE 11 Vitamin A production. Reaction flow sheet (steps 15-18): C44 aldehyde — vitamin A sequence.

salts in the presence of base undergo rapid elimination to A. Barban
phosphoranes (ylides), which react readily with carbonyl

compounds to form olefins to high yield. By a repetition HO—CH,—C=C—CH,—OH

of this sequence the carbon chain is built up to that of (A) Cl—CH,—C=C—CH,—OH
retinol.
—HCl
@NHQ + COCl, —~ NCO
XIl. ACETYLENIC PESTICIDES
Cl Cl
Acetylenic compounds that have attained commercial sta- (B) A+B
tus as pesticides are Barban (carbyne), Kerb (pronamide),
and Omite (propargite). The last-named compound is a NHCO,—CH,—C=C—CH,—Cl
miticide, while the other two are herbicides. Their uses

are outlined in Section VILE. Their synthesis is summa-

. Cl
rized as follows:

Barban

C=CHCH,0COCH,

SOC12 or PC13

77



78 Acetylene

(CH,),C—C=CH —> (CH,),C—CH—CH, > (CH3)2(‘Z—CH:CH2

OH (M OH 2 OCOCH,COCH,
(MB) (MBe) (DMAAA)
{3)AlA](i-OCJH7)3
CH,
(CH,),C—CHCH,CH,C—C=CH <" (CH,),C—CHCH,CH,COCH, + CO,
o @) (MH)
(DHL)

Hzlm

cn, ch,
|
(CH3)2C:CHCH2CH2CJ—CH:CH,_ ————>2_A]'('i_L;';3H7) (CH,),C—CHCH,CH,C—CHCH,CH,COCH,
OH ) (GA)
(L)
(7)J/C2Hz
CH, C‘H3 (les ?Hs
(CH,),C—CH(CH,),C—CH(CH,), (‘I—CH:CHZ L (CH3)2CZCH(CHZ)ZC:CH(CHZ)Z?—CECH
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HCI NH3
(CH3)2—(IZ—CECH — (CH3)2—(|2—CECH - (CH3)2—(|2—CECH

Acetylene
B. Kerb
OH
Cl
o
CONH—Cl—CECH
H
cl CH,
Kerb
C. Omite

Cl

NH,

Base

Cl

@COC]

Cl

OH
NaOH O
(CH3);—C OH + (0] ?mlyﬂ (CH3);—C

-0

omite

Xill. ACETYLENIC REACTIONS WITH
RESEARCH AND COMMERCIAL
POTENTIAL

The products and reactions described in this section
have not been extensively developed on a commercial
scale but are believed to have potential in fine-chemicals
applications.

SOCL+
CsHsN

OSOCl

0
0S0,—CH—C=CH < — - ——— (CH3)3—C©/ \©

A. Cyclic Carbonates from Alkynol-
Alkynediol-Carbon Dioxide Reactions

An interesting reaction discovered by Dimroth and
Pasedach at BASF involves the reaction of tertiary
acetylenic alchols and diols with carbon dioxide under
pressure to form substituted cyclic carbonates (5-methy-
lene-4,4-di-alkyldioxolan-2-ones). The reaction is cat-
alyzed by the combination of a cuprous salt and a tertiary

FIGURE 12 Vitamin E: reaction sequence leading to isophytol.

Abbreviation Common name

Process step and reaction

MB Methylbutynol

MBe Methylbutenol

DMAAA Dimethylallyl acetoacetate
MH Methylheptenone

DHL Dehydrolinalool

L Linalool

GA Geranylacetone

DHN Dehydronerolidiol

N Nerolidol

FA Farnesylacetone
HHFA
IP Isophytol

Hexahydrofarnesylacetone

0) Ethynylation of acetone
1) Semihydrogenation (Pd)
2) Diketene (DK), ketenization
3) Allylic isomerization (Carrol)
4) Ethynylation of MH
5) Same as (1)

6) Same as (2) and (3)

7) Same as (4)

8) Same as (1) and (5)

9) Same as (2), (3), and (6)

10) Complete hydrogenation, side chain
(11) Same as (4) and (5)

(
(
(
(
(
(
(
(
(
(
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amine and is generally carried out at 30-50 atm and tem-
peratures of 80—120°C.

CuCl
(CH3)2—(|Z—C=CH + CO, m

OH (CH3),—C—C=CH,

O\ O

C

|

o)
MB(CO,)

In the presence of excess, gaseous CO, at 80°C and
800 psig, methylbutynol reacts in 12 hr to form the cyclic
carbonate MB(CO,) in 90% yield. Liquid CO, has also
been used successfully as both solvent and reactant be-
low its critical temperature (35°C) with secondary and
tertiary acetylenic alcohols, 1-haloalkynols, and tertiary
acetylenic glycols. The mass action and solvent effect of
liquid CO, makes it possible for these reactions to proceed
readily at lower temperature and pressures, at faster reac-
tion rates, and with fewer by-products, particularly with
secondary alkynols. However, the reaction is unsuccessful
with propargyl alcohol or secondary acetylenic glycols,
illustrating an unusual reaction specificity. The reaction
of dimethyloctadiynediol (oxidative coupling product of
methylbutynol) and CO, leads to the formation of a bi-
functional carbonate with interesting potential in polymer
chemistry. Acetylenic alcohols and diols reacted success-
fully with liquid CO, at 20-30°C under pressure (500 psig)
are listed in Table X. Compounds (a), (b), (c), (e), and (f)
are tertiary alkynols or alkynediols, while (d) is a sec-
ondary alkynol. The reaction gives highest yields with the
tertiary series.

The versatility of the cyclic carbonates is illustrated by
typical reactions carried out by Pasedach and co-workers.
The alkynol (MB) is reacted in sifu to form the cyclic
carbonate MB(CO,), which then undergoes further reac-
tion in the presence of an active hydrogen reactant.

Hydroxy ketones can be formed via reaction with wa-
ter, followed by loss of CO,. This is an alternative method
of hydrating a triple bond without the use of mercury

TABLE X Acetylenic Compounds Reacted with
Liquid Carbon Dioxide

Yield of cyclic

Acetylenic compound carbonate (%)

(a) 3-Methyl-1-butyn-3-ol 90
(b) 1-Chloro-3-methyl-1-butyn-3-ol 76
(c) 1-Ethynylcyclohexanol 87
(d) 4-Methyl-1-pentyn-3-ol 66
(e) 2,5-Dimethyl-3-hexyne-2,5-diol 93
(f) 2,7-Dimethylocta-3,5-diyne-2,7-diol 76
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salts or expensive transition metal catalysts. Reaction
with alcohols in turn yields the corresponding methylketo
open-chain carbonate in high yield (88-90%). Ethynyl-
diols resultin good yield through the sequential conversion
of the carbonate to the hydroxy ketone via water present
in the KOH, followed by ethynylation of the carbonyl pre-
cursor. The substitution of excess primary amine for the
tertiary amine cocatalyst results in good yields of disub-
stituted methylene oxazolidones. The reactions are car-
ried out at temperatures of 80—150°C at pressures below
40 atm.

H,O
MB(CO,) ——> (CH3),— ?—COCHg(SS%)
—CO,

OH )
(a)

CH;

KOH-H,0 _ ,H, |
MB(CO;) —(a) — (CH3),—C—C—C=CH
THF

OHOH (10

MB(CO,) + ROH — RO—CO,—C(CH3),—CO—CHj;
1)

MB(CO,) + R—NH, —> (CHj),—C—C=CH,
O N-R
N/
ﬁ (12)
o)

The cyclic carbonate from methylbutynol MB(CO,)
can also be copolymerized with such monomers as methyl
acrylate, styrene, and acrylonitrile. The acrylate copoly-
mer was considerably harder than the homopolymer of
methyl acrylate and had a glass transition temperature of
90°C vs 9°C for polymethylacrylate. By virtue of its car-
bonate functionality, MB(CO,) is an interesting reactive
monomer that not only provides increased hardness and
strength to the polymer matrix, but can also be used to
make modified polymer structures by further reaction with
the reactive ring system.

B. Arylacetylenes from Methylbutynol
and Aromatic Compounds

Selwitz and co-workers at Gulf Research and Devel-
opment Company have disclosed interesting technol-
ogy for the production of substituted arylacetylenes,
where the ethynyl group is directly attached to the aro-
matic nucleus. Arylacetylenes are normally quite diffi-
cult to prepare by direct substitution. The important fea-
tures of this process are the reaction of an active aryl
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such as m-nitrobromobenzene with 3-methyl-1-butyn-
3-ol (MB), using a catalyst composed of palladious
chloride and triphenylphosphine. The catalyst complex
[PACl,—P—(CgHs)3] is further activated with a catalytic
amount of cuprous iodide, used as promoter. The reaction
is carried out in an amine solvent at 50—100°C. The re-
sulting nitrophenylhydroxyacetylene is then cleaved with
base to the m-nitrophenylacetylene and acetone. The base
cleavage can be carried out in situ, and overall yields are,
on average, greater than 80%.

@Br + HC=C—C—(CHy), catalyst,_
OH

NO,
@CEC—$—(CH3)2
OH
NO,
A |NaOH
H;+catalyst
@CECH + (CHy),—CO(h)
NO,
C=CH
NH,

The arylnitroacetylene can be selectively hydrogenated
to the amino derivative, as shown above, using an un-
supported ruthenium sulfide (RuS,) catalyst. The yields
and selectivities of the above reactions are greater than
90%. Other useful products made by this technology are
m-bromophenylacetylene and m-diethynyl-benzene:

@Br + HCEC—cli—(CHs)z
OH

Br
OH
Br
+
(CH3)2—$—CEC4©CE$_C_(CH3)2
OH OH

Base cleavage of the above compounds yields m-
bromophenylacetylene and m-diethynylbenzene. These
arylacetylene intermediates are used in the preparation
of stable, high-temperature polymers, as discussed in
Section XIII.C. The m-bromophenylacetylene can be used
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as a precursor to form m-aminophenylacetylene, which
is an important acetylenic capping agent for polyimide
polymers. This is an alternative method of preparing the
m-amino derivative in place of catalytic hydrogenation,
cited above.

C. Acetylene-Capped Polyimide Polymers

The work of N. Bilow and co-workers under sponsor-
ship of the U.S. Air Force and Hughes Aircraft Com-
pany was responsible for novel, acetylene-terminated
oligomers that could be cured in the absence of cata-
lysts at 200°C to high-strength polymers. These acetylene-
terminated polyimides cured readily without objectional
evolution of volatiles such as water or alcohol to yield
nonporous, void-free, high-strength polymers stable up to
370°C. Graphitereinforced composites cured with these
acetylenic polyimides and subjected to aging in air at
320°C for 1000 hr had 75% of their flexural strength
retained. The polymers were also observed to be supe-
rior laminating resins for 6 A1-4V titanium in forming
titanium—titanium bonds stable at S00°F. The initial appli-
cation of these resins was directed primarily at the aircraft
and aerospace industries.

The basic polymer structure of some of these uncured
acetylene-capped polyimides is as follows:

0
I

C
(0) / X
He=c N 10T
C
m Il

(0)

s

|
C

I
\ (0) O / X
/N N\
C C
[l n |
(0] (0]
(0]
[l
C 0
N C=CH
C
I m
(0]

Polymer n X m

(6] O
C

HR-600 1 CcO 0
HR-602 2 CcO 0
HR-650 1 CcO

The uncured polymers are made by reacting aromatic
dianhydrides with aromatic diamines to form the polyamic
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acid precursor, which is then reacted with m-aminophenyl-
acetylene to end-cap the prepolymer. Azeotropic removal
of water (refluxing benzene or toluene) converts the
polyamic to polyimide acetylenic prepolymer. The latter
is then cured at 200°C.

Gulf Chemical Company purchased the technology for
these polymers and marketed the HR-600 product under
the trade name Thermid 600. The applications recom-
mended for the product included aircraft and missile struc-
tures, structural adhesives, low-friction bearings, nuclear-
radiation-resistant parts, and circuit boards. The Thermid
600 line included a polyimide molding powder (MC-600),
an N-methylpyrrolidone solution of the polyamic polymer
(50% solids, LR-600), and a fast-drying alcohol solution
of the polyamic ester form (Thermid AL-600). Gulf has
sold this specialty acetylenic polymer business to National
Starch.

D. Polyacetylene (—CH-),

McDiarmid and Shirakawa observed that the polymeriza-
tion of acetylene in the vapor state on glass surfaces with
Ziegler—Natta catalysts, followed by doping with a vari-
ety of additives such as halogens, antimony pentafluoride,
perchloric acid, sodium, and lithium, resulted in greatly
increased conductivity. A typical increase in conductivity
from that of the original undoped polyacetylene to that of
the doped polymer was of the order of 10~ to 10* (doped)
Qtem™l

Polymerization of acetylene at room temperature yields
amixed cis—trans product, approximately 70-80% cis iso-
mer. Polymerization at low temperature gives an all-cis
polymer. Heating the cis isomer to 200°C for 1 hr con-
verts it completely to the trans form. The conductivities of
the undoped cis and trans isomers are essentially identical
(cis, trans, 10~?), while both doped isomers give conduc-
tivities up to 10° Q! cm™! in resistivity.

Polyacetylene film is a fibrillar mat of randomly ori-
ented strands. The dopants used are classified as elec-
tron acceptors (bromine, iodine, arsenic pentafluoride)
or electron donors (lithium, sodium, potassium). A poly-
mer treated with donor or acceptor dopants yields n-type
or p-type semiconductors, respectively. Polyacetylene
doped with SbFs or AsFs is a better conductor of electricity
on a weight basis than mercury. The doped, random film
mat can be stretched oriented by thermal and mechani-
cal treatment to give conductivities as high as 2000 Q!
cm~!. The conjugated polyene chain of polyacetylene and
its formation of charge-transfer complexes with dopants
are responsible for the greatly enhanced conductivities
observed.

Polyacetylene has been given much publicity in pub-
lications, trade magazines, and the press. Applications
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for which it is claimed to have great potential are rechar-
gable, lightweight automobile batteries and rechargable,
portable energy-storage devices, solar batteries, radio and
EMI shielding, fuel cells, Schottky devices, and wire-cable
applications. Companies that have carried out research and
commercial development activities with polyacetylene are
Rohm and 2Haas, Allied, BASF, Xerox, IBM, GTE, and
Showa Denko. Rohm and Haas has actually produced pilot
quantities of undoped polyacetylene film for commercial
sampling.

To date, no significant markets have developed for
polyacetylene. The following problems are associated
with its production and the utilization of doped polyace-
tylene:

1. Difficulty in melt processing and extruding

2. Deterioration and loss of conductivity in air and in the
presence of moisture

Need for expensive processing equipment

4. Lack of compatibility with other polymeric materials

»

Polyacetylene, on a weight basis, is an outstanding con-
ductive material, but its chemical environments and con-
ditions of use must be carefully controlled. New dopants
such as hexafluorophosphide ion (PF;') render the poly-
mer more stable to oxidation and hydrolysis, and further
research along this line may be fruitful. Also, copolymer-
ization with new acetylenic monomers or the formation
of lower molecular weight, linear polyacetylenes may im-
prove the melt processability of the polymer.

Polyacetylene doped with lithium (as the anode) is
a highly conductive system, which because of poly-
acetylene’s highly unsaturated (polyene) structure has the
unique property of storing and releasing electrons. This
property, together with the low unit weight of the cell,
makes rechargable, portable batteries a commercial pos-
sibility. However, such a cell is highly vulnerable to air
oxidation and traces of moisture. Also, the other difficul-
ties cited above for doped polyacetylene have not yet been
resolved. At some future time in new space—age applica-
tions using the inertness of outer space, polyacetylene may
prove its worth.

The year 2000 Nobel Prize in Chemistry was awarded
to Alan J. Heeger, Alan G. MacDiarmid, and Hideki
Shirakawa for the discovery of and development of con-
ductive polymers, which among the first were the poly-
actylenes.

XIV. ACETYLENE RESEARCH IN RUSSIA

Russia has maintained a strong interest in acetylene chem-
istry since the discovery of the Favorsky reaction, in which
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aldehydes and ketones in the presence of potassium hy-
droxide and polar solvents yield acetylenic alcohols and
diols. A current site of Russian research is the Institute
of Organic Chemistry of the Russia Academy of Sci-
ences, at Irkutsk, Siberia. B. A. Trofimov and co-workers
have utilized KOH—dimethyl sulfoxide (KOH-DMSO) as
a superbase medium for a series of novel, acetylene-based
reactions. Some of the reaction systems developed by
Trofimov are described in this section.

A. Pyrroles and Vinylpyrroles from Acetylene
and Ketoximes

The reaction of excess acetylene with ketoximes in KOH—
DMSO medium under pressure at 70—-140°C yields a mix-
ture of pyrroles and N-vinylpyrroles. The reaction has
been studied intensively with aliphatic, alicyclic, and aro-
matic ketoximes and has become known as the Trofimov
reaction.

Ry CH2R, DMSO-KOH
N’ + CHy —— -
IUI
\OH
R, R,
3. D
R7 N R7 N
H |
CH:CH2

This method makes available many substituted pyrroles
not readily synthesized. By using a limited or stoichio-
metric amount of acetylene, the pyrrole can be made the
predominant product. The N-vinylpyrroles readily poly-
merize by a free-radical mechanism using azobisisobuty-
ronitrile as the initiator.

B. Oligomers from Acetylene
in KOH-NH3;-DMSO Media

Trofimov observed that low molecular weight oligomers
of the polyene type could be formed from acetylene in
a KOH-NH3;-DMSO system at 80-120°C under pres-
sure (12—-18 atm). The oligomers were deep brown to
yellow solids, readily soluble in acetone, and insoluble
in hexane and melted with decomposition at 300—400°C.
The products by infrared examination contained C=0,
C—0, and —OH functionalities, but no nitrogen. Yields
based on acetylene consumed averaged 75-88%. The
oligomers were paramagnetic and conductive. Moderately
polar amines such as triethylamine could be substituted for
ammonia with equivalent results. However, the use of ani-
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line required the addition of water to suppress nucleophilic
addition of the amine across the triple bond.

Trofimov views oligomerization as proceeding simul-
taneously via the following routes:

=N: + HC=CH —> =N—CH=CH (13)
+ _

+
=N—CH=CH—(CH=CH),_, (14)
—CH=CH,|OH"™
(CH3),—SO + KOH —

+
CH;— S—CHz_ <— CH3—S—CH; |[K + H,O
\ (15)
(0] 0o —

I+ C,H, <= K*|(CH3),—SO|C=CH,
I (16)

11 + I’lCsz —

HC=C—|CH=CH]|,_,—CH=CH—|(CH3),SO|K*
(17

_ C,H.
OH~ 4+ CH=CH —> HO—CH=CH, ——>

CH=CH—(CH=CH),—OH (18)

The products are interesting because of their polyene,

linear structure, solvent solubility, and conductive
properties.

C. Reactions of Triads: Sg—KOH-DMSO,
Seg—KOH-DMSO, Te-KOH-HMPA

A number of interesting transformations reported by
Trofimov and co-workers were based on the reaction of
Sg, Seg, and tellurium with acetylene in DMSO-KOH
or HMPA (hexamethylphosphoramide)-KOH medium to
yield the corresponding divinyl compounds:

DMSO
C>H, + 1S5 4+ KOH + H,0 —— 2(H,C=CH),—S
80—120°C

The reaction requires aprotic solvents such as DMSO
and HMPA for satisfactory yields, with both solvents be-
ing approximately equal in performance (DMSO, 80%;
HMPA, 76% yields). A small amount of water is required
in the reaction to function as a proton transfer agent.
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The reaction of the selenium triad (Se—KOH-DMSO)
with acetylene yields a significant amount of 2-vinyloxy-
1,3-butadiene, besides the expected divinyl selenide:

C,H, + Seg + KOH + H,0 —
(CH,=CH),—Se + CH,= |C— CH=CH,

O—CH=CH,
26% 20%

This by-productresults from the competitive hydration—
trimerization of acetylene vs vinylation. Also, the lower
yield of divinyl selenide is believed to be due to the rapid
oxidation of selenide ions by DMSO.

The tellurium triad gives a yield (54%) intermediate
between the sulfur- and selenium-based reactions:

HMPA
C,H, + Te + KOH + H,0 —— (H,C=CH),—Te
110—120°C

54%

The same reaction carried out in DMSO gives only a
30% yield. The most important commercial aspect of these
reactions is the process for divinyl sulfide, since sulfur is
an inexpensive abundant raw material.
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Divinyl sulfide (DVS) is one of the most important prod-
ucts discussed, since it can be formed in 98% yield from
hydrogen sulfide and acetylene:

KOH-DMSO
HQS + C2H2 —_— (HQCZCH)Z—S
80—100°C DVS (98%)

The reaction involving the addition of sulfide ion to
acetylene may involve a one-step concerted mechanism,
since all attempts to isolate monovinyl sulfide have failed.
Either sodium sulfide or sulfur (cyclic Sg) can be used as
the starting material, with the yields being somewhat lower
(80%) than with H,S. However, the use of elementary
sulfur has an economic advantage.

DVS has been studied extensively as a starting ma-
terial for other products via additions across its double
bonds, cycloadditions, free-radical reactions, and elec-
trophilic additions. A potentially important derivative is
divinyl sulfoxide (DVSO) made by the oxidation of DVS
with hydrogen peroxide:

H,0,/H,0
DVS W (CH,=CH),—S — O

While DVS is inert to nucleophiles, DVSO is quite ac-
tive in Michael-type additions, leading to numerous mono-
and di-adducts based on reactions with amines, alcohols,
thiols, and active C—H compounds.

NHR, + EtOH

30-50°C
(CH,=—=CH),—S (0]

D. New Reactions and Chemicals
Based on Sulfur and Acetylene

Trofimov’s research in acetylene—sulfur chemistry in-
cludes the activation of anions and triple bonds with su-
perbase systems, the reaction of sulfur nucleophiles with
acetylene in superbase media, the reaction of substituted
acetylenes with chalcogen nucleophiles (sulfur, selenium,
tellurium) in superbasic media, and prospective applica-
tions. He predicts that in the future both acetylene and sul-
fur will be sources of inexpensive raw materials for making
important acetylene—sulfur chemicals. Aprotic solvents
such as DMSO and HMPA are required for the high yields
obtained.

2NHR,

CH,—CH—S—CH,CH,—NR;

(0]

(R;N—CH,CH,),—$S

0]

DVS readily polymerizes with free-radical catalysts
and, as a cross-linking agent, yields macroreticular
copolymers, which have excellent ion-exchange proper-
ties. DVSO has potential as a monomer in various copoly-
mer systems and as a synthon for making new monovinyl
derivatives.

E. Vinylox (2-Vinyloxyethoxymethyl Oxirane)

Vinylox is a monomer with interesting commercial po-
tential. It is produced by partial vinylation of ethylene
glycol followed by condensation of the resulting 2-vinyl-
oxyethanol with epichlorohydrin.



86 Acetylene

NG~ o] =1-
“ on OH NP x=1-3 o 0
/ Vinylox \
CF3CH,0H CHClg
" / \
XO e v
/\OJ\O/\/O\A \/\O (0]
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(EtO)sSiH CH,=CHCH=0
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FIGURE 14 Vinylox-based derivatives. X =0, S, (‘%—O; X'=0,S,N, (‘?O; n=0-7.
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OH(CH,),0H + C,H, -~

CH,=CHO(CH,),0H

CH,—CHO(CH,),OH + CICH,CH—CH,
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A process for 2-vinyloxyethoxymethyl oxirane has
been developed and piloted in Russia by Trofimov et al.
This proprietary process for Vinylox production is now
being scaled up in Russia, since Vinylox has been shown
by Russian scientists to be a highly active bifunctional
monomer, reactive intermediate, and building block for
diverse applications. It provides direct and reliable routes

NaOH _ CH,—=CHO(CH,),0CH,CH—CH, to numerous compounds with commercial promise such
- as epoxyacetals, vinyloxyethoxymethyl cyclocarbonates,
Vinylox and vinyloxyethoxymethyl thiranes. Some important
RX R2 CN R? CN
N R“/—( “‘#
s. N (o) S
R 0" “NH Y R CN
NH, nes” R
HXR
X=0,S,NR; /
R =alkyl, H (NHp),C =S .
NH4SCN R CN
R1 /
o} O S
i \rr
%\ / o
R! (@) NHZ
— KSCN
HS(CHQ)QOH\ e /
R1+ p— CN(Y) R? CN(Y)
“‘#
~— o_ _S
NaS+9H,0 R2
0]

FIGURE 15 Hydroxyacetylenic esters and nitriles and their derivatives. Y = COOMe; R' = R2 = alkyl, R'-R2—

cycloaklylidene.
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reactions and derivatives of Vinylox are shown in
Fig. 14.

New epoxy resins of unique structures and high purity
which are nontoxic, noncorrosive, and possess lower than
expected viscosities are readily formed from this versatile
monomer. The cured epoxy resin, in turn, exhibits higher
strength and greater flexibility in a variety of composite ap-
plications. Polyols, glycols, carbohydrates, dicarboxylic
and hydroxycarboxylic acids, polythiols, and other sulfur
hydroxy compounds react readily with Vinylox to form
the corresponding polyglycidyl derivatives. Vinylox and
its derived epoxides are used as adhesives, active diluents,
plasticizers, and modifiers for diverse epoxide materials.
Small additions of Vinylox to synthetic rubbers enhance
their strength, elasticity, and water-freeze resistance. This
monomer and some of its derivatives exert a thermostabi-
lizing effect on PVC formulations. Vinylox can be copoly-
merized with both radical initiators and anionic catalysts
to give curable copolymers with n-butylvinyl ether, vinyl
acetate, N-vinylpyrrolidone, and other typical monomers.
With cationic catalysts, Vinylox forms both soluble and
cross-linked polymers, depending on conditions.

Potentially important derivatives of Vinylox are
2-vinyloxyethoxy-methyl thirane (trade name Vinylox-S)
and 3-(2-vinyloxyethoxy)-propylene-1,2-carbonate (trade
name Cyclovin).

F. Hydroxyacetylenic Esters and Nitriles

Trofimov and co-workers have explored the chemistry of
y-hydroxy-a,B-acetylenic esters and acetylenic nitriles,
prepared by the following routes.

1 CuCl,
R,—C—C=CH + CO + MeOH——
| PdCl,
OH
R,—C—C=C—CO,Me
|
OH
KOBr
2. Rz—CII—CECH—>
OH

CuCN
R,—C—C=C—Br —— R,—C—C=C—CN
[ DMSO |
OH OH

Esters and nitriles derived from tertiary acetylenic al-
cohols add smoothly to diverse O-, N-, and S-containing
nucleophiles to yield hetrovinyl derivatives which undergo
intramolecular cyclization to dihydrofurans and other het-
erocycles. From this chemistry, novel spirocyclicimines,
lactones, and 1,3-oxathiolanes have been obtained from
sulfur containing nucleophiles (sulfide and rhodanide
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ions), while acetylenic nitriles give new 1,3-thiazine sys-
tems and polyconjugated iminodihydrofurans. Figure 15
summarizes some of this novel chemistry, some deriva-
tives of which exhibit pesticide and other bioactivity.

SEE ALSO THE FOLLOWING ARTICLES

CATALYSIS, INDUSTRIAL ® PHARMACEUTICALS e PHY-
SICAL ORGANIC CHEMISTRY
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GLOSSARY

Chemotaxonomy (chemosystematics) System of clas-
sifying plant species by their alkaloid (or other natural
product) content.

Chromatography Method of separating the components
of a mixture by distribution between a mobile phase
(gas or liquid) and a stationary phase (e.g., silica gel,
alumina).

Chromophore Functional group (nitro, carbon—carbon
double bond, etc.) in an organic molecule that causes
absorption of ultraviolet or visible light.

Configuration Spatial arrangement of atoms or groups of
atoms around a central atom. (In structural formulas,
C—H means the H is below, C—H means the H is
above the paper plane).

Alkaloids

Heterocyclic ring Ring in which one or more of the ring
atoms are noncarbon atoms (e.g., oxygen, nitrogen).
Optical activity Capacity of some (chiral) compounds
to rotate the plane of polarized light passing through.
In the terminology of chiral compounds, the follow-
ing symbols are used: (4), dextrorotatory, clockwise;
(—), levorotatory, counterclockwise; ( ), indeterminate

rotation or not to be found in literature.

ALKALOIDS are naturally occurring, nitrogen-
containing organic compounds with the exception of
amino acids, peptides, pterines and derivatives, purines
and derivatives, amino sugars, and antibiotics. Clearly,
the division of naturally occurring, nitrogen-containing
substances into alkaloids and nonalkaloids is somewhat
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arbitrary, and the boundary line is drawn in different
positions by different authors.

I. ALKALOIDS IN HISTORY

Among the most notorious poisons in the history of
civilization are the alkaloids. Very early in history, hu-
man beings learned to exploit these organic compounds
for different purposes such as therapeutic treatment, de-
fense, cosmetics, and getting food. They also used alka-
loids to murder disagreeable fellow beings. Because they
were not aware of the toxic effects of some special alka-
loids, the use of these compounds led to small and great
disasters.

During the course of civilization, knowledge of natural
plant poisons and, accordingly, knowledge of poisonous
plants was lost, especially in towns, which is documented
by the increasing number of modern cases of poisoning.

