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PREFACE 

The idea of a comprehensive monograph treating hydrocarbon chemistry as an enti¬ 

ty emphasizing basic chemistry, while also relating to the practical aspects of the 

broad field, originally developed in the late 1970s by GAO and the late Louis 

Schmerling, a pioneer of hydrocarbon chemistry. The project was pursued albeit in¬ 

termittently through the following years, producing a number of draft chapters. It 

became, however, clear that the task was more formidable than initially anticipated. 

Progress was consequently slow, and much of the initial writings became outdated 

in view of fast progress. The project as originally envisaged became clearly no 

longer viable. A new start was needed and made in 1992 with A. M. coming to the 

Loker Hydrocarbon Research Institute for two years as Moulton Distinguished 

Visiting Fellow. We hope that our efforts on Hydrocarbon Chemistry will be of use 

to those interested in this broad and fascinating field, which also has great practical 

significance. 

George A. Olah 

Arpad Molnar 

Los Angeles, California 

Szeged, Hungary 

March, 1995 
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Mookie, the Olah’s cocker spaniel, enlightens an otherwise blank page. 

{photo by Mark Sassaman) 



INTRODUCTION 

Hydrocarbons and their transformations play a major role in chemistry. Industrial 

applications, basic to our everyday life, face new challenges from diminishing petro¬ 

leum supplies, regulatory problems, and environmental concerns. Chemists must 

find answers to these challenges. Understanding the involved chemistry and finding 
new approaches is a field of vigorous development. 

Hydrocarbon Chemistry (i.e., that of carbon and hydrogen containing com¬ 

pounds) covers a broad area of organic chemistry which at the same time is also of 

great practical importance. It includes the chemistry of saturated hydrocarbons 

(alkanes, cycloalkanes), as well as that of unsaturated alkenes and dienes, 

acetylenes, and aromatics. Whereas numerous texts and monographs discuss select¬ 

ed areas of the field, a comprehensive up-to-date treatment as an entity encompass¬ 

ing both basic chemistry and practical applications is lacking. The aim of our book 

is to bring together all major aspects of hydrocarbon chemistry, including funda¬ 

mental and applied (industrial) aspects in a single volume. In order to achieve this it 

was necessary to be selective and we needed to limit our discussion. 

The book is arranged in 12 chapters. After discussing general aspects, separation 

of hydrocarbons from natural sources and synthesis from precursors with recent 

developments for possible future applications, each chapter deals with a specific 

type of transformation of hydrocarbons. Involved fundamental chemistry, including 

reactivity and selectivity, as well as stereochemical considerations and mechanistic 

aspects are discussed as are practical applications. In view of the immense literature, 

the coverage cannot be comprehensive and is therefore selective, reflecting the au¬ 

thors’ own experience in the field. It was attempted nevertheless to cover all major 

aspects with references generally until early 1994. 

The chemistry of the major processes of the petrochemical industry, including 

cracking, reforming, isomerization, and alkylation, is covered in Chapters 2, 4, and 

5. The increasingly important chemistry, i.e., that of synthesis from one-carbon 

compounds (CO^, CO, methane and its derivatives) is discussed in Chapter 3. 

Chapter 6 (Addition), Chapter 7 (Carbonylation), and Chapter 9 (Hetero¬ 

substitution) deal with derivatization reactions to form carbon-heteroatom bonds. 

The important broad field of hydrocarbon oxidations is covered in Chapter 8 

(Oxidation-Oxygenation). Both the chemistry brought about by conventional oxi¬ 

dizing agents and recent developments introducing selective oxygen functionality 

XVII 



xviii INTRODUCTION 

into hydrocarbons are discussed. The hydrogenation (catalytic and chemical) and re¬ 

duction techniques (homogeneous catalytic, ionic, and electrochemical) are similar¬ 

ly discussed in Chapter 10 (Reduction-Hydrogenation). 
Chapter 11 deals with metathesis; Chapter 12, with oligomerization and polymer¬ 

ization of hydrocarbons. Each of these fields is of substantial practical significance 

and is treated emphasizing basic chemistry and significant practical applications. 

Hydrocarbon Chemistry addresses a wide range of readers. We hope that re¬ 

search and industrial chemists, college and university teachers, and advanced under¬ 

graduate and graduate students alike will find it useful. Since it gives a general 

overview of the field it should also be useful for chemical engineers and in the 

chemical and petrochemical industry in general. Finally, we believe it may serve 

well as a supplementary textbook in courses dealing with aspects of the diverse and 
significant field. 
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INTRODUCTION AND 
GENERAL ASPECTS 

1.1. HYDROCARBONS AND THEIR CLASSES 

Hydrocarbons, as their name indicates, are compounds of carbon and hydrogen. 

As such they represent one of the most significant classes of organic compounds 

(i.e., of carbon compounds).' In methane (CH^) the simplest saturated alkane, a 

single carbon atom is bonded to four hydrogen atoms. In the higher homologs of 

methane (of the general formula all atoms are bound to each other by sin¬ 

gle [sigma (a), two-electron-two-center] bonds with carbon displaying its tenden¬ 

cy to form C-C bonds. Whereas in CH^ the H; C ratio is 4, in (ethane) it is 

decreased to 3, in (propane) to 2.67, and so on. Alkanes can be straight-chain 

(each carbon attached to not more than two other carbon atoms) or branched (in 

which at least one of the carbon is attached to either three or four other carbon 

atoms). Carbon atoms can be aligned in open chains (acyclic hydrocarbons) or can 

form rings (cyclic hydrocarbons). 
Cycloalkanes are cyclic saturated hydrocarbons containing a single ring. Bridged 

cycloalkanes contain one (or more) pair(s) of carbon atoms common to two (or 

more) rings. In bicycloalkanes there are two carbon atoms common to both rings. In 

tricycloalkanes there are four carbon atoms common to three rings such as in 

adamantane (tricyclo[3.3.1]' ”'’)decane) giving a caged hydrocarbon structure. 

Carbon can also form multiple bonds with other carbon atoms. This results in unsat¬ 

urated hydrocarbons such as olefins (alkenes, C^H^), specifically, hydrocarbons con¬ 

taining a carbon-carbon double bond or acetylenes (alkynes, C^H^^) containing a car¬ 

bon-carbon triple bond. Dienes and polyenes contain two or more unsaturated bonds. 

Aromatic hydrocarbons (arenes), a class of hydrocarbons of which benzene is 

parent, consist of cyclic arrangement of formally unsaturated carbons, which, how- 

1 



2 INTRODUCTION AND GENERAL ASPECTS 

ever, give a stabilized (in contrast to their hypothetical cyclopolyenes) delocalized n 

system. 
The H: C ratio in hydrocarbons is indicative of the hydrogen deficiency of the 

system. As mentioned the highest theoretical H: C ratio possible for hydrocarbons is 

4 (in CH ), although in carbocationic compounds (the positive ions of carbon com¬ 

pound) such as CH/ and even CH/* the ratio is further increased (to 5 and 6, respec¬ 

tively). On the other end of the scale in extreme cases, such as the dihydro or meth¬ 

ylene derivatives of recently discovered C^ and C^^^ fullerenes, the H:C ratio can be 

as low as 0.03! 
An index of unsaturation (hydrogen deficiency) i can be used in hydrocarbons 

whose value indicates the number of ring and/or double bonds (a triple bond is 

counted as two double bonds) present (C and H = the number of carbon and hydro¬ 

gen atoms), i = 0 for methane, for ethene i = 1 (one double bond), for acetylene 

(ethyne) i = 2, etc. 

(2C + 2) - H 
/ =- 

2 

The International Union of Pure and Applied Chemistry (lUPAC) established 

rules to name hydrocarbons. Frequently, however, trivial names are also used and 

will continue to be used. It is not considered necessary to elaborate here on the ques¬ 

tion of nomenclature. Systematic naming is mostly followed. Trivial (common) 

namings are, however, also well extended. Olefins or aromatics clearly are very 

much part of our everyday usage, although their lUPAC names are alkenes and 

arenes, respectively. Straight-chain saturated hydrocarbons are frequently referred 

to as n-alkanes (normal) in contrast to their branched analogs (isoalkanes, i-alkanes). 

Similarly, straight-chain alkenes are frequently called «-alkenes as contrasted with 

branch isoalkenes (or olefins). What needs to be pointed out, however, is that one 

should not mix the systematic lUPAC and the still prevalent trivial (or common) 

namings. For example, (CHj)2C=CHj can be called isobutylene or 2-methylpropene; 

however, it should not be called isobutene as only the common name butylene 

should be affixed by iso. On the other hand, isobutane is the proper common name 

for 2-methylpropane [(CH/^CH]. Consequently we discuss isobutane-isobutylene 

alkylation for production of isooctane: high-octane gasoline (but it should not be 
called isobutane-isobutene alkylation). 

1.2. ENERGY-HYDROCARBON RELATIONSHIP 

Every facet of human life is affected by our need for energy. The sun is the central 

energy source of our solar system. The difficulty lies in converting solar energy into 

other energy sources and also to store them for future use. Photovoltaic devices and 

other means to utilize solar energy are intensively studied and developed but at the 

level of our energy demands. Earth-based major installations by present day technol- 
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ogy are not feasible. The size of collecting devices would necessitate to utilize large 

areas of the Earth. Atmospheric conditions in most of the industrialized world are 

unsuitable to provide constant solar energy supply. Perhaps a space-based collecting 

system beaming energy back to Earth can be established at some time in the future, 

but except for small-scale installation, solar energy is of limited significance for the 

foreseeable future. Unfortunately, the same must be said about wind, ocean wave 
and other unconventional energy sources. 

Our major energy sources are fossil fuels (i.e., oil, gas and coal), as well as atomic 

energy. Fossil energy sources are, however, nonrenewable (at least on our timescale) 

and their burning causes serious environmental problems. Increased carbon dioxide 

levels are considered to contribute to the “greenhouse” effect. The major limitation, 

however, is the limited nature of our fossil-fuel resources (see Section 1.5). The most 

realistic estimates^ put our overall worldwide fossil resources as lasting for not more 

than 200 or 300 years, of which oil and gas would last less than a century. In human 

history this is a short period, and we will need to find new solutions. 

The United States relies overwhelmingly on fossil energy sources, with only 8% 

coming from atomic energy and 4% from hydroenergy (Table 1.1). 

Other industrialized countries utilize to a much higher degree of nuclear energy 

and hydroenergy^ (Table 1.2). In the last 20 years concerns about safety and fission 

byproduct disposal difficulties, however, have dramatically limited the growth of 

the otherwise clean atomic energy industry. 

One way to extend the lifetime of our fossil fuel energy reserves is to raise the ef¬ 

ficiency of thermal power generation. Progress has been made in this respect, but the 

heat efficiency even in the most modem power plants is limited. Heat efficiency in¬ 

creased substantially from 19% in 1951 to 38% in 1970, but for many years since 

then 39% appeared to be the limit. Combined-cycle thermal power generation—a 

combination of gas turbines and steam turbines—allowed Japan to further increase 

heat efficiency from 35-39% to as high as 43%. Conservation efforts can also great¬ 

ly contribute to moderate worldwide growth of energy consumption, but the rapidly 

growing population of our planet (5.4 billion today, but expected to reach 7-8 billion 

by 2010) will put enormous pressure on our future needs. 

Estimates of the world energy consumption until the year 2020 are shown graph¬ 

ically in Fig. 1.1 in relationship with data dating back to 1960.^ A rise in global ener¬ 

gy consumption of 50-75% for the year 2020 is expected compared with 1988. Even 

Table 1.1. U.S. energy sources (%) 

Power Source 1960 1970 1990 

Oil 48 46 41 

Natural gas 26 26 24 

Coal 19 19 23 

Nuclear energy 3 5 8 

Hydro-, geothermal, solar, etc. energy 4 4 4 
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Table 1.2. Power generated in industrial countries by nonfossil fuels (1990) 

^ Non-Fossil-Fuel Power (%) 

Country Hydroenergy Nuclear Energy Total 

France 12 75 87 

Canada 58 16 74 

Former West Germany 4 34 38 

Japan 11 26 37 

UK 1 23 24 

Italy 16 0 16 

USA 4 8 12 

in a very limited growth economic scenario the global energy demand is estimated 

to reach 12 billion tons of oil equivalent (t/oe) by the year 2020. 

Humankind’s long range energy future clearly must be safe nuclear energy, 

which should increasingly free still remaining fossil fuels as sources for convenient 

transportation fuels and as raw materials for synthesis of plastics, chemicals, and 

other substances. Eventually, however, in the not too distant future we will need to 

make synthetic hydrocarbons on a large scale. 

1.3. HYDROCARBON SOURCES AND SEPARATION 

All fossil fuels (coal, oil, gas) are basically hydrocarbons, deviating, however, sig¬ 
nificantly in their H; C ratio (Table 1.3). 

Moderate 

Limited 

Figure 1.1. World energy consumption (in gigatons per year) projections. 
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Table 1.3. H:C ratio of natural hydrocarbon sources 

Methane 4.0 
Natural gas 3.8 
Petroleum crude 1.8 
Tar sands bitumen 1.5 
Shale oil (raw) 1.5 
Bituminous coal 0.8 

1.3.1. Natural Gas 

Natural gas, depending on its source, contains—besides methane as the main hydro¬ 

carbon compound (present usually in >80-90%)—some of the higher homologous 

alkanes (ethane, propane, butane). In “wet” gases the amount of C^-C^ alkanes is 
more significant (gas liquids). 

Typical composition of natural gas of various origin^-^ is shown in Table 1.4. 

Natural-gas liquids are generally of thermal value only but can be used for dehy¬ 

drogenation to alkenes. Their direct upgrading to gasoline-range hydrocarbons is 

also pursued. 

Natural gas as we know it is of biological origin (not unlike petroleum oil). Large 

gas reservoirs were discovered and utilized in our century. Increasingly deeper wells 

are drilled and deposits under the seas are explored and tapped. An interesting but as 

yet unproven theory by Gold'* holds that hydrocarbons may also be formed by slow 

outgassing of methane from vast deep deposits dating back to the origin of our plan¬ 

et. Besides biologically derived oil and gas, “deep” carbon compounds trapped in 

the Earth’s crust are subject to intense heat, causing them to release hydrocarbons 

that migrate toward the Earth’s surface where they are trapped in different stratas. 

Seepage observed at the bottom of the oceans and finds of oil during drilling into 

formations (such as granite) where no “biogenic” oil was expected, are cited as 

proof for “abiogenic” hydrocarbons. If abiogenic methane and other hydrocarbons 

exist (although most geologist presently disagree), vast new reserves would become 

available when improved drilling technology is developed to reach deeper into 

Earth’s crust.'' 
Other vast yet untapped reserves of natural gas (methane) are locked up as hy¬ 

drates under the permafrost in Siberia. Methane gas hydrates are inclusion com¬ 

pounds of CH^.nH^O composition. Their amount is estimated to equal or exceed 

Table 1.4. Composition of natural gas [in weight percent (wt%)] 

Location CH, C.H, C,H, C.H, 

United States 89.5-92.5 5.1-2 2.1-0.7 1.6-0.5 

Algeria 86.9 9.0 2.6 1.2 

Iran 74.9 13.0 7.2 3.1 

North Sea 90.8 6.1 0.7 0.1 
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known conventional natural-gas reserves. Their economical utilization, however, 

remains a challenge. Significant amounts [<500 million tons per year (Mt/y)] of 

natural methane is also released into the atmbsphere from varied sources ranging 

from marshlands to landfills, to farm animals. Methane in the atmosphere repre¬ 

sents only a small component, although its increase can cause a significant green¬ 

house effect. 

1.3.2. Petroleum or Crude Oil 

Petroleum or crude oil is a complex mixture of many hydrocarbons.'” It is character¬ 

ized by the virtual absence of unsaturated hydrocarbons consisting mainly of satu¬ 

rated, predominantly straight-chain alkanes, small amounts of slightly branched 

alkanes, cycloalkanes, and aromatics. Petroleum is generally believed to be derived 

from organic matter deposited in the sediments and sedimentary rocks on the floor 

of marine basins. The identification of biological markers such as petroporphyrins 

provides convincing evidence for the biological origin of oil (see, however, men¬ 

tioned possibility for abiogenic “deep” hydrocarbons). The effect of time, tempera¬ 

ture and pressure in the geologic transformation of the organics to petroleum is not 

yet clear. However, considering the low level of oxidized hydrocarbons and the 

presence of porphyrins, it can be surmised that the organics were acted upon by 

anaerobic microorganisms and that temperatures were moderate, < 200°C. By com¬ 

paring the elemental eomposition of typical crude oils with typical bituminous coals 

it is clear why crude oil is a much more suitable fuel source in terms of its higher 

H:C atomic ratio, generally lower sulfur and nitrogen contents, very low ash con¬ 

tents, (probably mostly attributable to some suspended mineral matter and vanadium 

and nickel associated with porphyrins), and essentially no water content. 

Finally, it is interesting to mention that recent evidence shows that even extrater- 

restrially formed hydrocarbons can reach the Earth. The Earth continues to receive 

some 40,000 tons of interplanetary dust every year. Mass-spectrometric analysis re¬ 

vealed the presence of hydrocarbons attached to these dust particles including poly¬ 

cyclic aromatics such as phenanthrene, chrysene, pyrene, benzopyrene, and pen- 

tacene of extraterrestrial origin (indicated by anomalous isotopic ratios^). 

Petroleum—a natural mineral oil—was referred to as early as in the Old 

Testament. The word petroleum means “rock oil” [(from the Greek petros (rock) 

and elaion (oil)]. It had been found over the centuries seeping out of the ground, for 

example, in the Los Angeles basin (practically next door where this review is writ¬ 

ten) and what are now the La Brea Tar Pits. Vast deposits were found in varied 

places ranging from Europe, to Asia, to the Americas, and to Africa. In the United 

States the first commercial petroleum deposit was discovered in 1859 near Titusville 

in western Pennsylvania when Edwin Drake and Billy Smith struck oil in their first 

shallow (~20-m-deep) well.” The well yielded 400 gallons (gal) of oil per day (about 

10 barrels). The area was known before to contain petroleum that residents skimmed 

from a local creek’s surface, which thus was called “oil creek.” The oil-producing 

first well opened up a whole new industry. The discovery was not unexpected, but 

provided evidence for oil deposits in the ground that could be reached by drilling 

into them. Oil was used for many purposes, such as lamp illumination and even for 
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medicinal remedies. The newly discovered Pennsylvania petroleum was soon also 

marketed to degrease wool, prepare paints, fuel steam engines, to power light rail¬ 

road cars and for many other uses. It was recognized that the well oil was highly im¬ 

pure and had to be refined to separate different fractions for varied uses (see Section 

1.4). The first petroleum refinery, a small stilling operation, was established in 

Titusville in 1860. Petroleum refining was much cheaper than producing coal oil 

(kerosene) and soon petroleum became the predominant source for kerosene as an il- 

luminant. In the 1910s the popularity of automobiles spurred the production of gaso¬ 

line as the major petroleum product. California, Texas, Oklahoma and more recently 

Alaska provided large petroleum deposits in the United States, whereas areas of the 

Middle East, Asia, Russia, Africa, South America, and more recently the North Sea 
became major world oil production centers. 

The daily consumption of crude oil in the United States is about 16-17 million 

barrels. Most of this is used for the generation of electricity and space heating and as 

transportation fuel. About 4% of the petroleum and natural gas is used as feedstocks 

for the manufacturing of chemicals, pharmaceuticals, plastics, elastomers, paints, 

and a host of other products. Petrochemicals from hydrocarbons provide many of the 

necessities of modern life, to which we have become so accustomed that we do not 

even notice our increasing dependence on them, and yet the consumption of petro¬ 

chemicals is still growing at an annual rate of 10%. Advances in the petroleum- 

hydrocarbon industry, more than anything else, may be credited to the high standard 
of living we enjoy in the late twentieth century. 

1.3.3. Heavy Oils, Shale, Tar Sand 

Whereas in present-day refining operations light crudes are preferred, increasingly 

heavy petroleum sources also need to be processed to satisfy ever-increasing needs. 

These range from commercially usable heavy oils (California, Venezuela, etc.) to 

the huge petroleum reserves locked up in shale or tar sand formations.These 

more unconventional hydrocarbon accumulations exceed the quantity of oil present 

in all the rest of the oil deposits in the world taken together. The largest is located in 

Alberta, Canada, in the form of enormous tar sand and carbonate rock deposits con¬ 

taining some 2.5-6 trillion barrels of extremely heavy oil, called bitumen. It is fol¬ 

lowed by the heavy oil accumulations in the Orinoco Valley, Venezuela and of 

Siberia. Another vast commercially significant reservoir of oil is the oil shale de¬ 

posits of the northwestern United States located in Wyoming, Utah, and Colorado. 

The practical use of these potentially vast reserves will depend on finding economi¬ 

cal ways to extract the oil (by thermal retorting or other processes) for further 

processing. 
The quality of petroleum varies, and, according to specific gravity and viscosity, 

we talk about light, medium, heavy, and extraheavy crude oils. Light oils of low spe¬ 

cific gravity and viscosity are more valuable than heavy oils with higher specific 

gravity and viscosity. In general light oils are richer in saturated hydrocarbons, espe¬ 

cially straight chain alkanes, than are heavy oils and contain <75% straight-chain 

alkanes and <95% total hydrocarbons. Extraheavy oils, the bitumens, have a high 

viscosity, and thus may be semisolids with high levels of heteroatoms (nitrogen. 
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Table 1.5. Compositions (%) of typical light and 

heavy oiis 

Fraction 
■ \ 

Light Oil Heavy Oil 

Saturates 78 17-21 

Aromatics 18 36-38 

Resins 4 26-28 

Asphaltene trace—2 17 

oxygen, and sulfur) and a correspondingly reduced hydrocarbon content, of the 

order of 30-40%. 
Heavy oils and especially bitumens contain high concentrations of resins 

(30-40%) and asphaltenes (<20%). Most heavy oils and bitumens are thought to be 

derivatives of lighter, conventional crude oils that have lost part or all of their n- 

alkane contents along with some of their low-molecular-weight cyclic hydrocarbons 

through processes taking place in the oil reservoirs. Heavy oils are also abundant in 

heteroatom (N, O, S)-containing molecules, organometallics, and colloidally dis¬ 

persed clays and clay organics. The prominent metals associated with petroleum are 

nickel, vanadium (mainly in the form of vanadyl, ions), and iron. The former 

two are (in part) bound to porphyrins to form metalloporphyrins. 