The use of alkaloid-containing plants or plant parts with
therapeutic or stimulating effects is mentioned in the old-
est written documents. About 2700 BC, the Chinese Shen
Lung described the drug ma huang and its use in medicine.
The active component of this drug prepared from the plant
Ephedra chinensis is the alkaloid ephedrine. In the “Pa-
pyrus Ebers” (1600 BC, Egypt), among the more than
80 medicinal plants or drugs described are the follow-
ing alkaloid-containing drugs: hemlock (Conium macu-
latum), opium (from Papaver somniferum), Ricinus, and
Strychnos. The European discovery of America made
native American medicinal knowledge available in Eu-
rope and Asia. Drugs such as ipecacuanha (Psychotria
ipecacuanha) and the Peruvian bark of Cinchona spp.
stimulated medical interest because of their potent phar-
macological activities. At about the same time, Europe
became familiar with tabacco (Nicotiana tabacum). In
the 17th and 18th centuries, symptoms of diseases such
as fever (Peruvian bark), pain (opium), and constipation
(Ricinus) were treated with plant products. Even diarrhea
(ipecacuanha) and malaria (Peruvian bark) became cur-
able. Tobacco and ephedra (against sleep) were used as
stimulants.

Even in ancient times alkaloid-containing drugs such
as opium, mandragora (Mandragora officinalis), and hen
bane (Hyoscyamus niger) were used as anodynes in op-
erations. Synthetic chemicals such as narcotics were not
introduced until the 19th century.

Some of the drugs that were well known in the past are
today being misused and abused and their use is there-
fore restricted. They are prepared mainly from alkaloid-
containing plants, for example, opium and morphine from
Papaver somniferum, cocaine from Erythroxylum coca,
and mescaline from Lophophora williamsii. Repeated
consumption of these drugs leads to mania and addiction
(morphinism, cocainism, etc.).

Alkaloids

In medieval Italy, extract of the deadly nightshade (Az-
ropa belladonna) was once used to make women appear
more beautiful (Italian: bella donna) by dilating the pupils
of the eyes. Since prehistory, poisoned arrows and darts
have been used to enhance the effect of a shot. The ancient
Greek word toxon means “bow and arrow,” and the Latin
word foxicum for the poison used on arrows demonstrates
the wide use of poisons in ancient times, for both war
and hunting. In many regions of the world (East and West
Africa, South America, southern Asia, Borneo, Java), ex-
tracts of alkaloid-containing plants were prepared to ob-
tain the poison. In the northern part of South America,
especially the upper basins of the Amazon and Orinoco
rivers, the arrow poison (calabash and tubo curare) pre-
pared from different species of the genus Strychnos caused
respiratory arrest.

Another historical aspect of alkaloid use involves ex-
ecution. For example, in 399 BC the Greek philosopher
Socrates was sentenced to die by drinking a cup of hem-
lock (a liquid extract of the poisonous plant Conium mac-
ulatum). This was a common sentence at the time.

The biological effect of alkaloids also played a ma-
jor role in the so-called Opium War (1840-1842). The
British East India Company cultivated and monopolized
opium preparation from P. somniferum in Bengal (India),
and, since 1773, this company had exported an increasing
amount of the drug to China. The importation of opium
was forbidden in 1820 by the Chinese government. This
act precipitated the Opium War in 1840. China was van-
quished by England and, as a consequence, Hong Kong
was annexed to England (Treaty of Nanjing). Furthermore,
China was forced to open its ports to Western European
nations and to the British opium trade.

Until the 19th century, an epidemic disease caused by
bread poisoning was known in Western, Central, and East-
ern Europe. It was called raphania or St. Anthony’s fire.
Its spread between the ninth and thirteenth centuries in
France and Central Europe reached dramatic proportions
since, especially for poor people, no substitute for the sta-
ple food, corn, existed. Today, we know that alkaloids of
the fungus Claviceps purpurea were responsible for these
pharmacological effects. The fungus grows mainly on rye
and barley and sometimes on wheat and wild-growing
grass, producing several alkaloids, the so-called ergot al-
kaloids, which contaminate the food by way of the flour.
Consuming the poisoned food led to this disease, to multi-
lations, and in many cases to death. Nevertheless, ergot has
been used in medicine for many centuries (1582, herbal
book of Lonizer) to enhance labor in women.

Il. HISTORY OF ALKALOIDS

The year 1817 is regarded as the birth of alkaloid chem-
istry. In this year, the German pharmaceutical chemist
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TABLE | Historical Data on Isolation, Structure Elucidation, and Synthesis of Some Well-Known Al-

kaloids
Isolation of the Elucidation of the = Determination of the

Alkaloid Source pure alkaloid correct structure  absolute configuration Synthesis
Morphine ~ Opium 1805 1925 1955 1952
Emetine Psychotria ipecacuanha 1817 1948 1959 1950
Strychnine  Strychnos nux-vomica 1818 1946 1956 1954
Atropine Atropa belladonna 1819 1901 1933 1903
Quinine Cinchona bark(s) 1820 1907 1950 1944
Coniine Conium maculatum 1827 1881 1932 1886

F. W. A. Sertiirner isolated in pure state the compound
morphine (or morphia), which he had already described
in 1805. He identified morphine as the basic and active
principle of the drug opium.

It was now possible to measure an exact dose of mor-
phine owing to this first preparation of an active drug
principle in the crystalline state. Before this time, the
dosing of drugs by varying the composition was very
dangerous. Sertiirner’s success stimulated others to iso-
late other alkaloids. Initially, the well-established medic-
inal plants or drugs were investigated, for example,
Psychotria ipecacuanha, S. nuxvomica, A. belladonna,
Cinchona bark, and Conium maculatum, to extract eme-
tine, strychnine, atropine, quinine, and coniine, respec-
tively (Table I). At that time pharmacists and chemists
were concerned mainly with the purity, elemental com-
position, and subsequently the structures of these com-
pounds. But in most cases, the structures of the alkaloids
were too complicated to be elucidated because the neces-
sary physical and chemical methods were in their infancy.
As a result, structure elucidation in some cases required
more than 100 years. Some of the methods for structure
elucidation developed in the 19th century are still used
(see Section VI).

After the elucidation of its structure, an alkaloid is
subsequently synthesized. Synthesis may offer proof of
whether a structure is correct. The first synthesis of an al-
kaloid was that of coniine in 1886, 59 years after its first
isolation from the plant.

The structure of a natural product is considered to be
established as soon as its absolute configuration (i.e.,
the three-dimensional orientation of all atoms of the
molecule) has been determined.

lll. OCCURRENCE

The number of structurally different alkaloids has been
estimated to be 6000. Most of them occur in flora, ~1%
in animals, and not more than 0.5% in fungi and bacteria.

Coccinelline (from the European ladybird beetle Coc-
cinella septempunctata) is an example of an animal al-
kaloid, whereas the deep-blue pyocyanine (from Pseu-
domonas aeruginosa) exemplifies bacterial alkaloids. It
should be mentioned that, to date, not all living organ-
isms have been investigated with respect to their alkaloid
content. Therefore, the percentages mentioned are not

definitive.
i01°
N
N
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! CH;

CHj;

Coccinelline Pyocyanine

Within the botanical classification system, it is inter-
esting to consider the occurrence of alkaloid-containing
plants. Botanists estimate the number of plant genera
to be more than 20,000. (A genus is one order higher
than a species.) Only 9% of all genera have alkaloid-
containing species. These alkaloid-containing plants are
not statistically distributed over the genera; rather, they
occur most abundantly in genera belonging to the Di-
cotyledones and Monocotyledones of the Angiospermae
(flowering plants). Table II shows the increasing number

TABLE Il Alkaloid-Containing Plant Sections and Families
Known in 1950 and 1985

Number of
alkaloid-bearing plant
families known

Section Class 1950 1985
Angiospermae Dicotyledones 28 120
Monocotyledones 7 14

Gymnospermae 2 5
Pteridophytae 2 3
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of plant families known to contain alkaloids and the dom-
inance of the flowering plants. Alkaloids have rarely been
found in the Gymnospermae and Pteridophytae.

It has been suggested that in 40% of all plant families,
at least one alkaloid-containing species is known. On the
other hand, there are plant families (e.g., Papaveraceae)
in which all species contain alkaloids. Consequently, the
distribution of the alkaloids in flora is very dissimilar.

Alkaloids may occur in several parts of a plant (e.g.,
roots, stem, bark, leaves, fruits, seeds). In some cases (e.g.,
Papaver somniferum, A. belladonna) alkaloids are isolated
from all parts, whereas in other cases they are found in
only one part (e.g., the alkaloid of Aphelandra squarrosa
is found only in the roots). It should be noted that the
alkaloid-containing part of the plant may not necessarily
be the site of alkaloid formation.

The number of structurally different alkaloids varies
from plant to plant. For example, Catharanthus roseus
contains more than 100 alkaloids, whereas only 1 alka-
loid has been detected in A. squarrosa. Quite often the
ratio of the components of an alkaloid mixture is differ-
ent in different parts of the plant. Other factors that in-
fluence the level and diversity of the alkaloid content are
the age of the plant (e.g., investigated with Adhatoda va-
sica), the season (e.g., P. somniferum), the gathering time
during the day (e.g., Conium maculatum), and the habitat
(e.g., Maytenus buxifolia). The total amount of alkaloids
in plants fluctuates between ~10% of quinine (Cinchona
sp.) and ~5 x 107%% of triabunnine in Aristotelia pedun-
cularis, based on the dried weight of the drug.

IV. NOMENCLATURE

The system of nomenclature of alkaloids is similar to
that of other natural products such as flavonoids and ter-
penoids. To date, no unique system has been developed.
One of the major reasons is the vast number of differ-
ent skeletal types. In most cases alkaloids are denoted
by trivial names, which are derived from the (systematic)
botanical name of the source plant. The compound name
is derived either from the genus name (e.g., papaverine is
isolated from different Papaver spp.) or the species name
(harmaline is isolated from Peganum harmala). Some ex-
ceptions include pelletierine (referring to the name of the
famous alkaloid chemist Pierre Joseph Pelletier), mor-
phine (referring to the main physiological effect of an
alkaloid; the Latin deity of dreams was Morpheus), and
emetine (from Greek emetikos, “an emetic”).

A common feature of nearly all alkaloid names is the
ending “-ine” (English, French) or “-in” (German). In the
case of several different alkaloids occurring in the same
plant, the suffixes “-idine, Vo > ‘““inine,”’

EEINT3

-anine,” ‘“-aline,
and so on are added to the common principal form.
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V. EXTRACTION, ISOLATION,
PURIFICATION, AND ANALYSIS

A. Physical and Chemical Features
of Alkaloids

As with other organic molecules, the physical properties
of alkaloids strongly depend on their molecular structures.
Low molecular weight amines such as coniine (from Co-
nium maculatum) and pelletierine (from Punica grana-
tum) are colorless liquids. Other examples of liquid al-
kaloids are the Nicotiana alkaloids nicotine (from N.
tabacum) and actinidine (from Actinidia polygama). Alka-
loids of higher molecular weight—sometimes with addi-
tional oxygen functions—are usually colorless crystalline
compounds, for example, papaverine (from Papaver som-
niferum). Several colored crystalline alkaloids are also
known, such as the red-violet cryptolepine (from Cryp-

tolepis triangularis).
()8
N \)J\CH3
I H
H

(Nj[ >~ CH;
I H
H
(+)-Coniine (+)-Pelletierine
,‘\\CH?,
H;C
=~ N - = H
N CH; N

(—)-Nicotine (+)-Actinidine

The majority of alkaloids are basic compounds.
Whereas an alkaloid is usually soluble only in an organic
solvent such as ether, ethanol, toluene, or chloroform and
mostly insoluble in water, alkaloid salts (e.g., hydrochlo-
rides, quaternary methochlorides) are soluble in water.
Solubility in water is important for the therapeutic use
of alkaloids.

Most isolated alkaloids are optically active. The plane
of polarized light passing through a solution of an opti-
cally active compound is rotated either to the left (coun-
terclockwise, levorotatory) or to the right (clockwise,
dextrorotatory). The value of deflection is given, for

CHj;
H;CO N
LSO )
N
H;CO Z
l OCH3;
OCH3;
Papaverine
(m.p. 147-148°C)

-
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Cryptolepine
(m.p. 175-178°C)
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example, as the [o]p value. Optical activity is displayed by
any molecule containing a carbon atom with four different
substituents (asymmetric carbon atom).

a, e e a
e N
b \d d b

. S i N

a, b, d, e = different substituents

Occasionally, the same alkaloid occurs as an equimolar
mixture of levo- and dextrorotatory forms in the same
plant. In this case the [«]p value is zero. Such mixtures
are called racemates. Vincadifformine was isolated from
different plants in (—), (+), and (&) forms.

CHj;
COOCH3

(—)-Vincadifformine

COOCH;

(+)-Vincadifformine

Source [alp

Amsonia tabernaemontana  +600°

Vinca difformis +0°
V. minor —540°
Hydrogenation of —600°

(—)-Tabersonine

B. Extraction and Isolation

Several methods have been established for extracting ba-
sic alkaloids from plant material. As an example a method
frequently used for labscale extraction will be described.
In plants, alkaloids usually occur as salts of common
plant acids. The powdered drug is treated several times
with a mixture of methanol and acetic acid, transforming
the salts to alkaloid hydroacetates, which are soluble in
methanol. The combined filtrates are evaporated, and the
residue is taken up in 1% hydrochloric acid. Chlorophyll
and other neutral or acidic compounds and neutral alka-
loids can be extracted with an organic solvent such as ether
or methylene chloride. The remaining acid solution is ren-
dered basic with potassium carbonate, liberating the free
alkaloids, which can be extracted with other or methylene
chloride to yield the crude alkaloids. Alkaloids contain-
ing a quaternary nitrogen atom remain saltlike in the basic
aqueous solution. They can be isolated by precipitation
as water-insoluble salts such as picrates (with picric acid)
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or as Reineckates (with ammonium Reineckate) followed
by displacement of the complex anion to chloride (e.g.,
through ion exchange). An example of a quaternary alka-
loid is toxiferine dichloride from Calebash curare.

(—)-Toxiferine dichloride

C. Purification

Before preparative separation, it is necessary to exam-
ine the crude alkaloid extract by analytical thin-layer
chromatography or by high-performance liquid chro-
matography to obtain preliminary information about the
composition of the mixture. To detect alkaloids chro-
matographically, chromogenic reagents are used—for
example, Schlittler’s reagent (potassium iodoplatinate),
Dragendorff’s reagent (potassium bismuth iodide), or
cerium(IV) sulfate/sulfuric acid.

If the crude alkaloid mixture consists mainly of one
component, repeated crystallization from a suitable sol-
vent may furnish the pure alkaloid. A more complex mix-
ture must be separated by chromatography using silica gel,
alumina, or cellulose powder as adsorbents and mixtures
of organic solvents depending on the behavior of the in-
dividual alkaloids. Ion exchange and gel chromatography
have also been successfully used. Other separation meth-
ods based on differences in partition between two immis-
cible liquids of functionally diverse alkaloids are some-
times preferred; among these are (Craig) countercurrent
distribution and droplet countercurrent chromatography.

VI. STRUCTURE ELUCIDATION

The elucidation of the structure of an alkaloid requires
the determination of its elemental composition and the
bonded relationships of all constituent atoms in space.
The starting point is a homogenous compound that cannot
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be separated into components by physical methods. The
elemental composition of an alkaloid is determined by
combustion analyses or by high-resolution mass spec-
trometry. Structure elucidation begins in earnest with the
spectral investigation of the substance. Ultraviolet (UV)
spectroscopy (light absorption in the UV region) yields
information on the presence of chromophoric units such
as aromatic and other unsaturated systems. Infrared spec-
troscopy identifies functional groups such as ketones, es-
ters, amides, and hydroxyl groups and the degree of sub-
stitution of double bonds. Nuclear magnetic resonance
(NMR) spectroscopy (especially of 'H and '*C nuclei) re-
veals information on the number and the electronic and
stereochemical environment of the hydrogen and carbon
atoms. Mass spectrometry provides the accurate molecular
weight and the molecular formula through accurate mass
measurement of the molecular ion and may provide struc-
tural information for the molecule by comparison of the
fragmentation pattern with those of analogous systems.

In some cases it is possible to deduce the structure of
an alkaloid using only one of these techniques, especially
NMR and mass spectroscopy, but usually a combination of
all methods is necessary. Chiroptical measurements (opti-
cal rotatory dispersion and circular dichroism) assist in de-
termining the optical activity of the alkaloid. This reveals,
by comparison with known compounds, the molecule in
its three-dimensional orientation and may lead to the ab-
solute configuration.

Finally, and independently of knowledge about elemen-
tal composition and spectral data, it is possible to deter-
mine the structure of a crystalline compound by X-ray
diffraction analysis. An example of the results of such an
analysis is the strychnine stereoprojection below. There is
a possibility that the absolute configuration can be deter-
mined in this way.

(—)-Strychnine (absolute configuration)

Stereoprojection of a (—)-strychnine skeleton
without hydrogen atoms (absolute configuration)

Alkaloids

Only a small amount of a substance is required for spec-
troscopic analysis, particularly UV spectroscopy, mass
spectroscopy, and X-ray diffraction (approx 107>, 1072,
and 1073 g, respectively).

Chemical methods are also applied to the determina-
tion of structure. The major structural difference between
alkaloids and most of the other natural products such as
flavonoids and terpenoids is the presence of at least one
nitrogen atom. Since 1820, chemically related structure
elucidation of alkaloids has been based on specific reac-
tions occurring due to the special reactivity of the nitrogen
atom. The original reactions are of no value today; these
include destructive distillation, potash melt, and zinc dust
distillation. In many cases the destructive operations led to
heterocyclic systems that were part of the alkaloids. Some
of these heterocyclic systems were hitherto unknown, and
the names given to them reflect the name of the parent
alkaloid. Some examples illustrate this point.

The nomenclature of such compounds as quinoline,
isoquinoline, and quinolizidine is derived from the first
preparation of quinoline from quinine-type alkaloids

(Scheme I)hhh. The name piperidine reflects its first prepa-

ration from piperine, a pepper alkaloid (Piper nigrum).
The zinc dust distillation of the atropine-degradation prod-
uct tropane furnished 2-ethylpyridine. Destructive reac-
tions of this type are only of historical interest, since a
number of alkaloid degradations led to heterocyclic sys-
tems that exhibited no structural relation to the alkaloid
itself.

The most important reactions used in alkaloid chem-
istry are those that yield information about the neighbor-
hood of the nitrogen atom(s). One of the most extensively
used reactions is the Hofmann degradation of exhaustive
methylation. Treatment of an alkaloid containing a ba-
sic nitrogen atom with methyl iodide leads to a quaternary
ammonium salt. With base, the salt undergoes elimination
of a B-proton and scission of the N—Ca bond to yield an
olefin and a compound containing a tertiary nitrogen atom.
Through repetition, until the nitrogen atom is extruded as
N(CHj3)3, this reaction permits the determination of the
number of bonds between the nitrogen atom and the car-
bon skeleton of an alkaloid. In Table III the basic stages of
the Hofmann degradation of three different alkaloid types
are given. Other specific C—N degradation reactions are
also occasionally used in structure elucidation of the alka-
loids. Depending on the variation of alkaloid structures,
oxidative, hydrolytic, reductive, and other reactions can
also be applied.

Vil. CLASSIFICATION

In the following survey of alkaloids, we consider, first, the
nitrogen atom and its direct environment, and accordingly
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Cinchonine
(a quinine alkaloid)

O LI H

Piperine
(from Piper nigrum)

/CHB

Tropane
(from atropine)
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potash A
—_—
melt =
N

Quinoline
and other products

C)

KOH /
e
CoH5O0H N

Piperidine
Zn dust =
distillation >
N

CH3

2-Ethylpyridine

SCHEME 1 Classical degradation reactions of alkaloids.

we classify the alkaloids on the basis of their nitrogen-
containing structural features. In cases of alkaloids with
more than one nitrogen atom, preference will be given to
the most characteristic nitrogen function. Exceptions to
this criterion will be allowed only if other structural ele-
ments are more typical, as in the case of steroidal, terpene,
spermidine, spermine, and peptide alkaloids. Therefore,
with respect to the location of the nitrogen atom, the alka-
loids can be classified as follows:

. Heterocyclic alkaloids

. Alkaloids with an exocyclic nitrogen atom and
aliphatic amines

. Putrescine, spermidine, and spermine alkaloids

. Peptide alkaloids

5. Terpene and steroid alkaloids

N =

B W

According to this classification, the majority of alkaloids
comprise the heterocyclic group, whereas the putrescine,

spermidine, and spermine alkaloids form the smallest
group.

A. Heterocyclic Alkaloids

The representatives of this class have the nitrogen atom
in a heterocyclic ring. Alkaloids containing one nitro-
gen atom as part of a five-membered ring are the so-
called pyrrolidine alkaloids; an example is (+4)-hygrine
(from Erythroxylum sp.). The indole alkaloids form a large
group within this class. The indole chromophore con-
tains a five-membered ring and a benzene ring fused on
one side. Some examples are vincadifformine, toxiferine
dichloride (a bisindole alkaloid), strychnine, strictosidine,
ajmalicine, and vincamine. Harmaline (Peganum har-
mala), (—)-physostigmine or (—)-eserine (Physostigma
venenosum), and rutaecarpine (Evodia rutaecarpa) as
well as cryptolepine and triabunnine are of differ-
ent types. In pilocarpine (Pilocarpus pennatifolius), the
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TABLE Il Basic Stages of the Hofmann Degradation of Alkaloids

N-Methylation product First degradation product Second degradation product Third degradation product
of an alkaloid Repetition Repetition
B — _—
HsCe. B o CH; HsCs
\C_HJ CHy—N NS < CH; CH=CH,+ N(CHs);
| C 3 + H,0
t o Result: one bond between
N atom and C skeleton
N 7 \B I
p B
HC  CH, HC CH, HC CH
[ [ [
AN Result: two bonds between
H;C  CHj N atom and C skeleton
2C N | /CHz H-U
ITI
+ Hzo
[3 + N(CHj3);
+ H0 Result: three bonds between
N atom and C skeleton
five-membered ring contains two nitrogen atoms, as in HOOC N,CH3
the amino acid histidine. H
N
N\
B N
N
H:CO N7 , M
CH, H3C' o (+)-Lysergic acid
Harmaline ( )-Triabunnine
The peptide ergot alkaloids consist of one molecule of R HO. | A N
lysergic acid and a peptide unit. Typical examples are er- l/éH 0 Nfo
gotamine and ergocornine, both isolated from Claviceps R HNK/ N,
purpurea. O CH;R
In a similar variation of alkaloids with a five-membered o N/H ’
ring, the nitrogen atom is part of a six-membered ring. Ex- X
amples are coniine, piperine, sedridine (Sedum acre), -
skytanthine (Skytanthus acutus), pelletierine, and actini- AN
dine. Nicotine consists of both a five- and a six-membered N
ring, each containing a nitrogen atom. H

Through fusion of a benzene to a six-membered ring (—)-Ergotamine, R = R’ = H; R?= CH,—CgHs
with one nitrogen atom, two ring systems can be formed: (—)-Ergocornine, R = R’ = CH;; R>= CH(CH3),
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the quinoline and the isoquinoline system. An example of
a quinoline alkaloid is the cinchona alkaloid cinchonine.

AN N
N7 =

Quinoline Isoquinoline

Natural isoquinoline alkaloids are very abundant; ex-
amples are papaverine, norlaudanosoline, emetine, and
morphine. Although morphine cannot be classified as an
isoquinoline alkaloid on the basis of its structure, biosyn-

OCH;

OCH;,4

(—)-Emetine

(—)-Morphine

thetically it is derived from an isoquinoline alkaloid. Two
nitrogen atoms in one six-membered ring are present in
pyocyanine.

In quite a number of heterocyclic alkaloids, the nitrogen
atom is common to two rings; some basic skeletal types
and corresponding examples are the following:

Pyrrolizidine Indolizidine Quinolizidine
H;C HO
= \.CHs 7
CH
0 oo =5
| N
\ H,oN

(—)-Monocrotaline ( )-Slaframine
(from Crotolaria (from Rhizoctonia
sp.) leguminicola)
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(—)-Lupinine
(from Anabasis

and Lupinus
sp.)
H
3C\
HN N
H
25 25 Y CeHs
O _—cmon
¢ H

/
O/

Tropane (+)-Atropine

(racemate of hyoscyamine)
The nitrogen atom can also be common to three rings
as in coccinelline. In addition to the heterocyclic systems
mentioned above, some others occur as parts of alkaloids.

B. Alkaloids with an Exocyclic Nitrogen Atom
and Aliphatic Amines

Ephedrine and mescaline are two well-known representa-
tives of this class. Capsaicine was isolated from Piper and
Capsicum species.

@ ch, H;CO

H"'/C_C\‘H NH,
HO _N—CH; H3CO
H
H;CO
(—)-Ephedrine Mescaline
O
H3CO
;©/\§/U\(CH2)4—CH=CH—CH(CH3)2
HO
Capsaicine

C. Putrescine, Spermidine,
and Spermine Alkaloids

The alkaloids in this class contain putrescine, spermi-
dine, and spermine as the basic backbone; typical ex-
amples are paucine, inandenin-12-one, and aphelandrine,
respectively.

A~ NH, NH,
HN HN N N e

H

Putrescine Spermidine
H
SN N NN,
H,N
H

Spermine
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HO
O
Lo M
Id/\/\N i
SN
HLN K/\/NHZ

Paucine Inandenin-12-one
(from Pentaclethra sp.) (from Oncinotis inandensis)

(+)-Aphelandrine
(from Aphelandra squarrosa)

D. Peptide Alkaloids

Besides a (cyclic) peptide, the peptide alkaloids contain an
additional basic nitrogen atom, as demonstrated by mau-
ritine A built up from the L-amino acids valine, trans-
3-hydroxyproline, N,N-dimethylalanine, and phenylala-
nine, together with p-hydroxystyrylamine as the amino
component. This group of alkaloids are also called rham-
naceous alkaloids owing to their predominant occurrence
in the plant family of Rhamnaceae.

(—)-Mauritine A
(from Zizyphus mauritiana)

E. Terpene and Steroidal Alkaloids

Terpenes and steroids can be part of an alkaloid skeleton
that contains in addition at least one nitrogen atom. Be-

Alkaloids

sides monoterpene (e.g., B-skytanthine), sesquiterpene,
diterpene (e.g., aconitine, the poison of monk’s hood),
triterpene alkaloids, and steroidal alkaloids (e.g., cones-
sine) are known.

(+)-Aconitine
(from Aconitum napellum)

(—)-Conessine
(From Holarrhena species)

Other classification systems for alkaloids have been
proposed. In the biogenetic classification, the class des-
ignations are derived from the amino acids or other fun-
damental units that are considered precursors of alkaloid
formation in plants. This system has some advantages. As
demonstrated in this article, even the chemical classifica-
tion systems usually require biogenetic arguments in the
case of special alkaloids (e.g., morphine). However, it is
known from various organisms that they can biosynthesize
the same alkaloid from different amino acids. In Scheme 2,
the biogenesis of nicotinic acid is presented. The precur-
sor in the first pathway is tryptophan; that in the second is
aspartic acid. Although many biosynthetic pathways have
been established experimentally, some biogenetic propos-
als are only speculative. Considering these disadvantages,
it seems more plausible to use the classification system
based on the alkaloid structures.

VIil. BIOSYNTHESIS

The alkaloid chemist is interested in the identity of the
natural building blocks of alkaloids. On the basis of
many experiments it has been demonstrated that for the
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COOH
| NH
N 2
H
~
Tryptophan S~ (TCOOH
— I
N>
OH — N
HO CH, — COOH . .
+ 2 Nicotinic acid
HaoN COOH
HO
Glycerol Aspartic acid

SCHEME 2 Two different pathways in the biosynthesis of nico-
tinic acid.

large variety of alkaloids only a few building blocks are
needed. Structural variety is generated by special enzy-
matic systems in plant and animal cells. As expected,
amino acids play the most important role among the
nitrogen-containing precursors. But only a few amino
acids act as precursors in alkaloid biosynthesis. Scheme 3
lists the important amino acids (without specification of
their absolute configuration) together with their corre-
sponding alkaloid derivatives. In the case of rutaecarpine,
tryptophan is required in addition to anthranilic acid as a
second amino acid precursor.

The same amino acids that are the precursors of the al-
kaloid examples given in Scheme 3 act as precursors for
most of the other alkaloids. The remaining plant bases are
derived by the addition of ammonia or an alkylamine to
nonbasic precursors. Many of the nitrogen-building blocks
of alkaloids are terpenoids, fatty acids, and cinnamic acid
derivatives. Small carbon fragments, such as methyl ac-
etate, and carbonate complete the peripheral functional-
ities. Carbon—carbon bond formation, oxidation, and re-
duction reactions are typical enzyme reactions.

It is possible to establish a biogenetic pathway in a liv-
ing organism by using isotopic tracers. In feeding experi-
ments, specifically labeled precursors are introduced into a
plant or microbial broth. The labeling may be with either
radioactive (e.g., 3H, '*C) or stable (e.g., B0 isotopes.
Some difficulties are associated with this procedure. The
labeled precursor must be synthesized with the labels in
the known positions, and the amount of the label at each
position established. Once labeled precursor has been in-
corporated, the product must be isolated in a pure state,
the amount of label present in the whole molecule deter-
mined, and the precise location of the label established
by chemical degradation of the molecule to pure prod-
ucts, the radioactivity of which is then measured. In the
case of stable-isotope labeling, '*C-NMR spectroscopy is

Z:_\<TCOOH
N

H2 MHp 1 H
CH3

Ornithine (+)-Hygrine

H
QCOOH > (
NHo NT!?

NH2 H H

Lysine

/@/\‘/COOH
NH
R 2

Phenylalanine, R = H
Tyrosine, R = OH

(—)-Ephedrine

CH3z
COOH Oa_-0
T, — &
NH
u 2 H/ \CH3 [;] N\
HsC H  CHz
Tryptophan (—)-Physostigmine
H
N \ COOH l}l \ CoHs
| -
NH
(N 2 AN o 0
H H
Histidine (+)-Pilocarpine
COOH |
HaN N 0
i . N (
N
Anthranilic acid Rutaecarpine
Heo
H3C “=CHs
NH3 —_ H
N
1
CHz

Ammonia (+)-B-Skytanthine

SCHEME 3 Examples of alkaloids and their corrsponding amino
acid precursors.
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o_-COOH HO o COOH HO
3 1 °
2 > —_—
NH2 NH2 NH2
HO HO HO

Tyrosine

4
HzCO nes

=N
H3CO Ale,

H3CO l

H3CO

Papaverine

Dopa Dopamine

0]
d
o COOH HO
—
NH2
HO HO

COOH

3,4-Dihydroxyphenylpyruvic acid

(—)-Norlaudanosoline

SCHEME 4 Main pathways in the biosynthesis of papaverine from tyrosine in Papaver somniferum L (® and A = '4C).

necessary for the detection of the marked positions. From
such experiments it can be ascertained whether a proposed
compound is a precursor of an alkaloid. It is important to
note that the results are valid only for the specific plant
product of a specific plant because different pathways for
the same product are known.

As an example, the biogenesis of the alkaloid papaver-
ine from Papaver somniferum is given in Scheme 4. Ty-
rosine is the precursor of papaverine in P. somniferum
since introducing the labeled tyrosine in position 2 by
14C (=[2-"*C]tyrosine) into the plant resulted in incorpo-
ration into papaverine at positions C-1 and C-3. There-
fore, two molecules of tyrosine are transformed into one
molecule of papaverine. Several chemical reactions are
involved in the transformation of tyrosine to papaverine:
for example, in tyrosine the aromatic nucleus is substi-
tuted only by one oxygen atom, tyrosine contains a carbo-
cyclic acid residue that is not present in the product, and
in papaverine only one nitrogen atom is present, com-
pared with the two in the precursor. Detailed analysis
of the pathway, again using labeled precursors, showed
that tyrosine is first hydroxylated in plant cells into 3,4-
dihydroxyphenylalanine (Dopa). Dopa is decarboxylated
(loss of CO,) to give dopamine. Feeding experiments
with dopamine have clearly demonstrated that only one
molecule of dopamine is incorporated into papaverine.

The conclusion of this experiment is that tyrosine plays a
double role. It is hydroxylated and decarboxylated to form
dopamine, and it is transformed into the intermediate 3,4-
dihydroxyphenylpyruvic acid. The condensation reaction
between an amine and a ketone, as well as the cyclization
of the intermediate imine, is a well-known organic syn-
thetic process. In case of the biosynthesis of papaverine,
norlaudanosoline is the product of condensation, cycliza-
tion, and decarboxylation. With the aid of labeling ex-
periments, it has been verified that norlaudanosoline is in-
deed the precursor of papaverine. Furthermore, it has been
shown that the O-methylation of (—)-norlaudanosoline
proceeds stepwise and partly parallel with dehydrogena-
tion to papaverine.

IX. CHEMOTAXONOMY

As mentioned above, the occurrence of alkaloids in plants
is strongly related to the plant families. For a long
time, it has been known that closely related plants con-
tain the same structurally similar alkaloids. For exam-
ple, the two tropan alkaloids atropine and hyoscyamine
were isolated from the nightshade plants (Solanaceae)
Atropa beiladonna (deadly nightshade), Datura stra-
monium (thorn apple), and Mandragora officinarium
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(mandrake). Therefore, a classification of plant species
based on the structures of their alkaloids and other chem-
ical ingredients has been attempted. Such a system of
classification of plant species by chemical compounds is
known as plant chemosystematics or chemotaxonomy.

To investigate a group of alkaloids in the chemosystem-
atic sense it is necessary to have a large body of statistical
material available; otherwise, the results will be of uncer-
tain value.

The distribution of indole alkaloids in plant species has
been quite well investigated. The number of structurally
known alkaloids is ~1200. They have been isolated from
more than 400 different plant species. Some alkaloids were
isolated from only one species; others were from many
different species. A total of 1200 indole alkaloids have
been isolated nearly 3500 times. These data underline the
importance of this class of alkaloids for chemosystematic
studies. To establish a botanical classification system on
the structural basis of the indole alkaloids plants contain,
it is important to investigate their biogenetic relationships.

The above-mentioned 1200 indole alkaloids taken into
consideration are built up from tryptamine or tryptophan
(the basic components) and the monoterpene derivative
secologanin. It was shown that tryptamine and secolo-
ganin are directly transformed to the alkaloid strictosi-
dine (Scheme 5). Most of the 1200 indole alkaloids are
derivatives of strictosidine. They are distinguished from
strictosidine by variations in the functional groups (e.g.,
—H — —OH; NH — N—CH3) and/or loss of carbon

cHo zCHe
H
7 _-0 Glucose
H”” )
H3CO0C A

(—)-Secologanin

R
H

Tryptamine, R = H
Tryptophan, R = COOH

N/

CHz

H
_.0 Glucose

H3CO0C

(—)-Strictosidine

SCHEME 5 The indole alkaloid strictosidine is built up from the
base trytamine and the monoterpene secologanin.
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atoms (e.g.,—COOCH; — —H) and/or opening or form-
ing of chemical bonds. In Scheme 6 examples of struc-
tural changes of strictosidine leading to the indole alka-
loids ajmalicine, strychnine, and vincamine are given. The
structural changes occur only in the secologanin part of
strictosidine: in all cases the tryptamine part remains un-
rearranged. Therefore, to emphasize the changes in the
secologanin part, the carbon skeleton of the latter is pre-
sented in heavy lines in the scheme. These changes can
occur by rotations around or rearrangements of various
carbon—carbon bonds. Changes of oxygen functionality
and double bonds and so on are not considered. The car-
bon skeleton of ajmalicine can be derived from that of
strictosidine by rotation of one carbon—carbon bond. Two
additional rotations are necessary to explain the forma-
tion of the carbon skeleton of strychnine. In addition, the
COOCHj3; group should be eliminated and two additional
carbon atoms (as an active acetate unit) have to be intro-
duced into the molecule to reach strychnine. To explain
the formation of the carbon skeleton of vincamine from
that of ajmalicine, a rearrangement of a three-carbon chain
is necessary. Strictosidine, ajmalicine, and strychnine are
examples of indole alkaloids with a so-called nonrear-
ranged carbon skeleton. All of the alkaloids with a nonre-
arranged carbon skeleton have the same absolute configu-
ration at C-15 (marked in Scheme 6) as in secologanin at
C-7 (Scheme 5). In the rearranged types, the chirality of
C-15 disappears.

Nearly all (more than 99%) of the 1200 indole alka-
loids mentioned above were isolated from plant species
belonging to only three plant families: Apocynaceae, Lo-
ganiaceae, and Rubiaceae. It is remarkable that alkaloids
of the strictosidine and ajmalicine types were isolated from
the plants of all three families. Alkaloids of the strychnine
group are known to occur only in the Loganiaceae. Al-
kaloids with a rearranged secologanin skeleton (e.g., vin-
camine) occur only in the Apocynaceae. Characteristic al-
kaloids of the Rubiaceae are ajmalicine-type compounds
in various oxidation states.

The chemotaxonomic conclusion from these results are
as follows. The enzyme system generating strictosidine-
type alkaloids from tryptamine and secologanin must be
the same in all three plant families (strictosidine syn-
thetase). The most primitive plant family seems to be the
Loganiaceae because the species of this family produce
only the unrearranged skeleton types. Their special abil-
ity consists in the incorporation of an additional C; unit. To
rearrange a carbon skeleton, more advanced enzyme sys-
tems are necessary. Therefore, it is deduced that the Apoc-
ynaceae are more developed than the Loganiaceae. For
other reasons not mentioned, Apocynaceae and Rubiaceae
are thought to be equivalent. Besides special oxidation
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- CH3zOH
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SCHEME 6 Structural relation of strictosidine to other types of indole alkaloids. Carbon skeleton of the secologanin
unit is given in heavy lines. % denotes equivalent to: ~, cleavage; R, rearrangement of carbon—carbon bonds; C,
conformation changes by rotation around carbon—carbon bonds.

reactions, they can use tyramine (decarboxylated tyrosine;
Scheme 3) instead of tryptamine in the alkaloid formation
(e.g., emetine). A more detailed analysis of alkaloid struc-
tures in relation to plant families, subfamilies, tribes, gen-
era, and species led to a proper classification of some plant
species that had been incorrectly placed in the botanical
classification system.

X. ROLE

A. In Natural Sources

Alkaloids can be described as products of secondary plant
metabolism like other complex natural compounds such as
flavonoids, terpenoids, and steroids. The role of alkaloids
in alkaloid-containing plants is still a matter of specula-
tion. For a long time, it has generally been accepted that
alkaloids are end products of metabolism and are waste
products of the plant. However, more recent investiga-
tions have shown that alkaloids are involved in a dynamic

process; for example, the amount of the alkaloid coniine
in Conium maculatum varies during a single day as well
as in the course of the development of the plant. There
have been similar observations of the atropine alkaloids
in A. belladonna and the opium alkaloids in P. somniferum.
In isotopic labeling experiments it was demonstrated that
the turnover rate (half-life) of alkaloids in plants is very
fast. This clearly shows that plants do metabolize alka-
loids, and therefore the theory that alkaloids are metabolic
end products is no longer tenable. However, whether al-
kaloids are of any use to the plant is still debatable since
in only a few cases has it been shown that alkaloid-
containing plants are protected against consumption by an-
imals. On the other hand, both alkaloid-free and alkaloid-
containing plants can be attacked by parasites, fungi, and
bacteria.

In contrast to their role in plants, the function of alka-
loids in insects is much more established; for example,
coccinelline, the tricyclic alkaloid N-oxide, is produced
by beetles of the Coccinellidae and is used as a defensive
allomone against predators.
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TABLE IV Pharmacological Properties of Some Alkaloids

Alkaloid Pharmacological action
Aconitine Antipyretic, antineuralgic
Ajmalicine Antihistaminic
Ajmaline Antiadrenergic, antiarrthythmic
Atropine Anticholinergic, mydriatic, antispasmodic
Camptothecine Antitumor activity
Cocaine Local anesthetic, vasoconstrictor
Codeine Antitussive
Emetine Emetic, amebicide
Ephedrine Sympathomimetic
Ergot alkaloids a-Sympatholytic, vasodilator,

Homoharringtonine
Morphine
Papaverine
Physostigmine
Pilocarpine
Quinidine

Quinine

Reserpine
Scopolamine
Tubocurarine chloride
Vincamine
Vincaleucoblastine

Vincristine

antihypertensive
Antitumor activity
Analgesic, narcotic
Antispasmodic
Parasympathomimetic, miotic
Parasympathomimetic, diaphoretic, miotic
Antiarrhythmic
Antimalarial
Antihypertensive
Mydriatic, parasympatholytic
Muscle relaxant
Vasodilator, antihypertensive
Antineoplastic

Antineoplastic

B. Alkaloid Structures in Drug Design

The pharmacological importance of alkaloids is enor-
mous. Since the discovery of morphine by Sertiirner, many
plant alkaloids have been used directly or by molecular
modification for therapeutic purposes. Even today a num-
ber of alkaloids (or their hydro salts) are used clinically.
Examples are given in Table IV; their structures are shown
in Scheme 8.

H';C ~

NcoocH; 9
(0]
H

Cocaine

(|:2H 5 O
H5C2—N\ /O
H,C—CH,

NH,
Procaine
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Other useful therapeutic agents are derivatives of alka-
loids with minor changes in the molecular structure, such
as 2,3-dehydroemetine (amebicide), strychnine N-oxide
(analeptic), and N,N’-diallylnortoxiferine dichloride [po-
tent muscle relaxant; it differs from toxiferine dichloride
in the substituents of two nitrogen atoms: (N)—CH,—
CH=CH; instead of (N)—CHs]. Finally, another group
of compounds used therapeutically differ substantially in
structure from the natural alkaloids. In their analgesic ac-
tion cocaine and procaine are similar. The analgesic ac-
tivity of morphine greatly stimulated molecular modifi-
cation of its structure, even before all the details were
known. Cyclazocine is considered to be ~40 times more
potent analgetically than morphine given subcutaneously
or orally. Because of side effects it is unacceptable as a
general analgesic. Etorphine, another modified morphine,
is 100-80,000 times more potent than morphine, depend-
ing on the test system used. It is interesting that compound
A given in Scheme 7 has enhanced antitussive activity,
whereas its analgesic power is lower than that of mor-
phine. The pharmacology and “modification” of alkaloids
is a fascinating and at the same time very important aspect
of medicinal chemistry.

In many cases the source of clinically used alkaloids is
still the natural plant (e.g., morphine, quinine), but in some
cases industrial synthetic products are preferred (e.g., vin-
camine, 2,3-dehydroemetine).

HO.
I’H
H3C N—CH2
]
CHz I;
Morphine Cyclazocine

Compound A
SCHEME 7 Morphine and three of its modifications.

Etorphine
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Quinidine, R === H
Quinine, R = ---- H

OCH3

Codeine Reserpine
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CH3z

Scopolamine Tubocurarine chloride Vincaleucoblastine, R = CH;

Vincristine, R = CHO

HsC 0
HO
HaC oHg
Camptothecine Homoharringtonine

SCHEME 8 Structures of alkaloids in Table IV.
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GLOSSARY

Antibody A large protein molecule that binds reversibly
and with high specificity to a small molecule or a spe-
cific region (epitope) of a macromolecule.

Bioconjugate Generally, a synthetic substance in which
a functional biological molecule is conjugated (linked)
to another substance with useful properties. The latter
may be another biological molecule, a synthetic poly-
mer, a small molecule, or even a macroscopic particle
or a surface.

Enzyme A protein (or nucleic acid) that catalyzes a chem-
ical reaction, such as hydrolysis of a peptide bond.
Epitope A molecular group, part of a larger molecule,
recognized by an antibody or other binding macro-
molecule. Typically, a small number of amino acid
residues in a particular geometric arrangement on the

surface of a protein.

Hapten A small molecule recognized by an antibody or
other binding macromolecule. Sometimes referred to
as a ligand. A hapten may be conjugated to another

molecule. For example, biotin binds strongly to the
proteins avidin and streptavidin. Biotin may be con-
jugated to other molecules (see Fig.1), which can
then be trapped by binding to immobilized avidin or
streptavidin.

Liposome A particle composed of multiple phospholipid
molecules, arranged in a bilayer structure to enclose a
small aqueous space (see Fig. 2).

ODN An oligodeoxynucleotide, a short, synthetic frag-
ment of deoxyribonucleic acid (DNA).

PEG Poly(ethylene glycol), also called PEO, poly(ethy-
lene oxide) (see Fig. 3). The degree of polymerization
n is usually specified according to the average number
of CH,—CHj units in a polymer molecule.

BIOCONJUGATE CHEMISTRY involves the joining of
two molecular functions by chemical or biological means.
This includes, among other topics, the conjugation of
antibodies, nucleic acids, lipids, carbohydrates, or other
biologically active molecules with each other or with other
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FIGURE 1 D-Biotin conjugated to another molecule, represented
by R.

substances that add useful properties (polymers, drugs, ra-
dionuclides, toxins, fluorophores, photoprobes, inhibitors,
enzymes, haptens, ligands, surfaces, metal particles, etc.).

. CHEMICAL PRINCIPLES

A. Nucleophiles and Electrophiles

A basic feature of almost all applications of bioconjugate
chemistry is the attachment of one chemical species to
another. Most often this is done by forming an ordinary co-
valent chemical bond, taking advantage of naturally occur-
ring reactive groups where possible. For example, proteins
commonly have an abundance of nucleophiles (electron-
rich atoms or molecular groups) on their surfaces (see
Fig. 4), which can react with electrophiles on synthetic
reagents.

B. Chemistry of Functional Groups
and Reagents

1. Thiols

The thiol (—SH) group, which occurs on the side chain of
the amino acid cysteine, is a particularly reactive nucle-
ophile. When treated with an appropriate electrophile, it is
not unusual that a single thiol will serve as by far the most

-50 nm
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n-1

FIGURE 3 PEG. R and R’ refer to attached groups.

reactive site in a protein containing many other, nitrogen-
or oxygen-based, nucleophiles. Because of their affinity
for metals, thiol groups are also used to attach molecular
linkers to metal particles or surfaces.

2. Amines

The amino (—NH;) group, which occurs on the side chain
of the amino acid lysine, is also a reactive nucleophile.
Because lysine is a common amino acid (a typical an-
tibody molecule of type IgG has more than 80 lysine
residues), it is often the target of chemical modification by
electrophiles.

3. Disulfides

The disulfide bond (—S—S—), formed by mild oxidation
of two thiols, plays a significant role because it is eas-
ily broken by mild reducing agents. The disulfide bond is
not particularly reactive to nucleophiles or electrophiles,
providing a strategy to protect a thiol from reaction. A
disulfide bond can also be used to temporarily attach one
component of a bioconjugate to the other; reductive cleav-
age can easily reverse the attachment.

4. Active Esters

a. Carboxylic. Of the formula R—CO—X, where X
is a leaving group that is easily displaced, these reactive
groups are commonly used to acylate amino groups to

VNS
= aivg

L %on

=

(CHZ)nY o

(C H2) n\ro/ 0)

0

FIGURE 2 Example of a liposome (phospholipid vesicle) conjugated to functional molecules R.
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FIGURE 4 Some biological nucleophiles commonly used in bioconjugate chemistry: cysteine, lysine, and a 5’ phos-
phorothioate group from a synthetic nucleic acid. Nucleophilic atoms are shown in boldface.

form amides R—CO—NHR’, attaching molecular groups
R to lysine residues on proteins R'.

b. Imidic. Of the formula R—CNHj—X, used
similarly.

5. Isothiocyanates

Of the formula R—N=C=S, these reactive groups are com-
monly used to modify amino groups to form thioureas
R—NH—CS—NHR’, attaching molecular groups R to ly-
sine residues on proteins R’.

6. Alkylating Agents

a. Alkyl halides. Of the formula R—CO—CH,—X,
commonly used to alkylate thiol groups to form thioethers
R—CO—CH,—SR’, attaching molecular groups R to cys-
teine residues on proteins R'.

b. Alkenes. Containing a C=C double bond near an
activating group, such as carbonyl, used similarly.

7. Photoprobes

Containing photosensitive groups such as aryl azide
R—N3;, diazo —CN,—, or ketones R—CO—R’, which
upon irradiation with ultraviolet light produce energetic
reagents for covalent attachment to targets.

Il. MULTIPLE SITES OF CHEMICAL
CONJUGATION: MATHEMATICS
OF RANDOM LABELING

Biological molecules such as proteins or nucleic acids can
have many sites with similar chemical reactivity, such as
lysine residues or phosphate residues. Random copoly-
mers can also contain multiple reactive sites with simi-
lar properties. Chemical conjugation involving these sites
leads to complex mixtures of products.

Consider a macromolecule with three equally reactive
sites (n = 3) that can be modified by a reagent. We will
use a simple 3-bit notation to label each possible product
in the resulting mixture (see Fig. 5).

If modification of one site on the macromolecule has
no effect on modification of the others (the usual approx-
imation), we can define a conversion ratio s as a ratio of
concentrations

[100] [010]  [00O1]
* 7 [000] ~ [000] ~ [000]
(Here we compare each singly modified species to unmod-
ified.)

Using the same assumptions, we discover that doubly
modified macromolecules are related to singly modified
ones by the same factor s, and to unmodified ones by s>

[110] _ [110] _[110] [100]
[100] ~ ° [000] _ [100] “[ooo] " *fT

(Note there are three of these.)

/{/l\l\\ Unmodified
000

QL 42 19
J2Q QLQ 9%

Fully modified

111

FIGURE 5 lllustration of species produced by random labeling.



96

Bioconjugate Chemistry

Random labeling, n=60, v=5
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FIGURE 6 Species resulting from random labeling of a macromolecule having n=60 equally reactive sites, such
that the average molecule has n =5 haptens attached, according to Eq. (2).

Similarly, for triply modified macromolecules

[
o] "~
and
iy
L2 N
[000]

Another important factor is that there is more than one
way to produce a macromolecule with one site modified
(e.g., there are three distinct singly-modified species in
this example). In general, if a macromolecule has n sites
and exactly r of them are randomly modified, then there
will be n!/(n —r)! e r! distinct isomers as products.

The mole fraction of any of the species is given by, e.g.,
X()()] = [001]/Z[SSS], where

3 [SSS]
Z[SSS] = [000](2 —[000]>
=[0001(I +s+s+s+s>+s+s>+5°)

Z n! ,
=[000] ) " e = 10001z

r=0
Note that Z is easy to calculate if we know s and n.

So the mole fraction of any species is, e.g.,
Xoo1 =[001]/>"[SSS]1=[001]/{[000]Z} =s/Z=s/(1 +
3s + 352 + s3). In general, the mole fraction f; of product
with a particular degree of modification r is (Eq. 1):

n!

(n—r)!or!s

fr =
2k = BTe kT —'/Sz Ikl

The average value of r in areal mixture of modified macro-
molecules is denoted v, which is given by Eq. (2):

!
r 2k ms k
Figure 6 plots the fraction f. of macromolecules having
exactly r haptens attached, up to the value r = 11. Note that
each column contains contributions from n!/(n —r)! e r!
distinct isomers. Eq. (2) can be used to calculate f, for
larger values of r.

lll. MOLECULAR CLONING: MODERN
PREPARATIVE METHODOLOGY

Gene fusion, whereby the gene coding for one protein is
connected to the gene coding for another, is one method
by which site-specific attachment of two proteins can be
achieved. Site-directed mutagenesis, in which one amino
acid residue of a protein is genetically altered to produce
a mutant protein containing a single cysteine residue, is
suited for site-specific conjugation of other molecules or
site-specific immobilization of the protein onto a surface.

IV. ANALYSIS OF BIOCONJUGATES

A. Methods

Characterization of bioconjugates frequently relies on
assays of the properties of the components (enzyme
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activity, antibody binding, radioactivity, fluorescence,
etc.). In addition, gel electrophoresis, high-performance
liquid chromatography, and mass spectrometry are fre-
quently employed to confirm composition, molecular
weight, homogeneity, and even details regarding sites of
attachment. Bioconjugates involving larger components
such as particles or surfaces are characterized using mi-
croscopy and other surface-science techniques.

B. Challenges

The precise specification of the chemical linkages formed
when a protein or other biomolecule is chemically attached
to another biomolecule, the product often having molecu-
lar weight >100,000 daltons and multiple possible points
of attachment, is rarely attempted. In the past and still to-
day, researchers often work with mixtures of molecular
conjugates having different points of attachment but sim-
ilar composition. In special cases, a particularly reactive
naturally occurring residue such as cysteine permits easy
preparation of homogeneous products.

V. NOMENCLATURE

The complexity of typical bioconjugates has so far
defeated efforts to systematize their nomenclature. It is
customary to name products by referring to starting ma-
terials; thus antibody—enzyme conjugates are named ac-
cording to the individual molecules involved.

VI. EXAMPLES

A. Targeted Therapy

An important application of bioconjugates involves the
treatment of disease by specifically targeting disease sites.
Combining the properties of an antibody, synthetic poly-
mer, or liposome with those of a drug, nucleic acid, or
radionuclide is currently an important research activity.
Some therapeutic products are now commercially avail-
able, and many clinical trials are under way.

The important properties of antibodies are their spe-
cific binding to molecular targets on diseased cells and
the physiological consequences of their large size, which
influence where they localize and how long they remain
there. Artificial polymers such as PEG share some of the
latter properties, as do liposomes. Smaller molecules can
be used in place of these targeting moieties, including
smaller fragments of antibodies that retain binding speci-
ficity (Fab fragments, single-chain antigen binding pro-
teins, targeting peptides, etc.) and non-protein molecules
based on nucleic acids (aptamers) or other structures found
to bind to or accumulate in biological targets. A typical
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use of the polymer PEG is to modify the biological prop-
erties of proteins. By attaching PEG groups to lysine side
chains, it is possible to reduce the likelihood that the im-
mune system will mount a response to the protein. This
permits repeated use of the protein over several cycles
of treatment. Another application of PEG conjugation is
to modify the rate at which a protein leaves the circula-
tion, allowing therapeutic bioconjugates to circulate for
longer periods. The important properties of nucleic acids
and their analogs involve modification of gene expression
processes in target cells. This may occur by the insertion
of new genes into cells, or by interference with the expres-
sion of existing genes by “antisense” binding. Antisense
oligodeoxyribonucleotides (ODNs) can inhibit gene ex-
pression by hybridization to complementary messenger
RNA sequences inside cells.

B. Imaging

Bioconjugates of low molecular weight are used exten-
sively in imaging sites of human disease by nuclear tech-
niques such as **™Tc scintigraphy (making images from
gamma photons). Here a coordination complex formed
between the metal technetium and an organic ligand with
targeting properties (e.g., a small peptide, a hormone ana-
log, etc.) serves to localize the radiotracer in the tar-
get tissue. Positron Emission Tomography (PET) with
18F-labeled fluorodeoxyglucose or other small molecules
provides higher resolution images by detecting two anni-
hilation photons in coincidence.

Magnetic Resonance Imaging (MRI) sometimes makes
use of bioconjugates containing paramagnetic metals such
as gadolinium or manganese conjugated to polymers to
modify their relaxivity properties.

Optical imaging probes that fluoresce in the near-
infrared wavelength region can be conjugated with tar-
geting molecules and used for in vivo imaging.

1. Separation and Analysis in vitro

Immobilization of biomolecules by linking them to sur-
faces, such as the wells of microtiter plates, magnetic
beads, or chromatography supports for subsequent, spe-
cific binding of target molecules is often the first step to in
vitro analysis. The nature of the linkage may be as simple
as adsorption of a protein to a hydrophobic surface, or it
may involve covalent attachment of the biomolecule to re-
active groups on the surface using the chemical principles
discussed above. With modern techniques, it is usually
possible to accomplish this surface attachment without
significant loss of biological properties.

Conjugates containing antibodies that specifically bind
to a molecule of interest are widely used in bioanalytical
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chemistry. Conjugates of antibodies with enzymes are
used for assays of all sorts of biological molecules by
enzyme-linked immunosorbent assay (ELISA). For ex-
ample, a protein in a biological fluid can be analyzed by
first trapping it using an immobilized antibody that binds
specifically and strongly to an epitope on that particu-
lar protein. After washing away unbound substances, a
second antibody that binds another epitope on the tar-
get protein is allowed to bind to the immobilized target.
This second antibody is conjugated to an enzyme; at this
point, the sample contains a number of immobilized en-
zyme molecules, related to the number of target protein
molecules in the original biological fluid. The immobi-
lized enzyme molecules are then quantified by standard
techniques of enzymology, such as catalytic production
of a light-absorbing product that can be measured spec-
trophotometrically. Western blotting is another applica-
tion of antibody conjugates, wherein electrophoretic sep-
aration of proteins is followed by blotting the separated
bands onto a special membrane. The bands containing a
specific antigen are then stained and visualized by pro-
cedures not unlike those used for ELISA, except that the
colored product is precipitated where the bands are.

2. Biophysical Studies

Bioconjugate chemistry plays a prominent role in studying
conformational changes in macromolecules or the bind-
ing of one macromolecule to another. Techniques such as
chemical cross-linking, fluorescence energy transfer, flu-
orescence polarization, electron paramagnetic resonance,
or various other spectroscopy or microscopy experiments,
generally involve preparation of a bioconjugate tagged in
some way by a reporter molecule. Fluorescence energy
transfer from an excited donor moiety to an acceptor moi-
ety depends on the distance between donor and acceptor;
itis useful for measuring distances in the 10—100 A range,
appropriate for macromolecular complexes. Fluorescence
polarization is sensitive to difference in the rotational dif-
fusion (tumbling) of molecules in solution, and can readily
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reveal the binding of a small molecule to a macromolecule.
Electron paramagnetic resonance provides related infor-
mation about changes in tumbling behavior, and can also
be used to study the distances between paramagnetic cen-
ters. Electron microscopy can show the spatial relations
between metal clusters attached to macromolecules as
probes. Recently, an approach has emerged that involves
cleaving the sugar-phosphate backbone of a nucleic acid
or the polypeptide backbone of a target protein, using a
cutting protein that binds to the target. The cutting protein
is prepared by conjugation with a small chemical reagent,
which acts as an artificial nuclease or protease. Using tools
such as nucleic acid sequencing or Western blotting, the
sites on the target macromolecule that are within reach of
the cutting reagent can be identified. Chemical reagents
designed for use in all these biophysical studies are com-
mercially available from specialty vendors.

SEE ALSO THE FOLLOWING ARTICLES

BIOPOLYMERS e CARBOHYDRATES e ENZYME MECHA-
NISMS e NUCLEIC ACID SYNTHESIS e PROTEIN
SYNTHESIS
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. Introduction

Il. Monosaccharides

[ll. Oligosaccharides

IV. Polysaccharides

V. Oligonucleotides and Polynucleotides

GLOSSARY

Aldoses Chiral polyhydroxyalkanals having three or
more carbon atoms (polyhydroxyalkanals having fewer
than three carbons are achiral). Aldoses having enough
carbon atoms to form five- or six-membered oxy-
genated rings readily undergo cyclization by in-
tramolecular nucleophilic attack of suitably located hy-
droxyl groups onto the aldehydic groups. Saccharides
possessing five-membered rings are called furanoses,
and those possessing six-membered ones, pyranoses.

Anomeric configuration The cyclization of an aldose or
a ulose to form a furanose or a pyranose ring occurs
by intramolecular nucleophilic attack of a suitably lo-
cated hydroxyl group on a carbonyl function (present
in the same molecule). This cyclization results in the
formation of a chiral hemiacetal group in place of an
achiral carbonyl group, which increases the number
of chiral centers present in the molecule by one. The
configuration of the newly created center is designated
by the greek letter « or 8, followed by the D or L no-
tation of the chiral center farthest from the carbonyl.
Thus, one speaks of «-D-aldopento-furanoses or S-L-
hexopyranuloses.