Table 1.5 compares the compositions of typical light and heavy oils. 

Processing heavy oils and bitumens represent challenges for the presently used 

refinery processes, as heavy oils and bitumens can poison the metal catalysts used in 

the current refineries. The use of superacid catalysts, which are less sensitive to 
these feeds, is one possible solution’*’ to this problem. 

1.3.4. Coal and Its Liquefaction 

Coals (the plural is deliberately used as coal has no defined, uniform nature or struc¬ 

ture) are fossil sources with low hydrogen content.The “structure” of coals 

means only structural models depicting major bonding types and components relat¬ 

ing changes with coal rank. Coal is classified—or ranked—as lignite, subbitumi- 

nous, bituminous, and anthracite. This is also the order of increased aromaticity and 

decreased volatile matter. The H:C ratio of bituminous coal is about 0.8, whereas 
anthracite has H:C ratios as low as 0.2. 

From a chemical, as contrasted to a geologic viewpoint, the coal formation (coal- 

ification) process can be grossly viewed as a continuum of chemical changes, some 

microbiological, some thermal involving a progression in which woody or cellulosic 

plant materials (the products of nature’s photosynthetic recycling of CO) in peat 

swamps are converted during many millions of years and increasingly severe geo¬ 

logic conditions to coals. Coalification is grossly a deoxygenation-aromatization 

process. As the rank or age of the coal increases, the organic oxygen content de¬ 

creases and the aromaticity (defined as the ratio of aromatic carbon to total carbon) 

increases. Lignites are young or “brown” coals containing more organic oxygen 
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functional groups than do subbituminous coals, which in turn have a higher carbon 

content but fewer oxygen functionalities. 

The organic chemical structural types believed to be characteristic of coals can be 

schematically represented as shown in Fig. 1.2 showing probable structural groups 

and connecting bridges that are present in a typical bituminous coal.*” 

The principal type of bridging linkages between clusters are short aliphatic 

groups (CHj)^ (where n = 1^), different types of ether linkages, and sulfide and 

biphenyl bonds. All except the latter may be considered scissible bonds in that they 

can readily undergo thermal and chemical cleavage reactions. 

The main approaches employed in converting coals to liquid hydrocarbons re¬ 

volve around breaking down the large, complex “structures” generally by hydro- 

genative cleavage reactions and increasing the solubility of the organic portion. 

Alkylation, hydrogenation, and depolymerization—as well combinations of these 

reactions followed by extraction of the reacted coals—are major routes taken. This 

can provide clean liquid fuels, for example, gasoline and heating oil. 

Three types of direct coal liquefaction processes have emerged to convert coals 

to liquid hydrocarbon fuels.* The first is a high-temperature solvent extraction 

process in which no catalyst is added. The liquids produced are those that are dis¬ 

solved in the solvent, or solvent mixture. The solvent usually is a hydroaromatic hy¬ 

drogen donor while molecular hydrogen is added as a secondary source of hydrogen. 

Figure 1.2. Schematic representation of structural groups and connecting bridges in 

bituminous coal according to Wiser*". 
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The second, catalytic liquefaction process is similar to the first except that there 

is a catalyst in direct contact with the coal. ZnCl^ and other Friedel-Crafts catalysts, 

including AICI3, as well as BF3-phenol and other complexes catalyze the depolymer¬ 

ization-hydrogenation of coals, but usually forceful conditions (375^25°C, 

100-200 atm) are needed. Superacidic HF-BFj-induced liquefaction of coals* in¬ 

volves depolymerization-ionic hydrogenation at relatively modest 150-170°C. 

The third coal liquefaction approach is direct catalytic hydrogenation (pioneered 

by Bergius) in which a hydrogenation catalyst is intimately mixed with the coal. 

Little or no solvent is employed, and the primary source of hydrogen is molecular 

hydrogen in the latter case. 
The ultimate “depolymerization” of coal occurs in Fischer-Tropsch chemistry 

wherein the coal is reacted with oxygen and steam at about 1100°C to break up, or 

gasify, the coal into carbon monoxide, hydrogen, and carbon dioxide. A water-gas 

shift reaction is then carried out to adjust the hydrogen: carbon monoxide ratio, after 

which the carbon monoxide is catalytically hydrogenated to form methanol, or to build 

up liquid hydrocarbons (see Chapter 3 for discussion of Fischer-Tropsch chemistry). 

1.4. PETROLEUM REFINING AND UPGRADING 

1.4.1. Distillation of Crude Petroleum 

Crude oil (petroleum), a dark, viscous liquid, is a mixture of virtually hundreds of 

different hydrocarbons. Distillation of the crude oil yields several fractions (Table 

1.6),^ which are then used for different properties. 

1.4.2. Hydrocarbon Refining and Conversion Processes 

The relative amounts of usable fractions obtainable from a crude oil do not coincide 

with commercial needs. Also, the qualities of the fractions obtained directly by dis¬ 

tillation of the crude oil also seldom meet the required specifications for various ap¬ 

plications; for example, the octane rating of the naphtha fractions must be substan- 

Table 1.6. Fractions of typical distiilation of crude petroieum 

Boiling Point 

Range (°C) 

Carbon Products 

(Atoms) 

<30 C-C 
1 4 

natural gas, methane, ethane, propane, butane, LPG° 

30-200 C-C 
4 12 

petroleum ether (C^ CJ, ligroin (C^), straight-run 

gasoline 

200-300 C -C kerosene, heating oil 

300-400 gas oil, diesel fuel, lubricating oil, waxes 

>400 residual oil, asphalt, tar 

“Liquified petroleum gas. 
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tially upgraded to meet the requirements of internal-combustion engines in today’s 

automobiles. These same naphtha liquids must also be treated to reduce sulfur and 

nitrogen components to acceptable levels (desulfurization and denitrogenation) in 

order to minimize automotive emissions and pollution of the environment. 

Therefore, each fraction must be upgraded in the petroleum refinery to meet the re¬ 

quirements for its end-use application. Hydrocarbon feeds of the refining operations 

are further converted or upgraded to needed products, such as high-octane alkylates, 

oxygenates, and polymers. Major hydrocarbon refining and conversion processes in¬ 

clude cracking, dehydrogenation (reforming), alkylation, isomerization, addition, 

substitution, oxidation-oxygenation, reduction-hydrogenation, metathesis, oligom¬ 

erization, and polymerization. They and their uses can be schematically character¬ 

ized in the following paragraphs. 

Cracking\'°~'* To form lower-molecular-weight products and to supply alkenes 

for alkylation: 

+ = etc. (1.1) 

Dehydrogenation (Reforming):'^ '^ To increase the octane number of gasoline, to 

produce alkenes from alkanes [Eq. (1.2)], as well as aromatics, such as ben¬ 

zene, toluene, and xylenes [Eq. (1.3)]. 

catalyst 
CH3CH3 -► CH2=CH2 (1.2) 

Dehydrocyclization:'^ '^ To produce aromatics such as toluene: 

(1.4) 

Isomerization [of Alkanes, Eq. Alkylaromatics, Eq. (1.6)]:'"''^''' To increase 

octane number of gasoline, to produce xylenes and so on. 

acid catalyst 
+ CH3(CH2)4CH3 etc. (1.5) 
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Alkylation [Alkenes with Alkanes, Eq. (1.7); Aromatics, Eq. (1.8)]:'®’’*-^“"“ To pro¬ 
duce high-octane gasoline and jet-fuel components, detergent alkylates, plas¬ 

tics, intermediates, and other products. 

Metathesis-}^ 

RCH CHR' 

II +11 
RCH CHR' 

2RCH=CHR' (1.9) 

Oligomerization^^-^’’ and Polymerization-}^^'* 

n XCH=CH2 

/CH2^ 

CHX 

(1.10) 

Further transformation (functionalization) reactions include varied additions}^ 

carbonylative conversions,^^ substitutions,oxidations,*^'* and reductions. 

Major petroleum refining operations are discussed in Chapter 2, whereas 

Chapters 4-12 discuss the chemistry of prototype hydrocarbon transformation 

reactions. 

1.5. FINITE, NONRENEWABLE HYDROCARBON RESOURCES 

Our oil and natural gas reserves are finite and not renewable (except on a geologic 

timescale). The dire predication of the early 1970s following the first Arab oil crises 

that we will exhaust our oil reserves by the end of the century, turned out to be over¬ 

ly pessimistic. Our known oil reserves have, in fact, since doubled, and our gas re¬ 

serves have more than tripled^ (Table 1.7). 

If we take into account less accessible petroleum and gas reserves or those locked 

up in the form of tar sands, oil shale, or methane hydrates, our overall hydrocarbon 

reserves could be even 3-5 times higher. This would give us a century’s supply, 

whereas our coal reserves may stretch to two or three centuries. 

Despite this more favorable outlook, it is necessary to point out the existing close 

relationship between humankind’s ever-increasing overall energy needs and our hy¬ 

drocarbon sources essential in a technological society. 
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Table 1.7. Recognized oil and natural-gas reserves (in 
biilion tons) from 1960 to 1990 

Year Oil Natural Gas 

1960 43.0 15.3 
1965 50.0 22.4 
1970 77.7 33.3 
1975 87.4 55.0 
1980 90.6 69.8 
1986 95.2 86.9 
1987 121.2 91.4 
1988 123.8 95.2 
1989 136.8 96.2 
1990 136.5 107.5 

Hydrocarbons are required in modern-day life not only as energy sources (includ¬ 

ing convenient transportation fuels for cars, tracks, and airplanes; see Section 1.8.2) 

but also to produce commonly used products ranging from polymers to textiles to 

pharmaceuticals. Nearing the end of the twentieth century we can look back with 

substantial satisfaction at our technological and scientific achievements. We should, 

however, also realize that we continue to deplete the nonrenewable resources of our 

planet, particularly fossil fuels and hydrocarbons and at the same time create ecolog¬ 

ical and environmental problems. As mentioned earlier, dire predictions of the early 

exhaustion of our natural hydrocarbon sources by the end of this century proved to 

be grossly exaggerated. Together with the discovery of new oil and gas finds we are 

assured of supplies, although with the inevitably higher cost to open up less accessi¬ 

ble sources, through the twenty-first century. We must realize, however, that a cen¬ 

tury of remaining natural hydrocarbon supplies is not changing the basic predica¬ 

ment; during the next century we will need to find feasible and economical ways to 

synthetically produce hydrocarbons on a very large scale to satisfy our future needs. 

The challenge truly is a global one and will need to unite humankind’s efforts to find 

practical solutions. 

1.6. HYDROCARBON SYNTHESIS 

Using Conforth’s definition of chemical synthesis^’ as an intentional construction of 

molecules by means of chemical reactions, hydrocarbon synthesis is a systematic 

construction of hydrocarbons including alkanes, alkenes, aromatics, and the like. 

The simplest hydrocarbon, methane itself, can be practically produced from carbon 

monoxide (or carbon dioxide) and hydrogen (methanation). Generally, however, hy¬ 

drocarbon synthesis relates to obtaining higher hydrocarbons from one carbon (C^) 

precursors, including syngas (i.e. synthesis gas: CO -i- H^), methyl alcohol, methyl 

halides, or methane itself (via oxidative condensation). 
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The alternative possibilities existing today in chemistry can be depicted as in 

Scheme 1.1 

CO + H2 syngas chemistry 
Mobil zsM-5 gasoline range 

—► CH3OH  -^ hydrocarbons 

Fischer-Tropsch synthesis 

CO 2 photosynthesis 
methanation 
CO2 + 3H2 CH3OH + H2O 

CH 

microbial conversion 

chemical conversion 

combustion 
chlorination 

nitration 
sulfochlorination 

oxidative condensation 

halogenation 

alkylation 

nitration 
oxidative condensation 

Scheme 1.1 

1.6.1. Syngas (CO—Hj)-based Fischer-Tropsch Synthesis 

Hydrocarbon synthesis is not a new challenge. Germany realizing its very limited re¬ 

sources in the 1920s and 1930s developed a technology for the conversion of coal 

into liquid hydrocarbons. The work of Bergius^* and that of Fischer and Tropsch^'* 

culminated in the development of catalytic coal liquefaction, and more significantly 

in an industrial process utilizing coal derived mixtures of carbon monoxide and hy¬ 

drogen gas, (called synthesis gas or syngas), to catalytically produce hydrocarbons*®"®. 

Syngas was obtained from the reaction of coal with steam, (but can more recently 

also obtained by the partial burning of natural gas). The Fischer-Tropsch syngas 

based synthesis was used during World War II in Germany on an industrial scale, 

with a peak production of around 60,000 barrels (1 bl = 42 gal) per day. For compar¬ 

ison the present U.S. domestic consumption is about 16-17 million barrels per day. 
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South Africa starting in the 1960s developed an updated Fischer-Tropsch synthetic 

fuel plant (Sasol) using improved engineering and technology. The capacity of this 

project is coincidentally estimated to be about the same as the peak World War II 
Germany production. 

In comparison, if the United States would rely overnight solely on synthetic oil 

for our overall needs, we would need some 300 Sasol-size plants. Whereas our coal 

reserves may last for three centuries, mining coal on the scale needed for conversion 

to hydrocarbons would be a gigantic task. If the United States would today convert 

to coal-based synthetic fuels for the 300 synthetic fuel plants mentioned above, 

some 10 million metric tons of coal would be needed daily. Even if our coal reserves 

could sustain such demand over a long period of time, not only would an enormous 

investment be needed (in the trillions of the dollars); we would also need to recruit 

millions of young people to become coal miners, create an entirely new transporta¬ 

tion system, and in general adjust our standard of living and lifestyle to pay for the 

enormous cost of coal-based synthetic oil. A hardly feasible scenario. It could be 

said that coal mining in places can be by surface strip mining and that underground 

gasification of coal to methane (and subsequently pumping it out through pipelines) 

will become feasible in advantageous locations. Nevertheless, many of the coal re¬ 
serves would remain difficult to access. 

Syngas itself cannot be piped over long distances. The Fischer-Tropsch process 

is also overall energetically wasteful as it burns half of the coal (or natural gas) to 

generate syngas in the first step, followed by an equally energetic second step in 

converting it into a hydrocarbon mixture of such complexity that no existing refin¬ 

ery could handle it. The strongest argument for Fischer-Tropsch chemistry is, of 

course, that it works and can produce synthetic fuels on an industrial scale. Then you 

have to disregard economics, labor, and social and ecological problems (for which 

wartime Germany and South Africa in the 1960s and 70s were hardly acceptable 

models). With the relative stability of the world oil supplies for the foreseeable near 

future it seems to be the right time to look for more feasible alternatives and to ex¬ 

plore new chemistry. [During the short-lived alternate fuel research boom of the 

1970s and early 1980s (following the two oil crises) extensive research on updating 

Fischer-Tropsch chemistry was carried out in the United States, western Europe, 

and Japan.] Because of the proven commercial feasibility of the Fischer-Tropsch 

synthesis it is still customary to refer to chemistry as the conversion of syngas 

into higher hydrocarbons, although its scope has developed much.*^ 

1.6.2. Methyl Alcohol Conversion 

One shortcoming of the Fischer-Tropsch synthesis is its lack of selectivity giving 

complex product mixtures. In an attempt to improve the selectivity of syngas-based 

hydrocarbon synthesis, Mobil researchers developed a process consisting of the con¬ 

version of methyl alcohol (itself, however, produced from syngas) to gasoline (or 

other hydrocarbons) over a shape-selective intermediate pore size zeolite catalyst 

(H-ZSM-5): 
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nCHgOH 
H-ZSM-5. 350 °C ^ 

-H2O 
hydrocarbons 

• \ 

(1.11) 

The process, referred to as methyl alcohol-to-gasoline conversion, involves initial 

dehydration of methyl alcohol to dimethyl ether, with a subsequent carbenoid-type 

reaction. It probably goes through an oxonium ylide-type intermediate that is readily 

methylated by excess methanol (dimethyl ether) producing the crucial C,- 

conversion and then cleaves to ethylene. Once a precursor is converted into a 

derivative (i.e., ethylene), the further conversion to higher hydrocarbons of the gaso¬ 

line range (or to aromatics) follows well-known chemistry. 

Further research has shown that bifunctional acid-base catalysts such as WO3 on 

Al^Oj or tungstophosphoric acid, lacking shape-selective nature can also bring about 

the methyl alcohol-to-hydrocarbon conversions.®® Shape selectivity of the catalyst 

thus is important in controlling product distributions and also to limit coking over 

the catalysts. 

The Mobil process as discussed still uses syngas in its initial step. Olah has 

shown,®® however, that it is possible to convert methane directly by selective elec¬ 

trophilic halogenation to methyl halides and through their hydrolysis to methyl alco¬ 

hol [Eq. (1.12)]. When bromine is used, the HBr byproduct of the reaction is readily 

reoxidized to bromine, allowing a catalytic process in which bromine acts only as a 
redox catalyst [Eq. (1.13)]. 

Bfo HoO 
CH4 -► HBr + CHgBr -► CH3OH + HBr 

catalyst catalyst 
(1.12) 

2 HBr + 0.5 O2 -► Bra + HgO (1.13) 

It is even not necessary to hydrolyze methyl halides to methyl alcohol as methyl 

halides themselves readily condense over bifunctional acid-base catalysts such as 

zeolite or WO^ on Al^O^ to ethylene (and propylene) and subsequently to higher hy¬ 
drocarbons (gasoline, aromatics): 

H-ZSM-5 or 
.. WO3/AI2O3 _ _ 
2CH3Hlg _ 2 ^ CH2-CH2 hydrocarbons (1.14) 

1.6.3. Carbon Dioxide Conversion 

C| chemistry can no longer be equated only with syngas chemistry. Nature’s own 

CO^ photosynthesis and bacterial methane conversion are also conversion 

processes. We are far from approaching these processes for practical synthetic use 

efficiently. Production of methane from carbon dioxide (similarly to carbon monox¬ 

ide) and hydrogen is a feasible process (methanation).®’ Similarly, reduction of car¬ 

bon dioxide with hydrogen to methyl alcohol®«can be readily carried out and the 
method is industrially developed: 
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CO2 + 3 Hg ► CH3OH + H2O ^-| -15^ 

If technology one day achieves unlimited cheap energy (as, e.g., from fusion), 

our long-range hydrocarbon needs will be also assured. We will be able to take CO 

from the atmosphere (thus also recycling the excess carbon dioxide generated during 

burning fossil fuels contributing to the greenhouse effect) and hydrogen from elec¬ 

trolysis of seawater and combine them into methane or methyl alcohol and subse¬ 
quently to hydrocarbons. 

1.6.4. Direct Methane Conversion 

The direct conversion of methcine as a building block for higher hydrocarbons 

and derived products is one of the most promising route of future hydrocarbon 
synthesis.*^’®® 

Methane is still abundant on Earth; it is the major component of natural gas. If we 

would stop burning natural gas for its energy content, our reserves as a hydrocarbon 

source could last for a long time. The possibility of large abiogenic methane sources 

was also previously mentioned. Even after exhaustion of our natural-gas reserves, 

biomass (sustained as long as there is life on our planet) can be easily and efficiently 

converted by microorganisms into methane (on a very short timescale, as compared 

what is needed to form “natural gas”). Exploratory work has shown the feasibility of 

growing algae or kelp in the vast expanses of oceans. They can be harvested and bi¬ 

ologically converted into methane, and the gas can be pumped ashore. In some of 

the large U.S. cities landfills refuse is already biologically converted into methane 

gas and used for energy generation. It is also known that aluminum carbide, which 

can be produced similarly to calcium carbide in electric arcs, on hydrolysis gives 

primarily methane. (The similar process from calcium carbide giving acetylene was 

the foundation of the organic chemical industry in Germany around the turn of the 

century.) Thus, atomic power plants in off-peak periods could be producing alu¬ 

minum carbide and through it methane. Regardless of its source, methane will be 

available, and thus it is highly practical to consider its conversion to higher hydro¬ 

carbons and their functionalized products. 

Biological conversion of methane to higher hydrocarbons or to methyl alcohol is 

clearly of great significance for the future but is not discussed further here in the 

scope of the present discussion of chemistry. 

The reactivity of methane (in many organic textbooks still discussed only in a 

chapter devoted to “paraffins”, indicating lack of reactivity) was until recently most¬ 

ly considered only in terms of its free-radical reactions. After all, we burn large 

amounts of natural gas (i.e., methane) to produce energy. Combustion processes are 

free-radical chain reactions. So is the high temperature conversion of methane to 

acetylene. Similarly other radical reactions such as chlorination, nitration and sul- 

fochlorination of methane are practiced industrially to obtain substituted derivatives. 

These reactions generally show limited selectivity characteristics of radical reac¬ 

tions (for example, the chlorination of methane under radical conditions gives all 

four possible chloromethanes). 
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More recently, direct catalytic oxidative condensation of methane to ethane (with 

metal oxides),'''"''’'-’' as well as to ethylene and acetylene (via high temperature chlori- 

native conversion) was explored.®’ In all these processes, however, a significant por¬ 

tion of methane is lost by further oxidation and soot formation. The selectivity in ob¬ 

taining ethane and ethylene (or acetylene), respectively, the first products, is low. 

Recently there has, however, been much progress in metal oxide catalyzed oxidative 

condensation to ethane. 
Another chemical approach to the chemical conversion of methane involves 

organometallic reactions.Interesting work with iridium complexes and other tran¬ 

sition metal insertion reactions (rhodium, osmium, rhenium, etc.) were carried out. 