Carbohydrates

Furanoses Aldoses having four carbon atoms or more

and uloses having five carbon atoms or more can form
five-membered rings. Such cyclic monosaccharides are
called furanoses because they are related to tetrahy-
drofuran. Aldopentoses having such five-membered
rings are designated aldopentofuranoses, and hexu-
loses, hexofuranuloses. In solution, furanoses exist
mainly in envelope and twist conformations, alternat-
ing in a wavelike motion between them.

Monosaccharides Monomeric saccharides, which are

grouped according to the number of carbon atoms
in their skeleton into pentoses, hexoses, and so on.
Members of these groups may exist in the form of
polyhydroxy aldehydes, called aldoses, or polyhydroxy
ketones, called uloses. Accordingly, certain monosac-
charides are designated aldopentoses, other hexuloses,
and so on.

Mutarotation Designates changes in optical rotations

observed over a period of time. The phenomenon oc-
curs when chiral substances equilibrate in solution
with one or more isomeric forms. Saccharides usu-
ally crystallize in structurally pure form; for example,
D-glucose usually separates in the a-D-glucopyranose
form. When this is dissolved in water, it undergoes
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equilibration to yield a complex mixture of six isomers
(two furanoses, two pyranoses, an acyclic carbonyl
form, and a hydrated carbonyl form). The rotation of the
equilibrium mixture is naturally different from that of
the original pure o-D-glucopyranose, which accounts
for the observed change in rotation.

Oligosaccharides Low molecular weight polymers made
up of 2 to 10 monosaccharide units linked together
by acetal linkages. Oligosaccharides are classified ac-
cording to degree of polymerization into disaccha-
rides, trisaccharides, and so on. They are also grouped
into reducing and nonreducing oligosaccharides. If one
of the terminal monosaccharides possesses a hemiac-
etal group, the oligomer is referred to as a reducing
oligosaccharide (since it is susceptible to mild oxi-
dants). If, on the other hand, it does not possess a
hemiacetal group (such as when two anomeric hy-
droxyl groups on adjacent monosaccharides are in-
volved in acetal bond formation), the oligosaccharide
is referred to as nonreducing. Reducing oligosaccha-
rides mutarotate, because in solution one of their ter-
minal monosaccharides is in equilibrium with other
forms, while nonreducing oligosaccharides do not
mutarotate.

Polysaccharides Polymers composed of more than
10 monosaccharide units linked by acetal bridges. Most
naturally occurring polysaccharides have degrees of
polymerization ranging between 10%> and 10°. Linear
polysaccharides such as cellulose are usually micro-
crystalline, are insoluble in water, and form strong films
and fibers, whereas highly branched polysaccharides
such as gums form gets and produce brittle films.

Pyranoses Aldoseshaving five carbon atoms or more and
uloses having six carbon atoms or more can form strain-
less six-membered rings. Such cyclic forms of saccha-
rides are called pyranoses, because they are related to
tetrahydropyran. Aldopentoses having six-membered
rings are called aldopentopyranoses, and hexuloses
possessing such rings are designated hexopyranuloses.
The most stable conformations of pyranoses are the two
chair conformations 'C4 and *C;, of which the latter is
usually the more stable.

Saccharide (Sugarlike; synonymous with carbohydrate).
It is often prefixed by “mono,” “oligo,” or “poly” to
designate degree of polymerization.

Sugars Sweet-tasting saccharides (monosaccharides and
disaccharides are sweet tasting, whereas most trisac-
charides and all higher saccharides are devoid of taste).
Because the term sugar encompasses compounds pos-
sessing a physiological rather than a chemical property,
and because the term has been used indiscriminately to
designate different saccharides (sucrose by the public
and D-glucose by the medical profession), it is slowly
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being replaced in chemistry texts by less ambiguous
names such as monosaccharides and disaccharides.

Uloses (also known as ketoses) Chiral polyhydroxyalka-
nones that possess at least four carbon atoms in their
skeleton (lower members are achiral). Uloses that pos-
sess a sufficient number of carbon atoms to cyclize in
strainless rings do so and yield furanuloses and pyran-
uloses.

CARBOHYDRATES are monomeric, oligomeric, or
polymeric forms of polyhydroxyalkanals or polymeric
forms of polyhydroxyalkanals or polyhydroxyalkanones,
which are collectively called monosaccharides. In the
nineteenth century, when the empirical formulas of or-
ganic compounds were determined, it was found that
the sugars and polysaccharides known at the time had
the formula C,(H,0),. They were accordingly given the
name carbohydrates (i.e., hydrates of carbon). Today’s
usage of the word carbohydrate applies to a large num-
ber of monomeric, oligomeric, and polymeric compounds,
which do not necessarily have their hydrogen and oxygen
atoms in the molecular ratio of 2:1, but which belong to
the group of compounds called monosaccharides or can be
readily converted to members of that group by hydrolysis.

I. INTRODUCTION

A. Historical Background

The origins of carbohydrate chemistry can be traced back
to the civilizations of antiquity. For example, the manufac-
ture of beer and wine by alcoholic fermentation of grain
starch and grape sugar is well documented on the walls of
ancient Egyptian tombs. The isolation of cellulose fibers
from cotton and flax was started by the civilizations of the
Far and Near East and was introduced by the Greeks to
Europe. Gums and resins were valued commodities at the
beginning of the Christian era.

The isolation of sucrose from the juice of sugarcane
marks an important milestone in sugar chemistry. In the
Far East, where this plant grew, sugar was isolated as a
yellowish syrupy concentrate that crystallized, on stand-
ing, into a brown mass, and a number of Chinese recipes
dating from the fourth century describe in detail how the
sugarcane juice was concentrated (Fig. 1). It is interesting
that the Sanskrit word sugar means “sweet sand,” which
aptly describes the properties of crushed, raw sugar. Sig-
nificant progress in the manufacture of sugar occurred af-
ter the French Revolution, when Europe under blockade
had to rely on the sugar beet for the manufacture of this
important commodity. Improved methods of isolation and
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FIGURE 1 Reproduction of a seventh-century Chinese drawing
representing the manufacture of sugar.

refining were developed, including treatment of the syrup
with lime to precipitate the calcium complex, regeneration
of the sugar with sulfur dioxide, and decolorization with
animal charcoal.

B. Importance of Carbohydrates

In addition to the manufacture of sucrose and paper, which
are today important industries, carbohydrates play a major
role in a number of other industries. These include (1) the
food industry, which uses huge amounts of starch of var-
ious degrees of purity in the manufacture of baked goods
and pastas, of gums in food processing, and of mono-
and oligosaccharides as sweeteners and employs carbo-
hydrates in fermentation to make beer and wine; (2) the
textile industry, which, despite the advent of synthetics, is
still dependent to a large extent on cellulose; (3) the phar-
maceutical industry, particularly in the areas of antibiotics,
intravenous solutions, and vitamin C; and (4) the chemical
industry, which produces and markets several pure sugars
and their derivatives.

Carbohydrates also play a key role in the process of life;
the master molecule DNA is a polymer made up of re-
peating units composed of four nucleotides of 2-deoxy-D-
erythro-pento-furanose (2-deoxy-D-ribose), the sequence
of which constitutes the coded template responsible for
replication and transcription. Saccharide derivatives also
form part of many vital enzyme systems, specifically as
coenzymes.

The best-known use of carbohydrates is undoubtedly in
nutrition, as members of a major food type that are metab-
olized to produce energy. Although the average percent-
age of carbohydrates consumed by humans in comparison
with other food types differs from country to country, and
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figures are often inaccurate or unavailable, the percent-
age for the world as a whole has been estimated to be
more than 80%. The exothermic reactions that produce
energy in the cell are the outcome of a number of com-
plex enzyme cycles that originate with hexoses and end
up with one-, two-, or three-carbon units. The energy re-
leased from these reactions is stored in the cell in the
form of a key sugar intermediate, adenosine triphosphate
(ATP), and released when needed by its conversion to the
di- or monophosphate. Finally, carbohydrates are the most
abundant organic components of plants (>50% of the dry
weight) and therefore constitute the major part of our re-
newable fuels and the starting material from which most
of our fossil fuels were made.

C. Classification

Carbohydrates are classified according to their degree of
polymerization into monomeric carbohydrates, which in-
clude monosaccharides and their derivatives, and poly-
meric carbohydrates, which comprise oligosaccharides,
polysaccharides, DNA, and RNA. The polymeric carbohy-
drates differ in the type of bridge that links their monosac-
charide units. Thus, oligosaccharides and polysaccha-
rides are polyacetals, linked by acetal oxygen bridges,
whereas DNA and RNA are poly(phosphoric) esters,
linked by phosphate bridges. In addition to these well-
defined groups of carbohydrates, there exist a number of
derivatives, for example, antibiotics, that are best studied
as a separate group, because some of their members may
be monomeric, whereas others are oligomeric.

1. Monosaccharides

Monosaccharides are chiral polyhydroxyalkanals or poly-
hydroxyalkanones that often exist in cyclic hemiacetal
forms. Monosaccharides are divided into two major
groups according to whether their acyclic forms possess
an aldehyde group or a keto group, that is, into aldoses or
ketoses (glyculoses). Each of these, in turn, is classified ac-
cording to the number of carbon atoms in the monosaccha-
ride chain (usually 3-10) into trioses, tetroses, pentoses,
hexoses, and so on. By prefixing “aldo” to these names,
one can define more closely a group of aldoses, for exam-
ple, aldopentoses, whereas for ketoses, it is customary to
use the ending “ulose,” as in hexulose. Finally monosac-
charides can be grouped according to the size of their
rings into five-membered furanoses and six-membered
pyranoses. It should be noted that, in order to form a
furanose ring, four carbon atoms and one oxygen atom
are needed, so that only aldotetroses and higher aldoses,
and 2-pentuloses and higher ketoses, can cyclize in this
ring form. Similarly, in order to form a pyranose ring five
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TABLE | Monosaccharides: Aldoses

Carbohydrates

No. of chiral

Aldofuranose

Aldopyranose

Monosaccharide Aldose”® carbons
Triose Aldotriose 1
Tetrose Aldotetrose 2
Pentose Aldopentose 3
Hexose Aldohexose 4
Heptose Aldoheptose 5
Octose Aldooctose 6
Nonose Aldononose 7
Decose Aldodecose 8

Tetrofuranose; aldotetraofuranose
Pentofuranose; aldopentofuranose
Hexofuranose; aldohexofuranose
Heptofuranose; aldoheptofuranose
Octofuranose; aldooctofuranose
Nonofuranose; aldononofuranose
Decofuranose: aldodecofuranose

Pentopyranose: aldopentopyranose
Hexopyranose; aldohexopyranose
Heptopyranose; aldoheptopyranose
Octopyranose; aldooctopyranose
Nonopyranose; aldononopyranose
Decopyranose; aldodecopyranose

¢ Although an achiiral aldobiose (glycolic aldehyde) exists, it is not considered to be a saccharide because, by definition, a saccharide

must contain at least one asymmetric carbon atom.

carbon atoms and one oxygen atom are required, so that
only aldopentoses and 2-hexuloses, as well as their higher
analogs, can cyclize in this form. Ultimately, by combining
the ring type to the names used above (e.g., aldopentose or
hexulose), such combination names as aldopentofuranose
and hexopyranulose can be formed, which define without
ambiguity the group to which a monosaccharide belongs
(see Table I and II).

As their name denotes, monosaccharides are mono-
meric in nature and, unlike the oligosaccharides and
polysaccharides, which will be discussed later (Sections
IIT and IV), they cannot be depolymerized by hydrolysis
to simpler sugars. Monosaccharides and oligosaccharides
are soluble in water; their solutions in water are often sweet
tasting, and this is why they are referred to as sugars.

2. Oligosaccharides

Oligosaccharides and polysaccharides are polyacetals that
respectively have, as their names denote (oligo = “few”;
poly = “many,” in Greek), a low (2—-10) or a high (>10)
degree of polymerization (DP). They are composed of
a number of monosaccharides linked together by acetal

oxygen bridges and yield on depolymerization (hydro-
lysis) one or more types of monosaccharide. Oligosaccha-
rides are further grouped into (1) simple (true) oligosac-
charides which are oligomers of monosaccharides that
yield on complete hydrolysis only monosaccharides; and
(2) conjugate oligosaccharides, which are oligomers of
monosaccharides linked to a nonsaccharide, such as alipid
aglycon, usually a long chain fatty acid, alcohol or amine,
or a carbocyclic steroid or terpenoid. The carbohydrate
portion of these compounds is resposible for their speci-
ficity and is involved in cell recognition. Two main types
of compounds are recognized: glycolipids, which can be
of animal, plant, or microbial origin, and gangliosides,
which contain sialic acid and are found in large amounts
in cerebral tissues of patient defficient in the enzyme N-
acetylhexosaminidase. There are two ways to classify sim-
ple oligosaccharides further. The first is, according to DP,
into disaccharides, trisaccharides, tetrasaccharides, and so
on, and the second, according to whether the oligomer
chain has at one end a hemiacetal or a hemiketal function
(a latent aldehyde or keto group). Such terminal groups,
if present, are readily converted to carboxylic groups
by mild oxidants, and accordingly, oligosaccharides

TABLE Il Monosaccharides: Ketoses (Glyculoses)

No. of chiral

Monosaccharide Ketose? carbons Ketofuranose Ketopyranose
Tetrose Tetrulose 1 — —
Pentose Pentulose 2 Pentulofuranose —
Hexose Hexulose 3 Hexulofuranose Hexulopyranose
Heptose Heptulose 4 Heptulofuranose ~ Heptulopyranose
Octose Octulose 5 Octulofuranose Octulopyranose
Nonose Nonulose 6 Nonulofuranose ~ Nonulopyranose
Decose Deculose 7 Deculofuranose Deculopyranose

¢ Although an achiiral triulose (1,3-dihydroxyacetone) exists, it is not considered to be
a saccharide because it lacks an asymmetric carbon atom.
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TABLE lll Oligosaccharides?
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Reducing

Nonreducing

Homooligosaccharides

Heterooligosaccharides

Homooligosaccharides Heterooligosaccharides

Simple oligosaccharides
Disaccharides

Maltose Lactose

4-a-D-Glc p-D-Glc 4-B-D-Gal p-a-D-Glc
Cellobiose Lactulose

4-B-D-Glcp-D-Gle 4-B-D-Gal p-D-Fru

Isomaltose Melibiose

6-a-D-Glcp-D-Glc 6-a-D-Gal p-D-Glc

Gentiobiose Turanose

6-B-D-Glc p-D-Glc 3-a-D-Glc p-D-Fru
Trisaccharides

Maltotriose Manninotriose

4-a-D-Glc p-Maltose
Tetrasaccharides

Maltotetraose

4-a-D-Glc p-Maltotriose
Pentasaccharides
Hexasaccharides
Heptasaccharides
Octasaccharides
Nonasaccharides
Decasaccharides

Conjugate oligosaccharides

6-a-D-Gal p-Melibiose

Trehalose Sucrose
«a-D-Glep-a-D-Glep B-D-Fru f-a-D-Glcp
Isotrehalose Isosucrose

B-D-Glcp-B-D-Glep a-D-Fru f-8-D-Glcp

Raffinose
6-a-D-Gal p-Sucrose

Stachyose
6-a-D-Gal p-Raffinose

Glycolipids
Gangliosides

¢ Gle, Glucose; Gal, galactose; Fru, fructose; f, furanose; p, pyranose.

possessing these groups are referred to as reducing, in
contradistinction to those that resist such oxidation and
are designated nonreducing (see Table III). Thus. whereas
all monosaccharides are reducing, there are reducing and
nonreducing disaccharides, trisaccharides, and so on. Be-
cause monosaccharides and simple oligosaccharides are
soluble in water and sweet tasting, they are called sugars.
It should be noted, however, that the sweetness of oligosac-
charides decreases with increasing DP and disappears at
DP 4-5.

3. Polysaccharides

Polysaccharides and oligosaccharides are polymeric in
nature and are structurally similar (both are polyac-
etals having oxygen bridges linking the monosaccharide
monomers), but they may differ markedly in DP; the
polysaccharides may reach a DP of 10°, whereas, by def-
inition, the maximum DP for oligosaccharides is 10. Al-
though, by convention, compounds having a DP of 11
or more are designated polysaccharides, a difference be-
tween the properties of a lower polysaccharide with a DP

of 11 and those of a higher (DP = 10) oligosaccharide can
hardly be detected. However, most polysaccharides have
a much higher DP than oligosaccharides, which renders
quite significant the sum of the gradual changes that occur
in their physical properties with increasing DP. For exam-
ple, because, with arise in DP, the solubility decreases and
the viscosity increases, some higher polysaccharides, for
example, cellulose, are completely insoluble in water (all
oligosaccharides are soluble), while the increase in vis-
cosity may cause the solutions of other polysaccharides to
set and gel.

There are several ways to classify polysaccharides; a
common one is to group them according to their sources,
that is, into plant and animal polysaccharides, and then
subdivide the former into skeletal polysaccharides (cel-
lulose, etc.), reserve polysaccharides (starch, etc.), gums
and mucilages, algal polysaccharides, bacterial polysac-
charides, and so on. The disadvantage of this classification
is that it tells us very little about the chemistry of these
polymers.

The classification used in chemistry texts usually dis-
tinguishes between (1) simple (true) polysaccharides that
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TABLE IV Polysaccharides

Carbohydrates

Homopolysaccharides

Heteropolysaccharides

Linear

Branched

Linear Branched

Simple polysaccharides
Amylose (a-D-glucan)
Cellulose (B-D-glucan) Glycogen

Chitin (D-glucosaminan)

Conjugate polysaccharides

Amylopectin

Mannans ~ Gums
Xylans Mucilages

Pectins

Algin

Agar

Bacterial polysaccharides
Peptidoglycans
Glycoproteins

Lectins

afford on depolymerization only mono- and oligosac-
charides or their derivatives (esters or ethers) and
(2) conjugate polymers made up of a polysaccharide
linked to another polymer, such as a peptide or a protein
(to form a glycopeptide or a glycoprotein). True polysac-
charides are, in turn, grouped into two major classes: (1)
homopolysaccharides, which are polymers having as a re-
peating unit (monomer) one type of monosaccharide; and
(2) heteropolysaccharides, which are made up of more
than one type of monosaccharide. Because the shape of
polymers significantly influences their physical proper-
ties, each of these types of polymer is further divided into
linear and branched polysaccharides (Table IV).

4. DNA, RNA, Nucleotides, and Nucleosides

Unlike oligo- and polysaccharides, which are polyacetals
linked by oxygen bridges, DNA and RNA are polyesters
linked by phosphate bridges. DNA is the largest known
polymer; its DP exceeds 10'> in human genes and de-
creases as the evolution ladder is descended. This giant
molecule plays a key role in replication and in transcrip-
tion. It achieves the latter by doubling one of its strands
with a smaller polymer, mRNA, which, in turn, binds
with a string of oligomers, tRNA, to form the peptide
chain. The monomers of both DNA and RNA are made
up of phosphorylated 2-deoxy-D-erythro-pentofuranosyl-
and D-ribofuranosyl-purine and -pyrimidine bases, des-
ignated nucleotides. The latter can undergo hydrolysis of
their phosphoric ester groups to afford simpler monomers,
the nucleosides. Thus it is apparent that this group can also
be divided according to DP into monomers (nucleosides
and nucleotides), oligomers (tRNA), and polymers (DNA
and mRNA).

Some carbohydrate derivatives may belong to more
than one of the above-mentioned groups. For example,

carbohydrate-containing antibiotics may be monosaccha-
ride or oligosaccharide in nature.

Il. MONOSACCHARIDES

Monosaccharides (monomeric sugars) exist as chiral poly-
hydroxyalkanals, called aldoses, or chiral polyhydrox-
yalkanones, called ketoses, which are further classified
(see Tables I and II) according to the number of carbon
atoms in their chains into trioses, tetroses, pentoses, hex-
oses, and so on, and according to the type of ring they form
into furanoses and pyranoses (five- and six-membered
rings).

A. Structure, Configuration, and Conformation
of Monosaccharides

1. Structure

The presence of an aldehyde group in aldoses such as
D-glucose was established by the fact that (1) aldoses react
with carbonyl-group reagents, giving oximes and hydra-
zones; and (2) aldoses are oxidized to acids that possess
the same number of carbon atoms. Furthermore, by es-
timating the number of acetyl groups in fully acetylated
aldoses, it is possible to determine the number of hydroxyl
groups present in the starting aldoses (e.g., five OH groups
in aldohexoses) and to determine their structural formulas.

2. Configuration

The system commonly used to represent three-
dimensional linear molecules such as monosaccharides
two dimensionally is the Fischer projection formula. This
affords an unambiguous way of depicting monosaccha-
rides, as follows. (1) The carbon chain is drawn vertically,
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HC=0

H——?——OH
H——?——OH

CH,0H
Fischer projection

FIGURE 2 Models and formula of b-Erythrose. The two models
on the left are rotamers of the compound on the right.

with the carbonyl group at (or nearest to) the top and the
last carbon atom in the chain (i.e., the one farthest from
the carbonyl group) at the bottom. (2) Each carbon atom
is rotated around its vertical axis until all of the vertical
(C—C) bonds in the chain lie below an imaginary curved
plane such as that of a rolled piece of paper, and all of
the horizontal bonds (parallel to the x axis) lie above the
plane of the paper. The curved plane is then flattened, and
the projection of the molecule is represented as viewed
(see Fig. 2).

a. Relative and absolute configuration. The rela-
tive configuration of D-glucose was established by Emil
Fischer in 1891 and constituted at the time a monumental
achievement, for which he earned a Nobel prize. Nowa-
days, the determination of the absolute configuration of
a monosaccharide offers no difficulty, because the con-
figurations of a large number of related compounds are
available. The unknown is simply converted to a com-
pound of known configuration by means of reactions that
do not affect the configuration at the chiral center(s).

Since D-glucose is an aldohexose, it must possess four
chiral carbon atoms and can exist in 2* =16 stereoiso-
mers (see Table I). In order to determine which of these
isomers is actually D-glucose, a reference compound of
known absolute configuration is needed, which can be
prepared from, or converted to, D-glucose. Because the
first determination of the absolute configuration of an or-
ganic compound had to await the advent of X-ray crystal-
lographic techniques developed in the middle of the twen-
tieth century, such a reference compound did not exist in
Fischer’s time. This is why he was able only to propose
a relative configuration for the monosaccharides known
in his time. He chose, as the reference compound, the
dextrorotatory form of glyceraldehyde, now designated D-
(+)-glyceraldehyde, and arbitarily assumed that the OH
attached to C-2 in this compound is to the right when
represented by a Fischer projection formula (see Fig. 3).

CH,0H

FIGURE 3 Fischer projection formula of b-glycer-aldehyde.
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It was fortunate that the arbitary assignment was later
confirmed by X-ray crystallography. Otherwise, all of
the configurations assigned to carbohydrates during the
60 years that followed Fischer’s assignment would have
been in error, causing confusion and chaos in the chemical
literature.

Once the absolute configuration at C-2 of the D-(+) iso-
mer of glyceraldehyde had been established, it could be
related to the configuration of the corresponding center in
any aldose that is obtained from this isomer by ascending
the series or that yields this isomer by repeated descending
degradations (Fig. 4). It should be stated at this point that,
because C-2 in glyceraldehyde corresponds to the chiral
center farthest from the carbonyl group in any aldose or ke-
tose, itis possible to group monosaccharides into two fam-
ilies: one related to D-(+)-glyceraldehyde and designated
by the prefix D, and one related to L-(—)-glyceraldehyde
and designated by the prefix L. Monosaccharides of the D
family all have the (R) configuration at the chiral center
farthest from the carbonyl (the OH attached to this chiral
carbon is to the right in a Fischer projection). Conversely,
monosaccharides of the L family have the (§) configura-
tion at this center (the OH group is to left).

b. Configuration of the acyclic form of aldoses.
Fischer used an ingenious method to determine whether
in an aldose molecule, the configurations of the chiral cen-
ters that are equidistant from the center (e.g., C-2 and C-4
in a pentose) had the same sign. He determined whether
conversion of the two groups situated at the “top” and
the “bottom” of an aldose molecule (CHO and CH,OH)
into the same type of group, for example, a carboxylic
group, rendered the product achiral (afforded a meso com-
pound). If so, he could conclude that a plane of symmetry
was created during the conversion (oxidation) and that the
configuration of the chiral centers situated at equal dis-
tances from this plane of symmetry was identical. He also
reasoned that, if the dicarboxyclic acid possessed an axis
of symmetry, it could be obtained from only one aldose,
whereas if it lacked an axis, it could be obtained from two
different aldoses, an aldose having the aldehyde group at
the top and the primary hydroxyl group at the bottom, and
another aldose having the aldehyde group at the bottom
and the primary hydroxyl group at the top. Using this rea-
soning. Fischer was able to determine the configuration of
all the aldoses known in his time.

c¢. Cyclic structures and anomeric configuration.
Soon after the configuration of the acyclic form of glu-
cose and the other aldoses had been established, it be-
came apparent that these structures could not represent
the major components of the equilibrium mixture. Thus,
the IR spectrum of D-glucose does not exhibit a strong
carbonyl band at 1700 cm™!, and its '"H NMR spectrum
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CH,0H

D-Glyceraldehyde

HC=0

H—(II—OH

H—(IZ—OH
C|:H20H

D-Erythrose

HC=0 HC=0
H—([:——OH HO—(]Z——H
H—(|:——OH H——C|——OH
H—([:——OH H—(]I—OH
CH,OH CH,OH
D-Ribose D-Arabinose
HC=—0 HC=0 HC=0 HC=0
H-—é—OH HO-—(IJ—H H—-—(l)—OH HO—(li—H
H—é—OH H——(lf—OH HO—(IZ——H HO-—C]I—-—H
H—CI-—OH H—(I:—OH H—([I—OH H—(ll——OH
H——é——OH H—(IZ—OH H—ClZ—OH H——(IJ—OH
(|ZH20H (IIHZOH (|:H20H CH,0H
D-Allose D-Altrose D-Glucose D-Mannose

HC=—0
HO—(I:——-H
H—é—OH
(|:H20H
D-Threose
HC=0 HC=0
H—(IE—OH HO—(IZ——H
HO—([Z—H HO——(II—H
H——é—OH H—(ll—OH
éHon (|2H20H
D-Xylose D-Lyxose
HC=0 HC=—0 HC=0 HC=0
H—é——OH HO——é-—H H—(]Z—-OH HO—(|:—H
H——(IZ—OH H—(IZ—-OH HO———(IZ—H HO—(IZ—H
HO—-(ll—H HO—(IZ—H HO—Cll—H HO——é——H
H——(II—OH H——(IZ-—OH H——(IZ—-OH H—(li—OH
éHon CHo0H CH,OH (.I‘,Hon
D-Gulose p-Idose D-Galactose p-Talose

FIGURE 4 Aldoses of the b family.

lacks an aldehydic proton at § 10, also characteristic of
such a group.

Two forms of D-glucose were isolated and designated,
a and B (a third one was also isolated, but it proved to
be an equilibrium mixture). Each of the two forms has, in
solution, a characteristic optical rotation that changes with
time until it reaches a constant value (that of the equilib-
rium mixture). The change in optical rotation with time
is called mutarotation, and it is indicative of molecular
rearrangements occurring in solution:

a-D-Glucose = mixture = B-D-glucose
[o]p + 112.2°  +52.7° +18.7°

Itis now known that D-glucose and the other aldoses that
have the necessary number of carbon atoms exist mainly
in the form of five- or six-membered cyclic hemiacetals
and rarely in seven-membered ones. These forms are the
outcome of an intramolecular nucleophilic attack by the
hydroxyl oxygen atom attached to C-4 or C-5 on the car-
bonyl group. The five-membered ring produced in the first

case is related to tetrahydrofuran and is therefore desig-
nated furanose. The six-membered ring produced in the
second case is related to tetrahydropyran and is called
pyranose. Because cyclization converts an achiral alde-
hyde carbon atom to a chiral hemiacetal carbon atom, two
isomers are produced, which have been designated « and
B. Accordingly, a solution of an aldose at equilibrium con-
tains a mixture of at least two (« and 8) furanoses, two
(o and B) pyranoses, as well as traces of the acyclic form
and its hydrate (see Scheme 1).

Although usually there is a preponderance of the two
pyranose forms, the composition of the equilibrium mix-
ture and the contribution of each of the various forms differ
from one sugar to another, depending on the instability fac-
tors dictated by the configuration. For example, because
the interaction between cis OH groups on adjacent carbon
atoms renders this arrangement considerably less desir-
able in a furanose ring than a pyranose ring, it was found
that the all-frans-§-D-galactofuranose contributes more to
the equilibrium (3%) than B-D-glucofuranose (0.1%).
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SCHEME 1 Cyclic and acyclic forms of pD-glucose existing in
solution.

The anomeric configuration refers to the chirality at
C-1 of a cyclic aldose or C-2 of a cyclic 2-ketose. These
centers are achiral in the acyclic forms, and their chirality
is the result of their conversion to cyclic hemiacetals. Two
anomeric furanoses and two anomeric pyranoses can be
produced from an acyclic monosaccharide, provided that
the latter possesses the requisite number of atoms (four
carbon atoms for a furanose ring and five for a pyranose
ring). The configuration of the anomeric center, designated
by the Greek letters « and g, is related to the last chiral
center in the following way. In the D series, if the OH on
the anomeric carbon is to the right in a Fischer projection
or down in a Haworth formula (see below), the isomer is
o, and if the OH is to the left or up, it is 8. Conversely, in
the L series, the o anomer has the C-1 OH to the left in a
Fischer projection or up in a Haworth formula, and the 8
anomer has this OH to the right or down (see Fig. 5).