Even iron organometallics were studied. These reactions take place in the coordination 

spheres of the metal complexes, but so far the reactions are stoichiometric and noncat- 

alytic.®^ In terms of synthetic hydrocarbon chemistry, these conversions are thus not 

yet practical, but eventually it is expected that catalytic reactions will be achieved. 

The third alternative approach of methane conversion is via electrophilic reac¬ 

tions.®'' The electrophilic conversion of methane is based on the feasibility of elec¬ 

trophilic reactions of single bonds and thus saturated hydrocarbons.” C—H and 

C—C bonds can act as electron donors against strongly electrophilic reagents or su¬ 

peracids. Olah’s studies showed that even methane is readily protonated or alkylat¬ 

ed under these conditions. Methane with SbE^-containing superacids was found to 
undergo condensation to C^-C^ hydrocarbons at 50-60°C. 

Combining two methane molecules to ethane and hydrogen is endothermic by 
some 16 kcal/mol: 

2CH4 -► CgHg + H2 (1.16) 

Any condensation of methane to ethane and subsequently to higher hydrocarbons 

must overcome the unfavorable thermodynamics. This can be achieved in condensa¬ 

tion processes of oxidative nature, where hydrogen is removed by the oxidant. SbF - 

or FSOjH-containing superacid systems also act as oxidants. The oxidative conden¬ 

sation of methane was subsequently found to take place with more economical 
cooxidants such as halogens, oxygen, sulfur, or selenium:’® 

halogens, 02,Sx, Se 

superacid catalyst * hydrocarbons (1.17) 

Significant practical problems, however, remain to carry out the condensation ef¬ 

fectively. Conversion has so far been achieved only in low yields. Because of the easy 

cleavage of longer chain alkanes by the same superacids, C^-C^ products predominate. 

Natural gas instead of pure methane can also be used in condensation reactions.’® 

When natural gas is dehydrogenated, the alkanes it contains are converted into 

olefins. The resulting methane-nlefin mixture can then without separation be passed 

through a superacid catalyst, resulting in exothermic alkylative condensation: 

R 
H+ I 

CH4 + RCH=CH2 —► CHgCHCHaetc. 
(1.18) 
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Chapter 3 discusses in more detail C^-based synthetic possibilities of hydrocarbons. 

Fuel cells use an electrochemical process to convert the energy of a chemical reac¬ 

tion directly into electricity. The chemical reaction is catalytically activated. In previ¬ 

ous fuel cells, hydrogen (produced in a separate converter, e.g., from natural gas) and 

oxygen (from air) were reacted to produce electricity, heat, and water. Hydrocarbons 

(or oxygenated hydrocarbons) were thus used as fuels only indirectly, giving through 

reforming by hydrogen as the fuel. Direct oxidation fuel cells under development use 

liquid oxygenated hydrocarbons (methanol) or hydrocarbon fuels. They are much 

better suited for- transportation applications in view of their lower weight and volume 

as compared to indirect cells. The weight and volume advantage of direct oxidation 

fuel cells are due to the fact that they do not require any preprocessing (converter) 

equipment. They are expected to play a significant role in the future in providing 
cleaner and efficient propulsion systems for transportation vehicles. 

1.7. CHEMICAL NATURE OF HYDROCARBON 
CONVERSION REACTIONS 

1.7.1. Homolytic (Free-Radical) Reactions 

The chemistry of the high temperature conversion and transformation processes of 

hydrocarbons is based on homolytic (free-radical) processes.’’'’ 

The combustion of hydrocarbons for energy generation or in propulsion systems 

is itself a radical chain process. Thermal cracking, oxygenation, hydrogenation- 

dehydrogenation, cyclization, and so on proceed through free radicals. In the discus¬ 

sion of the transformation of hydrocarbons the reaction chemistry as well as relevant 

mechanistic aspects will be treated throughout the book. 

Free-radical reactions play an important role not only in high temperature refin¬ 

ing and processing operations (cracking, reforming, hydrocracking, dehydrogena¬ 

tion, etc.) but also in oxidation chemistry (Chapter 8) and in many addition and sub¬ 

stitution reactions (Chapters 6 and 9) as well as in polymerization (Chapter 12). The 

high-pressure polymerization of ethylene, for example, played a key role in the de¬ 

velopment of the plastics industry. 

1.7.2. Heterolytic (Ionic) Reactions 

In acid-catalyzed reactions of unsaturated hydrocarbons (alkenes, alkynes, arenes) 

positive hydrocarbon ions—carbocations—are formed, which are then responsible 

for the electrophilic transformations:”'’ 

RCH=CH 2 
^►RCHCHgCHCHg 

R 

(1.19) 

(1.20) 
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CH3CH2CH=CH2 =^CH3CH2CHCH3:^=CH2CHCH 3^CH3CCH 3 =CH3CHCH 3 

CH3 CH3 OH 3 

(1.21) 

The carbocations involved in these reactions are trivalent carbenium ions, of 

which CH3* is parent. It was Whitmore in the 1930s who first generalized their im¬ 

portance in hydrocarbon transformations based on fundamental studies by 

Meerwein, Ingold, Pines, Schmerling, Nenitzescu, Bartlett, and others. 

More recently it was realized that hydrocarbon ions (carbocations) also encom¬ 

pass five (or higher) coordinate carbonium ions for which is parent.^* Alkanes 

having only saturated C—H and C—C bonds were found to be protonated by very 

strong acids, specifically, superacids, which are billions of times stronger than con¬ 

centrated sulfuric acid.’* 
Protolytic reactions of saturated hydrocarbons in superacid media’* were interpret¬ 

ed by Olah as proceeding through the protonation (protolysis) of the covalent C—H 

and C—C single bonds. The reactivity is due to the electron-donating ability of the a 

bonds via two-electron, three-center bond formation. Protolysis of C—H bonds leads 

via five coordinate carbocations with subsequent cleavage of H, to trivalent ions, 

which then themselves can further react in a similar fashion [Eq. (1.22)]. The reverse 

reaction of carbenium ions with molecular hydrogen can be considered as alkylation 

of Hj through the same pentacoordinate carbonium ions that are involved in C—H 

bond protolysis. Indeed, this reaction is responsible for the long used (but not ex¬ 

plained) role of H3 in suppressing hydrocracking in acid-catalyzed reactions. 

R3CH + H-^ 
H 

R3C-f 
H 

H 
I 

H (1.22) 

Protolysis can involve not only C—H but also C—C bonds [Eq. (1.23)]. This ex¬ 

plains why alkanes can be directly cleaved protolytically by superacids, which is of 

significance, for example, in hydrocleaving heavy oils, shale oil, tar-sand bitumens, 
and even coals. 

\ / 
—c-c- 
/ \ 

+ H-’ 

H 

\ / 
-C ^ +.^C-H (1.23) 

In contrast, cracking of longer-chain alkanes with conventional acid catalysts 

is considered to proceed via (3 scission involving initial formation of trivalent 
carbocations: 

\ / 
(1.24) 
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Acid-catalyzed alkylation and isomerization processes all proceed through car- 

bocations. Typical is the isobutylene-isobutane alkylation giving high-octane 

isooctane. In this and other conventional acid-catalyzed reactions the key is the re¬ 

activity of alkenes, giving on protonation alkyl cations that then readily react with 

excess alkene, giving the alkylate cations. These carbocations then abstract hydro¬ 

gen from the isoalkane, yielding the product alkylate and forming a new alkyl 

cation to reenter the reaction cycle. Chapter 5 discusses acid-catalyzed alkylations 

and their mechanism. 

In the acid-catalyzed isomerization of straight chain alkanes to higher-octane 

branched ones, after initial protolytic ionization alkyl and hydrogen shifts in the 

formed carbocations lead to the most branched and therefore thermodynamically 

preferred, generally tertiary, carbocations. Intermolecular hydrogen transfer from 

excess alkane then produces the isomeric isoalkane with the formed new carboca- 

tion reentering the reaction cycle. 

In alkane-alkene alkylation systems it is always the 7i-donor alkene that is alky¬ 

lated by carbocations formed in the system. In the absence of excess alkenes (i.e., 

under superacidic conditions), however, the a-donor alkanes themselves are alkylat¬ 

ed. Even methane or ethane, when used in excess, are alkylated by ethylene to give 

propane and n-butane, respectively: 

CH, 

CH 2=CH 2"*^^ CH3CH 2-" — 

H 

CH3CH2 CH; 
-H^ 

■CH3CH2CH3 (1.25) 

CH3CH3 

CH3CH2 
CH2CH3 

-H^ 
CH3(CH2)2CH3 

(1.26) 

Base-catalyzed hydrocarbon conversions although generally less common as 

acid-catalyzed reactions, also play a significant role in hydrocarbon chemistry. They 

proceed through proton abstraction, giving intermediate 

LJ + 

R-H - R- (1.27) 

Base-catalyzed carbanionic alkylation, isomerization, and polymerization reac¬ 

tions are of major significance. Base-catalyzed alkylation of alkylarenes, in contrast 

to acid-catalyzed ring alkylation, leads to alkylation of the side chain in the benzylic 

position [Eq. (1.28); see also Chapter 5]. Of particular interest is the alkylation of 

toluene to ethylbenzene (for styrene production). 

CH2CH(CH3)2 CH2CH2CH2CH3 

+ CH3CH=CH2 
Na or K 

180-200°C 

(1.28) 

major minor 



22 INTRODUCTION AND GENERAL ASPECTS 

Selective double-bond migration of linear and cyclic alkenes without skele¬ 

tal rearrangement is achieved by treatment with basic reagents (see also 

Chapter 4): ' 

Na on Al gOg 
(1.29) 

Base-catalyzed anionic oligomerization and polymerization are also of great sig¬ 

nificance (see Chapter 12). Styrene derivatives and conjugated dienes are the most 

suited for anionic polymerization. Generally good control of molecular weight dis¬ 

tribution can be achieved, which is of great practical use. An interesting and signifi¬ 

cant characteristic of anionic polymerization is the ability to obtain “living” poly¬ 

mers that contain active centers for further polymerization (copolymerization) to 

give unique products. 
Reactions of hydrocarbons, particularly those with relatively low ionization po¬ 

tentials (aromatics and K systems but not necessarily alkanes), frequently proceed 

via single-electron-transfer (SET) processes involving radical ions.^ These reac¬ 

tions are particularly significant in oxidation reactions (Chapter 8). 

1.8. USE OF HYDROCARBONS 

1.8.1. Refined Petroleum Products 

As discussed above, hydrocarbons (oil and gas) are used primarily as fuels to 

generate energy and for space heating. Refined petroleum products provide gaso¬ 

line, diesel fuel, heating oil, lubricating oil, waxes, and asphalt. A relatively 

small (4%) portion of oil is used as raw material to produce chemical products es¬ 

sential to our everyday life ranging from plastics to textiles to pharmaceuticals, 

and so on. 

1.8.2. Transportation Fuels 

A specific role is assigned to fuels to propel our cars, trucks, airplanes, and other ve¬ 

hicles. They are generally referred to as transportation fuels. The impact of the in¬ 

ternal-combustion engine on our life is fundamental. It allowed people to achieve 

mobility via easy means of transportation of persons and goods alike. In less than a 

century this revolution transformed and eased our life, but at the same time raised 

new challenges. 

Gasoline and diesel fuels are used worldwide in enormous amounts and are pro¬ 

duced by the petroleum industry by oil refining (see Chapter 2). Liquid transporta¬ 

tion fuels are conveniently transported, distributed, and dispensed directly into 

ground vehicles and aircraft. Increased environmental concerns did much to start to 

assure cleaner burning of our fuels. In the United States the law requires significant 

reduction of emissions and resulted in lead-free and more recently reformulated 
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gasoline (RFG) containing oxygenates for cleaner burning. At the same time they 

did not fundamentally change the existing technology. To find alternate fuels to sup¬ 

plement our oil reserves and to ensure cleaner fuels, much further effort is needed. 

As long as the internal-combustion engine will remain as the mainstay of our 

transportation technology, liquid fuels, because of their convenience and ease of dis¬ 

tribution through the existing system, will be preferred. Liquefied natural gas (LNG) 

or methane certainly are clean-burning, high-energy content fuels but their wide¬ 

spread use in transportation systems is limited by the difficulty of handling highly 

volatile and inflammable gases, necessitating the use of heavy pressure vessels as 
fuel tanks (with associated safety hazards). 

Commercial gasoline must provide sufficiently high octane numbers for present- 

day engines. Organometallic additives, such as tetraethyl lead used to achieve high¬ 

er octane numbers, interfere with catalytic converters (which assure cleaner ex¬ 

hausts) and were (or are) phased out. To maintain needed octane numbers, 

oxygenated additives, such as alcohols or ethers (e.g., tert-huiyX methyl ether or tert- 

butyl ethyl ether—MTBE and ETBE) are added to gasoline. These oxygenates are 

produced on large scale by the petrochemical industry. Isomerization of straight- 

chain to branched alkanes also increases the octane number, as do alkylates pro¬ 

duced by alkene-isoalkane alkylation (such as that of isobutane and propylene, 

isobutylene, etc.). These large-scale processes are by now an integral part of the pe¬ 

troleum industry. Refining and processing of transportation fuels probably became 

the largest scale industrial operation. 

A much pursued alternative to the internal combustion engine in transportation 

vehicles is electric propulsion. Electric vehicles, thus far have been used for only 

specific and limited applications, although they are clean, noiseless, and safe. The 

main difficulty is that existing batteries are relatively inefficient to provide suit¬ 

able range at reasonable weights. Pending a major breakthrough in battery tech¬ 

nology, this will greatly hinder the wider use of electric vehicles. It also must be 

kept in mind when considering clean electricity-powered vehicles that we are only 

transferring the potential environmental pollution from individual vehicles to the 

electric power plants where electricity is generated by combustion of fossil fuels 

(if not nuclear). In large power plants, however, pollution can be controlled more 

efficiently. 

1.8.3. Chemicals and Plastics 

About 4% of petroleum is used as raw material for the chemical and plastics indus¬ 

tries. It was coal tar-based aromatics and calcium carbide-based acetylene that led 

to the establishment of the chemical and plastic industries. World War 11, however, 

brought about rapid development of the petrochemical industry with ethylene be¬ 

coming the key starting material. A large variety of the chemical and plastics prod¬ 

ucts are now produced. Starting with petrochemicals throughout the book the reader 

will find discussion and references to the practical applications, as well as the under¬ 

lying chemistry of the diverse and significant use of hydrocarbons. 
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2 
HYDROCARBONS 

FROM PETROLEUM 
AND NATURAL GAS 

2.1. CRACKING 

Low-molecular-weight olefins, such as ethylene and propylene, are very rare or ab¬ 

sent in hydrocarbon sources. Demand for these olefins required their preparation 

from readily available petroleum sources. Cracking is the process in which higher- 

molecular-weight hydrocarbons, olefinic or aliphatic, are converted to more useful 

low-molecular-weight materials through carbon-carbon bond fission. The cracking 

of petroleum products is of primary importance in the production of gasoline. 

Indeed, the widespread use of automobiles was made possible by the ready avail¬ 

ability of gasoline from petroleum. Cracking also provides gasoline with sufficiently 

high octane numbers, although frequently further enhancement is needed. Gasoline 

contains only about 20% of natural crude oil distillate, and the remainder comes 
from petroleum refining processes. 

2.1.1. Cracking Processes 

Cracking is effected hy one of three general methods: thermal cracking, catalytic 

cracking, or hydrocracking. Each process has its own characteristics concerning op¬ 
erating conditions and product compositions. 

Thermal cracking or pyrolysis, the oldest of the these processes,' was first carried 

out by Burton' in his treatment of the residue remaining from the distillation of 

volatile components (so-called straight-run gasoline) of oil. The residue was treated 

in a horizontal drum by heating to 450-550°C under 5-6 atm. The volatile compo¬ 

nents were distilled off continuously until only coke remained in the still. The 

28 
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Burton process was supplanted by the continuous Dubbs process^ Operating at 

450-725°C and above 70 atm, it gave a higher yield of light products. The accumu¬ 

lation of coke that required cessation of operation was eliminated by what was de¬ 

scribed as the clean circulation principle.” Wfien the Dubbs process was first 

demonstrated, refiners were astounded by the fact that the plant operated continu¬ 

ously for 10 days, establishing a world record for length of operation, quantity of oil 

processed, and yield of gasoline produced. Excessive coke formation, nevertheless, 

is a serious shortcoming of thermal cracking processes. Since high olefin yields are 

characteristic of thermal cracking, the process still plays an important role in olefin 

manufacture. The temperature range 425-525°C and pressures about 25-70 atm are 
used. 

The thermal cracking process, however, could not meet the high demand for 

quality gasoline. During World War I a new industrial process, catalytic cracking, 

was introduced for the production of gasoline from petroleum based on the Lewis 

acid aluminum chloride." A nonaromatic oil was slowly distilled from 3-5% AlCl^ at 

atmospheric pressure until the liquid temperature reached 225°C. The distilled prod¬ 

uct had a high octane number and a low sulfur content when compared to thermally 

cracked products. This process was later replaced by treatment of residual oils with 

acidic clays.’”* Known as the Houdry process, it used acid-treated montmorillonite at 

450°C, yielding gasoline of even higher octane number.*”'" The clay was rapidly de¬ 

activated by the formation of coke but could be regenerated by burning off the car¬ 

bon with hot air. 

Natural clay catalysts were replaced by amorphous synthetic silica-alumina cata¬ 

lysts’" prepared by coprecipitation of orthosilicic acid and aluminum hydroxide. 

After calcining the final active catalyst contained 10-15% alumina and 85-90% sili¬ 

ca. Alumina content was later increased to 25%. Active catalysts are obtained only 

from the partially dehydrated mixtures of the hydroxides. Silica-magnesia was ap¬ 

plied in industry too. 
Since the early 1960s, the synthetic amorphous silica-alumina catalysts have been 

to a large extent replaced by catalysts containing up to 15% zeolites, crystalline alu¬ 

minosilicates in an amorphous matrix.'^”'" The first catalysts were synthetic faujasites 

(Linde X) modified with rare-earth metal ions by ion exchange. These active cata¬ 

lysts give up to 10-50% higher yields of gasoline than the completely amorphous cat¬ 

alysts, with high selectivity and lowered coking. A rare-earth form of zeolite Y 

(REHY) with improved chemical and hydrothermal stability was introduced later.'"'* 

Ultrastable hydrogen exchanged zeolite (USY) and the use of medium-pore ZSM-5 

are recent significant developments.'"'’'^ USY is employed in a matrix material that 

can be catalytically inert or active. ZSM-5 is used in small amounts (up to 3%) as an 

additive to a Y cracking catalyst or as a composite catalyst containig both ZSM-5 and 

Y zeolite. Zeolite-matrix interactions play a crucial role in overall cracking catalyst 

performance, ensuring improved gasoline yields, lower SO^ emission, improved cata¬ 

lyst attrition resistance, zeolite stability, and metal tolerance.^""' The latter may be im¬ 

proved by using different catalyst additives (passivators) and Bi- and Sb-containing 

liquid additives."-" Because of deteriorating crude oil quality a continuing trend is to 

develop new catalysts suitable for processing heavier feedstocks."”" 
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Catalytic cracking with first generation zeolite catalysts was operated at about 

500°C, and slightly above atmospheric pressure, and the catalysts were regenerated 

at about 600°C; 50-60% conversion to low-boHing materials was achieved. Low gas 

and coke yields, less sensitivity to poisoning, lower operating temperature (above 

400°C for ZSM-5), and low contact time are the main features of the new generation 

of cracking catalysts. They also withstand higher temperature, allowing the use of 

higher regeneration temperatures (above 700°C). This results in less residual carbon 

after regeneration and thus higher catalytic activity. Conversions up to 80-90% can 

be achieved. One of the main achievements of catalytic cracking is the highly in¬ 

creased naphtha production. What is more important, the gasoline it produces has 

much better quality due to the different chemistry of the process. The new genera¬ 

tion zeolite catalysts (REHY, USY, ZSM-5), therefore, are also called octane¬ 

enhancing catalysts. 
Further developments in catalytic cracking are determined by more stringent fu¬ 

ture requirements for transportation fuel.^"'^' New legislation limits the concentration 

in gasoline of olefins, benzene (<1%), and other aromatics (<25%), as well as sulfur 

content. Gasoline volatility must also be lowered necessitating butane removal. To 

meet these requirements for reformulated gasoline, the development of new cata¬ 

lysts and fine-tuning of fluid catalytic cracking (FCC) technologies^^ to produce 

high-octane-number gasoline together with high yields of C^-C^ alkanes and alkenes 

are needed.^^ The latter products then can be transformed to alkylates and oxy¬ 

genates for use as octane-enhancing gasoline blending components in reformulated 

gasoline. New molecular sieve cracking materials such as offretite, zeolite L, beta, 

and omega have been designed and studied. The most promising, however, are sili- 

coaluminophosphate (SAPO) molecular sieves.^^’ These are crystalline materials 

discovered by researchers of Union Carbide.^^'^ They are prepared by isomorphic 

substitution of silicon into the framework of microporous aluminophosphate.”'^* 

SAPO-37 was shown to exhibit promising characteristics.^^ 

Hydrocracking,"^ cracking in the presence of added hydrogen under high pres¬ 

sure, may be effected by special catalysts. The essential feature of such catalysts is 

their bifunctional nature, where the catalyst contains an acidic component as well as 

a hydrogenation-dehydrogenation component. Large-pore zeolites containing a 
small amount of noble metals (Pt, Pd, Ni), and Co-Mo or Ni-Mo on alumina cata¬ 

lysts are mainly used. The process operates at 270-450°C and 80-200 atm. It pro¬ 

duces no olefinic components whatsoever as the added hydrogen traps the interme¬ 

diate species to yield saturated products. Such processes are generally expensive 

because of the considerable amount of hydrogen used and the high operating pres¬ 

sure. However, feeds that are not suitable for catalytic cracking may be processed by 

hydrocracking (see Section 2.1.3). Extensive isomerization, skeletal rerrangement, 

and cracking occur primarily on the acidic component, but cracking (hydrogenoly- 

sis) on the hydrogenation component is seldom significant."'^ Its main function is to 

saturate olefinic inermediates formed in cracking and to prevent catalyst deactiva¬ 
tion by hydrogenating coke precursors. 

Several technological variations for cracking operations were developed over the 

years. The fixed-bed and moving-bed technologies have been largely replaced by 
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fluidized-bed operations.^ '* ''''^''’ Fluidized-bed reactors were introduced in 1941, en¬ 

suring mass production of high-grade military aviation gasoline. In FCC the finely 

divided catalyst is fed into the reactor concurrently with the oil. It speeds regenera¬ 

tion of the spent catalyst by continuous separation from the product followed by re¬ 

generation with hot air. FCC is the dominating industrial process at present, per¬ 
formed in numerous technological variations. 

2.1.2. Mechanism of Cracking 

Thermal cracking processes generally proceed via radical pathways. The princi¬ 

pal reactions of pyrolysis involve hydrogenation or dehydrogenation concurrent¬ 

ly with fragmentation of the carbon skeleton. A suggested mechanism (known as 

the Rice-Kossiakov concepf'^~^') is depicted subsequently with hexadecane 

(cetane) to explain the observed results.” The process is initiated by carbon-car¬ 

bon bond homolysis with formation of two free radicals [Eq. (2.1)]. The initially 

formed radicals may then abstract a secondary hydrogen [Eqs. (2.2) and (2.3)], as 

secondary hydrogens have lower bond strengths than do the primary hydrogens. 

All secondary hydrogens are equivalent in their ease of homolysis in comparison 

with homolysis of primary hydrogen from a methyl group. The intermediate radi¬ 

cals may undergo C—C bond homolysis (p scission) to form olefins (ethylene 

and propylene) and a new alkyl radical [Eqs (2.4) and (2.5)]. Disproportionation 

leads to a new olefin and an alkane with the same number of carbon atoms [Eq. 

(2.6)]. 

CH 3(CH 2)14CH 3 ^ CH3(CH 2)8^^! 2^^2^^ 2 + ’ CH2CH 2CH 2CH 3 (2-1) 

CH3(CH2)8CH2CH2CH2 + CH3(CH2)l4CH3-► 

CH 3(CH 2)8CH 2CH 2CH 3 + CH 3(CH 2)11 CH 2CH 2CHCH 3 (2.2) 

•CH2CH2CH2CH3 + CH3(CH2)i4CH3 -► 

CH3CH2CH2CH3 + CH3(CH2)iiCH2CHCH 2CH3 (2.3) 

CH3(CH2)8CH2CH2CH2-CH3(CH2)8CH2 + CH2=CH2 (2.4) 

CH3(CH2)iiCH2CH2CHCH3-►CH3(CH2)iiCH2 + CH2=CHCH3 (2.5) 

2 ■CH2CH2CH2CH3-► CH2=CHCH2CH3 + CH3CH2CH2CH3 (2.6) 

In the temperature range 500—800°C methyl and ethyl radicals are the only 

stable radicals formed.'"' Apparently all higher radicals decompose into alkenes 

and either methyl and ethyl radicals or atomic hydrogen. These then react via 

hydrogen abstraction to give methane, ethane, and dihydrogen. The overall re¬ 

sult of thermal cracking is change in hydrogen content and carbon skeleton. The 

reactions of methylalkanes (Scheme 2.1) are also illustrative of the chemistry 

occurring. 
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(CH3)2CHCH2CH3 

CH4 + (CH3)2C=CH2 

CH4+ CH3CH=CHCH3 

C2H6 + CH3CH=CH2 

Scheme 2.1 

Cycloalkanes may be pyrolized in a manner similar to alicyclic alkanes. 

Cyclopentane, for instance, yields methane, ethane, propane, ethylene, propylene, 

cyclopentadiene, and hydrogen at 575°C. Analogous to cracking of alicyclic alka¬ 

nes, the reaction proceeds by abstraction of a hydrogen atom followed by p scis¬ 

sion. The cyclopentyl radical may undergo successive hydrogen abstractions to 

form cyclopentadiene. 
Under certain conditions dehydrogenation is becoming an important reaction dur¬ 

ing pyrolysis (see in more detail in Section 2.3). However, only ethane is trans¬ 

formed to ethylene (the corresponding alkene) in high yield without cracking.^ 

Propane also gives propylene but cracking to form methane and ethylene is signifi- 

cant.^^’^'* In general, lower-molecular-weight (hydrogen-rich) alkanes undergo dehy¬ 

drogenation with the hydrogen formed participating in hydrogen transfer reactions. 

In contrast, C—C bond rupture is the characteristic transformation of higher-molec¬ 

ular-weight (more hydrogen-deficient) hydrocarbons. Paraffins most easily undergo 

thermal cracking.^^ Olefins, cycloalkanes, and aromatics all exhibit decreasing order 

of ease of cracking. In each type higher-molecular-weight hydrocarbons are more 
reactive than hydrocarbons with lower molecular weight. 

Very little skeletal rearrangement occurs via pyrolysis, a fact inherent in the fail¬ 

ure of free radicals to readily isomerize by hydrogen atom or alkyl group migration. 

As a result, little branched alkanes are produced. Aromatization through the dehydro¬ 

genation of cyclohexanes and condensation to form polynuclear aromatics can take 

place. Additionally, olefin polymerization also can occur as a secondary process. 

In contrast with these results, catalytic cracking yields a much higher percentage 

of branched hydrocarbons. For example, the catalytic cracking of cetane yields 

50-60 mols of isobutane and isobutylene per 100 mols of paraffin cracked. Alkenes 

crack more easily in catalytic cracking than do saturated hydrocarbons. Saturated 

hydrocarbons tend to crack near the center of the chain. Rapid carbon-carbon dou¬ 

ble bond migration, hydrogen transfer to trisubstituted olefinic bonds, and extensive 
isomerization are characteristic.” 

These features are in accord with a carbocationic mechanism initiated by hydride 

abstraction.Hydride is abstracted by the acidic centers of the silica-alumina 

catalysts or by already formed carbocations [Eq. (2.7)]. The acidic centers, both the 

Brpnsted and Lewis type, are generated by the isomorphous substitution of trivalent 

aluminum for a tetravalent silicon in the silica lattice.®'”*^ Additionally, carbocations 

may be formed by protonation of alkenes,^”'^*^ which explains their higher reactiv¬ 
ity in catalytic cracking. 
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Formed carbocations can undergo (3 scission [Eq. (2.8)] to yield propylene (or the 
corresponding alkene, but not ethylene) and a new primary cation. The primary ion 

rapidly rearranges to a secondary ion involving a hydride shift [Eq. (2.9)] which, in 

turn, can continue the process. Isomeric cations may also be formed through inter¬ 
mediate alkenes [Eq. (2.10)]. 

CiiH23(CH2)2CH2CH2CH3 +R-" -►CiiH23(CH2)2CH2CHCH 3 +RH 

Cl1 H23(CH2)2CH2CHCH 3 ^ C11H23CH2CH2 + CH2=CHCH3 

+ + 
C11H23CH2CH2 ► C^iH23CHCH3 

C11H23CHCH 3^;^ CioH2iCH=CHCH3 C10H21CHCH 2CH3 

Alternatively, the secondary ion may undergo alkyl group migration followed by 

hydride shift to form a tertiary cation [Eq. (2.11)]. This cation may also undergo p 

scission [Eq. (2.12)], proton loss [Eq. 2.13)], or hydride abstraction [Eq. (2.14)] to 
form the appropriate new products. 

(2.7) 

(2.8) 

(2.9) 

(2.10) 

CmH i£hch 10n2i'^rion 2CH3- 

Me 
I + 

C10H21CHCH2 
+/ 

Me 

C10H21C, 
\ 

Me 

-R + 

+ / 
C8H17CH2 + CH2=C^ 

Me 

Me 

Me 
/ 

Me 

C10H21CH 

Me 

\ 
Me 

(2.11) 

(2.12) 

(2.13) 

(2.14) 

Any of the carbocationic intermediates may give products or generate new carbo¬ 

cations via hydride abstraction reactions. The susceptibility of the primary cations 

toward rearrangement to secondary or tertiary carbocations results in the formation 

of more branched products. Hydrogen transfer during cracking on zeolites seems to 

be more important than P scission. It is explained by the ordered micropore structure 

of zeolites, allowing the reacting molecules to remain in proximity, resulting in high 

probability of intermolecular reactions. 

In contrast with these observations, it has recently been found that manganese 

and iron oxide supported on magnesium oxide catalyze cracking reactions via a free- 

radical mechanism and ensure enhanced ethylene and ethane production.^ 

Because of the bifunctional nature of hydrocracking catalysts both cracking via 

carbocationic intermediates and hydrogenolysis occur during hydrocracking.'^^ 
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Additionally, hydrogenation and isomerization reactions take place either simultane 

ously or sequentially. An important transformation in hydrocracking is the satura¬ 

tion of aromatic hydrocarbons to naphthenes^ Cracking in the middle and at the end 

of the chain of hydrocarbons are equally important reactions. 
When a nonacidic catalyst such as nickel on kieselguhr is used, demethylation 

of alkanes occurs almost exclusivelyIt is significant that the demethylation is 

very selective; a methyl group attached to secondary carbon is more readily 

cleaved off than is one attached to a tertiary, which in turn is more readily elimi¬ 

nated than one at a quaternary carbon. Demethylation of 2,2,3-trimethylpentane 

yielded product consisting of 90% 2,2,3-trimethylbutane, and only 7% 2,3- and 

3% 2,2-dimethylpentane. 
When an acidic catalyst is used, isomerization to branched alkanes is signifi¬ 

cant,*’ and fragments larger than methane are formed in hydrocracking. 

Hydrocracking was found to take place through olefin intermediates.***® The initial 

step is the dehydrogenation of an alkane to the corresponding alkene. The alkene is 

transformed to a carbocation on an acidic site, which then participates in all possible 

transformations discussed previously. Significant evidence to support this mecha¬ 

nism is the great similarity between the carbon numbers in the products of both cat¬ 

alytic cracking and hydrocracking.**™ The metal present in hydrocracking catalysts 

greatly improves their stability, presumably by hydrogenation, and thus eliminates 

various coke precursors. 

2.1.3. Comparison of Cracking Operations 

Because of the different chemistry of cracking processes their products have differ¬ 

ent compositions. The major product of thermal cracking is ethylene, with large 

amounts of C, and hydrocarbons, and C^-C,; terminal alkenes. Thermal cracking, 

consequently, is used mainly in olefin manufacture. 

Under pyrolytic conditions hydrocarbons are unstable relative to their con¬ 

stituents hydrogen and carbon. Effective cracking therefore requires the rapid input 

of energy for the breaking of bonds followed by equally rapid quenching to termi¬ 

nate the reaction. Control of the cracking process is by changing operating condi¬ 

tions (temperature, contact time, partial pressure). Dilution of the hydrocarbon mix¬ 

ture with steam results in low hydrocarbon partial pressure promoting olefin 

production while further decreasing the partial pressure of aromatic reaction prod¬ 

ucts. Steam also tends to diminish the catalytic effect of metals on the walls of the 

reactor and heat exchanger. This process, called steam cracking, is carried out above 

800°C and slightly above atmospheric pressure to produce olefm-rich feedstock for 

further petrochemical utilization. Ethane, butane, and naphtha are the most useful 
feeds in steam cracking. 

Two additional important thermal cracking processes should be mentioned. 

Coking is used to obtain more useful, lower-boiling cracked products from low- 

value heavy-vacuum resids (residual oils) not suitable for catalytic operations. It is 

carried out either as a batch operation {delayed coking'^'-'’^) or as a continuous process 

(fluid coking’’^) with the complete conversion of the feed. Coking yields mainly 
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olefmic gas, naphtha and gas oil, and coke. Viscosity breaking or visbreaking de¬ 

creases the viscosity of heavy fuel oil.^'* In contrast with coking, it is a mild thermal 
cracking producing only 10-30% gas and naphtha. 

Because of the increased yield and the high quality of gasoline produced, catalyt¬ 

ic cracking plays an important role in gasoline manufacture.Gasoline produced 

by catalytic cracking contains less olefinic compounds than that produced by ther¬ 

mal cracking. The principal products in cracking catalyzed by silica-alumina cata¬ 

lysts are mainly branched C3-C^ alkanes and alkenes. In contrast, gasolines pro¬ 

duced by zeolites always contain more paraffins and aromatics attributed to the 
higher activity of zeolites in catalytic hydrogen transfer reactions. 

Octane ratings of gasoline can be improved by changing cracking operating con¬ 

ditions. Higher reactor temperature and lower contact time lead to increasing impor¬ 

tance of cracking reactions relative to hydrogen transfer reactions. As a result, prod¬ 

ucts of higher olefin content, that is, of higher octane number, are formed. In 

parallel, however, there is an increase in both the gas yield (hydrogen, methane, 

ethane, ethylene) and coke formation. ZSM-5, in contrast, operated at higher feed 

rates and higher conversions improves octane numbers without these drawbacks. 

Gasoline produced by ZSM-5 contains lighter products with higher olefin con¬ 

tent.”’''® Octane enhancement results from the shape-selective action of ZSM-5.” The 

narrow pore opening in ZSM-5 (5.8 A) compared to that of Y-zeolites (13 A) allows 

only linear and monomethyl-branched alkanes and alkenes to enter into the zeolite 

channel. As a result, linear (low-octane) hydrocarbons are removed and selectively 

transformed through cracking and isomerization to yield a product with high iso-/ 

normal alkane and alkene ratios. A most important change is the decrease in the con¬ 

tent of low-octane olefins and alkanes and a corresponding increase in the 

amount of high-octane components.” Octane enhancement, therefore, arises from 

the decrease in concentration of low octane compounds.”'” In addition, there is a rel¬ 

ative increase in concentration of high-octane components due to the overall loss in 

gasoline yield. The use of ZSM-5 is the cheapest way of octane enhancement”’” 

with the additional advantage of the formation of C^-C^ alkenes for alkylate feed and 

for oxygenate (tert-butyl methyl ether and tert-amyl methyl ether) formation. 

The effect of rare-earth HY zeolites is somewhat similar, except that it produces 

less olefin as a result of enhanced hydrogen transfer reactions. Decreased hydrogen 

transfer is the main feature of USY zeolites, yielding a product significantly richer 

in olefins. It is slightly richer in aromatics because of the retardation of their sec¬ 

ondary transformations (condensation, coke formation). 
Hydrocracking''®^ is a highly severe hydrotreating operation and a highly flexible 

and versatile process. It allows the manufacture of products with wide composition 

range by selecting appropriate feed, catalyst, and operating conditions. Since almost 

all the initial reactions of catalytic cracking take place (some of the secondary reac¬ 

tions are inhibited), the products of the two operations are similar. The essential dif¬ 

ference, however, is that only saturated compounds are formed in hydrocarcking in 

the presence of hydrogen and the hydrogenating component of the catalyst. Since no 

alkene is present, the gasoline thus produced needs octane improvement, namely, re¬ 

forming. The light fraction is usually rich in isobutane that can be used in alkylation. 
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Unlike the other two cracking processes, hydrocracking decreases the amount and 

molecular weight of aromatics present in the feed and can be specifically used in 

processing feeds with high aromatic content. 
The trend toward the development of hydrocracking is a direct result of their abil¬ 

ity to utilize heavier crudes, resids, tar sand, and shale oil.*®"” Because of their high 

metal, sulfur, nitrogen, and oxygen contents, these feedstocks are not suitable for di¬ 

rect catalytic cracking. A mild hydrotreating is often carried out before the actual 

hydrocracking process with the aim of removing metals and sulfur-, nitrogen-, and 

oxygen-containing compounds. Hydrodesulfurization (HDS), hydrodenitrogenation 

(HNS), hydrodeoxygenation (HDO), and hydrodemetalation (HDM) are the 

processes taking place.'^*"*^ Co-Mo, Ni-Mo and Co-Ni-Mo oxide-on-alumina cata¬ 

lysts are mostly used.**'**’ Hydrotreatment catalysis faces new challenges due to the 

future new requirements for automobile fuel and the diminishing quality of crude oil 

supply. The realization of new active elements and supports, the development of 

new catalyst combinations and modifiers, and a better understanding of the compli¬ 

cated chemistry taking place are required to meet future demands.*® 

The latest development in the combination of vacuum resid hydrotreating 

(VRDS) and resid fluid catalytic cracking (RFCC) gained wide acceptance due to 

the direct production of gasoline with only a small amount of low-value byprod¬ 

ucts.*’ Although not yet developed commercially, cracking of heavy feeds, resid, 

shale oil, tar sand, and other compounds with superacidic catalysts not sensitive to 
ready poisoning is also gaining significance. 

Dewaxing is an important specific hydrocracking process used to improve diesel 

and heating oils by pour-point reduction.** This is achieved by shape selectivity of 

certain zeolites allowing selective hydrocracking of long-chain paraffinic waxes to 

Cj-Cj alkanes in the presence of other paraffins.*^ Platinum hydrogenmordenite is 
used in an industrial process.^® 

2.2. REFORMING 

The antiknock value or octane number of a gasoline depends on the hydrocarbons of 

which it is composed. Straight-chain alkanes have low octane numbers; n-heptane 

by definition is 0. Branched alkanes have higher octane numbers. 2,2,4- 

Trimethylpentane (isooctane) is 100 by definition. Alkenes generally have higher 

octane numbers than the corresponding alkanes; the values are higher for alkenes 

having an internal double bond compared to the terminal isomers. The octane num¬ 

bers of cycloalkanes are quite high, whereas aromatic hydrocarbons have very high 

octane numbers, usually over 100. Alkenes and arenes, however, are also potential 

carcinogenes, and their use as octane enhancers therefore is expected to diminish. 

Typical naphthas from the distillation of crude oil in the boiling range 65-200°C 

contain predominantly straight-chain saturated hydrocarbons and have an oc¬ 

tane number of about 50. It is obvious that the fuel quality of a straight-run gasoline 

can be improved only if hydrocarbons of low octane number are converted to com- 
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pounds of higher octane number. In other words, it is desirable to rearrange—that is, 

“reform”—the structures of at least some of the constituents of the gasoline. 

Substantial octane enhancement is achieved by producing branched alkanes, 

alkenes, and aromatics. The processes whereby this is done are designated as re¬ 

forming operations. Reforming is characterized by upgrading the octane number of 

gasoline without substantial loss of material, that is, without changing the carbon 

number of the constituents. Catalytic reforming also serves as an important source of 
aromatics. 

Several basic transformations, which are also discussed elsewhere in this chapter, 

give advantageous results when they occur during the reforming of gasoline. They 

include isomerization of saturated hydrocarbons (both alkanes and naphthenes); de¬ 

hydrogenation of alkanes and cycloalkanes to olefinic hydrocarbons and aromatics, 

respectively; and dehydrocyclization of alkanes to aromatic hydrocarbons. 

Hydrocracking may also take place, but it is usually undesirable. However, it may 

play an important role in specific reforming processes (see, for example, selecto- 

forming in Section 2.2.2). Early reforming operations were dependent on one or two 

of the above-mentioned conversions for increasing the octane number of the gaso¬ 

line. Processes were later developed in which all transformations occurred. 

Catalytic reforming, the dominant process today, is carried out over bifunctional 

catalysts in the presence of hydrogen. Since dehydrogenation of saturated hydrocar¬ 

bons, mainly that of cycloalkanes to aromatics, is an important reaction during re¬ 

forming, the overall process is hydrogen-producing. Reforming usually yields high- 

octane gasoline (95-103 octane number) that is blended with other refinery 

gasolines to produce the finished product. 

2.2.1. Thermal Reforming 

Thermal reforming, introduced in 1930, was the first industrial refining process de¬ 

veloped for improving the antiknock value of motor fuel. It consists of the thermal 

cracking of straight-run naphthas at 500-550°C under 35-70 atm. The octane- 

number improvement is due to the formation of alkenes by dehydrogenation of alka¬ 

nes and by cracking to lower-molecular-weight alkanes plus alkenes. Additionally, 

there is an increase in the concentration of aromatics in the naphtha because alkanes 

originally present are removed by conversion to gaseous alkanes and alkenes. Some 

aromatic hydrocarbons are also formed by dehydrogenation of cycloalkanes. 

Because thermal reforming involves free-radical reactions, very little or no isomer¬ 

ization of alkanes or cycloalkanes occurs. 
Although thermal reforming was a relatively inexpensive process, it had the dis¬ 

advantage that it produced a low yield of product due to gas formation. Additionally, 

it did not give a sufficiently high octane-number improvement compared to catalytic 

processes developed later. For example, thermal reformate was obtained in only 

66% yield compared to 88% yield obtained catalytically (platforming process) when 

a mid-continent straight-run gasoline was reformed to a product having an octane 

number of 80 in each case.'*' When propene and butenes formed during the thermal 
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cracking process were oligomerized and then added to the thermal reformate, the 

yield of gasoline increased to 77%. 

2.2.2. Catalytic Reforming 

Catalytic reforming’'^-’"' of naphthas occurs by way of carbocationic processes that 

permit skeletal rearrangement of alkanes and cycloalkanes, a conversion not possi¬ 

ble in thermal reforming, which takes place via free radicals. Furthermore, dehydro- 

cyclization of alkanes to aromatic hydrocarbons, the most important transformation 

in catalytic reforming, also involves carbocations and does not occur thermally. In 

addition to octane enhancement, catalytic reforming is an important source of aro¬ 

matics (see BTX processing in Section 2.5.2) and hydrogen. It can also yield isobu¬ 

tane to be used in alkylation. 

Hydroforming. The first commercial catalytic reforming plant was built around 

1940. The process used a molybdena-on-alumina catalyst at about 475-550°C under 

10-20 atm pressure, a large part of which was due to hydrogen.'*’ The process was 

termed hydroforming, which refers to reforming in the presence of hydrogen. 