The common method of depicting monosaccharides in
their cyclic forms, without assigning a specific conforma-
tion to the ring, is to use the Haworth formula. A pentagon
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having 108° angles or a hexagon with 120° angles is rep-
resented as seen by an observer situated at an angle of
~60° above the plane of ring, and as a precaution against
optical illusions, regarding the side closer to the viewer,
the bonds nearest to the observer are thickened, to give a
sense of perspective (see Fig. 5).

Although rings may be turned around their centers, it is
customary to orient them in such a manner that C-1 is to
the right, and the ring oxygen is farthest from the viewer.

3. Conformation

Pyranose rings can exist in a number of inter-convertible
conformers, of which the chair forms are the most stable.
The number of recognized forms of the pyranose ring are
two chair (C), six boat (B), four half-chair (H), six skew
(S), and six sofa forms. (See Fig. 6 for the two chair and
two of the boat forms.) To designate each of these forms,
the number of the ring atom(s) lying above the plane of the
pyranose ring is superscripted before the letter designating
the form (C, B, H, S, etc.), and the number of the ring
atom(s) lying below the plane is subscripted after the letter,
e.g., *C; (see Fig. 7).

Itis possible to determine the conformation of a saccha-
ride or glycoside either experimentally or by determining
on purely theoretical grounds which conformer of a given
ring (pyranose or furanose) will be the most stable.

If the conformation in the solid state is desired, X-ray
crystallography or neutron diffraction is prescribed. It will
provide the exact location of each atom in the crystal
lattice and, by so doing, show the anomeric configura-
tion and the conformation of the ring. X-ray crystallogra-
phy and neutron diffraction afford unambiguous diagrams
such as Fig. 8, which shows the conformation of methyl
o-D-glucopyranoside as deduced from neutron diffraction
analysis using a computer.

If, on the other hand, it is desired to know the conforma-
tion of a saccharide in a given solvent, NMR spectroscopy
is used. Use is made of the fact that the anomeric proton
of cyclic sugars and glycosides is the only one attached
to two oxygen atoms, which deshield it. Accordingly, an
"H NMR spectrum of such compounds will reveal at low
field a well-defined doublet (coupled by the H-2 proton),
whose coupling constant J; , will give the dihedral angle
between protons 1 and 2. Then by using proton decoupling
techniques, it is possible to identify H-2 and determine the
dihedral angle between it and H-3, and so on. In this way it
is possible to determine the relative orientation of the pro-
tons on successive pairs of carbon atoms, and by summing
up the data, one can obtain the conformation of the whole
molecule, as well as the anomeric configuration. Figure 9
shows the '"H-NMR spectrum of «-D-glucopyranose.
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FIGURE 5 « and g configuration of aldoses and ketoses.

FIGURE 6 Two chair and two boat conformations.

CHo0H OH H
CHOH o

HO OH

FIGURE 7 The two chair conformations of g-p-glucose.

Conformation analysis of the possible pyranose forms
shows that the two chair conformations are so much more
stable than the others that the analysis should be restricted
to the choice between the *C; and the !C4 conformers.
Models of the two forms are checked for the presence of
any of the instability factors listed in Table V and appro-
priate numerical value(s) assigned to each. These are then
summed, and the form having the smallest numerical total
is the more stable conformer.

The most important instability factor in the pyranose
ring (with a value of 2.5 units) is a situation called
delta 2. This is when the OH on C-2 bisects the angle
between the ring oxygen atom and the oxygen atom of
the anomeric hydroxyl group, forming an isosceles trian-
gle having one oxygen atom at each corner. An instability
factor of 2.0 units is given to an axial CH,OH. An ax-
ial hydroxyl group on the ring has an instability factor of
1.0 unit. The 1,3 interaction between an axial CH,OH and
an axial OH group on the same side of the ring produces
an unfavorable situation, of an additional 2.5 units.
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FIGURE 8 Neutron diffraction of methyl a-D-glucopyranoside.

The anomeric effect destabilizes the anomer hav-
ing an equatorial hydroxyl group on C-1 (e.g., B-D-
glucopyranose) due to the dipole—dipole interactions be-
tween its unbonded electrons and the unbonded electrons
of the ring oxygen atom. The anomeric effect depends on
the polarity of the solvent, and this is why one does not
give it a high numerical value when computing the insta-
bility factors of free sugars dissolved in water. It does,

(a)
HO-1 HO-4

H-1 HO-3 HO-2

HO-6

H-6 H-5
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TABLEV Free Energy of Unfavorable
Interactions

Type of interaction Free energy (kJ)
Gauche-1,2
O-1-¢-O-¢ 2.30
0-1-e-0-a 4.19
0-¢-0-¢ or -a 1.47
C-e-O-¢e or -a 1.88
Axial-axial-1.3
0-0 6.28
0-C 10.47
O-H 1.88
C-H 3.77
Anomeric effect 1.26

however, play an important role during glycoside forma-
tion, favoring the conformer having an axial OR group on
C-1, such as an a-D-glucopyranoside. Empirical calcu-
lations of the conformational free energy by summation
of the unfavorable interactions have been used success-
fully in conformational analysis to determine the more
stable conformer of a pyranose in a chair form. Two types
of interaction are used: those between two gauche-1,2
substituents [either equatorial-equatorial (ee) or axial—
equatorial (ae)], and those between two syn-diaxial-1,3
groups.

H-6" H-3 H-2  H-4

A \M !
‘)MM\, ‘\,‘“'WL /N\j WLW -/MJ\W \ﬂ)ﬁfbm

Sk A

S ]

b \JM“LJM/

FIGURE 9 'H NMR spectra of a solution of a-D-glucose in DMSO-dg at 400 MHz: (a) OH protons coupled and
(b) OH protons decoupled.

6 5
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TABLE VI Stable conformation of D-Aldopyra-
noses in Aqueous Solutions

Aldose Conformation

Aldohexoses

«-D-Allose i
B-D-Allose i
a-D-Altrose 4Cy, ¢y
B-D-Altrose 4e
a-D-Galactose 1Cy
B-D-Galactose 4Cy
a-D-Glucose 4Cy
B-D-Glucose ¢y
a-D-Gulose 4cy
B-D-Gulose ic
«a-D-Idose 4c1 ey
B-D-Idose pel
«-D-Mannose 4y
B-D-Mannose 4e
«-D-Talose 4
B-D-Talose ic
Aldopentoses
a-D-Arabinose Iy
B-D-Arabinose 4cy, ey
a-D-Lyxose 4c1, ey
B-D-Lyxose ic
a-D-Ribose 4c1 ey
B-D-Ribose c1 ey
a-D-Xylose ¢y
B-D-Xylose 4cy

Using these values, it can be calculated that the iC
form of B-D-glucopyranose has a conformational energy
of 8.38, considerably lower than that of the Ic, form with
a value of 33.5, leaving no doubt that the first is the more
stable conformer. Table VI shows the conformation of
D-aldopyranoses in aqueous solutions.

The principal conformers of the furanose ring are the
envelope (E) and the twist (T) forms, of which the latter
are the most stable. To designate a particular conforma-
tion, the method is the same as that used for pyranoses;
namely, the letter used to designate the form (E or T) is
superseded by the number of the ring atom situated above
the plane of the ring and is followed by the number of the
ring atom below the plane of the ring.

For furanose rings, the most stable conformers are the
envelope and twist forms; these can exist in 10 arrange-
ments each. Due to the low energy barriers between the
twist and envelope conformers, a sugar in the furanose
form is believed to undergo rapid interconversions be-
tween them. The slightly more favored twist conformer
would rapidly pass through an envelope conformation
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(which is less favored because it possesses two eclipsed
carbon atoms) to go to the next twist form. Because inter-
action between two eclipsed carbon atoms is greater than
between a carbon atom and an oxygen atom, the ring oxy-
gen atom tends to occupy a position along the plane of the
ring and to leave the puckering to carbon atoms.

B. Reactions of Monosaccharides

In reactions involving monosaccharides, it is important to
remember that the functional groups found in the vari-
ous cyclic and acyclic forms will be present side by side
in the reaction mixture. Thus, in a reaction involving an
aldohexose, a carbonyl group and two types of hydroxyl
groups will be provided by the acyclic form. These are
the primary hydroxyl group attached to the terminal posi-
tion, and four (less reactive) secondary hydroxyl groups.
In addition, each of the cyclic forms will contribute three
types of hydroxyl groups: a hemiacetal hydroxyl function
at C-1, a terminal primary hydroxyl group, and three (less
reactive) secondary hydroxyl groups.

It is also important to remember that the course of a
reaction does not depend totally on the relative amount
of a given species. Thus, free saccharides readily undergo
nucleophilic additions, characteristic of carbonyl groups,
even though carbonyl groups are present only in their
acyclic form, which contributes little to the equilibrium

CH,0H CH,0H
D-glucose
(Fischer formula)

CH,0H

0,
—
HO il OH
OH

a-D-glucopyranose
(Haworth formulas)

SCHEME 2 Representation of the anomeric configuration
D-glucose in a Fischer (top right) and a Haworth (bottom left)
formula.



Carbohydrates

mixtures. For example, solutions of hexoses contain less
than 1% of the acyclic form, and yet they readily afford
carbonyl group derivatives in high yields. This is because
the addition of a nucleophile to the carbonyl group of an
acyclic form will immediately shift the equilibrium in fa-
vor of this form, allowing more of it to be formed and to
react with the nucleophile.

Concerning the hydroxyl groups, it should be recog-
nized that the hydroxyl groups can play a dual role. Such
groups can act as leaving groups when stronger nucle-
ophiles attack the carbon atom to which they are attached.
These nucleophilic substitution reactions may be of the
Sn 1 or SN2 type. Alternatively, the oxygen of the hydroxyl
group acts as a nucleophile, adding to carbonyl groups and
carbonium ions or displacing good leaving groups to af-
ford esters, acetals, ketals and ethers, and other species.
The hydroxyl group of the hemiacetal function at C-1 of an
aldose or C-2 of a ketose is the most reactive of all the hy-
droxyl groups found in a monosaccharide. The next most
reactive hydroxyl group is the primary hydroxyl group at
the terminal position. This is followed in reactivity by the
secondary hydroxyl groups. The oxidation of carbonyl and
hydroxyl groups has important applications in industrial
processes.

1. Reactions of the Carbonyl Group

The reactions of the carbonyl group of a monosaccharide
include the nucleophilic addition of a carbon, nitrogen,
oxygen, or sulfur atom. It should be noted that, although
these additions afford acyclic products, the latter may cy-
clize, so that the product may ultimately be acyclic or
cyclic. On the other hand, intramolecular nucleophilic ad-
dition, by a hydroxyl group attached to the sugar chain on
the carbonyl carbon atom, can afford only cyclic products.
Note also that, in both types of additions, the reaction may
occur with or without subsequent loss of water.

The addition of carbon nucleophiles to the carbonyl
group of aldoses has been widely used to extend the carbon
chains of saccharides, that is, to ascend the series. Similar
additions to the keto group of glyculoses have been used
to prepare branched sugars. Of particular value in form-
ing C—C bonds are the nucleophiles “CN, “CH,;NO,,
and “CH,N,, as well as the ylides and organometallic
nucleophiles involved in the Wittig and Grignard reac-
tions (Scheme 3).

The nitrogen nucleophiles commonly used with
monosaccharides contain a primary amino group attached
to a carbon, a nitrogen, or an oxygen atom. The products
obtained from the first type of nucleophile are rarely of
the acyclic, Schiff base type, because they readily cyclize.
The other two types of nucleophile afford carbonyl-group
derivatives that usually exist in acyclic forms. The major
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SCHEME 3 Addition of carbon nucleophiles to carbonyl groups.

pathway for the reaction between a nitrogen nucleophile
and a free sugar is via the acyclic form of the monosac-
charide, which usually affords an acyclic addition product.
The latter may subsequently lose water to yield an acyclic
condensation product, or it may cyclize. The same reac-
tion product may be formed by nucleophilic substitution
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SCHEME 4 Amadori rearrangement of aldimines via eneaminols.

on the hemiacetal function of a cyclic sugar. Nucleophlic
substitution is much slower than nucleophilic addition,
but in this case its contribution is enhanced by the large
proportions of cyclic forms of the sugar present in the
equilibrium mixture.

Aldoses and ketoses react with ammonia and amines
to give 1-deoxy-1-imino- and 2-deoxy-2-imino deriva-
tives, respectively, both of which exist mainly in cyclic
forms, referred to as glycosylamines. During the reac-
tion of aldoses with amines, the 1-amino-1-deoxyuloses,
that is, glycosylamines that are first formed, often rear-
range to give l-amino-1-deoxyketoses, called Amadori
compounds. The reaction leading to their formation is also
named after its discoerer and referred to as the Amadori
rearrangement. Unlike glycosylamines, which exist pre-
ponderantly in cyclic forms, Amadori compounds may be
cyclic or acyclic. The mechanism of the reaction has been
extensively studied by Weygand, who proposed the mech-
anism shown in Scheme 4, which involves a sigmatropic
rearrangement of an aldimine to a 1,2-enaminol, which
later ketonizes.

Sigmatropic rearrangements leading to the formation of
enaminols are by no means restricted to imines, as they
occur during the conversion of hydrazones into osazones,
and are involved in the cyclization of the latter compounds.

The analogous reaction between monosaccharides and
amino acids or peptides is of great importance to the food
industry. This is because its ultimate outcome is the forma-
tion of the dark polymeric products known as malanoidins,
which give baked goods their characteristic color. The ini-
tial stages of this complicated reaction, collectively known
as the Maillard reaction (Scheme 5), are well documented.
They involve the formation of N-glycosylamino acids,

which undergo Amadori rearrangement to ketose amino
acid derivatives and then dimerize to diketose amino acids.
The latter then undergo a series of double-bond migra-
tions, via 1,2-enolizations and 2,3-enolizations, to afford
mono- and dideoxyhexosuloses. The glycosuloses are then
attacked by amino acids and, after undergoing polymeriza-
tions and decarboxylations, yield polymeric melanoidins.

The hydrazine derivatives of sugars are more reactive
than the sugars from which they are prepared. This is
because, when a hydrazone residue is introduced into
an aldose molecule, the number of nucleophilic groups
that are capable of entering a reaction is increased by
unity (the second nitrogen atom of the hydrazone acts
as a strong nucleophile), whereas the number of groups
capable of undergoing nucleophilic attack remains con-
stant because nucleophiles will add to the C=N group
at position 1 in the same way that they do to the C=0
group of the parent sugar. In the case of osazones and
other bis(hydrazones), the reactivity is further enhanced
because a second C=N group is introduced (in place of a
less reactive H—C—OH group). As a result, the capacity
of osazones and bis(hydrazones) to undergo addition and
cyclization reactions is greater than that of monohydra-
zones, which in turn is greater than that of the free sugars
that yielded them.

Saccharide hydrazones have been prepared from un-
substituted, monosubstituted, and N,N-disubstituted hy-
drazines. The substituents attached to the hydrazine in-
clude alkyl, aryl, or heteroaryl groups, as well as acyl,
aroyl, thioacyl, thioaroyl, and sulfonyl groups.

Sugar hydrazones can exist as equilibrium mixtures
of various tautomeric forms. This is apparent from the
complex mutarotation they exhibit in solution. The most
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SCHEME 5 Millard reaction scheme.

important of these structures are the acyclic Schiff bases
and the two pairs of anomeric cyclic forms (the two five-
and two six-membered rings). However, when crystal-
lized, one form of the hydrazone is usually isolated. For
example, the crystalline form of D-galactose phenylhydra-
zone was shown by the following sequence of reactions to
be the acyclic form (see Scheme 6).

Osazones and bis(thydrazones) are hydrazine deriva-
tives of aldosuloses and diuloses, respectively. If the two
hydrazone residues are attached to C-1 and C-2 of a sac-
charide, the derivative is referred to as an osazone and
is named by suffixing osazone to the name of the ketose
that possesses the same carbon chain and the same con-
figuration (irrespective of the sugar used in its prepara-
tion); for example, D-arabino-2-hexulose phenylosazone
is the name given to the osazone obtained from D-glucose,
D-mannose, and D-fructose. The stability of osazones is at-
tributed to their chelated rings (see Scheme 7).

Reducing sugars react with hydroxylamine to give
oximes, which have been prepared for use in the Wohl

Ph
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SCHEME 6 Formation of the same galactose hydrazone pen-
taacetate from a pyranose, a furanose, and an acyclic sugar
acetate.
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degradation for descending the series. This reaction makes
use of the fact that, on refluxing with acetic anhydride,
the oxime readily loses water (or acetic acid, if it is first
N-acetylated) and is converted to the nitrile. Then using
the fact that the addition of HCN to aldehydes is reversible,
the nitrile formed is hydrolyzed to an aldose having one
carbon atom less than the starting oxime (see Scheme 8).
If carried out with ammonia, the hydrolysis affords an
undesired intermediate bis(acetamido) derivative, which
must by hydrolyzed with acid before the desired aldose
can be liberated.

The addition of I mol of RO~ and RS~ nucleophiles to
the carbonyl group of a saccharide affords the hemiacetal
or thiohemiacetal, which in solution remains in equilib-
rium with the free saccharide. On the other hand, the ad-
dition of 2 mol of the nucleophile affords stable acetals or
dithioacetals (see Fig. 11).

If one of the OH groups of the acyclic form of the sugar
is the nucleophile, the product is one of the four possible
cyclic structures of a sugar (a- and 8- furanose and «- and
B-pyranose). If, instead, the nucleophile originates from
without the sugar molecule, hemiacetals or thiohemiac-
etals are obtained, depending on the nucleophile. Because
these compounds are constantly in equilibrium with the
acyclic form, they are not isolated and have little impor-
tance in preparative chemistry. Three types of acetal are
possible, depending on the source of the nucleophiles(s)
involved in the reaction: (1) If both nucleophile molecules
do not arise from the sugar molecule, the product is an
acyclic acetal or dithioacetal; (2) if one nucleophile forms
part of the sugar molecule and one is not a part of it, there
is obtained a cyclic acetal or thioacetal, which is referred

HC=N—0H

H—C—OH H—(]:—OAC

or >—< or
0,

\z H(|3:N-—OH /

NH—OH

HC=N—0Ac

to as a glycoside or thioglycoside; (3) if both nucleophile
molecules are part of the same sugar molecule, the product
is a bicyclic acetal. Acetals of types 2 and 3 are, in real-
ity, derivatives of the cyclic forms of sugars, and, as such,
they do not belong among the reactions of the carbonyl
group.

In general, the best route for preparing the acyclic forms
of sugars and acyclic sugar derivatives is that from the
dithioacetals; another way is to prepare an acyclic hy-
drazone of the sugar, acetylate it, and then remove the
hydrazone residue from the acetate with benzaldehyde.
Because of the importance of dithioacetals in synthesis,
their preparation, as well as their conversion to acetals
and other useful derivatives, will be examined. Dithioac-
etals are readily obtained in acidic media by the treatment
of monosaccharides with the desired thio alcohol, usu-
ally ethanethiol, in the presence of concentrated HCI (see
Scheme 9).

The demercaptalation (removal of the thioacetal
residues) is usually conducted in the presence of a mix-
ture of yellow mercuric oxide and cadmium carbonate or
mercury chloride. If hydrolysis is needed in order to pre-
pare the aldehydo sugar, water is added to the mixture,
care being taken that the reaction is performed on the per-
acetylated dithioacetal (to prevent formation of the cyclic
forms).

2. Nucleophilicity Quotient of Monosaccharides

The nucleophilicity quotient (NQ) is a measure of the sus-
ceptibility of polyfunctional molecules to cyclization by
intramolecular, nucleophilic addition. Sugars and sugar

HCN

N +
— > HCINHAC), — HC=0

SCHEME 8 The Wohl degradation is used to reduce the number of C atoms in sugar.
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FIGURE 10 Envelope and twist conformations of furanoses.

derivatives possess more nucleophilic species than nucle-
ophile acceptors (e.g., there are five nucleophilic oxygen
atoms vs. one carbonyl group in the acyclic form of an al-
dohexose); accordingly, the number of nucleophile accep-
tors exerts a greater, and sometimes controlling, influence
on the capacity of the molecule to cyclize, whereas the
nucleophilicity of the attacking groups plays a lesser role.
For this reason, integers are used to designate the number
of nucleophile acceptors (such groups as C=0, C=NR,
C=C—C=0, and C=C—C=NR, which can undergo ad-
dition reactions), and fractions are used to designate the
nucleophilicity (n) of attacking species (e.g., OH or NH
groups) that are suitably situated to react with a nucle-
ophile acceptor. The value of n, which is a measure of the
affinity of the nucleophile to a particular acceptor, can be
obtained from tables or can be determined experimentally
from kinetic measurements using a Hammett-like equa-
tion, namely, log(k/ ko) = ns, where s is the sensitivity of
the nucleophile acceptor to the attacking nucleophile. Free
aldoses have an NQ value of 1.4, which signifies that (1)

—SEt

—0—x
—O0—T

| I |
EtO—(II—OEt HO—(ll—OEt =0 HO—(':—SEt EtS—

Hemiacetal Aldose Hemithioacetal Dithioacetal

FIGURE 11 Acetals hemiacetals, and their sulfer (thio)
derivatives.

Diacetal
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SCHEME 9 Formation of acyclic aldoses from diothioacetals.

these molecules possess one nucleophile acceptor (C-1 of
the acyclic form; the carbon atoms in positions 2, 3, 4,
5, and 6 are not counted, because their susceptibility to
nucleophiles by Sy reactions is much smaller than that
of C-1, which undergoes carbonyl addition reactions) and
(2) the nucleophilicity of the attacking oxygen atom (as
determined from tables) is 4. Saccharide hydrazones and
oximes have similar NQ values, even though they possess
additional nucleophiles (NH or OH groups) whose nucle-
ophilicity is enhanced by adjacent nitrogen atoms. This is
because these additional nucleophiles are not suitably sit-
uated to attack the nucleophile acceptor (the C=N group).
Saccharide phenylosazones, on the other hand, are much
more reactive, and this is reflected by the high NQ value of
2.6. They possess two nucleophile acceptors, namely, C-1
and C-2, which form part of C=NR systems, and contain a
nitrogen atom, which is suitably situated to attack a nucle-
ophile acceptor (the C=C—C=N group present in one of
the tautomeric forms in equilibrium). The nucleophilicity
of this atom is enhanced by the « effect of the adjacent
nitrogen atom, giving it an n value of 6. Finally, if it is de-
sired to obtain compounds that are even more reactive, an-
other nucleophile acceptor could be added to the osazone
molecule, for example, a carbonyl group in the saccharide
moiety or in the hydrazone residue, which would bring
their NQ values to 3.6. Examples of such highly reactive
molecules are L-ascorbic acid bis(phenylhydrazones) and
glycosulose bis(benzoylhydrazones).

3. Nucleophilic Substitution Reactions of the
Anomeric Carbon Atom

The anomeric carbon atom is the most reactive carbon
atom in furanoses, pyranoses, and their derivatives. Al-
though it is less susceptible to nucleophilic attack than
the carbonyl group of acyclic sugars (because it under-
goes nucleophilic substitution instead of addition), it is
significantly more reactive than the remaining hydroxyl-
bearing carbon atoms. The affinity of the anomeric carbon
atom to nucleophiles is attributed to its capacity to form
resonance-stabilized carbonium ions that can undergo di-
rect reactions via Sy1 mechanisms or synchronous reac-
tions by Sy2 mechanisms. The rates of these reactions
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depend on the nucleophilicity of the attacking group and
the nature of the leaving group, that is, how good a leaving
group it is.

The nucleophilic substitution reactions that will be con-
sidered in this section are (1) the displacement of the hemi-
acetal hydroxyl group (—OH) or one of its esters, for ex-
ample, an anomeric acetoxyl group (—O—CO—R), by an
OR group from an alcohol to afford glycosides, or by the
X group of hydrogen halides to afford glycosyl halides;
and (2) the displacement of the OR groups of glycosides
by OH groups (hydrolysis), by OR groups (anomerization
and transglycosidation), or by a halogen.

a. Displacement of OH groups by OR groups
(glycosidation). The anomeric hydroxyl groups of
cyclic sugars and their esters can be exchanged in acid
media by the OR group of alcohols and phenols. The dis-
placement of the hemiacetal hydroxyl group by an OR
group is known as the Fischer method of glycoside for-
mation, and the similar exchange of an anomeric ester
group is referred to as the Helferich method.

i. The Fischer glycosidation method. An example of
the Fischer glycosidation method is the conversion of
D-glucose to two methyl D-glucofuranosides and two
methyl D-glucopyranosides by treatment with methano-
lic HCI. The first products isolated are two furanosides,
methyl «-D-glucofuranoside and methyl g-D-glucofura-
noside. The furanosides are kinetically favored because
closure of five-membered rings is faster than that of six-
membered rings. If the reaction time is prolonged or if
reflux temperatures are used, the thermodynamically fa-
vored pyranosides will predominate, affording methyl «-
D-glucopyranoside and methyl B-D-glucopyranoside in
high yields (see Scheme 10). A study of the reaction

CHZOHO CH,0H CH,0H
OH HOCH O HOCH O~ OMe
_
HO\OH <0H >0Me <OH ;
OH OH OH
B-D-glucose a B

Methyl D-glucofuranosides

CH,0H CH,OH
0 0
OMe
HO\QH oMme  HO\YH
OH OH
a B

Methyl D-glucopyranosides

SCHEME 10 Formation of methyl « and B-D-glucofuranosides
and methyl « and 8-D-glucopyranosides.
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products of the Fischer reaction revealed the following
points. (1) At equilibrium, there is usually a preponder-
ance of pyranose forms, since the six-membered rings are
the thermodynamically favored forms of glycosides. (2)
As a rule, aldoses having adjacent bulky groups (OH or
OMe groups) in the cis orientation will afford a smaller
proportion furanosides on equilibration. This is because
these substituents are closer together (and repel one an-
other more) in furanosides than in pyranosides. For the
same reason, a trans relationship of adjacent bulky groups
is more favorable in furanosides than in pyranosides. This
is why furanosides having C-1 and C-2 trans (e.g., the
« anomers of D-arabinose and D-lyxose and the § anomers
of D-ribose and D-xylose) are more stable and exceed the
concentration of their anomers. It was also found that the
all-trans-methyl S-D-arabinofuranoside is present in high
concentration in the equilibrium mixture. In the case of the
methylated derivatives of D-arabinose (which have bulkier
OMe groups), the all-trans orientation is so favorable in the
five-membered ring that, at equilibrium, the concentration
of the furanosides exceeds that of the pyranosides. (3) Be-
cause of the anomeric effect, the anomer having an axial
methoxyl group always predominates among the two pyra-
nosides (in furanosides no substituent exists in a truly axial
position). (4) During the formation of methyl glycosides
by the Fischer method, a small proportion of the acyclic
acetal is always produced. This by-product is formed by
nucleophilic addition to the carbonyl group of the acyclic
sugar, as well as by nucleophilic substitution on the fura-
nose form of the sugar, which can cause the ring to open.

ii. The Helferich glycosidation — method. The
Helferich method of glycoside formation involves
allowing a peracetylated sugar (obtained by treating a
free sugar with acetic anhydride in pyridine) to react
with a phenol or an alcohol in the presence of an acid
catalyst, a Lewis acid such as ZnCl, or, a protic acid
as p-toluenesulfonic acid. Because peracetylated sugars
usually exist in the pyranoid form, this method constitutes
a convenient way in which to prepare glycopyranosides
(see Scheme 11). However, if a peracetylated furanose is
the starting compound, the product will, evidently, be a
glycofuranoside. If mild conditions are used (e.g., a short
heating time with p-toluenesulfonic acid), the conversion
can be achieved with retention of configuration. However,
if drastic conditions are used, anomerization occurs,
and that anomer having a bulky group axial on C-1 will
predominate. As in the Fischer method, the intermediate
here is a resonance-stabilized carbonium ion. Because
halogens are good leaving groups, the glycosyl halides
are important intermediates in carbohydrate synthesis.
The most important derivatives are the glycosyl chlorides
and bromides; the iodides are usually too reactive and
therefore not stable over any length of time; and the
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SCHEME 11 Formation of a phenylglucoside from a glycosyl
chloride.

fluorides are too inert, requiring drastic conditions
for reaction. The glycosyl halides can be prepared by
bubbling HCI1 or HBr into a solution of a peracetylated
or perbenzoylated monosaccharide. Alternatively, as
will be seen later, they can be obtained in the same way
from glycosides. Although many halides are isolated in
crystalline form, they are often caused to react directly
with a nucleophile after removal of the dissolved acid.

b. Nucleophilic displacement of OR groups. Nu-
cleophilic substitution reactions on the anomeric carbon
atom include displacement of the anomeric OH groups,
acetoxyl groups and halogens but may involve displace-
ment of the OR group of glycosides by a nucleophile.
The nucleophiles discussed in this section are the OH and
OR groups, as well as halides. Acid catalysts are always
needed in the anomeric displacement reactions in order to
produce the reactive species, a resonance-stabilized car-
bonium ion. The latter is usually formed when the oxygen
atom of the OR group attached to the anomeric carbon
atom becomes protonated and the aglycon is eliminated
as ROH. If the glycoside reacts with the same nucleophile
found in its aglycon (e.g., if a methyl glycoside is treated
with methanol in the presence of an acid catalyst), anomer-
ization will result, that is, the two anomers of the same
glycoside will be produced, and the anomer having the
OR group axially attached will predominate (the anomeric
effect). If, on the other hand, the glycoside reacts with a
different nucleophile, for example, if a methyl glycoside is
treated with water (in a hydrolysis) or with another alcohol
(in a transglycosidation), the OR group will be replaced
by an OH group in the first case and by an OR’ group in
the second. In such reactions, if the OH group attached to
C-4 of glycopyranosides and C-5 glycofuranosides is not
blocked, the foregoing displacement reactions will afford
mixtures of «- and B-furanoses (or furanosides) and «-
and B-pyranoses (or pyranosides), irrespective of whether
the starting glycoside is a furanoside or a pyranoside.
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Another important nucleophile that can react with gly-
cosides is X, to produce glycosyl halides, which are syn-
thetically valuable intermediates. In general, glycosides
are hydrolyzed by acids and are stable toward bases. Ex-
ceptions to this rule are glycosides having, as the aglycon,
a group derived from a phenol, an enol, or an alcohol hav-
ing an electronegative group in the 8 position, as these are
labile toward bases.