The major reactions occurring during hydroforming are dehydrogenation and iso¬ 

merization of cycloalkanes, and dehydrocyclization.'**” In the latter process carbon 

atoms separated by four carbons in a chain are combined to form a six-membered 

ring. Thus all saturated hydrocarbons are transformed to toluene (Scheme 2.2). 

Besides these reactions, the transformations that occur during hydroforming include 

hydrocracking (mainly demethylation) and isomerization of straight-chain alkanes 
to the branched isomers. 

CH 3CH 2CH 2CH 2CH 2CH 2CH 3 
-4 H2 

Scheme 2.2 

Both chromia-on-alumina and molybdena-on-alumina catalysts are active in hy¬ 

droforming. Whereas the former gave better results at ambient hydrogen pressure. 



REFORMING 39 

molybdena-on-alumina catalysts proved to exhibit much better performance at high¬ 

er hydrogen pressures and were utilized in industrial practice. It is of industrial im¬ 

portance to note that hydroforming in fluid operation gave somewhat higher yields 

than in fixed-bed operation.’’ This occurred because the fluid operation gave less 
thermal cracking and operated at lower temperature and pressure. 

During World War II, hydroforming found ample use for the production of 

toluene and components for aviation gasoline. After the war, hydroforming was 

used for the formation of high octane gasoline for automobiles. The realization of 

the carcinogenic nature of toluene, however, greatly limits its role in gasoline and 

increasingly emphasizes the importance of isomerization and oxygenate additions 
(MTBE) in enhancing the octane rating of gasoline. 

Metal-Catalyzed Reforming. In 1949, the first industrial unit employing the now 

very widely used platinum catalyst was installed. The catalyst developed by 

HaenseP*” at UOP consisted of a commercially feasible small amount of platinum 

(less than 1%; 0.1% forms a very effective catalyst) impregnated on alumina that 

also incorporated chlorine or fluorine to the ex,tent of about 0.8%. Halides greatly 

increase the acidity of the catalyst. The process was called platforming, derived from 
a combination of p/arinum and re-forming. 

Tbe platforming catalyst was the first example of a reforming catalyst having two 

functions.'*^'^” '®"'” The functions of this bifunctional catalyst consist of platinum- 

catalyzed reactions (dehydrogenation of cycloalkanes to aromatics, hydrogenation 

of olefins, and dehydrocyclization) and acid-catalyzed reactions (isomerization of 

alkanes and cycloalkanes). Hyrocracking is usually an undesirable reaction since it 

produces gaseous products. However, it may contribute to octane enhancement, n- 

Decane, for example, can hydrocrack to and hydrocarbons; the latter is further 

transformed to aromatics. 

Platforming is carried out at temperatures in the range of 450-525°C and under 

pressure in the range (due in part to the presence of hydrogen) of 15-70 atm. The 

use of hydrogen and the presence of platinum result in the formation of a product 

containing no alkenes or cycloalkenes. Hydrogen also prevents rapid buildup of car¬ 

bonaceous material on the catalyst and results in a long-lived catalyst. 

Studies of the role of hydrogen in metal-catalyzed reforming revealed that the 

rate of dehydrocyclization (with aromatics production), the most important of the 

chemical reactions taking place during reforming, goes through a maximum as a 

function of hydrogen partial pressure.'®^ At low hydrogen pressure, hydrogen limits 

the concentration of highly hydrogen-deficient species (coke precursors). At high 

hydrogen partial pressure the rate of aromatics formation decreases again. This is 

due to enhanced hydrogen adsorption resulting in a decrease in the number of sur¬ 

face sites available for hydrocarbon adsorption. Substantial hydrogen pressures and 

high hydrogen : hydrocarbon ratios in the feed cause slow deactivation of the cata¬ 

lyst. Runs varying from months to a year or more can be made before it becomes 

necessary to reactivate the catalyst to its original activity by burning off the carbona¬ 

ceous material with air. 
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Subsequent reforming operations were required to produce products with high 

aromatic contents. The conditions conducive to aromatic production are relatively 

low hydrogen pressure and high temperature, which also favor coke formation. A 

new bimetallic catalyst, Pt—Re-on-alumina,'®’’°® which exhibited a greatly enhanced 

coke tolerance, was introduced in 1967. This allowed for the reduction of hydrogen 

pressure and the hydrogen i hydrocarbon ratio and an increase in reaction tempera¬ 

ture. Under such conditions dehydrogenation is more favored and hydrocracking be¬ 

comes less important, resulting in higher overall selectivities. The operating interval 

between regenerations could also be increased. 
The advantageous effects of rhenium (and other metals such as germanium, 

iridium, tin) are not yet well understood. Rhenium may form an alloy with plat¬ 

inum, thus preventing the increase of the size of platinum crystallites; that is, it 

keeps platinum in a well-dispersed state. However, it may exist in the ionic state. 

High coke tolerance may result from the catalytic effect of rhenium to remove 

coke precursors. Since the second metal was shown to shift the maximum of the 

dehydrocyclization rate versus hydrogen partial pressure curves toward lower hy¬ 

drogen pressure, the adsorption properties of platinum are also changed.'*^ The in¬ 

terest in basic research of Pt-Re and other bimetallic, multifunctional catalysts is 

still high.'“'‘°'' 
The octane number of the reformate (platformate) obtained by reforming with the 

platforming catalyst can vary over a wide range depending on the conditions. When 

the process was first introduced, the average octane number was 80-85. Later this 

was increased to about 95; at present some commercial plants yield products having 

octane numbers higher than 100. 

After the platforming process was introduced many industries developed re¬ 

forming processes using platinum catalysts.”"'''^ '”* These processes differ from plat¬ 

forming in operating conditions and procedures, and in the nature of the catalyst. 

They include magnaforming,'°^~"' rheniforming,^'^"^ powerfarming,"'' and Houdri- 

forming."^’"^ Selectoforming^^ '" "*is a unique reforming process in that it employs a 

nonnoble metal with erionite. This process was the first commercial application of 

shape-selective catalysis."^ Because of size exclusion this catalyst cracks C^-C^ n- 

paraffins to produce predominantly propane and thereby yields an improved high- 

octane gasoline by selectively removing straight-chain alkanes. The metal (usually 

sulfided nickel) with weak hydrogenation ability hydrogenates alkenes, prevents 
coke formation, but it is not able to hydrogenate aromatics. 

The first suggestions concerning the mechanism of catalytic reforming were 

based on studies with hydrocarbon mixtures that permitted only observation of com¬ 

position changes.'' '« '^« It was observed, for example, that about 30% of the C-C^ 

product consisted of methane and ethane. These, however, are not common products 

in catalytic cracking processes. In fact, when n-heptane was hydrocracked, less 

methane and ethane were formed than expected, according to the stoichiometry of 

Eqs. (2.15) and (2.16). Therefore, and hydrocarbons were not considered to be 

the products of direct cracking of n-heptane. Rather, they are formed through crack¬ 

ing of higher hydrocarbons [Eqs (2.17) and (2.18)] produced in the interaction of 

carbocations and alkenes. Methane and ethane, in turn, were supposed to be formed 
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through demethylation and deethylation, respectively, of aromatics under the condi¬ 

tions of catalytic reforming, which are different from those of hydrocracking. 

-► CH 3CH 2CH 2CH 2CH 2CH 3 + CH 4 (2.15) 

CH 3(CH 2)4CH 2CH 3 + H2- 

^ Cl 13CH2CH2CH2OH3 + CH3CH3 (2.16) 

+
 

0
 ^3 1 P
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 1 

(2.17) 

C7 + C4 -► C11 to 
0

 

+
 to 

0
 (2.18) 

A more detailed interpretation of the chemistry of catalytic cracking was based 

on studies with pure hydrocarbons.'^'-'” A simplified summary put forward by 

Heinemann and coworkers'” (Fig. 2.1) shows how open-chain and cyclic alkanes 

are transformed to benzene by the action of both the hydrogenating (metal) and 

acidic (halogenated alumina) functions of the catalyst. 

Since the kinetics of the different processes is different, the many reactions tak¬ 

ing place in a complex hydrocarbon mixture during catalytic reforming do not con¬ 

tribute equally to the overall transformation."" '^ '” Whereas n-heptane, for instance, 

is readily transformed to toluene, n-hexane undergoes hydrocracking and isomeriza¬ 

tion much faster and yields methylcyclopentane as the cyclization product. 

Aromatics are produced primarily from alkylcyclohexanes; alkylcyclopentanes, in 

turn, require more severe conditions to proceed to aromatics.High temperature fa¬ 

vors aromatics production, yielding an equilibrium product composition.'” 

Operating conditions and the catalyst used allow quite an effective control of prod¬ 

uct distribution. 

Figure 2.1 
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Conventional reforming catalysts are unable to transform light hydrocarbons to 

valuable products. Specific processes, therefore, have recently been developed to 

achieve octane enhancement by selective refdrming of light naphthas.H-ZSM-5 

may be used to transform Colefins. At relatively low temperatures and high 

pressures olefin transmutation-disproportionation'^* ’^^ leads to isoalkenes (the Mobil 

distillate process).*'’'^" H-ZSM-5 at high temperatures, a platinum-exchanged L- 

zeolite, and gallium-doped ZSM-5 are able to catalyze complex transformations of 

C3 and hydrocarbons (oligomerization, hydrogen transfer, cyclization, and dehy¬ 

drogenation, also known as dehydrocyclodimerization'^°) to produce gasoline with 

high aromatic content. These processes are discussed further in Section 2.5.2. 

Although aromatics (as well as olefins) increase the octane number of gasoline- 

range hydrocarbons, because of their potential carcinogenicity, future approaches 

should increasingly emphasize isomerization and alkylation-based branching of sat¬ 

urated hydrocarbons,'^' '"^ as well as oxygenate additives'"." '""* to achieve the desired 

goal. A valuable approach is UOP’s recent I-forming process.'"" A noble metal on 

acidic support (IC-2 catalyst) is used in the presence of hydrogen to selectively 

transform heavy gasoline streams. The IC-2 catalyst exhibits a unique selectivity to¬ 

ward cracking of heavy paraffins and also catalyzes the hydrogenation of aromatics. 

Selective cracking results in the formation of isobutane and isopentane well in ex¬ 

cess of the equilibrium values with only limited amounts of light paraffins. 

Isobutane is recovered and used in alkylation. The debutanized product has an in¬ 

creased octane number (due mainly to isopentane and cycloparaffms), and its aro¬ 

matic content is significantly reduced. Reforming using erionite catalysts is another 

promising possibility.'"® Erionite favors shape-selective hydrocracking of normal 

paraffins and the formation of cyclopentane derivatives, resulting in the production 

of high-octane-number gasoline with low amounts of aromatics. The increase in oc¬ 

tane number is due to the formation of isopentane and substituted cyclopentanes and 

the loss of high-molecular-weight straight-chain alkanes. The decrease in aromatic 

content of motor fuel may also be achieved by undercutting gasoline, that is, remov¬ 

ing the heavier 10% fraction of FCC gasoline by distillation."" 

2.3. DEHYDROGENATION WITH OLEFIN PRODUCTION 

Unsaturated hydrocarbons are important industrial raw materials in the manufacture 

of chemicals and polymers. Moreover, they are valuable constituents in high-octane 

gasoline produced mainly through cracking of larger alkanes, although as mentioned 

before, their potential carcinogenic nature will greatly reduce such use in the future. 

Dehydrogenation of saturated compounds also takes place during refining processes 
and is practiced in industrial synthesis of olefins and dienes. 

2.3.1. Thermal Dehydrogenation 

Of the saturated hydrocarbons only ethane and propane undergo practical dehydro¬ 

genation to yield the corresponding alkenes. All other higher homologes and cy- 
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cloalkanes undergo cracking when treated at high temperatures. 

Under pyrolytic conditions at temperatures above 300°C, generally between 

50(>-800°C, the pyrolysis reaction forms alkenes by carbon-hydrogen bond scis¬ 

sions. An early experiment, where propane was heated to 575°C for 4 mins in a silica 

flask, yielded propylene by dehydrogenation [Eqs (2.19H2.21)] at a somewhat slow¬ 

er rate than it yielded methane and ethylene by cracking.Similar observations were 

made in a study of pyrolysis’^ in the temperature range 700-850°C. Of the propane 

that decomposed, 60% did so by cracking and 35-39%, by dehydrogenation. 

CH3CH2CH3 ^ CH2CHCH3 + H" 

CH3CHCH3 -► CH2=CHCH3 + H- 

CH3CH2CH3 + H- -►CH3CHCH3 + H2 (2.21) 

Dehydrogenation is the chief reaction when ethane is pyrolyzed.” The reaction 

begins at about 485°C and is quite rapid at 700°C. At this temperature about 90% of 

the reacting ethane is converted to ethylene and hydrogen. Minor byproducts include 
1,3-butadiene and traces of liquid products. 

The major industrial source of ethylene and propylene is the pyrolysis (thermal 

cracking) of hydrocarbons.'^’-’^'' Since there is an increase in the number of moles 

during cracking, low partial pressure favors alkene formation. Pyrolysis, therefore, 

is carried out in the presence of steam (steam cracking), which also reduces coke 

formation. Cracking temperature and residence time are used to control product dis¬ 

tribution. 

Because of their ready availability, natural-gas liquids (mixtures of mainly 

ethane, propane, and butanes) are used in the manufacture of ethylene and propylene 

in the United States.In Europe and Japan the main feedstock is naphtha. 

Changing economic conditions have led to the development of processes using 

heavy oil for olefin production.'^* '''’ 

The ideal feed for ethylene production is ethane, which can give the highest ulti¬ 

mate yield via dehydrogenation. With ethane, 85-90% ethylene selectivities can be 

achieved at temperatures above 800°C at a steam : ethane ratio of about 0.3. 

Other hydrocarbons are steam-cracked at temperatures of 750-870°C with a resi¬ 

dence time of about one second. Severe cracking may be carried out at 900°C with a 

shorter residence time (0.5 s). The higher the average molecular weight of the feed, 

the higher the quantity of the byproducts formed, and they may outweigh the quanti¬ 

ty of ethylene and propylene produced. Higher steam : hydrocarbon ratios (up to 1) 

are used for heavier feedstocks. The reactor effluent is rapidly quenched to prevent 

secondary reactions, and a series of separation steps follows. Ethane and propane are 

recovered and recycled, and acetylene, propyne, and propadiene are removed by hy¬ 

drogenation. 1,3-Butadiene and butenes are separated from the fraction. 

The above processes are specifically designed for ethylene production but they 

also yield hydrocarbons as coproducts. The amount of compounds produced 

depends on the feedstock, the cracking method, and cracking severity. Steam crack- 

(2.19) 

(2.20) 
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ing of naphtha provides better yields than does catalytic cracking of gas oil. With 

more severe steam cracking both butenes and overall productions decrease, 

whereas the relative amount of 1,3-butadiene^ increases. Overall yields of 4-6% 

may be achieved. 
Because of their very similar boiling points and azeotrope formation, the compo¬ 

nents of the fraction cannot be separated by distillation. Instead, other physical 

and chemical methods must be used. 1,3-Butadiene is recovered by complex forma¬ 

tion or by extractive distillation.Since the reactivity of isobutylene is higher 

than that of n-butenes, it is separated next by chemical transformations. It is convert¬ 

ed with water or methyl alcohol to form, respectively, rert-butyl alcohol and tert- 

butyl methyl ether, or by oligomerization and polymerization. The remaining n- 

butenes may be isomerized to yield additional isobutylene. Alternatively, 1-butene 

in the butadiene-free fraction is isomerized to 2-butenes. The difference between 

the boiling points of 2-butenes and isobutylene is sufficient to separate them by dis¬ 

tillation. n-Butenes and butane may also be separated by extractive distillation. 

The cracking of isobutane to isobutylene is of special interest because of the high 

demand for isobutylene as a feed for the production of oxygenates, mainly MTBE, 

as octane-enhancing gasoline additives. Isobutane separated from the steam-crack¬ 

ing cut or produced by butane isomerization is cracked in the presence of steam 

to yield isobutylene and propylene.''** '''^ 

2.3.2. Catalytic Dehydrogenation to Alkenes 

Excellent results (close to equilibrium) are obtained when chromia is used as cata¬ 

lyst for the dehydrogenation of ethane, propane, n-butane, and isobutane.The cat¬ 

alytic dehydrogenation required a markedly lower temperature than did thermal de¬ 

hydrogenation. Use of too high contact time or temperatures cause cracking as a side 

reaction, but under proper reaction conditions selective dehydrogenation occurs. 

Isobutane tends to undergo carbon-carbon bond scission, yielding methane and 

propylene, rather than dehydrogenation. 

Longer life and better activity were obtained with catalysts composed of chromia 

and alumina.'^' While pure alumina has little dehydrogenation activity, the incorpo¬ 

ration of as little as 3% or as much as 60% chromia provides effective catalysts; the 

most widely used commercial catalyst usually contains 20% chromia. Chromia— 

alumina is used in the dehydrogenation of C^-C^ hydrocarbons to the corresponding 

alkenes.1,3-Butadiene may also be manufactured under appropriate conditions 

(see Section 2.3.3). 

When alkanes containing a chain of at least six carbon atoms are reacted in the 

presence of the chromia-alumina catalyst, the major reaction is not formation of 

alkenes. Instead, aromatic hydrocarbons are produced by dehydrocyclization (see 

Section 2.5.). On the other hand, it was discovered that dehydrogenation of hexane 

and higher straight-chain alkanes to the corresponding alkenes occurs with high se¬ 

lectivity in the presence of a modified reforming catalyst consisting of platinum sup¬ 

ported on nonacidic or alkaline alumina.'^^ '^* The reaction is carried out in the pres¬ 

ence of hydrogen at relatively low pressure and moderately high temperature. The 
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selectivity to linear monoalkenes with the same carbon number as the alkane reach¬ 

es or exceeds 95% at conversion levels somewhat less than equilibrium. The 

byproducts comprise dienes, aromatics, traces of isoalkanes, and branched alkenes. 

The linear monoalkenes show random distribution of the double bond along the car¬ 

bon chain and are believed to be equilibrium mixtures. 1-Alkenes accordingly are 

less abundant than the internal isomers. This reaction forms the basis of the UOP 
Pacol process (see Section 2.3.3). 

2.3.3. Practical Applications 

^2~^3 Alkenes. Ethylene and propylene are produced in industry by steam crack¬ 

ing (see Section 2.3.1). In 1991, about 40% of the total world production of ethylene 

was based on gas cracking (cracking of ethane, propane, or ethane-propane mix¬ 

tures).'” Propane cracking, however, is not economical because of the low yield of 

propylene.'’* '” Cracking of an ethane-propane mixture gives only a 60-66% total 

olefin yield with a composition of 44^7% ethylene and 14-22% propylene.'” In 

comparison, cracking of pure ethane produces ethylene in yields over 80%. An inte¬ 

grated ethane cracking-propane dehydrogenation complex gives both olefins in 
about 80% yield. 

Processes for the catalytic dehydrogenation of ethane and propane have been de¬ 

veloped.'’* UOP modified the catalytic system of the Pacol process so as to use in de¬ 

hydrogenation of lighter alkanes (Oleflex process).''®"'"’ A moving-bed technology 

with continuous catalyst regeneration is applied. The catalyst shows good stability 

and selectivity in the dehydrogenation of ethane and propane. In propane dehydro¬ 

genation conducted at 600-700°C the propylene yield is 77% (compared to 33% in 

thermal cracking)."® Phillips STAR (steam active reforming) process'"’-'®^ uses a sup¬ 

ported noble-metal catalyst with multiple metal promoters. The use of steam ensures 

better equilibrium conditions to achieve propylene select!vities as high as 95%. 

Chromium oxide on alumina is the catalyst in the Catofm process (Air Products).'’* 

A technology called the Ethoxene process was developed by Union Carbide for 

the oxidative dehydrogenation of ethane.'"’ Under the relatively mild conditions ap¬ 

plied (300^00°C, 1^0 atm) cracking is minimal and the only byproduct is acetic 

acid. The combined efficiency to ethylene and acetic acid is about 90%, with an eth¬ 

ylene ; acetic acid ratio of 10. 

Alkenes. Several industrial processes have been developed for olefin production 

through catalytic dehydrogenation'’* '"" '"’ of C^ alkenes. All four butenes are valuable 

industrial intermediates and are used mostly for octane enhancement. Isobutylene, 

the most important isomer, and its dimer are used to alkylate isobutane to produce 

polymer and alkylate gasoline (see Section 5.5.1). Other important utilizations 

include oxidation to manufacture maleic anhydride (see section 8.5.4) and hydro- 

formylation (see Section 7.1.3). 
The current high and increasing demand for oxygenates, especially MTBE, in 

new gasoline formulations calls for a substantial increase in the capacity of isobuty- 
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lene production. As a result, new processes have emerged to manufacture isobuty¬ 

lene through the dehydrogenation of i5obutane. Four technologies employing noble- 

metal-based catalysts or chromia on alumina have been developed.'®^ 
The Oleflex process'*®"'®^ applies platinum on basic alumina and operates at higher 

severity than the Pacol process from which it is derived. Modification of the original 

catalyst systems was required to decrease skeletal isomerization and coke forma¬ 

tion.'®' Isobutylene is produced with a selectivity of 91-93%. The Phillips STAR de¬ 

hydrogenation process'®^ '®^ also employs a noble-metal catalyst. The first plant is cur¬ 

rently in startup. Users of the FBD-4 (Snamprogetti) fluidized-bed process with a 

promoted chromium oxide catalyst'®* are located primarily in the former Soviet 

Union. The Catofin process'®" '’' is based on the Houdry Catadiene technology, which 

was developed in the 1940s to produce 1,3-butadiene from butane over a chromium 

oxide-alumina catalyst. Dehydrogenation of isobutane to isobutylene is carried out 

over chromia-alumina at 500-675°C in vacuo to achieve high conversion. 

1,3-Butadiene and Isoprene. Butane may be transformed directly to 1,3-buta- 

diene on chromia-alumina (Houdry Catadiene process).'''^'''®''” The most significant 

condition is operation under subatmospheric pressure (0.1-0.4 atm), which pro¬ 

vides an improved yield of 1,3-butadiene. Operating at about 600°C, the process 

produces a mixture of butenes and 1,3-butadiene. After the removal of the latter, the 

remaining butane-butenes mixture is mixed with fresh butane and recycled. 

Extensive coke formation requires regeneration of the catalyst after a few minutes 

of operation. 1,3-Butadiene yields up to 63% are obtained at a conversion level of 

30-40%. 

Much higher butadiene yields may be obtained in a two-step process developed 

by Phillips in which butane is first converted to butenes with the chromia-alumina 

catalyst, and the butenes then further dehydrogenated to 1,3-butadiene.The 

butene selectivity in the first step is about 80-85% (600°C, atmospheric pressure). 

The butenes recovered from the reaction mixture undergo further dehydrogenation 

in the presence of excess steam (10—20 mols) over a mixed iron, magnesium, potas¬ 

sium and chromium oxide catalyst.'’^ The Dow process uses a calcium-nickel phos¬ 

phate catalyst promoted by chromia""' '’® and gives butadiene selectivities up to 90%. 

Other catalysts in commercial application operating under slightly different condi¬ 

tions are iron oxide and chromium oxide with Kp (Shell)'’® and iron oxide with 
bauxite (Phillips). 

Similar to the processes used in the manufacture of 1,3-butadiene, isoprene can 

be prepared from isopentane, isoamylenes, or a mixed isoC^ feed.'”-'’®''” The Shell 

process'” dehydrogenates isoamylenes to isoprene in the presence of steam with 

85% selectivity at 35% conversion, over a FePj-K^COj-CrPj catalyst at 600°C. 

Direct catalytic dehydrogenation of hydrocarbons is characterized by low conver¬ 

sion per pass and low yields. The process is endothermic and the thermodynamic 

equilibrium is unfavorable [Eq. (2.22)]. Temperatures above 500°C are required for 

commercially feasible conversions. At these temperatures, undesirable side reac¬ 

tions limit the yields and coke formation requires frequent catalyst regeneration. In 

contrast, oxidative dehydrogenation of /r-butane and butenes in the presence of air 
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and steam over suitable catalysts to yield 1,3-butadiene is more efficient. By remov¬ 

ing the hydrogen in the form of water [Eq. (2.23)], oxidative dehydrogenation pro¬ 

ceeds to a greater extent than does catalytic dehydrogenation. Continuous in situ cat¬ 

alyst regeneration occurs since oxygen efficiently removes carbon deposits. Steam 

controls the reaction temperature, serving as heat sink and enhances selectivity. As a 

result, oxidative dehydrogenation offers better yields and higher conversion by alter¬ 

ing equilibrium conditions and eliminating side reactions due to lower operating 
temperature. 

C4H8 ■ C4H6 -I- Hg AH =28kcal/mol (2.22) 

C4H8 + 0.5 Og -C4H6 -F HgO AH =-29.7 kcal/mol (2.23) 

The processes commercialized are the O-X-D process (Phillips),’^*’^® the Oxo-D 

process (Petro-Tex),’*° and a technology developed by BP applying a tin-antimony 

oxide catalyst.'*' **^ The Phillips technology produces 1,3-butadiene with 88-92% se¬ 

lectivity at 75-80% conversion.'^® A new catalyst used in the Nippon Zeon process 
offers improved process characteristics."*^ 

Highsr Olefins. The Pacol—Olex (UOP) process'®''-'*’ is commonly used to manu¬ 

facture detergent-range olefins via dehydrogenation of the corresponding 

paraffins. In general, it can be applied in the production of olefins in the 

range. It is a fixed-bed process and operates under milder conditions than the Oleflex 

process that is an extension of the former. 

Nonacidic noble-metal catalysts, such as platinum on basic alumina, are used at 

400-600°C and 3 atm in the presence of hydrogen. At low (10-15%) conversion per 

pass it yields monoolefins up to 93% selectivity with 96% internal linear olefin con¬ 

tent. The double bond is statistically distributed. The olefins formed are recovered 

by extraction using a selective adsorbent (Olex unit) and converted to detergent al¬ 

cohols (see Section 7.1.3) or to linear alkylbenzenes (see Section 5.5.6). 

Alternatively, the olefin-paraffin mixture may directly be used in alkylation of ben¬ 

zene to manufacture detergent alkylate."*® 

Styrene. All commercial processes use the catalytic dehydrogenation of ethylben¬ 

zene for the manufacture of styrene.'®® A mixture of steam and ethylbenzene is react¬ 

ed on a catalyst at about 600°C and usually below atmospheric pressure. These oper¬ 

ating conditions are chosen to prevent cracking processes. Side reactions are further 

suppressed by running the reaction at relatively low conversion levels (50-70%) to 

obtain styrene yields of about 90%. The preferred catalyst is iron oxide and chromia 

promoted with K^, the so-called Shell 015 catalyst.'®® 

Several technologies differing in the way of heat supply have been devel¬ 

oped.'®'”'®® When superheated steam is used, it provides the necessary energy for the 

endothermic dehydrogenation, acts as a diluent to achieve favorable equilibrium 

conditions, and prevents coke formation by transforming carbon to carbon oxides. 

A new oxidative dehydrogenation process (Styro-Plus) is under development.'®'* 
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2.4. UPGRADING OF NATURAL-GAS LIQUIDS 

Natural gas, depending on its source, is accompanied by varying amounts of liquid 

hydrocarbons. Natural-gas liquids contain mainly saturated aliphatic hydrocarbons, 

practically free of olefins and also some aromatics. After separation these liquids are 

utilized either as a low-grade fuel or via processing customary in the petroleum in¬ 

dustry (refining, hydrocracking, etc.) as hydrocarbon raw materials. Their use as 

motor gasoline is not feasible because of their low octane ratings, which generally 

can be improved only by adding high-octane components. 
Upgrading of natural-gas liquids to motor fuels with customary technology used 

in the petroleum industry (isomerization, hydroisomerization, etc.) represents diffi¬ 

culties. One reason is that the volatility of motor fuels cannot be increased, thus lim¬ 

iting treatments such as hydrocracking. 
Alternatively, upgrading can also be effected using effective superacid catalysts 

such as trifluoromethanesulfonic acid or hydrogen fluoride-boron trifluoride sys¬ 

tems.These upgradings are carried out at relatively low temperatures (10-50°C), 

thus maximizing branched alkanes. They can be operated in a batchwise or continu¬ 

ous fashion with relatively short contact times to give motor fuel gasolines of suit¬ 

able octane rating. Frequently an added olefin activator such as 1-3% butene is 

added, although the upgrading process is also effective without such activity. There 

is no appreciable increase of volatility of upgraded fuel, although some isobutane is 

formed, which is topped off Aromatics present in natural-gas liquids (1-3%) are 

nearly completely removed (via ionic hydrogenation, ring-opening isomerization) in 

the superacid-catalyzed upgrading, producing environmentally safer fuels. The 

overall upgrading involves both isomerization and transalkylation processes increas¬ 
ing branched C^-C^ content, but not volatile C^-C^. 

2.5. AROMATICS PRODUCTION 

Aromatic compounds are the most widely used and one of the most important class¬ 

es of petrochemicals. They are still an important constituent of high-octane gasoline, 

although because of their carcinogenic nature their application will decrease. FCC 

gasoline contains about 29% aromatics, whereas the aromatic content of reformates 

is about 63%. They also are excellent solvents and constitute an important compo¬ 
nent of synthetic rubbers and fibers. 

Historically aromatic compounds were produced from hard coal by coking. The 

poly aromatics present in coal are released under the pyrolytic conditions and are ab¬ 

sorbed in oil or on activated charcoal to separate them from the other coal gases. The 

components are freed by codistillation with steam or by simple distillation. The con¬ 

taminant nitrogen- and sulfur-containing compounds are removed by washing with 
sulfuric acid or by hydrogenation. 

Crude oil, however, has almost completely replaced coal as a source of aromat¬ 

ics. Crude oil contains several percent benzene, toluene, and xylenes and their cy¬ 

cloalkane precursors. The conversion efficiency for preparing toluene or xylenes 
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from their precursors is nearly 100%. For benzene this efficiency is slightly lower. 

Moreover, alkanes are also transformed to aromatics during refining processes al¬ 

lowing efficient production of simple aromatic compounds. 

Catalytic reforming has become the most important process for the preparation of 

aromatics. The two major transformations that lead to aromatics are dehydrogena¬ 

tion of cyclohexanes and dehydrocyclization of alkanes. Additionally, isomerization 

of other cycloalkanes followed by dehydrogenation (dehydroisomerization) also 

contributes to aromatic formation. The catalysts that are able to perform these reac¬ 

tions are metal oxides (molybdena, chromia, alumina), noble metals, and zeolites. 

2.5.1. Catalytic Dehydrogenation and Dehydrocyclization 

Many metals have long been known to catalyze the dehydrogenation of cyclohexane 

to benzene. These include nickel,'*'® palladium,'*’'' and platinum'*’''. These metals are 

catalysts for both the hydrogenation of aromatic hydrocarbons and the dehydrogena¬ 

tion of cyclohexanes to aromatics. The dehydrogenation requires a higher tempera¬ 

ture. For example, benzene and hydrogen passed over palladium black at 

100-110*^0 yielded much cyclohexane; passing cyclohexane over the palladium cat¬ 

alyst at 300°C produced benzene and hydrogen in practically quantitative yield.'*" In 

other words, higher temperatures favor reversal of the hydrogenation reactions and 

result in aromatic production. 
The dehydrogenation of cyclohexane occurs in a stepwise manner via o-bonded 

(1, 2) or K-adsorbed (3) species to form cyclohexene'*”* (Scheme 2.3). 

Stepwise removal of hydrogen and extension of the 7t system leads eventually 

to benzene. Since the removal of either of the first two hydrogen atoms is rate-de¬ 

termining, the intermediate cyclohexenic species react further without desorption 

and are barely detectable in the gas phase. Adsorbed cyclohexene and a inter- 
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mediate, however, have been recently identified on platinum single crystals at low 

temperature.Recent detailed spectroscopic studies resulted in a better under¬ 

standing of the nature of active surface sites ^nd a more detailed picture of surface 

reactions.^”' 
Cyclohexanes with gem-dialkyl substituents undergo aromatization at higher 

temperatures.^” The transformation is accompanied by methyl migration to yield a 

xylene mixture of platinum on alumina. Seven- and higher-membered rings are sim¬ 

ilarly less reactive. Ring contraction required to form the six-membered ring was 

shown to occur through bicycloalkane intermediates including a cyclopropane 

ring.“2 

Alkylcyclopentanes do not undergo dehydrogenation under the conditions 

required for other cycloalkanes. Apparently, strongly adsorbed cyclopentadiene 

blocks the catalyst surface, bringing about catalyst deactivation. They yield, 

however, aromatic compounds via skeletal rearrangement and dehydrogenation 

(dehydroisomerization) when bifunctional catalysts (metals on acidic support) 

are applied. The acidic alumina used in platforming catalyzes the carbocationic 

isomerization of alkylcylopentanes, which is a very important reaction in the 

formation of aromatics. The transformation of methylcyclopentane, for in¬ 

stance, occurs according to Scheme 2.4 and leads in equilibrium to the cyclo¬ 

hexyl carbocation. This is then transformed to cyclohexene and, eventually, to 

benzene, and may initiate the process by hydride removal from methylcy¬ 

clopentane. Cycylohexane thus formed was indeed detected in the reaction of 
methylcyclopentane.’* 

Scheme 2.4 

+ 

Of the metal oxides, chromia-alumina is the preferred and most studied cata¬ 

lyst. The temperature required for the aromatization of cyclohexanes is much 
higher (400-500°C) than that over noble metals. 

Chromia and molybdena were found to effect dehydrocyclization of alkanes 

under reaction conditions similar to those of aromatization of cyclohexanes.’® 

Because of its great practical significance in refining (hydrorefining), chromia—alu¬ 
mina was extensively studied in the dehydrocyclization of alkanes. 
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One of the first mechanisms suggested for the dehydrocyclization on an oxide 

catalyst was proposed by Herington and Rideal.^' They suggested that all possible 

monoolefins are formed in the first step and give C)C,(3-diadsorbed surface intermedi¬ 

ates. Cyclization involves one of the surface-bound carbon atoms and another car¬ 

bon atom in the chain to form a six-membered ring (1,6 carbon-carbon closure). 

Rapid dehydrogenation follows, resulting in the formation benzene derivatives. In 

accordance with this suggestion, 1-heptene (4) and 2-heptene (5) are transformed to 

toluene in a fast reaction since they are able to participate in ring closure. 3-Heptene 

(6), in turn, reacts slowly since it must undergo double-bond migration before it can 
form a six-membered ring. 

* ★ * ★ 

4 5 6 

In a series of experiments carried out by Pines and coworkers^“ tbe intrinsic acid¬ 

ity of alumina was neutralized before use to avoid ionic-type skeletal isomerization. 

Radiotracer studies showed that toluene formed from [l-'^CJ-heptane over chro- 

mia-alumina contained only 18-32% labeling in the methyl group, that is, less than 

50% required by 1,6 carbon-carbon closure.This indicates that direct 1,6 car¬ 

bon-carbon closure is not the only path of cyclization of n-heptane. Aromatization 

of n-octane yielded ethylbenzene and o-xylene, the products of direct 1,6 closure, 

but m- and p-xylenes were also formed.^^ Isomeric dimethylhexanes, expected to 

give only one aromatic compound each according to 1,6 carbon-carbon closure, 

produced all isomeric alkylbenzenes.^“ Alkanes that cannot undergo dehydrogena¬ 

tion did not yield aromatic compounds, which pointed to the importance of alkene 

intermediates in aromatization. 

All these results were interpreted by a free-radical mechanism with the involve¬ 

ment of alkenes, and smaller (C^, C^) and larger (C^, C^) ring intermediates in aroma¬ 

tization. Skeletal isomerization was found to occur through vinyl shift and C^, 

cyclic intermediates.^® 

Transition metals with the exception of Fe and Os, as well as Re, Co, and Cu, are 

active in aromatization of alkanes.^®®® Platinum, long recognized to be an active 

metal,^'” is the most thoroughly studied catalyst, yielding benzene derivatives and 

alkylcyclopentanes. The selectivity of cyclization depends on the reaction condi¬ 

tions. For example, methylcyclopentane and isomeric methylpentanes are formed 

from n-hexane mainly at low temperatures whereas elevated temperatures bring 

about a shift to dominant benzene formation.^” 

The pathways suggested include direct cyclization similar to the Herington- 

Rideal mechanism accounting for both and cyclization.^® There are observa¬ 

tions, however, that benzene formation does not involve the five-membered ring, 

that is, that the two ring structures are formed in independent reactions.™ A stepwise 
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dehydrocyclization with gradual loss of hydrogen to form a conjugated triene fol¬ 

lowed by ring closure and further dehydrogenation may account for aromatics for- 

mation^'^'^'^ [Eq. (2.24)]. Evidence also suggests, however, that alkanes with only 

five carbon atoms in a linear chain may undergo aromatization via 1,5 ring closure 

followed by ring enlargement. Numerous mechanisms were put forward to rational¬ 

ize these transformations.^'” 

Dual-function catalysts possessing both metallic and acidic sites bring about 

more complex transformations. Carbocationic cyclization and isomerization as well 

as reactions characteristic of metals occurring in parallel or in subsequent steps offer 

new reaction pathways. Alternative reactions may result in the formation of the 

same products in various multistep pathways. Mechanical mixtures of acidic sup¬ 

ports (silica-alumina) and platinum gave results similar to those of platinum sup¬ 

ported on acidic alumina.^''’’^'^ This indicates that proximity of the active sites is not a 

requirement for bifunctional catalysis, that is, that the two different functions seem 

to operate independently. 

In the dehydrocyclization of alkanes it is clear that ring closure can take place 

both in a metal-catalyzed reaction and as a carbocationic process. The interpretation 

of the reforming process proposed by Heinemann and coworkers,therefore, is not 

a complete picture of the chemistry taking place. The scheme they presented (Fig. 

2.1) attributes cyclization activity solely to acidic sites. The ample evidence avail¬ 

able since requires that metal-catalyzed and ring closure possibilities be in¬ 

cluded in a comprehensive interpretation. Additionally, the metal component plays 

an important role in carbocationic reactions in that it generates carbocations through 
the formation of alkenes. 

Alkylaromatic compounds possessing sufficiently long side chains may also un¬ 

dergo dehydrocyclization.^'* In fact, the aromatic ring enhances this reaction: alkyl- 

aromatics undergo dehydrocyclization faster than do alkanes. Depending on the side 
chain, condensed or isolated ring systems may be formed. 

Platinum, the most studied metal, catalyzes both and cyclizations in parallel 

reactions. n-Butylbenzene, for example, gives methylindan and methylindenes, and 

naphthalene. Both direct cyclization and stepwise transformation involving olefinic 

intermediates are operative. Over dual-function catalysts, product distributions are 

different from those over platinum since the acidic component brings about a new 

reaction, the acid-catalyzed self-alkylation of the aromatic ring. Phenylalkenes 

formed in platinum-catalyzed dehydrogenation are protonated to yield carbocations, 

which participate in intramolecular electrophilic aromatic cyclialkylation. The ratio 

of Cj/C^ cyclization is determined by the stability of the intermediate carbocations. 

n-Butylbenzene, for example, yields mainly methylindan due to the difference in 

stability of the primary and secondary carbocations'"' [Eqs. (2.25) and (2.26)]. In 

contrast, methylnaphthalene is the main product in the dehydrocyclization of n- 
pentylbenzene."" 
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Formation of aromatics also takes place over molecular-sieve catalysts. This is an 

essential reaction over the newer-generation zeolite-cracking catalysts. They differ 

from earlier catalysts (amorphous silica-alumina) in that the product gasoline they 

produce contains less olefins and more aromatics. This is the result of more domi¬ 

nant hydrogen transfer reactions between cyclic hydrocarbons and alkenes produc¬ 

ing aromatics and paraffins. The recent high demand for aromatic compounds, how¬ 

ever, has resulted in the development of additional new processes based on zeolites. 

In contrast with conventional reforming catalysts, zeolites are capable of transform¬ 

ing light hydrocarbons (C^-Cj alkanes and alkenes) to aromatics. 

H-ZSM-5 was found to be an excellent catalyst with prolonged catalytic activi¬ 
ty 219,220 fjj-gt reaction in the multistep process leading ultimately to aromatics is 

the formation of small alkenes by cracking and dehydrogenation of small alkanes. 

Alkenes then undergo oligomerization and disproportionation to form a near¬ 

equilibrium mixture of higher olefins. Finally, these higher alkenes cyclize to 

cycloalkanes, which, in turn, participate in dehydrogenation and hydrogen transfer 

with olefins to give aromatics. The rapid olefin equilibration compared to further 

processes accounts for the observation that H-ZSM-5 transforms varied feeds 

(smaller and higher hydrocarbons, methanol, Fischer-Tropsch products, triglyc¬ 

erides) to products of very similar product distribution consisting mainly of C^-C^ 

aliphatics and aromatics.As a result of shape selectivity, ZSM-5 does not 

generate appreciable amounts of aromatics higher than Since they are consid¬ 

ered to be coke precursors, the lack of higher aromatic compounds ensures sustained 

catalytic activity. 
Aromatization over H-ZSM-5, however, has the stoichiometric restriction to pro¬ 

duce 3 mols of alkanes per mole of aromatic compound. It was later observed that 

doping ZSM-5 with gallium or zinc brings about an increase in catalytic activity and 

selectivity of aromatics production.^^ Extensive studies have recently been con¬ 

ducted with impregnated^^^ and ion-exchanged™ Ga-H-ZSM-5 catalysts, gallosili- 

cates,™™ and mechanical mixtures of ZSM-5 and gallium oxide.™™ Increased se¬ 

lectivity over these metal-doped catalysts, in part, results from their ability to form a 

certain amount of molecular hydrogen. The exact role of gallium is still debated, but 

it appears that it promotes dehydrogenation of alkanes and alkenes thus accelerating 

the formation of aromatics. 

2.5.2. Practical Applications 

There are several processes of industrial significance in the production of aromatics 

that were valuable components in high-octane gasoline and are used as solvents and 
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chemicals.”' BTX (benzene, toluene, xylenes) processing, the major source of these 

important chemicals, is connected to catalytic cracking and metal-catalyzed reform¬ 
ing 232-234 jjj the United States steam crackiifg is the major source of aromatics. 

Although it is used primarily for ethylene manufacture it produces substantial quan¬ 

tity of benzene as well. In Europe and Japan catalytic reforming is the major process 

for aromatics production. 
In modern refineries separate reforming and BTX units are usually operated. The 

former process produces high-aromatic-content gasoline that is blended with other 

gasoline streams. The BTX unit uses different feedstocks to maximize aromatics 

production. Since new regulations severely limit aromatics content of gasoline (less 

than 1% of benzene, less than 25% of total aromatics), refiners will have to either 

avoid formation of aromatics or separate them from gasoline streams. In the latter 

case undercutting (distilling out the heaviest 10% fraction of FCC gasoline contain¬ 

ing over 80% aromatics) will produce an additional pool of aromatics in the future. 

Separation of the aromatics from each other and from other hydrocarbons by dis¬ 

tillation is not economical because of the limited boiling-point differences and the 

formation of azeotropic mixtures. Instead, extractive or azeotropic distillation and 

liquid-liquid extraction are applied.The latter process is by far the most often 

used technique. The three processes are applied according to the aromatic content of 

the gasoline source. p-Xylene, the most valuable of the isomeric xylenes, is isolated 

by freezing (crystallization) or solid adsorption. 