Aldofuranosides are hydrolyzed much faster (50—
200 times the rate) than the aldopyranosides, and, among
the furanosides, the less stable isomers (those having ad-
jacent bulky groups in the cis orientation) are hydrolyzed
the fastest. Similarly, methyl B-D-glycopyranosides are
hydrolyzed faster than their (more stable) «-D anomers,
because of the anomeric effect. (The situation is reversed
when bulky aglycons are used, because of the considerable
axial-axial interactions.) Ketofuranosides and ketopyra-
nosides are also hydrolyzed faster than the corresponding
aldosides. Finally, aldopyranoses and aldofuranoses hav-
ing a 2- or 3-deoxy or a 2,3-dideoxy functionality are
hydrolyzed considerably faster than their hydroxylated
counterparts; this is due to a decrease in steric interac-
tion during the conversion of the chair conformer of the
glycopyranoside to the half-chair conformer of the carbo-
nium ion and during the bimolecular displacement of the
alcohol by water in the glycofuranosides.

The accepted mechanism for the acid hydrolysis of gly-
cosides starts, as usual, with protonation. Although pro-
tonation of either the glycosidic oxygen atom (that of the
—OR group attached to the anomeric carbon atom) or the
ring oxygen atom is possible, there is evidence that it is
usually the former (the glycosidic oxygen atom) that is
protonated. The next step in the reaction, namely, the for-
mation of a carbonium ion by shifting of the electrons
of the C—O—R bonds, can be achieved in two ways: ei-
ther by breaking the C—O bond and shifting the positive
charge to the anomeric carbon atom or by breaking the
O—R bond and shifting the charge to the R group of the
aglycon. The first route is favored, because the saccha-
ride carbonium ion is stabilized by resonance with the
form having the charge on the ring oxygen atom, and
most hydrolyses follow this route. In rare cases, for ex-
ample, during the acid hydrolysis of fert-butyl glycosides,
the bond between the oxygen atom and the R group is
preferentially broken, because of the remarkable stability
of the tert-butyl carbocation. The foregoing mechanisms
have been confirmed by conducting hydrolyses of glyco-
sides in '80-labeled water and locating the labeled oxy-
gen atom in the products (the free sugar or the alcohol).
With most aglycons the label was found to be attached
to the free sugar liberated, whereas with tert-butyl glyco-
sides the label was found to be on the alcohol formed (see
Scheme 12).
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SCHEME 12 Mechanism of hydrolysis of glycosides.
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Anomerization is the acid-catalyzed isomerization of
a group (OR) attached to the anomeric carbon atom of
a cyclic saccharide derivative. The reaction is initiated
by protonation of the OR group of the glycoside and is
followed by elimination of the alcohol group (ROH) to
afford a carbocation. This then undergoes nucleophilic
attack by an OR group (identical to the OR originally
present in the glycoside). Of the two anomers possible, that
having the bulkier axial group predominates (the anomeric
effect).

An important reaction of anomeric OR groups is their
displacement by X groups to form glycosyl halides. The
latter are used in the Koenigs—Knorr method of glycosi-
dation, which involves the reaction of a glycosyl halide
with an alcohol in the presence of a heavy-metal catalyst.
For example, tetra- O-acetyl-a-D-glucopyranosyl bromide
reacts with methanol in the presence of silver carbonate
(which acts as an acid acceptor) to afford, in high yield,
methyl tetra- O-acetyl-B-D-glucopyranoside. The reaction
mechanism is presumed to involve an intermediate carbo-
nium ion (see Scheme 13).

It should be noted that the direct replacement of a hemi-
acetal hydroxyl group by a halogen atom (without pro-
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SCHEME 13 Mechanism of glycoside formation.
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tection of the hydroxyl groups) is not practical from the
synthetic point of view, because it is usually accompanied
by extensive isomerization and aromatization (including
the formation of furan derivatives).

4. Nucleophilic Attacks by Hydroxyl Groups

There are two types of hydroxyl groups in the acyclic
forms of monosaccharides: a primary hydroxyl group,
which is, by definition, always terminal, and a number of
secondary hydroxyl groups. In the cyclic forms of sugars,
there exists a third type, namely, the glycosidic hydroxyl
group attached to the anomeric carbon atom that forms
part of the hemiacetal group of aldoses, or the hemiac-
etal group of ketoses. All three types of hydroxyl group
are strong nucleophiles that can add to the carbonyl group
of acid anhydrides, to afford esters, or replace the leaving
groups of alkylating agents, to afford ethers. They can also
induce substitution reactions at the anomeric center of the
same or a different sugar, to afford anhydro derivatives or
disaccharides, respectively. Finally, they can add in pairs
to the carbonyl group of aldehydes and ketones, to gives
cyclic acetals.

The hemiacetal hydroxyl groups of cyclic sugars are the
most reactive of the three types of hydroxyl group. They
are followed in nucleophilicity by the reactivity of the ter-
minal primary hydroxyl groups. Because acyclic sugars do
not possess hemiacetal hydroxyl groups, their primary hy-
droxyl groups are the most reactive hydroxyl groups in the
molecule. The leastreactive hydroxyl groups in both cyclic
and acyclic sugars are the secondary hydroxyl groups.
These may differ in reactivity, depending on whether they
are axially or equatorially oriented (eliminations are fa-
vored by an antiperiplanar orientation) and according to
whether the substituents are situated in a crowded environ-
ment. Thus, it is often possible to block a primary hydroxyl
group and leave the secondary hydroxyl groups free by
making use of the fact that, because secondary hydroxyl
groups are in a more crowded environment, they might
not react to any appreciable extent if mild reaction condi-
tions and insufficient reagents are used. Stereo-chemical
considerations also play important, and sometimes deci-
sive, roles in determining the course of competing reac-
tions involving more than one hydroxyl group. For ex-
ample, when methyl g-D-ribofuranoside, which possesses
one primary and two secondary hydroxyl groups, reacts
with acetone, the 2,3- O-isopropylidene derivative is pref-
erentially formed by attack of the two cis-oriented sec-
ondary hydroxyl groups, despite the fact that a primary
hydroxyl group (which is trans-oriented) is available (see
Scheme 14). This is because, had the latter group reacted,
it would have produced a highly strained, six-membered
3,5-isopropylidene ring.



Carbohydrates

HOCH, 0O OMe HOCH, 0O OMe

Qé

OH OH
C
% Me,
T—cnz 0. OMe
Me,C
T~0 ou

SCHEME 14 Formation of 2,3- O-ispropylidene rings.

O,
(o)

\

The foregoing generalizations are useful when one
is planning multistage syntheses of complex sugar
molecules, especially when it is advantageous to block
certain hydroxyl groups selectively and leave the other
ones free for subsequent reaction. They are also useful in
predicting which group will preferentially react when a
limited amount of reagent is available.

In the following section, four types of hydroxyl group
derivatives will be discussed: esters, ethers, anhydro sug-
ars and disaccharides, and cyclic acetals.

a. Formation of esters. Esters are generally used to
block hydroxyl groups, that is, to deactivate their oxy-
gen atoms and, by so doing, prevent them from attacking
nucleophile acceptors. The esters most commonly used
for this purpose are the acetates and benzoates. Occasion-
ally, substituents are introduced in the para position of the
phenyl ring of the latter esters in order to increase their
crystallizing properties. The O- p-nitrobenzoyl and the O-
p-toluoyl derivatives have been found to be useful in this
respect.

Peracetylation (full acetylation) can be achieved at
room temperature by treatment of the saccharide in pyri-
dine with acetic anhydride or, at a higher temperature, by
heating of the saccharide in a mixture of acetic acid and
acetic anhydride. In both cases, the thermodynamically
favored pyranose derivative is obtained. If the furanose
derivative is desired, the methyl furanoside is acetylated,
and the product is subjected to acetolysis (hydrolysis and
acetylation), to replace the OMe group by OAc. The last
reaction is conducted at low temperature with a mixture of
acetic acid, acetic anhydride, and a few drops of sulfuric
acid (see Scheme 15).

To prepare benzoates, p-substituted benzoates, and sul-
fonates, the necessary acid chloride is allowed to react in
pyridine with the saccharides or saccharide derivatives.

In general, ester groups are more stable in acidic than
in basic media, and acetates are more readily hydrolyzed
than benzoates. To carry out a deacetylation, a solution
of sodium methoxide is added in catalytic amounts to
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the sugar acetate at 0°C. Most esters are also saponifi-
able with NaOH in acetone at low temperature. Acetyl,
benzoyl, and p-nitrobenzoyl groups attached to the oxy-
gen atom of the anomeric centers of cyclic sugars can be
displaced by nucleophiles, especially in the presence of
Lewis acid catalysts. This reaction is useful in the prepara-
tion of glycosides and nucleosides. Ester groups attached
to the other carbon atoms of a saccharide, that is, linked
to nonanomeric carbon atoms, are considerably more in-
ert toward nucleophiles and will not undergo substitution
reactions under mild reaction conditions. To achieve a nu-
cleophilic substitution of esters attached to nonanomeric
centers, the latter esters must themselves be good leav-
ing groups, for example, tosylates, mesylates, and triflates
(see Scheme 16).

b. Formation of ethers. True saccharide ethers have
the hydroxyl groups that are attached to the nonanomeric
carbon atoms replaced by alkoxyl groups. These deriva-
tives should be distinguished from the structurally similar
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SCHEME 16 Replacement of an OH group with hydrogen.
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alkyl glycosides, discussed earlier, which possess acetal-
type OR groups. Methyl ethers have been used exten-
sively in the structure elucidation of saccharides. They
were first used by Haworth to determine the ring size of
monosaccharides and the ring size and position of linkage
of oligosaccharides. More recently, they have been used
to volatilize monosaccharides before they are subjected to
gas-chromotographic analysis. Because silyl derivatives
are easier to prepare than methyl ethers, the former have
now replaced methyl ethers in the gas-chromatographic
analysis of monosaccharides. On the other hand, because
methyl ethers are stable toward acid- and base-catalyzed
hydrolysis, they continue to be used as a means of la-
beling free hydroxyl groups in saccharides, a procedure
frequently used in the structure elucidation of oligosac-
charides and polysaccharides. It is for this reason that the
problem of permethylating saccharides (etherifying all of
their hydroxyl groups) continues to attract the attention
of carbohydrate chemists. The original methods of Purdie
(Mel and AgOH) and of Haworth (Me, SO, in alkali) have
been much improved by the use of such aprotic solvents as
HCONMe, (DMF) or Me,;SO (DMSO). Today, the most
widely used methylating procedure is that of Hakomori,
who used sodium hydride and Me, SO to generate the base
MeSOCH, needed for this type of methylation.

Benzyl ethers offer unique advantages in syntheses re-
quiring the selective blocking and deblocking of hydroxyl
groups. They can be introduced under mild conditions
by the action of benzyl chloride in pyridine and can be
removed in neutral media by catalytic hydrogenolysis,
which does not affect esters or cyclic acetals. The for-
mer class of compounds is base labile, and the latter, acid
labile.

Other synthetically useful ethers are the triphenyl-
methyl ethers, or as they are often called, trityl deriva-
tives (Ph;C—). Their bulky phenyl groups render their
formation from secondary and tertiary hydroxyl groups
so difficult that they are normally obtained from primary
hydroxyl groups only. These ethers are therefore used to
block the primary hydroxyl groups selectively, so as to
leave the secondary hydroxyl groups free for subsequent
reactions. Removal of the trityl ethers is very facile and can
be achieved by mild acid hydrolysis. Such organic acids as
acetic acid, which do not affect esters or cyclic acetals, se-
lectively deblock the oxygen atom bearing the trityl group
and regenerate the primary hydroxyl group, with libera-
tion of triphenylmethanol. Alternatively, the trityl ether
group can be removed by catalytic hydrogenolysis, which
then affords triphenylmethane and the free primary hy-
droxyl group. The ease of hydrolysis of trityl ethers may
sometimes be responsible for the occurrence of undesir-
able hydrolysis during the course of a subsequent reaction,
particularly when vigorous conditions are used.
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c. Anhydrides and disaccharides. An intra or in-
termolecular nucleophilic attack initiated by the oxygen
atom of a suitably placed hydroxyl group on the anomeric
carbon atom of the same or a different sugar will afford
an anhydride or a disaccharide, respectively. The reaction
is best performed by introducing a good leaving group,
usually a halogen atom, on the anomeric carbon atom
and blocking all of the hydroxyl groups except the one to
be involved in the subsequent reaction (see Scheme 17).
In this way, the formation of undesired products can be
avoided.

Disaccharides are often obtained enzymatically, by
passing the substrate or substrates (the saccharides in-
volved in the dimerization) through a column filled with
a polymer that had been prebound chemically to the spe-
cific enzyme needed to perform the transformation. This
method has, of late, acquired attention in industrial op-
erations, because it allows the enzymes to remain active
indefinitely on the column and prevents their being washed
away during the work-up.

d. Cyclic acetals. 1f oriented properly, any two adja-
cent (but not necessarily contiguous) hydroxyl groups will
react with an appropriate aldehyde or ketone to yield an un-
strained five- or six-membered cyclic acetal, respectively.
The most commonly used carbonyl compounds are ben-
zaldehyde, which affords mostly six-membered benzyli-
dene acetals, and acetone, which yields five-membered
isopropylidene acetals. The latter derivatives have the ad-
vantage of existing in one isomeric form, unlike benzyli-
dene derivatives, which exist in two isomeric forms. This
is because, on reacting with chiral glycols, all aldehydes,
except formaldehyde, and all mixed ketones yield chiral
acetals.

The formation of cyclic acetals is catalyzed by acids
and proceeds by two successive nucleophilic attacks; at
first one hydroxyl group attacks the protonated carbonyl
derivative to form the hemiacetal. The latter, in turn, be-
comes protonated and is attacked by the second hydroxyl
group.

The formation of isopropylidene acetals can be
achieved by treatment of a saccharide derivative with ace-
tone or its dimethyl acetal (2,2-dimethoxypropane) in the
presence of an acid catalyst such as HCI or H,SO,4 and
a dehydrating agent. The reaction is often conducted at
room temperature and can be monitored by 'H NMR spec-
troscopy. The signals of two methyl groups are usually
well resolved because of their chiral environment.

A useful starting material in many syntheses
is 1,2:5,6-di-O-isopropylidene-«-D-glucofuranose, ob-
tained by treating D-glucose with acetone. This derivative
affords an easy means of access to furanoses having a free
hydroxyl group on C-3.
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SCHEME 17 Formation of disaccharides.

Benzylidene groups are also useful in the selective
blocking of saccharide derivatives. They usually involve
the primary hydroxyl group of a pyranoside and the
4-hydroxyl group if it is suitably positioned. Benzyli-
dene groups are also useful for introducing a halogen
atom instead of the primary hydroxyl group by the
Hanessian method using N-bromosuccinimide as shown
in Scheme 18.

5. Oxidation

The oxidation of a sugar involves the breaking of C—H,
C—C, O—H bonds and the transfer of electrons to the ox-
idant. Two types of oxidation are possible. The first in-
volves the transfer of two electrons from one atom to the
oxidant and is referred to as heterotytic oxidation. The
other, known as homolytic oxidation, occurs in two steps,
each involving the transfer of one electron.

a. Heterolytic oxidations. Heterolytic oxidations,
that is, those involving two-electron transfers, are exem-

plified by the oxidation of a secondary hydroxyl group to
a keto group. This involves the elimination of two hydro-
gen atoms and the formation of a double bond between the
carbon atom and the oxygen atom of the alcohol function.
The first step takes place by breakage of a C—H bond and
elimination of a hydride ion. Because the hydride anion
is a very poor leaving group, this bond breakage is gener-
ally the slowest step of the oxidation (the rate-determining
step). What makes the reaction possible, despite this, is the
fact that the elimination is aided by the oxidant, which cap-
tures the pair of electrons and converts the hydride ion to a
proton. Another proton is concurrently liberated by disso-
ciation of the O—H bond of the alcohol, and both protons
react with a base (usually a hydroxyl group to form wa-
ter). Such an oxidation usually occurs by a concerted or
E2 type of mechanism, in which the oxidant is not bonded
to the sugar, except possibly in the transition state.
Oxidants, for example, chromic acid, have been shown
to form intermediate esters, which subsequently decom-
pose by bimolecular eliminations. The difference between
this and the previous oxidation is that the leaving group is
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the reduced form of the oxidant, and the capture of elec-
trons by the oxidant is the driving force of the reaction.
Furthermore, the breaking of the C—H bond, which occurs
simultaneously, is the rate-determining step.

Of particular interest is the oxidation of primary hy-
droxyl groups with pyridinium chlorochromate (PCC)
to afford aldehydes. The oxidant may be generated in
situ by dissolving chromium trioxide in HCI to form
chlorochromic acid and adding pyridine to form the
desired salt. The oxidation is usually carried out in
dichloromethane.

Glycols are more acidic than monohydric alcohols, and
the C-1 group on an aldopyranose is even more acidic
than either, because of the inductive effect of the ring oxy-
gen atom. It is for this reason that sugars and glycosides
are more readily oxidized than ordinary alcohols. Oxida-
tion of free sugars at higher pH is often accompanied by
competing processes of epimerization and degradation. In
general, the 8 anomers of D sugars and their glycosides
are more rapidly oxidized than the & anomers. Similarly,
the 2-hydroxyl group of methyl 8-D-glucopyranoside is
more acidic than the corresponding group in the «-D
anomer.

Halogens (usually bromine) and hypohalites (particu-
larly sodium hypoiodite) have been used to oxidize aldoses
to aldonic acids and their lactones. The aldehydic group
of acyclic sugars is converted to a carboxyl group, and
the anomeric hydroxyl group is converted to lactones. Al-
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though the terminal (primary) hydroxyl groups of sugars
can also undergo oxidation by these reagents, the reaction
occurs at a somewhat lower rate, so that the oxidation can
be stopped at the monocarboxylic acid (or lactone) stage.
By the use of moderately vigorous conditions, oxidations
of the primary hydroxyl groups have been used to convert
glycosides to glycosiduronic acids. The oxidation of sec-
ondary hydroxyl groups to keto groups requires drastic
conditions, and these may be accompanied by cleavage
of C—C bonds. A study of the above-mentioned oxida-
tions has revealed that changes in the reaction conditions
(temperature, acidity, and concentration) are often accom-
panied by changes in the nature of the oxidizing species.
For example, the concentration of hypohalous acid is very
low, but when sufficient alkali is added to the system, the
concentration of hypohalite ion increases dramatically (at
pH 1, 82% of the total chlorine exists as free chlorine
and 18% as hypochlorous acid; at pH 4, only 0.4% of the
chlorine is free and 99.6% exists as hypochlorous acid;
and at pH 8, 21% exists as hypochlorous acid and 79%
as hypochlorite). The order of effectiveness of halogens
as oxidants is Br, > Cl, > I, the last being quite ineffec-
tive. This order corresponds to the rate of hydrolysis of the
free halogen by water and to the solubility in water, which
explains the ineffectiveness of free iodine as an oxidant.
The mechanism of the oxidation of aldoses with chlorine
and bromine in acid media was studied by Isbell, who
found that the active oxidants are the halogens and not the
hypohalous acids.

The accumulation of hydrogen bromide during oxida-
tions by bromine profoundly lowers the rate of further ox-
idation. This effect is not due only to the simple increase
in acidity, because, although other strong acids also in-
hibit the rate, the effect is largest for hydrogen bromide
and chloride.

To minimize this inhibiting influence, the reaction can
be conducted in the presence of a solid buffer, such as
barium carbonate. In general, the presence of a buffer in-
creases the yield of aldonic acid and precludes the hy-
drolysis of disaccharides. Yields of 96% of D-gluconic
acid have been reported. When the oxidation period is ex-
tended for unbuffered solutions, keto acids may be formed
in small yields. Thus, hexoses afford hex-5-ulosonic acids.
Under more drastic conditions, C—C bonds are cleaved,
yielding chain-shortened acids. The commercial produc-
tion of aldonic acids has been achieved by electroysis of
dilute solutions of sugars in the presence of a bromide
and a solid buffer, such as calcium carbonate. Presum-
ably, there is formed, at the anode, free bromine, which
then oxidizes the aldose to the aldonic acid and is itself
reduced to bromide. If the electrolytic method is not well
controlled, aldaric acids and glyc-2 and -5-ulosonic acids
may be produced.
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Ketoses are generally resistant to bromine oxidation,
and the latter may be useful in the removal of aldose con-
taminants from ketoses. However, by extending the pe-
riod of oxidation, D-fructose affords D-/yxo-5-hexulosonic
acid.

b. Homolytic oxidations. Most homolytic oxida-
tions occur in two successive steps, each of which involves
a one-electron transfer. The most difficult (and slowest)
step in the homolytic oxidation of a sugar is the first,
which involves the abstraction of a hydrogen atom from a
C—H group, followed by the transfer of an electron from
this hydrogen atom to the oxidant, to afford a proton. In
this process, the sugar that lost a hydrogen atom is con-
verted to a radical, which is stabilized by resonance (the
unshared pair of electrons on the adjacent oxygen atom
can migrate to the carbon atom from which hydrogen had
been abstracted). This explains why the initial abstraction
of hydrogen usually takes place by the removal of a hy-
drogen atom attached to carbon (H—|—C—O—H), rather
than from the one attached to oxygen (H—C—O—|—H). It
is also in agreement with the fact that compounds having
equatorial hydrogen atoms linked to carbon atoms (i.e.,
carbon-linked hydrogen atoms, which are more accessible
to the oxidant than the axially oriented hydroxyl groups
attached to the same carbon atom) undergo more facile cat-
alytic oxidation than axially oriented C—H groups (which
are linked to equatorial hydroxyl groups). The final step
of the oxidation is a fast reaction involving the homolysis
of the O—H bond of the sugar radical, to afford a carbonyl
group plus a second hydrogen radical which, like the first,
is converted by the oxidant to a proton.

Degradation of a carbohydrate having a carbonyl group
or potential carbonyl group begins with nucleophilic ad-
dition of hydroperoxide anion to the group, forming a hy-
droperoxide hydrin called the hydroperoxide adduct.

The adducts of substances having a hydroxyl group
attached to the carbon atom adjacent to the carbonyl
group usually decompose by a process that is called
the B-hydroxy hydroperoxide cleavage reaction. With al-
doses, this affords formic acid and the next lower aldose.

a,B-Diketones react rapidly with alkaline hydrogen
peroxide with rupture of the —C—C bond and produc-
tion of the two carboxyl groups. Degradation of an «, 8-
unsaturated ketone takes place by addition of hydroper-
oxide anion to the double bond. The adduct decomposes,
producing an epoxide which may react further, as in the
oxidation of the enolic form of diketomyoinositol.

The degradation of a reducing disaccharide proceeds
relatively rapidly by the S-hydroxy hydroperoxide cleav-
age reaction until the process is interrupted by the gly-
cosidic linkage. At this point, the hydroperoxide adduct,
lacking an «-hydroxyl group, decomposes largely by
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elimination of the C-1 hydrogen atom, cleavage of the
O—H bond, and formation of the corresponding 2-O-
glycosylaldonic acid or by a minor reaction involving
cleavage of the C-1—C-2 bond with formation of the
O-formy] acetal of the next lower sugar.

6. Reduction of Carbohydrates

Numerous reagents have been employed to reduce carbo-
hydrates and their derivatives. These include such inor-
ganic hydrides as those of aluminum and boron; reactive
metals, for example, sodium in the presence of proton
donors; and metal catalysts, such as palladium, platinum,
or nickel in the presence of molecular hydrogen.

a. Lithium aluminum hydride. Reductions of car-
bohydrate derivatives with lithium aluminum hydride are
usually performed in nonaqueous solutions (such as ben-
zene, ether, or tetrahydrofuran), because the reagent re-
acts violently with water. The boric acid formed during
the borohydride reduction is usually removed as volatile
methyl borate. Lithium aluminum hydride converts car-
bonyl groups to hydroxyl groups and ether lactones to
alditols. For example, 2,3,5,6-tetra- O-acetyl-D-glucono-
1,4-lactone yields D-glucitol. (The acetyl groups are re-
ductively cleaved by the reagent.)

If less reactive hydrides are desired, to avoid reducing
the aldehydes first formed to hydroxyls, then lithium tri-
ter-butoxyaluminum hydride or diisobutylaluminum hy-
dride (DIBAL-H) may be used at low temperature. The
first will reduce an aldonic acid chloride into an aldose and
the second an ester or a nitrile to an aldehyde (Scheme 19).

b. Borohydrides and diborane. In contrast to
lithium aluminum hydride, sodium borohydride and
lithium borohydride are relatively stable in water and can
be used to reduce lactones to sugars in acid media or to
the alditol in basic media. Thus, at pH 5, D-glucono-1,5-
lactone affords D-glucose and, at pH 9, D-glucitol.

Sodium borohydride (or sodium borodeuteride) is also
used to convert aldoses or oligosacchrides to alditol deriva-
tives for examination by gas-liquid chromatography—
mass spectrometry. Unlike hydride ions, which are
electron-rich nucleophiles, diborane is the dimer of an
electron-deficient electrophilic species (BH3). It is formed
by reaction of a borohydride ion with strong acids and
is used in 2.2'-dimethoxydiethyl ether (diglyme) as the
solvent. Diborane reacts faster with carboxylic acids, re-
ducing them to primary alcohols, than with esters, be-
cause the carbonyl character of the adduct of the first is
stabilized by resonance, and that of the second is desta-
bilized by resonance. Diisoamylborane, which does not
cleave ester groups (as does diborane), reduces acetylated
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aldono-1,4-lactones to the corresponding acetylated
aldofuranoses.

¢. Sodium amalgam. Sodium amalgam in water
and sodium in liquid ammonia are commonly used as re-
ducing agents. The metal alloy has an electron-rich surface
that reacts with protons of a proton-donating solvent to
form hydrogen atoms, which may combine to form molec-
ular hydrogen or react with the substrate to give a radical
ion. The same radical-ion can be directly obtained from
the metal, which, in both cases, is oxidized to a cation,
giving up electrons to the substrate. The hydrogen radi-
cals and the substrate radical-ions, which are bound by
adsorption to the electron-rich surface of the metal, com-
bine to afford the alkoxide ion, which then accepts a proton
from the solution. In the early literature, the reduction of
lactones to aldoses (a key step in ascending the series)
had been carried out with sodium amalgam in acid solu-
tion (pH 3), using such buffers as sodium hydrogenox-
alate, sulfuric acid, and, later, ion-exchange resins. These
buffers are needed because the reduction does not proceed
in alkaline solution (formation of the sodium salt of the
aldonic acid impedes reaction with the nucleophilic re-
ductant). The free acids are not reduced, but esters can be.
Thus, methyl D-arabinonate is converted to D-arabinose by
sodium amalgam. The susceptibility of lactones to reduc-
tion and the inertness of the free acids have been exploited
in the preparation of glycuronic acids by reduction of the
monolactones of aldaric acids.

d. Catalytic hydrogenation. In the course of hydro-
genation with palladium or platinum catalysts, surface re-
actions occur between such electron-deficient species as
the double bonds of carbonyl groups (which are attracted
to the surface of the catalyst) and the hydrogen atoms
generated by splitting hydrogen molecules. Catalytic hy-
drogenation is used to convert keto groups to secondary
alcohol groups. Thus, Raney nickel reacts with D-xylo-
5-hexulosonic acid to give both D-gluconic and L-idonic
acid. Usually, the axial alcohol is the preponderant prod-
uct, because the reductant approaches the substrate from
the less hindered side of the carbonyl group, to form an
equatorial C—H bond. Reduction of carbonyl groups can
be carried beyond the alcohol stage, to the deoxy stage.
For example, methyl S-D-ribo-hexopyranosid-3-ulose is
converted to the 3-deoxy derivative by hydrogen in the
presence of platinum, and 1-deoxyalditols can be obtained
from aldoses by the reduction of their dialkyl dithioacetals
with Raney nickel.

The stereo specific syn hydrogenation of unsaturated
sugars (glycals and acetylenes) may be carried out het-
erogeneously, using Lindlar catalyst (Pd/CaCO3) condi-
tioned in quinoline, or homogeneously using Wilkinson’s
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catalyst. Rh[(Ph);P]sCl. Alternatively, trans addition
is achieved by reduction with Li in EtNH,S at low
temperature.

lll. OLIGOSACCHARIDES

Oligosaccharides are polymeric saccharides that have, as
their name denotes, a low degree of polymerization, DP
(oligo means “few” in Greek). They are composed of 2 to
10 glycosidically linked monosaccharides, which can be
liberated by depolymerization (e.g., by acid hydrolysis).
Oligosaccharides having DPs of 2 to 3 are sweet tasting
and are included among sugars, whereas higher members
are devoid of taste and are not referred to as such.
Sucrose is the world’s most widely used sweetener and
the one produced in largest quantities. Its industrial prepa-
ration from sugar cane and from beets is now well es-
tablished. The process starts with pressing and concen-
tration of the juice. This is followed by precipitation of
sucrose as a calcium complex with lime and its regenera-
tion with SO;. Refining is achieved by charcoaling and re-
crystallization. Recent innovations in the process includes
shifting to continuous flow operations, which have con-
siderably increased the efficiency of production. Up until
recently the only competitor of sucrose was glucose syrup
produced by acid hydrolysis, or enzymatic hydrolysis of
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corn starch. Now three additional products produced from
starch have entered the market and lowered the consump-
tion of sucrose. They are fructose syrup, very high fruc-
tose syrup, and crystalline fructose. As a result, sucrose
can account for only half the sweeteners consumed in the
United States. Oligosaccharides are grouped into simple
(or true) oligosaccharides, which yield on deploymeriza-
tion monosaccharides only; and conjugate oligosaccha-
rides, which are linked to nonsaccharides such as lipids
and afford on deploymerization monosaccharides and
aglycons. The simple oligosaccharides are further classi-
fied (1) according to DP, into disaccharides, trisaccharides,
tetrasaccharides, and so on; (2) according to whether they
are composed of one or more types of monosaccharides,
into homo- and heterooligosaccharides; and (3) according
to whether they do or do not possess a hemiacetal func-
tion at one terminus of the molecule, into reducing and
nonreducing oligosaccharides.