A new effective aromatization called the Cyclar process'^^”^”* (UOP-BP) em¬ 

ploys a gallium-containing H-ZSM-5 zeolite catalyst that is able to transform light 

hydrocarbons to aromatics. H-ZSM-5 is the catalyst in M2 forming, an aromatiza¬ 

tion developed by Mobil.^"' Light alkene feedstocks can be transformed at relatively 

low temperature (370°C), whereas light alkanes require higher temperature 

(538°C).^'’ Both processes may use liquefied petroleum gas (LPG), which consists 

mainly of propane and butanes. Alternatively the process may be applied to upgrade 

light paraffinic naphthas. Conventional reforming of these feedstocks usually gives 

low yields of reformates, whereas increased product yields and very high octane 

numbers are obtained by M2 forming. The Aromax process,”" the latest develop¬ 

ment by Chevron, applies a nonacidic barium-exchanged L-zeolite containing high¬ 

ly dispersed platinum.^'" The catalyst is very reactive and highly selective in the 

aromatization of light paraffins, especially in the transformation of hexanes and hep¬ 
tanes. 

A cracking process, the dealkylation of alkylbenzenes became an established in¬ 

dustrial synthesis to produce aromatics. Alkylbenzenes (toluene, xylenes, trimethyl- 

benzenes) and alkylnaphthalenes are converted to benzene and naphthalene, respec¬ 

tively, in this way. The hydrodealkylation of toluene to benzene is the most 

important reaction,^'"-^'*" but it is the most expensive of all benzene manufacturing 

processes. This is due to the use of expensive hydrogen-rendering hydrodealkylation 
to highly dependent on economic conditions. 

Homogeneous thermal processes and catalytic hydrodealkylations are practiced. 

Operating temperatures of 500-650°C and a pressure of about 50 atm are typical for 

catalytic hydrodealkylation with alumina-supported cobalt, molybdenum, or nickel 
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c&tcilysts. A mixed cobalt oxide molybdena—alumina is used most widely. Thermal 

processes operate at temperatures up to 800°C. Benzene yields are usually better 

than 95%, with side reactions giving condensation products (biphenyls) and coke. 

Coke formation may be minimized by the use of a high excess of hydrogen. 

Methane is produced as a coproduct. Several technologies for both catalytic hy¬ 

drodealkylation (DetoP«-2«, PyrotoP^^^ HydeaP^^’^^®) and thermal dealkyla- 
tion2''>-2‘'2,247-25i ^j.g operated industrially. 

Dealkylation and isomerization (disproportionation) processes used in the manu¬ 

facture of benzene and xylenes are discussed in Sections 4.5.2 and 5.5.4. 
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3 
SYNTHESIS FROM 

SOURCES 

Methane and carbon monoxide are the two primary raw materials of practical im¬ 

portance in Cj hydrocarbon chemistry. According to the present industrial practice, 

natural gas (methane) or coal can be converted to a mixture of carbon monoxide 

and hydrogen called synthesis gas [Eq. (3.1)]. The two approaches, however, are 

interconvertible, since methane itself is obtained from synthesis gas in the metha- 

nation reaction. Both methane and carbon monoxide, in turn, can be converted to 

hydrocarbons. 

CH4 + H2O - ^ CO + 3H2 AH = 49.2 kcal/mol (3.1) 

Hydrocarbons can be produced from synthesis gas through the Fischer-Tropsch 

synthesis. Because of poor economics the process was, however, practiced on large 

scale only under extreme conditions (wartime Germany, South Africa under trade 
boycott). 

Methane (natural-gas) reserves, which are potentially larger than those of crude 

oil, make methane the most promising potential source for synthetic replacement for 

petroleum-derived hydrocarbons. It has a number of advantages as a raw material. It 

is cheap and can be easily purified, and its conversion is source-independent. 

Further, as it has the highest possible H ; C ratio of any neutral hydrocarbon (i.e., 4), 

its conversion to higher hydrocarbons does not necessitate further hydrogen. In fact, 

these processes are in principle all oxidative condensations eliminating excess hy¬ 

drogen. The main strategies to convert methane to higher hydrocarbons can be di¬ 

vided into two types: (1) methods involving formation of hydrocarbons are formed 

in a single step (direct conversion or oxidative coupling of methane) and (2) meth¬ 

ods in which methane is first converted into a derivative that is then transformed into 
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hydrocarbons. Process 2, however, can be rendered catalytic, representing a selec¬ 
tive oxidative way. 

Although it is a desirable goal, methods of the direct coupling of methane to C 

and subsequently to higher hydrocarbons have not yet achieved practical applica¬ 
tion. Exceptions are the acetylene-based technologies. 

According to another important and promising technology, hydrocarbons are pro¬ 

duced from methanol, which, in turn, is synthesized from synthesis gas. Called the 

methanol-to-gasoline process, it was practiced on a commercial scale and its practi¬ 

cal feasibility was demonstrated. Alternative routes to eliminate the costly step of 

synthesis-gas production may use direct methane conversion through intermediate 
monosubstituted methane derivatives. 

An economic evaluation of different methane transformation processes can be 
found in a recent review.' 

3.1. NATURE’S C CHEMISTRY AND CHEMICAL REDUCTION OF CO 
1 2 

Carbon dioxide, the end product of combustion of any organic compound, is the 

most abundant carbon compound in the atmosphere and the essential building block 

of reforming organic compounds. In nature’s photosynthetic cycle green plants, 

photosynthetic bacteria and cyanobacteria produce carbohydrates (cellulose) and 

oxygen from carbon dioxide and water using solar energy. Cellulose is known to 

condense with strong acids to hydrocarbons. In addition to maintaining a balance of 

the oxygen ; carbon dioxide ratio in the atmosphere, photosynthesis thus is the 

source of all other carbon compounds. Enzymatic processes, such as hydration of 

carbon dioxide by carbonic anhydrase and different carboxylations, are also impor¬ 

tant in carbon dioxide fixation. 

Considering the immense and increasing amount of fossil-fuel-derived carbon 

dioxide and its global effects, it would be highly desirable to find ways to convert 

carbon dioxide into useful chemicals, thus supplementing nature’s photosynthetic 

recycling. Diminishing petroleum and natural gas sources in the short run, and de¬ 

creasing fossil fuel supplies, in general, make chemical utilization of CO^ eventually 

a necessity. At present major chemical industrial use of carbon dioxide is limited to 

its recovery in ammonia plants formed in the water-gas shift reaction and its conver¬ 

sion to urea. 
A viable possibility to replace the demand for natural hydrocarbon deposits could 

be the use of plant hydrocarbons.^ Carbohydrates produced by photosynthesis under¬ 

go complex transformations in certain plants, forming hydrocarbon-based com¬ 

pounds of very low oxygen content. The best known example is Hevea brasiliensis. 

Other plants (euphorbias) also produce a latex containing about 30% triterpenoids. 

An even more viable source can be a tropical tree (family Leguminosae, genus 

Copaifera) that can be tapped to collect a diesel-like material in substantial quanti¬ 

ties (25 L in 24 h per tree). Similarly, the fruits of another tree (family 

Pittosporacea, genus Pitlosporum) are rich in terpenes. They and others, after neces¬ 

sary development, could serve as alternative energy sources in the future. 
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Since methane and methyl alcohol are highly versatile feedstocks for hydrocar¬ 

bons, an efficient process to convert carbon dioxide directly to methyl alcohol or 

methane would be highly desirable. Present technology uses carbon monoxide in 

syngas, which is readily methanated or converted to methyl alcohol (see Section 

3.4.1). The most successful electrochemical CO^ reduction, however, is still very in¬ 

efficient, requiring high energy. Effective catalytic or chemical reduction of CO^, in 

contrast, can be readily achieved, including superacid catalyzed ionic reduction that 

can be carried out even at room temperaturef '* 

Ha 
CO2 -^CH3OH or CH4 (3.2) 

Another problem associated with the reduction of atmospheric CO^ is its low con¬ 

centration. Even large power plants, the main carbon dioxide emitters, produce only 

very dilute forms of CO^. Efficient and costly recovery technologies (membranes), 

therefore, are required. In the long run, however, the reduction of carbon dioxide to 

methyl alcohol or methane will be the ultimate solution of our carbon equilibrium 

problem, assuming that unlimited, cheap energy (from fusion?) would become 
available to produce hydrogen from the oceans. 

3.2. FISCHER-TROPSCH CHEMISTRY 

The reaction that takes its name from the work of Fischer and Tropsch was first 

described^'^ in the 1920s. However their work was preceded by two decades by 

the report of Sabatier and Senderens, who in 1902 reported the formation of 

methane when a stream of hydrogen and carbon monoxide was passed over a 

nickel surface.’ Fischer and Tropsch, in contrast, observed that carbon monoxide 

and hydrogen reacted over an iron surface to produce a variety of organic com¬ 

pounds. In their first published work they used alkalized iron turnings as catalyst 

at high temperatures and pressures (about 400°C, 100-150 atm) and observed the 

formation of oxygenated compounds.= This became known as the Synthol 

process. By lowering the pressure to 7 atm, they formed increasing amounts of 

hydrocarbons.® Certain iron and cobalt catalysts were later found to be active at 
atmospheric pressure. 

The Fischer-Tropsch synthesis is a rather nonselective process. The products 

obtained include alkanes and alkenes with a very broad composition, and oxygen- 

containing compounds, mostly alcohols, carbonyl compounds, acids and esters. 

1-Alkenes, the main isomeric olefins obtained, as well as alcohols, are considered 

to be the primary products. Most compounds are linear with only a small amount of 

branched hydrocarbons. Only methyl branching occurs, with the methyl group dis¬ 

tributed randomly along the chains. The fraction of dimethyl-substituted com¬ 

pounds is very small, and compounds with quaternary carbon atoms are not 

formed. Under industrial conditions primarily linear, saturated hydrocarbons are 

produced with only little oxygenated compounds. Product compositions, however, 



FISCHER-TROPSCH CHEMISTRY 67 

may be substantially varied by catalysts and reaction conditions. Presently existing 

refineries could not handle synthetic Fischer-Tropsch feeds for processing, adding 
to the enormous capital cost of the process if it were utilized.* 

The basic transformations of Fischer-Tropsch synthesis may generally be sum¬ 

marized as in Eqs. (3.3) and (3.4). These indicate two different ways of carbon 

monoxide conversion; both processes are highly exothermic. Iron catalyzes the 

transformation according to Eq. (3.3), whereas Eq. (3.4) represents the chemistry 

characteristic of cobalt. In fact, Eq. (3.4) is the primary synthesis reaction on both 

metals. Over iron catalyst, however, water reacts further with a second molecule of 

CO to form CO^; this is called the water-gas shift reaction [Eq. (3.5)]. Equation 
(3.3), thus is the sum of Eqs. (3.4) and (3.5). 

2n CO + n H2 -► {^^2\n + nC02 AH =-39.8 kcal/mol (3.3) 

n CO -1- 2n Hg - + nH20 AH =-48.9 kcal/mol (3.4) 

CO + H2 - CO2 + H2 (3.5) 

Other secondary reactions taking place under operating conditions are the 

Boudouard reaction [Eq. (3.6)], coke deposition [Eq. (3.7)], and carbide formation 

[Eq. (3.8)]. Methane formation [Eq. (3.1), reverse process] is an undesirable side- 
reaction of the Fischer-Tropsch synthesis. 

2 CO -► C + CO2 (3.6) 

CO + H2 ■ ■ - C + H2O (3.7) 

X CO + y M -► My (3.8) 

Most of the original research on Fischer-Tropsch chemistry was carried out be¬ 

fore World War II in Germany, where the lack of crude oil demanded alternative 

sources for liquid fuels.* '® The first commercial catalyst developed in the 1930s was 

cobalt and thoria supported on kieselguhr operated in a fixed-bed reactor at about 

200°C and atmospheric pressure with an : CO ratio of 2. The catalyst composi¬ 

tion was later changed to include magnesia, which resulted in decreased solid paraf¬ 

fin production. At medium pressure (5-20 atm) higher hydrocarbon yields with dif¬ 

ferent product composition could be achieved. Synthesis gas used in 

Fischer-Tropsch plants originated from coal gasification processes, as coal was 

available as raw material. The German brown coal, however, is high in sulfur, and 

consequently it was necessary to develop catalysts that tolerated it." '^ 

The first plant came into operation in 1936, and eight others were built till the end 

of the war in Germany. Plants were also constructed in France and Japan. All plants 

used the so-called Ruhrchemie process. After World War II the commercial 

Fischer-Tropsch synthesis was terminated in Germany. Research, however, still 

continued mainly in the United States at the U.S. Bureau of Mines. This included 

mechanistic studies'^''^ and catalyst'^"® and process developments.'*"^' A commercial 
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plant with a fluidized-bed iron catalyst was built in 1951 and operated until 1957 

(Carthage Hydrocol). At this time cheap Middle East crude oil made 

Fischer-Tropsch oil synthesis unecoilomicaK South Africa, however, facing a 

worldwide embargo in the 1950s, established a Fischer-Tropsch industry. The oil 

embargo of the 1970s brought about the revival of research and development inter¬ 

est in Fischer-Tropsch synthesis. Catalyst characterization and chemisorption stud¬ 

ies with spectroscopic techniques,“““ kinetic and mechanistic studies^'^^'’ including 

the use of labeled compounds, and new ideas originating from coordination and 

organometallic chemistry^’"^'’ resulted in new, deeper insights into the chemistry of 

the process. Significant, multi-billion-dollar demonstration plants were built and op¬ 

erated. Recent research efforts are aimed at increasing the selectivity of 

Fischer-Tropsch synthesis to produce specific products used as chemical feedstock. 

At present South Africa is the only country where Fischer-Tropsch synthesis is 

commercially operated.^^"^* The first plant, known as Sasql One, started producing 

hydrocarbons in 1955. It uses two different reactors.^’"” A fixed-bed reactor with a 

precipitated iron on silica catalyst yields mainly high-molecular-weight saturated 

hydrocarbons (diesel oil and waxes) at 220-250°C and 27 atm. The other, a trans¬ 

ported (cireulating) fluidized bed reactor (also known as Synthol entrained-bed re¬ 

actor) produces primarily gaseous hydrocarbons and gasoline rich in olefin utilizing 

a fused iron catalyst (320-350°C, 22 atm). Two other, much larger plants (Sasol 

Two, 1980, Sasol Three, 1982) use the fluidized-bed technology. The Sasol 

Fischer-Tropsch process provides South Africa with about 50% of its oil need esti¬ 

mated at 60,000 barrels (bl)/day, about the same capacity as World War n produc¬ 

tion was at its peak in wartime Germany. The investments involved exceed 20 bil¬ 

lion $U.S. In comparison, the U.S. oil consumption is about 16-17 million bl/day. 

Thus, if Fischer-Tropsch synthetic oil would be considered eventually to replace oil, 

some 300 Sasol-size plants would be needed, a highly unlikely scenario. 

3.2.1. Catalysts 

Most Group VIII metals are active in the reduction of carbon monoxide but they 

form different products. Methanation, hydrocarbon formation, and methanol forma¬ 

tion are the characteristic major transformations. The two classical metals, iron and 

cobalt, used in commercial Fischer-Tropsch operations are capable of producing hy¬ 

drocarbons at atmospheric pressure. Nickel is also active in Fischer-Tropsch chem¬ 

istry, yielding, however, primarily methane. Ruthenium is very active in methane 

formation at temperatures as low as 100°C and moderate pressures, whereas high- 

molecular-weight hydrocarbons are formed at higher pressures. In the range of 

1000-2000 atm a product termed polymethylene equivalent to high density polyeth¬ 

ylene is produced.^*'^' Although discovered in the 1930s, the process was never com¬ 

mercialized probably because of the low activity of the catalyst used and the very se¬ 

vere reaction conditions.''^ Iron nitrides are an interesting class of Fischer-Tropsch 

catalysts.'" They exhibit high mechanical stability and yield increased amounts of 
oxygenated compounds, mainly alcohols. 

Rhodium is a unique metal sinee it can catalyze several transformations."'^''" It is 
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an active methanation catalyst and yields saturated hydrocarbons on an inert sup¬ 

port. Methanol is the main product in the presence of rhodium on Mg(OH). 

Transition-metal oxides as supports or promoters shift the selectivity toward the for¬ 
mation of and higher oxygenates. 

Iron catalysts used in Fischer-Tropsch synthesis are very sensitive to conditions 

of their preparation and pretreatment. Metallic iron exhibits very low activity. Under 

Fischer-Tropsch reaction conditions, however, it is slowly transformed into an ac¬ 

tive catalyst. For example, iron used in medium-pressure synthesis required an acti¬ 

vation process of several weeks at atmospheric pressure to obtain optimum activity 

and stability.'” During this activation period, called carburization, phase transforma¬ 

tion takes place, and surface carbon, carbides, and oxides are formed. The catalyst 

undergoes additional slow structural changes during its lifetime with parallel 
changes in activity and selectivity. 

Catalyst preparation is crucial in successful Fischer-Tropsch synthesis. 

Appropriate catalyst composition, and delicate pretreatment and operating condi¬ 

tions are all necessary preconditions to achieve the desired results. Catalyst disinte¬ 

gration brought about by oxidation and carbide formation is a serious problem that 

can be prevented only by using catalysts with adequate chemical and mechanical 

stability under appropriate operating conditions. 

Both cobalt and iron require chemical promotion to exhibit steady activity and 

selectivity. These are achieved by adding an optimum amount of potassium to iron. 

Electron donation from potassium to iron is assumed to weaken the carbon-oxygen 

and iron-hydrogen bonds, and strengthen the iron-carbon bond.'"’ These changes re¬ 

sult in increased CO adsorption, increased probability of chain growth, and de¬ 

creased hydrogenation ability. The overall effect on product distribution is de¬ 

creased methane and increased oxygenate production. Paraffin formation is also 

decreased, resulting in enhanced alkene selectivity. The product has a higher aver¬ 

age molecular weight. Other possible factors include the enhanced dissociation of 

CO due to its direct interaction with adsorbed potassium'*’ and enhanced migratory 

insertion in propagation^" brought about by surface 

Catalyst composition also depends on the type of reactor used. Fixed-bed iron 

catalysts are prepared by precipitation and have a high surface area. A silica support 

is commonly used with added alumina to prevent sintering. Catalysts for fluidized- 

bed application must be more attrition-resistant. Iron catalysts produced by fusion 

best satisfy this requirement. The resulting catalyst has a low specific surface area, 

requiring higher operating temperature. Copper, another additive used in the prepa¬ 

ration of precipitated iron catalysts, does not affect product selectivity, but enhances 

the reducibility of iron. Lower reduction temperature is beneficial in that it causes 

less sintering. 

3.2.2. Mechanism 

The Fischer-Tropsch synthesis can be considered as the polymerization of carbon 

monoxide under reductive conditions. Product distributions may be predicted as¬ 

suming that chain growth occurs via the addition to the growing chain of one carbon 
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atom at a time. The statistics of chain length distribution usually give a linear corre¬ 

lation between the carbon number n and the mole fraction of molecules containing n 

carbon atoms when an appropriate mathematical formula is used. Known as the 

Schulz-Flory distribution, it was developed for free-radical polymerizations. A sim¬ 

ilar treatment of the Fischer-Tropsch synthesis first applied by Anderson"** usually 

leads to satisfactory correlations with the further assumption that unbranched 

1 -alkenes are the primary products. Exceptions are a maximum for methane and a 

minimum for compounds. Monotonous decrease is usually observed for higher 

hydrocarbons, although deviations from the predicted values are observed for com¬ 

pounds with carbon numbers higher than 10. 
Considering the complexity of the Fischer-Tropsch reaction, it is remarkable that 

the Schulz-Flory distribution is observed at all. The Fischer-Tropsch synthesis is 

not a simple polymerization, since the “monomer” itself is formed in a multistep 

pathway, discussed later. Further complications may arise from the heterogeneous 

nature of the process. The deviation of the higher-molecular-weight products, for in¬ 

stance, was explained by invoking the participation of two types of active site with 

different chain growth probability factors."*'' Transport limitations may also con¬ 

tribute to this phenomenon.^'’ Retarded diffusion, for example, enhances the read¬ 

sorption of olefin products. As a result, they may initiate new chains, eventually 

leading to the formation of heavier products and a higher fraction of paraffins. 

The question of the mechanism of Fischer-Tropsch reaction is of considerable 

controversy. Three principal routes for product formation have been proposed: the 

carbide mechanism, the hydroxymethylene mechanism, and the CO insertion mech¬ 

anism. Numerous modifications were also introduced in attempt to account for some 

details in the complex chemistry of the process.”'^'’’^”’^'"” 

The carbide mechanism was first suggested by Fischer and Tropsch themselves 

in their first publications.® They proposed that a carbide-rich intermediate was the 

source of the products. This was later elaborated by Craxford and RideaP® in a 

model assuming that surface carbide is hydrogenated to methylene groups that poly¬ 

merize to form a (CH^)^ macromolecule on the catalyst surface. Cracking would lead 

to gaseous products and other hydrocarbons. Inconsistent with this model is the 

small fraction of monomethyl-substituted products, and the significant difference 

between product distributions of Fischer-Tropsch synthesis and hydrocracking. This 

mechanism does not explain the formation of oxygenated products, either. 

An important subsequent observation seemed to indicate that carbides are not re¬ 

active under Fischer-Tropsch conditions.” When carbon was deposited on a surface 

by the decomposition of '‘*CO, labeled carbon was not incorporated into the prod¬ 

ucts. This and other evidence accumulated against the carbide mechanism by the 

1950s led to the formulation of other mechanisms. The hydroxymethylene or enolic 

mechanism'^ assumes the formation via the hydrogenation of carbon monoxide [Eq. 

(3.9)] of a surface-bound hydroxymethylene species (1). Two hydroxymethylene 

species react further to form a condensation product via water removal [Eq. (3.10)] 

and then to yield a unit (2) after partial hydrogenolysis. Propagation takes place 
through the further reaction of 2 with 1. 
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Alkene and alkane formation was suggested to take place through (3 cleavage and 

subsequent hydrogenation [Eq. (3.13)]. Chain branching involves the reaction of 1 
with a half-hydrogenated intermediate [Eq. (3.14)]. 
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V 
M 

\ / 2H 
C +RCH=CH2—► RCH2CH3 (3.13) 
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A strong argument in favor of this mechanism is that alcohols can initiate chain 

growth.^* They do not participate in propagation, however, although they should do 

so through dehydrocondensation. Additionally, no convincing evidence has been 

found to support the existence of the suggested enolic surface species. 