Related homooligosaccharides can form homologous
series; a homologous series of oligosaccharides is a group
of similarly linked oligosaccharides that are composed of
the same monomer and whose DP increases in the se-
ries one unit at a time. When homopolysaccharides are
partially hydrolyzed, they often afford homologous series
of oligosaccharides. For example, the maltooligosaccha-
rides obtained by partial hydrolysis of starch comprise
dimers, trimers, tetramers, and so on composed of a-D-
glucopyranose units linked by 1 — 4 acetal bonds.

A. Structure

The complete structure of oligosaccharides is established
when the following points are determined:

1. The DP, that is, the number of monosaccharide units
present in the oligomer molecule

2. The nature of the monosaccharide monomer(s)

3. In the case of heterooligosaccharides, the monosac-
charide sequence

4. The ring size (pyranose or furanose) and the position
of linkage of the different monosaccharides (1 — ?)

5. The anomeric configuration (« or )

6. The conformation of the monosaccharide rings

1. Determination of the Degree of Polymerization

The following procedures are recommended for determin-
ing the DP of oligosaccharides:

a. Mass spectrometry. 1f the molecular weight of
the oligosaccharide is less than 1000, mass spectrome-
try can be used to determine its molecular weight and
hence its DP. It must be remembered, however, that mass
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spectra produced by electron impact seldom show the
molecular ions of saccharides and that other ionization
methods (e.g., chemical ionization) must be used to re-
veal these ions. The silyl ethers of oligosaccharides or of
their alditols (obtained by reduction and silylation) are of-
ten used for mass spectrometric measurements, since they
are more volatile than free oligosaccharides. Alternatively,
peracetylated disaccharides or esters of disaccharides or
of their glycosides can be used in the chemical ionization
mode. Figure 12 shows three mass spectra of a disac-
charide glycoside obtained by negative chemical ioniza-
tion (a), by electron impact (b), and by positive chemical
ionization (c). Only the chemical ionization mass spectra
(negative and positive) revealed molecular ions.

b. Chromatography. 1t is often possible to deter-
mine the DP of members of a homologous series of poly-
meric saccharides from their position on chromatograms
relative to a known member of the series. For example,
partial hydrolysis of starch affords D-glucose and a ho-
mologous series of maltooligosaccharides, consisting of
di-, tri-, tetra-, pentasaccharides, and so on. This mix-
ture separates on chromatographs according to DP. On pa-
per chromatographs and on high-performance liquid chro-
matographs, the mobility of the saccharides is inversely
proportional to their DP (i.e., the largest oligomers move
slowest), and on gel filtration chromatography, it is di-
rectly proportional to DP (i.e., the largest oligomers move
fastest). The fact that the oligomers are eluted in the order
of increasing or decreasing DP, makes it possible to deter-
mine their DP by determining their order of elution relative
to a known member. Thus, by recognizing maltose (and
glucose) in chromatograms of partially hydrolyzed starch
(Fig. 13), it is possible to identify the subsequent bands as
maltotriose, maltotetrose, maltopentose, and so on.

¢. Reducing power. The DP of reducing oligosac-
charides, particularly those with low molecular weight,
can be determined from their reducing power. For exam-
ple, the reducing power of a maltooligosaccharide relative
to glucose (taken as 100%) is matched with the calculated
values for oligomers having different DPs. Thus, a disac-
charide would be expected to have about half the reducing
power of glucose (actually 53%), a trisaccharide, a third
(actually 35%), and a tetrasaccharide, a fourth (26%) that
of glucose, and so on. Accordingly, if a maltooligosac-
charide exhibits a reducing power equal to 35.8% that
of D-glucose, it can be safely assumed that it is a trisac-
charide. The differences in the reducing powers of suc-
cessive members of a homologous series of oligosaccha-
rides decrease with increasing DP, so that beyond a DP
of 5, the differences become too small for reliable DP
measurements.
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FIGURE 13 Liquid chromatogram of partially hydrolyzed starch
showing glucose and the maltooligosaccharides.

2. The Monosaccharide Components

The nature of the monomers in an oligosaccharide is es-
tablished by identifying the monosaccharides liberated by
acid-catalyzed hydrolysis. Homooligosaccharides, which
are composed of one type of monosaccharides, afford only
one monosaccharide, which can be isolated from the hy-
drolysate by conversion to crystalline derivatives. On the
other hand, heterooligosaccharides afford, on hydrolysis, a
mixture of monosaccharides, which must be separated by
chromatography. Paper, thin-layer, or high-performance
liquid chromatography (HPLC) can be used without pre-
treating the monosaccharides, but a gas-chromatographic
separation requires prior silylation of the saccharides, to
volatilize them. It should be noted that silylated monosac-
charides appear as double peaks (one peak for the «
anomer and one for the 8), which tends to crowd the chro-
matographs. To avoid this complication, the monosaccha-
rides can be reduced before silylation (silylated alditols
appear as single peaks). It should also be noted that all
the above-mentioned chromatographic techniques cannot
differentiate between D and L isomers, which mandates
that polarimetric measurements (optical rotation, optical
rotatory dispersion or circular dichroism) of the monosac-
charide component(s) or of their derivatives be included
in the structure elucidation of new oligosaccharides. In the
case of heterooligosaccharides, this necessitates prepara-
tive chromatography of the hydrolysate before the optical
measurements are taken.

3. The Monosaccharide Sequence

Homooligosaccharides (whether reducing or nonreduc-
ing) do not require a monosaccharide sequence determina-
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tion, because they possess identical monomers all through
their chains. Heterooligosaccharides, except nonreducing
disaccharides, must have the sequence of their monomers
determined. In the case of reducing heterodisaccharides,
it must be determined because the monomer at the nonre-
ducing end of the molecule is different from the one at
the reducing terminus, and the position of both monomers
must be determined. It was stated above that nonreducing
disaccharides do not require a monosaccharide sequence
determination. This is because the two monomers are lo-
cated at two similar (nonreducing) ends of a chain that
has no beginning (no reducing terminus). On the other
hand, nonreducing heterooligosaccharides with DP > 2
are made up of a monosaccharide linked glycosidically
to the hemiacetal function of a reducing oligosaccharide,
the sequence of which must be determined.

The methods available for determining the monomer
sequence are presented here, in order of increasing DP of
the oligosaccharides, starting with disaccharides.

a. Monosaccharide sequence in disaccharides.
The sequence of monomers in disaccharides is deter-
mined when the monomer located at the reducing ter-
minus of the molecule is identified. This automatically
determines the position of the other monomer (it must be
located at the nonreducing end). To identify the monosac-
charide located at the reducing terminus, use is made of
the fact that this saccharide moiety exists in equilibrium
with an acyclic form and is therefore much more sus-
ceptible to oxidants and reducing agents than the other
moiety. Thus, mild oxidation converts reducing disac-
charides to aldobionic acids, which on hydrolysis afford
aldonic acids (from the reducing termini) and reducing
monosaccharides (from the nonreducing ends). Reduc-
tion affords aldobiitols, which on hydrolysis yield alditols,
from the reducing moieties and monosaccharides from
the nonreducing moieties. The use of this method of
structure determination is exemplified by the oxidation
and reduction of melibiose [6-(x-D-galctopyranosyl)-D-
glucopyranose] to give, in the first case, melibionic acid
[6-(x-D-galactopyranosyl)-D-gluconic acid] and, in the
second, melibiitol [6-(a-D-galactopyranosyl)-D-glucitol]
(Scheme 20). Hydrolysis of these affords D-galactose from
the nonreducing end of the molecule and D-gluconic acid
in the first case and D-glucitol in the second (both formed
from the reducing half of the molecule). This experiment
indicates that D-galactose is the monomer located at the
nonreducing end of the dimer and that D-glucose is the
one at the reducing terminus.

b. Monosaccharide sequence in trisaccharides.
Because it is easier to determine the structure of disaccha-
rides than it is to investigate the structure of trisaccharides,
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SCHEME 20 Oxidation and reduction of melibiose.

it is often advantageous to deduce the structure of the lat-
ter by identifying (or determining the structure of) the two
disaccharides resulting from the partial hydrolysis (either
chemical or enzymatic) of the trisaccharide under inves-
tigation. If known, the disaccharides would be compared
with authentic samples, and if not, the new disaccharides
would be investigated as shown above. In piecing together
the structures of a trisaccharide from two disaccharides,
the following rules are used:

1. If the trimer is composed of three (different) types
of monomers (e.g., A—-B—C), only one monomer, namely,
B, will be found in both dimers (A-B and B—C). This
monomer must be located in the center of the trimer, and
the remaining monomers (A and C) are made to occupy
the same terminal positions in the trimer as they do in the

dimer. [The monomer present in the nonreducing end of
a disaccharide (A) will be at the nonreducing end of the
trisaccharide, and the monomer found at the reducing end
of a disaccharide (C) will be put at the reducing end of the
trisaccharide. ]

2. If the trimer is composed of only two types of
monomers (e.g., (A—A-B or A-B-B or A-B-A or
B-A-B), it is possible to have one or two common
monomers in the resulting dimers. If one monomer only
is common to the two dimers, for example, A in A—A and
A-B (obtained from A—~A-B) or B in A-B and B-B (ob-
tained from A—B-B), the same rules mentioned above are
used. However, if both monomers (A and B) are common
to the two dimers (e.g., A—B and B—A obtained from either
A-B-A or B-A-B), an estimation (by gas chromatogra-
phy or HPLC) of the two monomers in the trisaccharide
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hydrolysate will reveal that one monomer (A in A-B—-A
and B in B-A-B) occurs in double the amount of the
other; this monomer must be terminally located in the
trisaccharide molecule. To illustrate this method, a nonre-
ducing trisaccharide, raffinose, will be used as an exam-
ple of a trisaccharide having three different monomers
(A-B-C) (Scheme 21). On partial hydrolysis with acids,
this trisaccharide affords a reducing disaccharide [6-(a-
D-galactopyranosyl)-D-glucopyranose], and on enzymatic
hydrolysis it yields a nonreducing disaccharide sucrose
[a-D-glucopyranosyl-8-D-fructofuranose]. The common
monomer in both disaccharides, D-glucopyranose, must
therefore be located at the center of the trimer. The other
two monomers (D-galactopyranose and D-fructofuranose)
are then assigned positions at both ends of the nonreducing
trimer. Oxidation (or reduction) of the first disaccharide,
followed by hydrolysis, will reveal that D-glucose is at
the reducing terminus and D-galactose is at the nonreduc-
ing ends of the dimer molecule and confirm the location
of the latter at one of the nonreducing ends of the trimer
molecule. Since the second disaccharide is nonreducing,
the terminal D-fructofuranose must be attached through
C-2 to C-1 of D-glucose. This establishes the structure
of raffinose as O-a-D-galactopyranosyl-(1 — 6)-O-a-D-
glucopyranosyl-(1 — 2) O-B-D-fructofuranoside.

¢. Monosaccharide sequence in tetrasaccharides.
The sequence in tetrasaccharides can be deduced by deter-
mining the sequence of monosaccharides in the oligosac-
charides that result from their partial hydrolysis (two
trisaccharides and three disaccharides). If the tetrasaccha-
ride is composed of four different monomers (A—B—C-D),
the monosaccharide sequence can be deduced by deter-
mining the monomer sequence in the disaccharides (A-B,
B-C, and C-D) produced by partial hydrolysis. Use is
made of the fact that the monomers common to two dimers
(B, found in A-B and B—C; and C, in B-C and C-D) must
be linked together and must be located in the center of the
tetramer. (Thus, B must be attached to A and C, and C
attached to B and D.) The same rule applies if only one
monomer is repeated and the two analogous monomers
are contiguous (as determined from the fact that one of
the dimers is a homodisaccharide). Examples of such ho-
modisaccharides are A—A obtained from A—~A-B-C; B-B
obtained from A—B-B-C; and C—C produced from A-B-
C-C. If, on the other hand, the repeating monomers are
not contiguous but are separated by one monomer (as in
A-B-A-C and A-B-C-B) or by two monomers (as in
A-B-C-A), a study of the dimers alone may not suffice
to elucidate the structure of the tetramer, making it neces-
sary to study also the structure of the two trisaccharides
resulting from its partial hydrolysis.
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SCHEME 21 Formation of melibiose and sucrose from raffinose.

In general, the structure elucidation of polymers be-
comes more difficult as the DP increases. However, be-
cause higher oligosaccharides are composed of repeating
units seldom larger than tetrasaccharide fragments (and of-
ten composed of mono-, di- or trisaccharides), the number
of possible oligosaccharides liberated on partial hydrol-
ysis remains relatively small. Thus, whereas a tetrasac-
charide (A—B—C-D) will afford on partial hydrolysis two
trisaccharides (A—B—C and B—C-D) and three disaccha-
rides (A-B, B-C, C-D), an octasaccharide (or for that
matter a polysaccharide) composed of the same tetrasac-
charide repeating unit will afford only two additional
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trisaccharides (D-A-B and C-D-A) and one additional
disaccharide (D-A).

4. Ring Size and Position of Linkage

The next stage in the structure elucidation of oligosaccha-
rides involves the determination of the ring size and the
position of linkage of the monosaccharide constituents.
For nonreducing disaccharides, the position of linkage is
by necessity between anomeric carbons; otherwise the dis-
accharide would be reducing. If the nonreducing disaccha-
ride is composed of two aldoses, these two monomers must
be linked by an acetal oxygen bridge joining C-1 of one
aldoses to C-1 of the other, which is signified by (1 — 1);
if the disaccharide is composed of two uloses (ketoses),
the oxygen bridge must link C-2 of one ulose to C-2 of
the other (2 — 2); finally, if the disaccharide is composed
of one aldose and one ulose, the linkage is (1 — 2) (with
the oxygen bridge linking C-1 of the aldose to C-2 of the
ulose). Accordingly, when the monosaccharide compo-
nents of a nonreducing disaccharide are identified, there
is no uncertainty about the positions of linkage, but only
about the size of the rings (and the anomeric configuration,
which will be discussed later). Reducing disaccharides, on
the other hand, must have their position of linkage and ring
size determined. The position of linkage and/or ring size of
the monosaccharide components of reducing and nonre-
ducing oligosaccharides can be determined by labeling or
by partial hydrolysis, as follows:

a. Labeling of free hydroxyl groups. The free hy-
droxyl groups in oligosaccharides are attached to carbon
atoms that are not involved in ring formation or in glyco-
sidic bonds. These carbon atoms can be recognized if they
are marked with a suitable label, for example, by attach-
ing to their oxygen atoms permanent blocking groups that
will not be removed during the hydrolysis of the oligosac-
charide. Methylation is often used, since many of the par-
tially methylated monosaccharides that result from such
hydrolysis have been characterized by gas chromatogra-
phy. Methylation and hydrolysis of a reducing disaccha-
ride afford two methylated monosaccharides. The first has
two free hydroxyl groups (one at position 1 and one where
the ring was attached), and the second possesses three po-
sitions free (one at position 1, one where the ring was at-
tached, and one where the glycosidic bond was attached).
The vacant positions in the latter might create ambiguity,
since it is not known which of the unblocked positions
were due to the ring and which to the glycosidic bond. To
avoid this confusion, it is necessary to carry out another
methylation on an acyclic disaccharide derivative, for ex-
ample, the aldobionic acid obtained by oxidation of the
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disaccharide or the aldobitol obtained by its reduction.
These compounds have one acyclic moiety (the aldonic
acid and the alditol, respectively), so that after hydrolysis
of the alkylated dimer, the unmethylated position in the
acyclic moiety will be the position of the glycosidic link-
age. If the disaccharide is nonreducing, the position of the
glycosidic linkage is known (C-1 for an aldose and C-2 for
an ulose), and only one methylation experiment is needed
(the unlabeled position is where the ring was attached).
The use of labeling in structure elucidation is exem-
plified by the methylation and hydrolysis of melibiose
to yield 2,3.4,6-tetra- O-methyl-D-galactose and 2,3,4-
tri-O-methyl-D-glucose and by the oxidation of melibi-
itose to melibionic acid or its reduction to melibiitol,
then methylation of these, followed by hydrolysis of the
methylated aldobionic acid or aldobiitol to yield 2,3.4,6-
tetra- O -methyl-D-galactose and 2,3,4-5-tetra- O-methyl-
D-gluconic acid in the first case and 1,2,3,4,5-penta-O-
methyl-D-glucitol in the second (see Scheme 22).

b. Partial hydrolysis. 1t is possible to use the struc-
ture of known disaccharides to determine the structure of
higher oligosaccharides. Thus, the fact that the trisaccha-
ride raffinose (discussed above) affords on partial hydrol-
ysis melibiose and sucrose, whose structures are known
to be 6-(x-D-galactopyranosyl)-D-glucopyranose and «-
D-glucopyranosyl B-D-fructofuranoside, respectively, es-
tablishes that the trisaccharide molecule is composed of an
a-D-galactopyranose ring attached through an «-glyco-
sidic bond to position 6 of an «-D-glucopyranose ring,
which in turn is attached glycosidically to the anomeric
position of a B-D-fructofuranose ring. In other words,
the trisaccharide must be 6-(«-D-galactopyranosyl)-a-D-
glucopyranosyl S-D-fructofuranoside.

5. Anomeric Configuration

a. By partial hydrolysis. The hydrolysis of raffinose
to melibiose and sucrose, discussed earlier, suggests that
the linkage between the galactose and the glucose units in
the trisaccharide is «-D, and the linkage between glucose
and fructose is «-D for glucose and B-D for fructose.

b. By enzymatic hydrolysis. The anomeric config-
uration of the glycosidic bond of disaccharides can be de-
termined by enzymatic hydrolysis. For example, emulsin,
an enzyme obtained from bitter almonds, is known to
hydrolyze B-D-glucosidic linkages and not «-D linkages.
Accordingly, if a glucose-containing disaccharide is hy-
drolyzed by emulsin, it can be concluded that it possesses
a B-D linkage. It is essential for structural work involving
enzymes that the enzyme preparations be of the highest
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SCHEME 22 Elucidation of the structure of melibiose.

purity in order to prevent misleading results caused by
contaminants.

6. Conformation

a. By NMR spectroscopy. The most common
method for determining both the anomeric configuration
and the ring conformation of oligosaccharides is NMR
spectroscopy. The coupling constant of the anomeric pro-
ton (J; ») is measured and used to determine the dihedral

angle between H-1 and H-2 in the disaccharide. Since this
angle depends not only on the anomeric configuration,
but also on the ring conformation, both are determined
concurrently. The sample is irradiated at the frequency
of the H-1, so that the signal of H-2 is identified (since
it is decoupled partly), and J, 3 determined. The proce-
dure is repeated by irradiating the sample at the frequency
of the H-2 absorption (to identify the signal due to H-3
and measure J34) and then at the frequency of H-3 to
identify the signal due to H-4 and so on. When all the
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FIGURE 14 NMR spectrum of «,a-trehalose octaacetate.

coupling constants of one ring are measured, the process
is repeated for the other ring. Finally, the Karplus equation
is used to determine the dihedral angle between the dif-
ferent protons, which establishes the conformation of the
ring and the anomeric configuration. To identify all the
signals in an oligosaccharide spectrum, high-resolution
NMR instruments are needed (preferably ones with two-
dimensional mapping capabilities). In the absence of such
equipment, it is still possible to determine the anomeric
configuration and ring conformation by measuring the
coupling constants of H-1 and H-4 (for pyranose rings).
Figure 14 shows the NMR spectrum of octa-O-acetyl-
a-D-glucopyranosyl-«-D-glucopyranoside («,«-trehalose
octaacetate), which clearly shows that this molecule pos-
sesses two identical a-D-glucopyranosyl rings in the 'Cy
conformation. This is apparent from the coupling of the
anomeric proton and the fact that the two rings pro-
duce identical signals, as well as from the coupling
of H-4 (split by the two trans-diaxial protons at H-3
and H-5).

b. By crystallography. Another way of determining
the anomeric configuration and ring conformation is by
crystallography (using either X-ray or neutron diffrac-
tion). Both techniques will afford the complete structure
(in the solid state) of a crystalline oligosaccharide, includ-
ing the orientation of the two rings vis-a-vis one another
(angles ¢ and ). Figure 15 shows a diagram, deduced
from X-ray defraction, of a dihydrate of «,«-trehalose.
The anomeric configuration and the 4C, conformation of
the two rings are clearly revealed. Note also the remark-
able symmetry of the molecule, which agrees with the
NMR data discussed earlier.
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B. Oligosaccharide Synthesis

Three types of oligosaccharide synthesis will be discussed
in this section; to choose between them one should con-
sider the complexity of the oligosaccharide, the length of
the proposed scheme, and the availability of its starting
materials. The synthetic methods are

1. The standard chemical method, which usually
involves a nucleophilic substitution of a leaving
group, previously introduced on a mono- or
oligosaccharide, by an appropriate saccharide adduct.

2. The same chemical reactions described in (1), but
carried on a solid support. The operation resembles
the automated synthesis of peptides and
polynucleotides carried out fixed beds of polymer or
resin. In the present case, the nonreducing end of the
monosaccharide is linked to a resin, via a linker. The
monosaccharide is then reacted, successively and in
the desired order, with the different monosaccharide
adducts. When the oligomer is formed, it is separated
from the linker.

3. Biochemical methods which use one or more
enzymes to carry out the oligosaccharide synthesis,
either in solution or on a solid support.

1. Chemical Methods of Oligosaccharide
Synthesis

The chemical synthesis of oligosaccharides usually in-
volves reactions between saccharide derivatives that pos-
sess good leaving groups at the anomeric position, such
as a halogen atom or an ester group, and an adduct, which
may be amonosaccharide or an oligosaccharide. In the first

0-3’

FIGURE 15 Conformation of «,«-trehalose dihydrate determined
by X-ray crystallography.
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case, the glycosyl halide is subjected to a Koenigs—Knorr
type of reaction, with a halogen acceptor (e.g., AgCO3)
as catalyst, whereas when an ester is used, a Helfrich
type of reaction is carried out with a Lewis acid cata-
lyst, such as SbClg, BF3, SnCly, TiF,, etc. The glyco-
syl halides are best prepared from peracetylated or per-
benzoylated mono- or disaccharides by treatment with
dichloromethyl methylether (DCMME). Other good leav-
ing groups are thioglycosides, which requires a promoter
such as dimethyl(methylthio)sulfonium triflate (DMTST)
and trichloroacetimidate which requires no activator and
is therefore often used in oligosaccharide syntheses on
fixed bed polymers, discussed below. The anomeric con-
figuration of the formed glycosidic bond is controlled by
the nature of the protecting group adjacent to the leaving
group. Participating groups such the acetyl group lead to
1,2 trans glycosidic linkages and nonparticipating groups
such as the benzyl group form 1,2-cis glycosidic linkages.
In both cases the leaving group and the protecting group
must be removed under mild conditions that do not af-
fect the glycosidic linkages (bases in the first type and
hydrogenation in the second).

Whichever glycosidation method is used in oligo-
saccharide synthesis, two questions must be carefully
addressed:

1. How can one ensure that only the oxygen atom
in the desired position forms the glycosidic bond? This
is achieved by ensuring either that the desired hydroxyl
group is the most reactive hydroxyl group in the adduct
molecule or, better, that it is the only one available for re-
action. Because hemiacetal hydroxyl groups are the most
reactive hydroxyl groups in cyclic saccharides, it is possi-
ble to prepare nonreducing disaccharides by reacting gly-
cosyl halides with unprotected monosaccharides. On the
other hand, to form reducing disaccharides, it is necessary
to protect some or all of the nonreacting hydroxyl groups
in the adduct. Thus, if the desired disaccharide is linked
through a primary hydroxyl group [e.g., in the case of a
(1— 6)-linked disaccharide], it is necessary to block (by
glycosidation) the anomeric position of the adduct (be-
cause the hemiacetal hydroxyl is more reactive than the
primary hydroxyl group). Finally, if more than one pri-
mary hydroxyl group is present in the adduct (such as in
the case of an ulose), or if one of the secondary hydroxyl
groups is to form a glycosidic bond, it is advisable to block
all but this hydroxyl group to ensure that only the desired
glycosidic linkage is formed.

2. How can one ensure that the glycosidic linkage
formed is of the desired anomeric configuration? The «
and B configuration of a newly formed glycosidic bond
is determined, to a large extent, by the blocking groups
present in the sugar moiety undergoing nucleophilic at-
tack. Thus, if a participating group (e.g. an acetyl or a
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benzoyl group) is attached to O-2 of the molecule un-
dergoing nucleophilic attack, then a Koenigs—Knorr or
Helfrich type of reaction will afford a glycoside hav-
ing a trans-1.2 configuration. This isomer is favored be-
cause the intermediate cyclic carbonium ion is attacked
from the side opposing the ring. This is why g iso-
mers are obtained from D-glucopyranosyl halides (and D-
galactopyranosyl halides) and « isomers are formed from
D-mannopyranosyl halides.

To obtain a cis-1,2 configuration (e.g., a glycoside hav-
ing an a-D-glucopyranosyl, an «-D-galactopyranosyl, or
a B-D-mannopyranosyl configuration), the OH-2 of the
sugar moiety undergoing nucleophillic attack must be pro-
tected by a nonparticipating group, such as a benzyl group.
In this case, a mixture of & and B isomers is obtained,
which can be separated by chromatography. The compo-
sition of this mixture is influenced by anomeric effects,
which favor «-D anomers, and by temperature and dura-
tion of reaction time, which favor the thermodynamically
more stable product (i.e., the one with equatorial substi-
tutents).

The following are examples of oligosaccharide synthe-
ses that illustrate the ideas discussed above. Lactose [4-O-
(B-D-galactopyranosyl)-D-glucose] possesses, as its name
denotes, a B-D-glycosidic bond linking C-1 of galactose
to position 4 of glucose. It could therefore be synthesized
by reacting a galactopyranosyl halide having participating
protecting groups on O-2 with a glucose derivative having
all the hydroxyl groups blocked except for OH-4. Actually
this synthesis was performed by reacting 2,3,4,6-tetra-O -
acetyl-o-D-galactopyranosyl bromide with 2,3:5,6-di-O-
isopropylidene-D-glucose diethylacetal under Koenigs—
Knorr conditions, then hydrolyzing the acetal groups with
acid and the ester groups with base (see Scheme 23).

EtO__ OEt
I
CH,0AC H—C—20
0 Me,C—T
AcO 0—C—H
" —_—
OAc  Jfor HO—C—H
OAc H—C—0
| CMe,
S
H,C—O0
EtO_ ) OEt
I
H—C—0 CH,0H
Me,C—] 0
0—C—H

e CH,0H
00 _ 2! oH OH
ACO OH 0 4
HO
0A H—T_O\ OH
c CMe,
Hyl—0" OH

Lactose

SCHEME 23 Synthesis of lactose.
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Consider now the synthesis of raffinose, which is O-
a-D-galactopyranosyl-(1 — 6)-O-a-D-glucopyranosyl-
(1 - 2) B-D-fructofuranoside. It is evident that the
galactopyranosyl halide needed for this synthesis must be
protected by a nonparticipating group in order to afford the
desired «-D-galactopyranosyl linkage (cis-1,2 configura-
tion). Furthermore, since the adduct (sucrose) is a nonre-
ducing disaccharide that possesses three primary hydroxyl
groups (all of which are available for attack on the carbo-
nium ion), it is necessary to block at least two of them to
ensure that the desired primary hydroxyl group, namely,
the one attached to C-6 of the glucopyranose moiety, is
the one that reacts with the galactopyranosyl halide. Ex-
perimentally, raffinose was synthesized by reacting, un-
der Koenigs—Knorr conditions, a benzyl-protected galac-
topyranosyl halide (tetra- O-benzyl-«-D-galactopyranosyl
chloride) with a sucrose derivative (2,3,4,1',3',4’,6'-hepta-
O-acetylsucrose) having ester groups replacing all hy-
droxyl groups except OH-6 of the glucopyranose moiety
(see Scheme 24).
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SCHEME 24 Synthesis of raffinose.
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Although itis possible to achieve the synthesis of higher
oligosaccharides by the addition of one monosaccharide
at a time, it is advantageous to add the oligosaccharide
components of a large oligomer in blocks of two or more
monosaccharides (block synthesis). Thus, the trisaccha-
ride and tetrasaccharide can be prepared by reacting a
disaccharide glycosyl halide with a suitably protected
mono- or disaccharide. It is evident that a second round
of reactions would afford penta- and hexasaccharides.

Another interesting approach to the chemical and enzy-
matic synthesis of oligosaccharide is the use of a stationary
polymer support to retain substrates (or enzymes) inside a
reactor (usually a column), while successive reagents are
passed through the polymer and are then washed out of the
reactor. The advantage of this method is that it affords an
efficient way of carrying out successive reactions without
loss of the material attached to the column. For industrial
enzymatic reactions involving costly enzymes, retaining
these inside the reactor would seem quite attractive.

2. Synthesis of Oligosaccharides on Fixed Beds
of Polymers

The importance of glycopeptides and glycolipids in
medicine and the small amount of oligosaccharides re-
leased from natural sources necessitated the development
of improved methods to prepare them including novel ap-
proaches in their synthesis. As in the case of automatic
nucleotide- and peptide-synthesizers, a serious search has
been made to develop suitable polymers for use as fixed
beds and as linkers to attach saccharides and to facilitate
the removal of the oligosaccharide formed at the end of
the synthesis from the polymer support. The successive
monomers are added one at a time to the linker until the
desired oligomer is formed, then it is separated from the
linker. Many oligosaccharide syntheses on polymer sup-
port use the commercially available polymer, polyethylene
w-monomethyl ether (MPEG) attached to the linker, o, ¢~
dioxyxylyl diether (DOX). The product, (MPEG-DOX),
needed for the oligosaccharide synthesis on solid support
is prepared as follows:

Me-O-(CH;-CHj )-CH,-CHy-OH + CI-CH;-(CgHy )-CHy-CL —
(MPEG)
Me-O-(CH,-CHj )n-CHy-CH»-O-CHy-(CgHy)-CH»-Cl —
Me-O-(CH,-CHj )n-CHp-CH-O-CHy-(CgHy )-CH,-OH
(MPEG-DOX)

Scheme 25 illustrates the use of MPEG-DOX in the
synthesis of a pentasaccharide. The first monosaccha-
ride added (A) is a benzyl blocked trichloroacetimidate
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SCHEME 25 Synthesis of a pentasaccharide using a fixed bed of polymer (MPEG) attached to a linker (DOX). The
pentasaccharide is separated at the end of the synthesis by hydrogenation, which also rermoves the Bn blocking
groups.
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SCHEME 26 Biochemical synthesis of a trisaccharide using two enzymes, 8-(1 — 4)-galactosyltransferase to form
the disaccharide and an «-(2 — 3)-sialytransferase to form the desired product.

having an acetyl group where the next monomer is to
be attached. Its reactive leaving group, the trichloroace-
timidate, is replaced by the OH of MPEG-DOX to give
a blocked monomer-MPEG-DOX (B), which is treated
with base (DBU) to remove the acetyl (Ac) group and
then with A to form a blocked dimer (C). Repetition of
these operations will form the deacetylated blocked trimer,
tetramer, and pentamer. When the desired number of
monomers are linked together, the product is catalytically
hydrogenated to remove the benzyl blocking groups and
separate the oligosaccharide from the linker and polymer
(MPEG-DOX). The pentasaccharide is separated at the
end of the synthesis by hydrogenation, which also removes
the Bn blocking groups (see Scheme 25).

3. Biochemical Synthesis of Oligosaccharides

This method is particularly useful for the synthesis of com-
plex oligosaccharides that exist in small amounts difficult
to characterize and study. Examples of these are the cell
surface oligosaccharides responsible for cell recognition.
The most commonly used enzymes are glycosidases and
glycosyltransferases, or a combination of both. The gly-
cosidases are hydrolytic enzymes that can used for syn-
thesis by carrying out the reaction in the reverse direction.
Glycosyltransferases are enzymes that catalyze the syn-
thesis of glycosides and oligosaccharides by the transfer
of monosaccharides from nucleotide donors to specific

substrate acceptors. The above scheme illustrates the en-
zymatic synthesis of a trisaccharide by using a -(1 — 4)-
galactosyltransferase to form a disaccharide and an
a-(2 — 3)-sialytransferase to form the target trisaccharide
(see Scheme 26).

4. Reactions

Chemical modifications of oligosaccharides usually in-
volve the reactive primary hydroxyl group, because se-
lective blocking and deblocking of secondary hydroxyl
groups is considerably more difficult. As the DP of an
oligosaccharide increases, directing a substituent in a par-
ticular moiety becomes more difficult. In a disaccharide,
it is possible to direct a substituent toward the terminal
(nonreducing) saccharide moiety by blocking the primary
hydroxyl group of the reducing moiety with a 1,6-anhydro
ring. The latter is introduced by treatment of the disaccha-
ride glycoside (usually a phenyl glycoside) with base. Two
examples of selective reactions involving the terminal ring
of a disaccharide are depicted in Scheme 27.

1. The introduction of a carboxylic group by oxidation
of the primary hydroxyl group of 8-benzyl
cellobioside with oxygen in the presence of palladium
on charcoal occurs preferentially at the terminal ring.
However, greater selectivity can be reached if the
1,6-anhydro derivative is first formed.
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SCHEME 27 Selective reactions of the nonreducing ring of cellobiose.

2. The introduction of an azido group in the 6’ position
of lactose can also be achieved by tosylating the
1,6-anhydro derivative of cellobiose, tritylating, and
fully acetylating the product (Scheme 28). When the
trityl group is removed by acid, the acetyl group
attached to position 4 migrates, yielding a
4-hydroxy-6-O-acetyl derivative. Mesylating at
position 4 and displacing the leaving group with azide
affords the 4-azido derivative of lactose. This azido
group can be reduced to an amino group or can be
photolyzed to afford an aldehydic group.

Of considerable importance as surfactants are the fatty
acid esters of disaccharides. An example of these is su-
crose monooleate, which possesses a hydophilic—lipo-
philic balance of ~15 and is ideal for use as a mild sham-
poo. Such esters are obtained by reacting the disaccharide
in DMF with the methyl ester of the fatty acid.

IV. POLYSACCHARIDES

Polysaccharides are polymeric saccharides linked by
acetal (glycosidic) linkages. The repeating units are
monosaccharides or oligosaccharides, seldom larger than
pentasaccharides. Although some polysaccharides are
made up of fewer than a hundred sugar residues, the major-
ity are much larger, reaching several thousand monomer
units in length.

Due to their high molecular weights, most polysaccha-
rides exhibit the characteristic properties of high polymers
(low solubility and high viscosity, etc.). This is why the

DP of polysaccharides can be determined by the same
methods used for the molecular weight determination of
synthetic polymers.

Polysaccharides are usually given names that reflect
their origin, for example, cellulose, the principal compo-
nent of plant cell walls. Otherwise, a systematic nomencla-
ture can be used that suffixes the ending “an” to the name
of the monomer. For example, glycan and mannan are
polymers of glucose and mannose, respectively, whereas
galactomannans are copolymers of galactose and man-
nose. Many early polysaccharide names that have other
endings, such as pectin and chitin, are still in use.

Polysaccharides may exist as homologous series that
have average molecular weights, rather than possess dis-
crete molecular weights as proteins do.

A. Structure

The types of monosaccharides found in polysaccha-
rides can easily be determined after depolymerization
(by acid-catalyzed hydrolysis), by chromatographic anal-
ysis. Liquid chromatography may be used directly on
the hydrolysate, whereas gas chromatography is usu-
ally carried out after sililation in order to volatilize the
monosaccharides.

Because polysaccharides posses a certain naturally im-
posed simplification, their structure elucidation is much
simpler than would appear at first glance. A further sim-
plification in polysaccharide structure is that only a very
few monosaccharides are found in natural polysaccha-
rides. There are only four commonly occurring hex-
oses (glucose, mannose, fructose, and galactose), two
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SCHEME 28 Conversion of a cellobiose derivative to a 4-amino-
lactose.

pentoses (xylose, arabinose), two 6-deoxyhexoses (rham-
nose, fucose), and two amino sugars (glucosamine and
galactosamine). Four uronic acids (glucuronic, galactur-
onic, mannuronic, and iduronic acids) are found in sev-
eral polysaccharides. Of these, D-glucuronic acid and D-
galacturonic acid are the most common. The other two,
D-mannuronic acid and L-iduronic acid, are found in al-
ginic acids and in heparin, respectively.

Polysaccharides that afford on hydrolysis only one
monosaccharide type are termed homoglycans, whereas
those that afford two or more monosaccharide types are
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termed heteroglycans. Each of these can be either linear
or branched.

1. Linear Polysaccharides

Linear polysaccharides are formed when the hemiacetal
hydroxyl group (on C-1 of an aldose) is replaced (substi-
tuted) by a hydroxyl group from an adjoining monosac-
charide unit. When this is repeated, a linear chain is formed
that has at one end (called the reducing end) a reducing
monosaccharide (one that has a free C-1 hydroxyl group)
and at the other end (referred to as the nonreducing end)
a glycosidically linked saccharide.

The glycosidic linkage in polysaccharides is usually re-
peated in a regular manner, with little or no randomness.
However, even such seemingly regular molecules as cel-
lulose and amylose have irregularities in their structures.
Rare as these may be (sometimes the frequency is only
one in a thousand), these irregularities are real. They are
attributable to the fact that within the enzyme—substrate
system there do occur during the course of time changes,
either through abnormal action on the part of the princi-
pal chainsynthesizing enzyme or through interference of
a second enzyme. The most abundant linear polysaccha-
ride is cellulose, a glucan linked by S-D-(1 — 4) bonds,
which is present in greater quantity than all other polysac-
charides combined. Another important linear polysaccha-
ride is amylose, which is a glucan linked by «-D-(1 — 4)
linkages.

2. Branched Polysaccharides

When the hemiacetal hydroxyl groups of two monosac-
charides are replaced by two hydroxyl groups belonging
to a third sugar residue, a branching point is produced in
the molecule, which then becomes a branched polysac-
charide. The molecule may contain a single or numerous
branch points. Examples of branched polysaccharides are
amylopectin (the branched component of starch) and the
gums and mucillages.

B. Polysaccharides of Industrial Importance
1. Starch

Most plants produce starch, but only a few concentrate itin
amounts suitable for industrial production. These plants
include cereals, such as corn, which may contain up to
80% starch, grains such as rice and tubers such as potatoes.
Starch is found in the form of microscopic granules which
possess characteristic shapes used to identify their source.
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FIGURE 16 Partial structures of the two forms of starch; the linear
amylose and the branched amylopectin.

The industrial preparation of starch starts by loosening the
starch granules away from their matrices with cold water
and letting them settle in tanks before filtration and drying.
Purification of starch is achieved by repeated cycles of
dispersion in cold water, sedimentation, and filtration. If
desired, such treatment may be followed by fractionation
to separate the linear polymer of starch, amylose from the
branched polymer, amylopectin (see Fig. 16).

Amylose: Amylose is the linear form of starch; it is pre-
cipitated from a cold aqueous dispersion of starch granules
with alcohols such as thymol or 1-butanol and filtered. The
accompanying amylopectin is left in the supernatent solu-
tion and if needed can be precipitated. Usually the ratio of
amylose to total starch ranges between 15 and 35%, how-
ever, certain plant hybrids have been developed which are
capable of producing a much larger excess of one poly-
mer over the other. Thus, amylomaize contains more than
80% of amylose; whereas waxy maize starch contains
only 2% of this linear polymer. Amylose is composed
of (1 — 4)-linked a-D-glucopyranosyl residues attached
by acetal bonds. Due to lengthy manipulation during end
group assay, the DP of amylose measured chemically is in-
variably lower than the DP measured by physical methods,
such as light scattering or ultracentrifugation. For exam-
ple, the DP calculated from the amount of glucose present
at the nonreducing end of the chain and estimated from
the amount of 2,3,4,6-tetra- O -methyl-D-glucose produced
upon methylation and hydrolysis of amylose ranges be-
tween 200 and 300. This is much lower than the DP
obtained by light scattering or ultracentrifugation (about
6000). The difference has been attributed to degradation
during the chemical treatment. In neutral solution amy-
lose exists as a random coil, but other conformers can be
produced by retrogradation, i.e., separating the different
insoluble fractions of amylose that deposit on standing.
In the presence of complexing agents amylose assumes
a more organized conformation; namely that of a right-
handed helix made up of 150 to 1000 turns and containing
six a-D-glucopyranose rings per turn. The dimensions of
the amylose helix are such that it can accommodate an
iodine atom, or a lipid molecule of appropriate size. The
light absorption of iodine-amylose complexes is very sim-
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ilar to that of iodine in nonoxygenated solvents, such as
hydrocarbons. This observation has been attributed to the
lack of interaction between the equatorial oxygen atoms
of the six «-D-glucopyranose rings forming a turn of the
helix and an atom at its center. The latter is in a lipophilic
surrounding (of the axial C-H groups), very similar to that
of iodine in a hydrocarbon solution. The lipophilic cen-
ter of the helix would also make it difficult to remove a
lipid molecule located in its center, which explains why
the 3C-NMR spectrum of pure amylose invariably shows
lipid absorptions.

Amylopectin: Amylopectin is a highly branched
a-D-glucose polymer that possesses a much larger
molecular weight than amylose. It contains a number
of linear chains of disubstituted (1 — 4)-linked «-D-
glucopyranosyl residues similar to those found in amylose,
in addition it contains some (1 — 6) linked branches orig-
inating from 1,4,6-tri- O-substituted «-D-glucopyranosyl
residues. Light scattering data gives amylopectin a DP
value in the order of 10° or higher if the starch from
which it was obtained had matured for a long period in
the plant. The accepted shape of the amylopectin macro-
molecules is that of a three-dimensional tree or bush
(shown two dimensionally in Fig. 17). This conformation
is based on data obtained from methylation experiments
and enzymatic methodologies. For example, methylation
of amylopectin yields a smaller amount amount of 2,3,6-
tri- O -methyl-D-glucose than amylose. Because 2,3,6-tri-
O-methyl-D-glucose is produced from linear portions of
(1 — 4) linked a-D-glucopyranose polymers and because
itis formed in a smaller ratio from amylopectin than from
amylose, one can conclude that the chains of amylopectin
are considerably shorter than those of amylose. The high
degree of branching of amylopectin can also be deduced
from the relatively large amount (4%) of 2,3.4,6-tetra-O-
methyl-glucose, produced from the nonreducing ends of
the amylopectin molecule, as compared to the amount pro-
duced from amylose (<0.4%). In addition, amylopectin
yields a unique product not usually found when amylose is
methylated and hydrolyzed, namely of 2,3-di- O-methyl-
D-glucose, produced from the points of branching.

FIGURE 17 A two-dimensional depiction of the bush model of
amylopectin. The reducing end of the molecule is represented by
a solid black circle; the other circles represent the nonreducing
ends.
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a. Starch-based industries. Dry milling is used to
produce flours such as corn flour and meals such as oat-
meal, whereas wet milling, is used as feedstocks in the
production of sugar syrups, used in the manufacture of
foods, soft drinks, and beer.

Sweeteners From Starch: The most widely used natural
sweetener is the disaccharide sucrose, which is available
in crystalline form as well as in the form of syrups un-
der various names such as molasses and invert sugar. Up
until recently the only serious competitor of sucrose was
the cheaper glucose syrup produced since the early nine-
teenth century by the acid hydrolysis of starch and more
recently by its enzymatic hydrolysis with ¢-amylases and
glucoamylases. Because glucose syrup is significantly less
sweet than sucrose, greater quantities of this syrup must
be used to yield a product of comparable sweetness to su-
crose. This is a serious disadvantage, duly noted by the
calorie-conscious public and by the food industry, which
took steps to remedy the situation. The glucose syrup was
partly converted to fructose by the enzyme glucose iso-
merase obtained from Bacillus coagulans. The resulting
product, designated fructose syrup, contains 42% fruc-
tose and possesses nearly the same sweetness as sucrose.
Recently, this sweetener was further improved upon; it
was converted into two products that are sweeter than
sucrose. They are very high fructose syrups that con-
tain about 90% fructose and crystalline fructose. Both are
obtained from fructose syrup by purification and separa-
tion on ion exchange columns. Fructose syrup and high
fructose syrup have now replaced glucose syrup in many
soft drinks, jams, confectionery, and conserves and crys-
talline fructose is slowly replacing sucrose. It is estimated
that half the sweeteners consumed in the United States
are now produced by the hydrolysis of starch in contin-
uous flow biocatalyst reactors that efficiently reuse the
enzymes.

Starch Fermentation Industries: Beer is manufactured
from barely whereas sake is obtained from rice. Ger-
minated barely is used in breweries to produce the en-
zyme (-amylase needed for the breakdown of starch,
whereas a mold, Asparagillus oryzea, is used to produce
the -amylase needed to hydrolyze rice starch for the man-
ufacture of sake. The wort in both cases is subjected to
fermentation with the yeast, Saccharomyces serevisea. As
in many modern food-related industries, continuous flow
reactors and immobilized enzymes have been used in the
manufacture of beer, and more recently of wine, and cham-
pagne. This has resulted in a considerable reduction in cost
and residence time.

Starch and starch-rich wastes from the food industry
have been proposed as feedstocks for the fuel industry to
produce gasohol, and the food industry to produce single-
cell proteins for animal consumption.
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b. Chemically modified starch. The properties of
starch are often ameliorated by chemical modification.
This is why today the majority of the starch produced
for industry is chemically modified. Examples of such
modified starches shown below.

Oxidized Starch: Starch is oxidized to remove some of
its numerous OH groups that are responsible for hydrogen
bonding and for gel forming. The resulting starch solutions
after oxidation form weaker gels and are less susceptible
to autodecomposition or retrogradation. The oxidations
are usually carried out in basic media using oxidants such
as sodium hypochlorite or better sodium periodate. Oxi-
dation with the latter is usually followed by electrolysis to
regenerate periodic acid from the iodic acid formed during
the process. The product formed by periodate oxidation is
a 2,3-dialdehyde formed by cleavage of the 2,3- bonds of
starch (see Scheme 29). This can be made to react with

o CH,0H
o}
Vil + HIOy . > J<i‘
-0 —
on | ¢>L
o
Dialdehyde

Dialdehyde + Cellulose -------- > Graft Polymer

Starch + Ceqv)

Free Radicals

Free Radical + Acrilonitrile --------- > Graft Polymer

SCHEME 29 Oxidation of starch with periodic acid gives a dialde-
hyde, which can be grafted to natural polymers such as cellulose.
Oxidation of starch with ceric ions gives a free radical which can
be grafted to acrilonitrile to give an absorbant graft polymer.
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natural or synthetic polymers having OH groups to form
cross-linked polymers. Cross linking with cellulose af-
fords products possessing enhanced wet strength that are
used in the paper industry to make paper towels. Cross
linkage with cotton affords shrink- and crease-resistant
fabrics for the textile industry. It is also possible to re-
act the free radicals produced by oxidation of starch with
ceric ions with monomers to form graft polymers (see
Scheme 29). For example, copolymerization of oxidized
starch with polyacrylonitrile yields excellent absorbents
used in the manufacture of disposable diapers capable of
absorbing 5000 times their weight in water.

Cross-Linked Starches: Cross-linked starches are ob-
tained by forming bridges between the hydroxyl groups
of the starch molecule and the hydroxyl groups of an-
other molecule. The resulting compounds are extensively
used by the food industry as thickeners or to impart added
mechanical stability to prevent the food from loosing its
shape during cooking. In theory any molecule possessing
two groups capable of reacting with hydroxyl groups can
be used as a bridge between starch molecules. An exam-
ple of such bridge-forming molecules is epichlorhydrin,
which forms distarch glycerol depicted below.

Starch-OH + CH€-§3H-CH2-CI
O
Epicholorohydrin

— Starch-O-CﬁIz-CH-CH2-O-StarCh
OH
Distarch glycerol

Starch Ethers: Starch ethers are produced by reacting
starch with ethylene or propylene oxide to the desired DS.
For example, starch hydroxypropyl alcohol is produced
by reacting starch with propylene oxide. The nucleophilic
substitution is carried out in basic media and the result-
ing starch ether, depicted below, is widely used in paper,
textile, and food industries.

Starch-OH + CH\Z-/CH-CH3 — Starch-O-(lez-CH-CH3
OH

Propylene oxide Starch ether

2. Glycogen

Glycogen is a homopolysaccharide found in the liver and
muscles of animals, where it is used to store energy. Chem-
ically, glycogen is related to starch and closely resembles
amylopectin. It is composed of linear chains of disubsti-
tuted (1—4)-linked «-D-glucopyranosyl residues attached
to (1—6) linked branches originating from 1,4,6-tri-O-
substituted «-D-glucopyranosyl residues. The difference
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FIGURE 18 Bush structure of glycogen. Note that the molecule
is more symmetric than that of amylopectin.

between glycogen and starch is in the source (starch is
found in plants) and the shape of its aggregates and their
size. Instead of starch granules, glycogen is found in the
form of spheres called B-partcles, having a DP of 10°
and aggregates of spheres called «-particles having a DP
of 107. The shape of the glycogen macromolecules resem-
bles a bush or a tree (see Fig. 18). However, its agregates
are much more symmetric than those of amylopectin (see
Fig. 17). This is why the aggregates of starch are called
granules and those of glycogen, spheres.

3. Dextrans and Glucans

Dextrans are a-D-glucopuranose polymers linked for the
major part through (1 — 6) acetal bonds as well as by
some (1 — 3) and (1 — 4) linkages. Dextrans are highly
branched polymers having a DP in excess of 10°. Al-
though dextrans are obtained from a multitude of bac-
teria, most of the industrially produced products are ob-
tained from Leuconostoc mesenteroides and Leuconostoc
dextranicum.

D-glucans are obtained from fungi and may either be
a-D-plucopyranose or 8-D-glucopyranose polymers; they
contain mainly (1 — 3) and (1 — 4) glycosidic linkages
and rarely (1 — 6) bonds.

4. Cellulose

Cellulose is the most abundant organic compound on
earth; its amount exceeds by far that of any other or-
ganic polymer or monomer. Cellulose is found in a nearly
pure form in cotton and flax and in much larger amounts,
but less pure form in wood, from which it can be pro-
duced by dissolving its contaminants, namely hemicel-
lulose and lignin, with alkali. Cellulose-based industries
include the pulp and rayon industries where it is pro-
duced and purified, respectively, and the paper and the
textile industries, where it is processed. Like amylose,
cellulose is a linear polymer made up of (1 — 4)-linked
D-glucopyranosyl residues, which differ from those of
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FIGURE 19 Structure of cellulose.

amylose in their anomeric configuration; 8 for cellulose
and « for amylose. The DP of cellose, determined by
physical methods is around 10%, much higher than the
value deduced chemically by end group analysis, which
is only 200. The difference is attributed to its degradation
during chemical manipulation. A similar difference was
observed with amylose. Upon methylation and hydrol-
ysis, cellulose affords 2,3,6-tri-O-methyl glucopyranose
in high yield (>90%). The presence of (1 — 4)-linkages
can be confirmed by partial hydrolysis to the disaccha-
ride, cellobiose, whose B-D-configuration was confirmed
by enzymatic hydrolysis (for a partial structure of cellulose
see Fig. 19). The actual shape of the cellulose aggregates
was studied by X-ray diffraction, which revealed that there
exist two types of cellulose: cellulose I and cellulose II.
Cellulose I is formed naturally and is composed of highly
ordered microfibrils that are held together by hydrogen
bonds and are further associated to form fibers. Bundles
of cellulose I all have their reducing ends in the same side
of the macromolecules and the nonreducing end in the
opposite side. A different type of bundle occurs in cel-
lulose II, found in regenerated cellulose such as viscose
rayon. The aggregates of cellulose II have their reducing
ends arranged in an antiparallel manner, i.e., their reduc-
ing ends occur at both ends of the bundle. Cellulose II
types can be further divided into III; and IIly; and IVy and
IVy1, according to the conformation of their unit cells; the
I family forms bent chains, whereas the II families adopt
bent-twisted conformations.

a. Chemically modified cellulose. The most im-
portant derivatives of cellulose are the esters, such as
cellulose acetate and nitrate, the ethers, such as car-
boxymethyl, hydroxyethyl, and hydroxypropyl cellulose,
and the rayons, of which the most important are the acetate
rayon, which is discussed next and viscose rayon obtained
from cellulose xanthate.

Cellulose Acetate: Cellulose acetate, also known as ac-
etate rayon is obtained from wood pulp in three steps:
(1) pretreatment (soaking with acetic acid and sulfuric
acid); (2) acetylation with a mixture of acetic anhydride
and acetic acid, to form the 2,3,6-tri-O-acetyl derivative;
and (3) partial hydrolysis to afford a product having a DS
of about 2.6, which forms the best fibers and films.

Cellulose Nitrate: Cellulose can be esterified with a
mixture of nitric acid and some sulfuric acid added as
catalyst. The amount of water controls the degree of sub-

Carbohydrates

stitution, which in turn determines the appropriate usage
for the product; higher DS products are used as explosives
and lower ones as cements and lacquers.

Carboxymethyl Cellulose: This ether of cellulose is ob-
tained by a modified Williamson synthesis whereby cel-
lulose is first treated with sodium hydroxide and the alco-
holate formed is reacted with the halide, namely sodium
monochloroacetate. Although a DS of 3 is attainable (po-
sitions 3,4, and 6 can all be etherified), a DS of only 0.4 is
all that is needed to achieve the desired viscosity and sol-
ubility needed in the commercial products. Carboxmethyl
cellulose is widely used in the form of alkali metal salts
as surfactant in detergents, in oil drilling, mining, and in
the food, paper, and textile industries.

Hydroxyethyl Cellulose: Ether alcohols such as
hydroxyethyl cellulose are used industrially to solubi-
lize cellulose and to facilitate its handling. Hydroxy-
ethyl cellulose is prepared by swelling the cellulose with
sodium hydroxide and reacting it with ethylene glycol.
As in the previous example, a low DS of 0.3 is sufficient
to solubilize the product in alkali.

Cell-OH + CI{Z-/CHZ — Cell-O-CH,-CH,-OH
O

Cellulose Hydroxyethyl Cellulose

Hydroxypropyl cellulose is prepared in the same manner
except that propylene glycol is used in place of ethylene
glycol.

Cellulose Xanthate: Cellulose xanthate or viscose is an
intermediate in the production of viscose rayon, used in
the manufacture of textile fibers and cellophane wrapping.
The manufacture of viscose starts by swelling the cellulose
with sodium hydroxide. The mixture is then treated with
carbon disulfide to form the sodium xanthate of cellulose,
which is known as viscose. It was given this name be-
cause its viscosity increases with time. When the desired
consistency is reached, the mass is extruded into an acid
bath to form fibers or sheets depending on the extrusion
orifice shape (circular holes or slits). The acid bath decom-
poses the xanthate groups and regenerates cellulose now
called viscose rayon to distinguish it from other rayons.

Cell-OH — Cell-ONa + CS; — Cell-OCSSNa

Cellulose Viscose

— Cell-OH
Viscose rayon

5. Mannans and Galactomannans

Mannans are highly insoluble polymers of B-D-man-
nopyranose, found in the kernels of many palms, for ex-
ample, ivory nut. This hard material is composed of nearly
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pure mannan, and was, until the advent of plastics, used
for making buttons. Many palm kernels contain less pure
polymers of mannose, often containing galactose and re-
ferred to as galactomannans.

6. Chitin and Chitosans

Chitin and Chitosans are polymers of S-D-glucosamine;
the main difference between them is in DP, the first poly-
mer has a DP around 10° whereas the second has only
10*. As a result chitosan is much more soluble than chitin
and is therefore easier to handle and to shape; it is used in
photographic films, for immobilization of enzymes, and
its phosphate esters as fire retardants.

7. Hemicelluloses

Hemicellulose is the most abundant naturally occurring
organic compound after cellulose. It differs from cellu-
lose in that it dissolves in alkali to form a dark brown
solution known in the paper industry as “black liquor.”
Some hemicelluloses are linear while others are highly
branched. For example, xylans, the most common compo-
nent of hemicellulose, are mostly linear polymers made
up of (1 — 4) linked B-D-xylopyranosyl residues, which
may occasionally branch at the 3-position and arabino-D-
galactans which are highly branched polymers.

8. Pectin

Pectin is produced in large quantities as by-products of the
apple and orange juice productions. The pulp of apples and
the peels of orange left over after pressing contain about
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15 and 30% pectin, respectively. The pectin extracted from
these agricultural wastes is used in the manufacture of jams
and jellies. It is also used as a stabilizer of fruit drinks and
pharmaceutical suspensions because of its great stability
at low pH.

V. OLIGONUCLEOTIDES AND
POLYNUCLEOTIDES

Oligonucleotides are DNA or RNA segments of low
molecular weight; they are composed of nucleotide
monomers (see Fig. 20) linked by phosphoric ester bridges
spanning C-5" of one unit and C-3’ of the other. Synthetic
oligonucleotides have been widely used in the study of
DNA, in protein biosynthesis, and in induced mutagenesis.
They were instrumental in deciphering the genetic code,
and they have since been used to introduce mismatches in
specific sites of DNA strands to induce specific changes
in enzymes.

More recently, antisense oligonucleotides have been
used in the fight against AIDS and cancer. Anitisense
oligonucleotides were synthesized that complement por-
tions of mRNA which translate to the protein cover of the
HIV virus or to a cancer specific oncogene. In the cell,
the oligonucleotides complex with the targeted RNA and
arrest the synthesis vital proteins (see Fig. 21).

A. Synthesis of Oligonucleotides

Both oligodeoxyribonucleotides (DNA-type oligomers)
and oligoribonucleotides (RNA-type oligomers) have
been synthesized, but the first have attracted most of the
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FIGURE 20 The four 2-deoxyribonucleotides found in DNA and the four ribonucleotides found in RNA.
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FIGURE 21 Inhibition of gene translation with antisenese oligonucleotides. An oligonucleotide designed to complexes
with a segment of mMRNA is used to arrest the synthesis of a vital protein.

attention of chemists because of their biological impor-
tance and their relative ease of preparation. These char-
acteristics become evident when the structures of the two
types of nucleotide monomers are examined. Thus, the
DNA monomers have only one free hydroxyl group (on
C-3"), which, when esterified by the phosphate group of
another monomer, will form a phosphate bridge in the de-
sired position (linking C-3' of one nucleotide to C-5 of
the other), whereas ribonucleotides have two free hydroxyl

groups (one on C-2" and one on C-3’), which necessitates
that the 2’-OH group be protected to prevent the formation
of the undesired 2’ — 5’ phosphate bridge.

B. Block Synthesis of Oligonucleotides

An oligonucleotide chain may be terminally phosphated
(esterified) on C-5" or C-3'. Oligomers of the first type are
prepared from natural nucleotides by treating an acetylated
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