By invoking certain analogies with coordination complexes and organometallic 

chemistry, a carbon monoxide insertion mechanism was later proposed.^''*® Initiation 
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takes place via CO insertion into a metal-hydrogen bond either through a metal hy¬ 

drocarbonyl intermediate [Eq. (3.15)] or as adsorbed carbon monoxide [Eq. (3.16)]. 

Propagation occurs through CO insertion into a metal-carbon bond (alkyl migra¬ 

tion) to form an acyl intermediate [Eq. (3.17)], which then undergoes further prod¬ 

uct-forming transformations. 
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The revival of interest in Fischer-Tropsch chemistry in the 1970s resulted in new 

observations that eventually led to the formulation of a modified carbide mecha¬ 

nism, the most widely accepted mechanism at present.^^*'^*’^® Most experimental ev¬ 

idence indicates that carbon-carbon bonds are formed through the interaction of 

oxygen-free, hydrogen-deficient carbon species.^* Ample evidence shows that car¬ 

bon monoxide undergoes dissociative adsorption on certain metals to form carbon 

and adsorbed oxygen [Eq. (3.18)]. The bond strength of the metal-carbon and 

metal-oxygen bonds plays an important role in the reduction of CO.®'®^ If these 

bonds are too strong, stable oxides and carbides are formed. Metals that do not dis¬ 

sociate CO easily (Pt, Pd, Ir, Cu) are inactive in the Fischer-Tropsch synthesis and 

yield methanol instead of hydrocarbons (see Section 3.4.1). Metals that are the most 

active in CO dissociation (Fe, Co, Ni, Ru) are the most active. Supports and promot¬ 

ers may strongly affect activities and selectivities. 

COg ► COg^js ► ^ ®ads (3.18) 

Adsorbed oxygen is removed by reacting with CO at low pressure [Eq. (3.19)], 
and by adsorbed hydrogen at high pressure [Eq. (3.20)]. 

ads ^ 
CO 2 (3.19) 

HO ads + Hads -► H2O (3.20) 

Carbon may exist in different forms of which carbidic surface carbon (C ) is the 

most reactive species. It is readily transformed to carbenic species [Eq. (3.21)], 
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which participates in chain growth. This is supported by reevaluation of earlier la¬ 

beling experiments. New studies showed*^”®^ that certain surface carbon species may 

be very reactive and do incorporate into products mainly into methane. 

Hydrogenation of adsorbed CO without previous dissociation may also lead to sur¬ 
face carbenic species“ [Eq. (3.22)]. 

C s + X H 3(Jg CH 
X, ads 

(3.21) 

CO ads + X +2 H gjjg 
-HpO ^'^x, ads (3.22) 

Oxygen-containing compounds are suggested to be formed with the participation 
of nondissociated CO in a parallel pathway.^* 

Efforts have been made over the years to advance a unified concept of 

Fischer-Tropsch chemistry. The basic problem, however, is that most information 

comes from studies of different metals. Considering the specificity of metals it is 

highly probable that different mechanisms may be operative on different metals. The 

numerous mechanistic proposals, therefore, may represent specific cases on specific 

surfaces and may be considered as extremes of a highly complex, widely varied re¬ 

action network. A unified concept should include multiple active sites and several 

surface species participating in parallel product-forming reactions.“ 

3.2.3. Related Processes 

The Fischer-Tropsch synthesis to produce hydrocarbons for use as motor fuels is 

not economical at present (except as mentioned in South Africa). The synthesis of 

specific products (light olefins, oxygenates) used as chemical feedstocks, however, 

may be more attractive.* A significant drawback of Fischer-Tropsch synthesis is its 

low selectivity due to the Schulz-Flory polymerization kinetics. This sets a serious 

limitation to produce specialty chemical since a wide distribution of products is al¬ 

ways formed. For example, the maximum obtainable quantity (in weight percent) of 

C^-C^ hydrocarbons, gasoline (Cj-C^j), and diesel fuel (C|2-C|.^) is 56%, 47%, and 

40%, respectively.®^ In the 1970s and 1980s improved selectivities of specialty 

chemicals production was achieved through catalyst manipulation®”®’"’* and process 

modifications.®””"’'' The proper choice of metal loading, dispersion, promoters and 

supports, alloying, careful control of reaction conditions, and the use of gaseous ad¬ 

ditives can significantly alter product compositions resulting in higher selectivities. 

The direct synthesis of low-molecular-weight olefins and the synthesis of 

LPG to produce ethylene and propylene by subsequent cracking are the most 

promising processes.®''”’® Promoted iron-manganese catalysts are highly active 

and selective in alkene production.‘’*”’®-’'' Iron and iron-manganese supported on 

silicalite promoted with potassium yield C^-C^ olefins with high selectivities.*”*' 

A recent paper has reported the selective synthesis of 1-alkenes over highly re¬ 

duced zeolite-entrapped cobalt clusters.*’ Mixed metal-zeolite catalysts, in gen¬ 

eral, produce higher amounts of aromatics and gasoline-range hydrocarbons 

through the interception of intermediates.*”**” Liquefied petroleum gas, princi- 
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pally ethane and propane, can be produced with a molybdenum-based alkali- 

promoted catalyst.*’ 
The unique selectivity of rhodium to catalyze the formation of oxygen-containing 

compounds is a potentially promising possibility for practical utilization. When pro¬ 

moted by transition-metal oxides, rhodium is highly selective in the formation of 

oxygenates (ethanol, acetaldehyde).'^*'’ An even more attractive transformation is the 

direct synthesis of ethylene glycol from synthesis gas. The reaction was demonstrat¬ 

ed using rhodium, cobalt, and ruthenium carbonyls.***’ Although highly economical, 

this application is far from practical.** 
Of the technological modifications, Fischer-Tropsch synthesis in the liquid phase 

(slurry process) may be used to produce either gasoline or light alkenes under appro¬ 

priate conditions”’* in a very efficient and economical way.*'' The slurry reactor con¬ 

ditions appear to establish appropriate redox (reduction-oxidation) conditions 

throughout the catalyst sample. The favorable surface composition of the catalyst 

(oxide and carbide phases) suppresses secondary transformations (alkene hydro¬ 

genation, isomerization), thus ensuring selective a-olefin formation.''® 

A modification of the Fischer-Tropsch synthesis is the Kblbel-Engelhardt reac¬ 

tion, which converts carbon monoxide and water to hydrocarbons [Eq. (3.23)] by 

combining two processes.” The water-gas shift reaction [Eq. (3.5)] produces hydro¬ 

gen, which then reacts with carbon monoxide in the normal Eischer-Tropsch reac¬ 

tion [Eq. (3.4)] to yield hydrocarbons. 

3n GO + n H2O ^ 2nC02 (3.23) 

All metals that are active in Fischer-Tropsch synthesis may be employed in the 

Kolbel-Engelhardt reaction as well. Iron, cobalt, and nickel were found to be the 

best catalysts. Product composition in the Kolbel-Engelhardt reaction differs signif¬ 

icantly from that of Eischer-Tropsch synthesis. Since the hydrogen partial pressure 

is much lower in the former process, all hydrogen-consuming transformations are 

retarded. As a result, olefins and alcohols, the primary products in the 

Eischer-Tropsch synthesis, are not reduced and are formed in much larger amounts 

in the Kblbel-Engelhardt reaction. Even methanation on nickel is suppressed to only 

about 25% of hydrocarbons produced. Reaction in the liquid phase in a slurry reac¬ 
tor provides the best operating conditions.’* 

Methanation, or the transformation of CO to methane''^”-'''* [Eq. (3.1), reverse 

process], was developed in the 1950s as a purification method in ammonia synthe¬ 

sis. To prevent poisoning of the catalyst, even low levels of residual CO must be re¬ 

moved from hydrogen. This is done by methanation combined with the water-gas 

shift reaction.*®”''® In the 1970s the oil crises spurred research efforts to develop 

methods for substitute natural-gas production from petroleum or coal via the metha¬ 
nation of synthesis gas.*®”” 

The same catalyst compositions, used in the more important methane steam re¬ 

forming [Eq. (3.1), forward reaction], may be used in methanation, too.''^ All Group 

VIII metals, and molybdenum and silver exhibit methanation activity. Ruthenium is 

the most active but not very selective since it is a good Eischer-Tropsch catalyst as 
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well. The most widely used metal is nickel usually supported on alumina or in the 

form of alloys'^'^*"''' operating in the temperature range of 30(>-400°C. A himetallic 
ruthenium-nickel catalyst shows excellent characteristics. 

The methanation reaction is a highly exothermic process (A// = -49.2 kcal/mol). 

The large reaction heat does not cause problems in the purification of hydrogen for 

ammonia synthesis since only low amounts of residual CO are involved. In metha¬ 

nation of synthesis gas, however, specially designed reactors, cooling systems, and 

highly diluted reactants must be applied. In adiabatic operation less than 3% of CO 

is allowed in the feed.“ Temperature control is also important to prevent carbon de¬ 

position and catalyst sintering. The mechanism of methanation is believed to follow 
the same pathway as that of Fischer-Tropsch synthesis. 

Isosynthesis is a potentially important variation of the Fischer-Tropsch synthesis 

since it yields mainly branched C^-C^ paraffins.^ '° '°'''“ Most of the pioneering work was 

carried out by Pichler and coworkers.They observed that certain nonreducible 

tetravalent oxides (thoria, zirconia, ceria) exhibited activity in the reaction producing 

primarily isobutane. The optimum operating conditions for isosynthesis on thoria are 

375^75°C and 300-600 atm. Alcohols are the main products at lower temperatures, 

whereas methane and dimethyl ether predominate at higher temperatures. Alumina pro¬ 

duces only a minor amount of branched hydrocarbons but enhances the activity of tho¬ 

ria. A 20% alumina-thoria catalyst with 3% KjCOj gave the best results. 

Rare-earth oxides (La^O^, Dy^O^) have recently been shown to be active in 

isosynthesis.It was also observed that zirconia may catalyze the highly selective 

formation of isobutylene under appropriate conditions."” Two chain growth process¬ 

es, CO insertion into aldehydic Zr—C bonds and condensation between methoxide 

and enolate surface species, were invoked to interpret the mechanism on zirco- 

108,109 Acidity of the catalyst was found to correlate selectivity.This results 

from the enhancement of condensation through the stabilization of the enolate 

species on Lewis acid sites. 

Isoalkanes can also be synthesized by using two-component catalyst systems 

composed of a Fischer-Tropsch catalyst a'nd an acidic catalyst. Ruthenium- 

exchanged alkali zeolites"'’"' and a hybride catalyst"^ (a mixture of RuNaY zeolite 

and sulfated zirconia) allow enhanced isoalkane production. On the latter catalyst 

91% isobutane in the fraction and 83% isopentane in the fraction were pro¬ 

duced. The shift of selectivity toward the formation of isoalkanes is attributed to the 

secondary, acid-catalyzed transformations on the acidic catalyst component of pri¬ 

mary olefmic (Fischer-Tropsch) products. 

3.3. DIRECT COUPLING OF METHANE 

3.3.1. Catalytic Oxidative Condensation 

The oxidative coupling of methane to higher hydrocarbons has received consider¬ 

able attention in recent years. Several review articles,symposia proceed¬ 

ings,and a collection of papers'^ have been devoted to the subject. 

A wide variety of oxides are active in the oxidative coupling of methane. In 
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some cases redox metal oxides are used in stoichiometric reaction with methane. 

Since cofeeding of methane and oxygen initially was considered to cause nonselec- 

tive oxidation (i.e., extensive oxidation of methane to carbon oxides), the reaction 

was operated cyclically.With such a reaction strategy, the oxide is first con¬ 

verted to a fully oxidized state by transformation with oxygen. This oxide, then 

contacted with methane in the absence of oxygen, results in the transformation of 

methane and partial reduction of the metal oxide. Of the active oxides producing 

ethane and ethylene as major products above 600°C, supported manganese oxide'^'' 

and lead oxide”“"'^^ gave the best results. In addition, oxides of Sn, Sb, and Bi also 

exhibited good characteristics. 

Later studies demonstrated that cyclic operation was not necessary for the attain¬ 

ment of high product selectivities. High selectivities could be obtained on suitable 

catalysts with contemporaneously fed methane and oxygen in the continuous, cata¬ 

lyst-mediated oxidative coupling of methane. A large-scale catalyst screening and 

evaluation examining the majority of simple oxides demonstrated that a wide range 

of basic oxides can be effective. The most active catalysts are the nonreducible 

Group IIA metal oxides.Other good catalysts are supported alkali oxides'” '^*' 

and carbonates.It was also observed that Group IIA oxides, when promoted 

with Group lA cations, gave increased activity and selectivity.'^*'” Chloride salts 

and chlorine compounds have similar beneficial effects.Certain lanthanide 

sesquioxides (La^Oj, Sm^O^) also show considerable activity in converting methane 

to C^ hydrocarbons. 

These catalysts function optimally in the temperature range 650-800°C. The 

products observed in the reaction are C^H^, C^H^, CO, CO^, H^, Hp, and some high¬ 

er hydrocarbons. CH^OH and CH^O are also found in trace amounts. Many of these 

oxides give remarkably similar conversion-selectivity results, suggesting a common 

active site and reaction mechanism. It was also found that the C^ selectivity decreas¬ 

es almost linearly with increasing methane conversion, usually achieved by increas¬ 

ing the oxygen concentration in the feed. This is formulated as the “100% rule,”"^ 

indicating that methane conversion and C^ selectivity roughly sum to 100%. 

At low conversions, using reaction mixtures of high CH^ : ratio, selectivities 

of < 70% may be obtained. In fixed-bed flow reactors a C^ selectivity of 50% may be 

achieved at a conversion level of 40% at atmospheric pressure.'” yields in the 

range 20-25% are usually achieved. A yield slightly better than 50% (80% selec¬ 

tivity at 65% methane conversion, above 700°C, Sm^j catalyst), however, has been 

reported.'^" A special technique, a separative chemical reactor simulating a counter- 

current chromatographic moving bed, has been applied. Another recent technical 

modification has resulted in even higher yields.In this case methane coupling is 

carried out in a gas recycle electrocatalytic or catalytic reactor over silver catalysts 

(800°C, Ag on YjOj—ZrO^ or Ag on Sm^O^ doped with CaO) and the recycle gas 

passes through a Linde 5A molecular sieve. Since the product hydrocarbons are 

trapped, they are protected from further oxidation, thus ensuring high yields and se¬ 

lectivities (total yields up to 88%, ethylene yields < 85%, ethylene selectivities 

< 88% for methane conversion < 97%). 

At present, there is general agreement that the primary function of the catalysts in 
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oxidative coupling of methane is to form methyl radicals. Considerable evidence at¬ 

tained by electron paramagnetic resonance'^^'^', mass spectroscopy,'^^ and isotopic 

labeling studies''^''' indicates that methyl radicals produced in a heterogeneous 

process are the primary intermediate in the production of ethane. Methyl radicals are 

formed in a direct route with the involvement of surface oxygen (0“) [Eq. (3.24)]. 

Alternatively, an acid—base process with the interaction of oxygen ions of low coor¬ 

dination number (O^-) with methane may form a methyl anion that then reacts fur¬ 
ther with molecular oxygen to give methyl radical'=^'’« [Eq. (3.25)]. 

CH4 + Og ► -01-13 + -OH (3.24) 

CH4 + 0% -CH3' + HO' » • CH3 + O2 (3.25) 

It was also concluded, however, that a homogeneous (noncatalytic) route is also 

available, which results in product distributions very similar to those obtained with 

most catalysts. Presumably, this reaction path also involves methyl : 

CH4 + O2 -► -CHg + HOO- (3.26) 

Methyl radicals formed in surface reactions enter the gas phase and form ethane, 

the primary coupling product [Eq. (3.27)]. A heterogeneous route, however, cannot 

be ruled out, either. Similarly, ethane can dehydrogenate to ethylene either in a ho¬ 
mogeneous or in a surface reaction. 

2 -CHg -► CgHg (3.27) 

Most mechanistic studies have focused on the elucidation of the role of alkali pro¬ 

moters. The addition of Li^ to MgO has been shown to decrease the surface area and 

to increase both methane conversion and selective production.As was men¬ 

tioned, however, besides this surface-catalyzed process, a homogeneous route also 

exists to the formation of methyl radicals.The surface active species on lithium- 

doped catalysts is assumed to be the lithium cation stabilized by an anion vacancy. 

The methyl radicals are considered to be produced by the interaction of methane with 

0“ of the [Li'^O ] center'^'’"'^ [Eq. (3.28)]. This is supported by the direct correlations 

between the concentration of [Li^O'], and the concentration of‘GHj and the methane 

conversion, respectively. The active sites are then regenerated by dehydration [Eq. 

(3.29)] and subsequent oxidation with molecular oxygen [Eq. (3.30)]. 

CH4 + [Li^O ] -► ■CH3 + [Li+OH'] (3.28) 

2 [Li^OH ■] -► [Li 2^0'] + H2O (3.29) 

[Li2^0'] + 0.5 O2 -► 2[Li'" O'] (3.30) 
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Quenching experiments revealed the presence of the superoxide on the La^O^ 

surface formed by chemisorption of oxygen,'*’ which can also induce hydrogen ab¬ 

straction according to [Eq. (3.31)]. ^ 

CH4 + O2 -► -CHg + HOO' (3.31) 

In the very complicated reaction system, selectivities are determined by many re¬ 

action variables affecting different competing homogeneous and surface-catalyzed 

transformations. For example, the total oxidation of the CH^ radical to carbon ox¬ 

ides is known to proceed through peroxy radicals formed in the gas phase. The for¬ 

mation of methoxy species in a surface reaction may also play a role in this process. 

The overall selectivity to compounds is thus determined by the relative rates of 

the combination of CH^ radicals [Eq. (3.27)] and their reaction with oxygen mole¬ 

cules [Eq. (3.32)] or with surface O” [Eq. (3.33)] to form methyl peroxy radical and 

surface methoxy species, respectively. 
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■CH3 + [Li-^O'] -►[Li^OCHal + CO;, (3.33) 

Most experimental observations demonstrate that ethylene is formed by further 
oxidation of: 

-► -CgHs + -OH (3.34) 

•C2H5 + 02- - ^ C2H5O + © (3.35) 

C2H50- -► CH2=CH2 + OH' (3.36) 

In general, the ethylene-to-ethane selectivity is governed by the relative rates of 

the processes shown in Scheme 3.1. Here, combination of methyl radicals (step 2) is 

a homogeneous process, but all other steps can be both homogeneous and heteroge¬ 

neous."* It was also found that further oxidation of the products (steps 4 and 6) 

becomes important only with increasing concentration in the system. 

Scheme 3.1 
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During the high-temperature operation of methane coupling catalysts, a number 

of components in the multiphase systems (lead, alkalis, chlorine) are susceptible to 

evaporation. Recent efforts have concentrated on the preparation of stable catalyst 
formulations with increased activity and selectivity. 

At present, it seems that the doping cation serves to create an active center for hy¬ 

drogen removal from methane, and to inhibit secondary reactions with the host 

oxide. Further clarification of many details of oxidative methane coupling is still 

necessary.*®* As for industrial applications, economic evaluations indicate'®**'™ that 

direct oxidative coupling of methane is feasible at conversions of about 35% and 

selectivities in the range of 85%, corresponding to yields about 30%. Since these 

values are not achieved yet commercialization requires further developments. 

Changing economic conditions, however, may open the possibility of industrial ap¬ 

plication even with the current process characteristics. 

The radical coupling reaction can also be effected by chlorination. Benson 

found''" '™ that with short contact times (0.03-0.3 s) above 930°C methane gave eth¬ 

ylene (as well as aromatics and chlorinated products). As in the chlorinative cou¬ 

pling, HCl is the byproduct of the reaction, and its oxidative recycling is a major and 

not satisfactorily resolved problem. Modifications of the original Deacon process 

are explored to this effect. 
Oxidative carbocationic condensation of methane under superacidic conditions 

was first achieved in the late 1960s. Olah et al.'" '™ observed that when methane was 

introduced into SbFj-containing superacids, and higher alkyl cations were ob¬ 

tained. As the initial reaction [Eq. (3.37)] is endothermic, it became apparent that the 

superacid oxidatively helped to remove (as HF). The oxidative condensation to 

yield C^-C^ hydrocarbons can be achieved by reacting methane and oxygen over bi¬ 

functional oxide catalysts (WO3 on AiPj),'" '™ or methane is reacted in the presence 

of ethylene, acetylene, oxygen, or halogens catalyzed by superacids (SbF^, TaF^, 

TaFj on Nafion-H).'" '™ 

2CH4 -► C2H6 + H2 ah =-15.5kcal/mol (3.37) 

3.3.2. High-Temperature Self-Coupling 

Thermal dehydrogenation of methane to yield hydrocarbons, predominantly 

acetylene, is favorable only at temperatures above 1200°C. The process takes 

advantage of the fact that, in contrast to the behavior of other hydrocarbons, the 

free energy of formation of acetylene decreases at higher temperatures. 

Although acetylene is more stable than other hydrocarbons under these condi¬ 

tions, this is only a very temporary advantage. Even at this high temperature, 

acetylene is less stable than its component elements. Flence, the contact time 

must be very short. The stabilization of acetylene requires rapid cooling to pre¬ 

vent its decomposition to carbon, hydrogen, and condensation products. The de¬ 

composition of methane to its elements begins at relatively low temperature, at 

about 600°C. Hence, this decomposition proceeds in competition with the for¬ 

mation of acetylene. 
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Several basic processes are used in practical application.”®''*' The electric-arc 

technology supplies the high cracking temperatures (1500°C) rapidly, relies on 

short contact time (several milliseconds), and the product mixture is rapidly 

quenched with water to about 250°C. The conversion of methane to hydrocar¬ 

bons is relatively low (10-20 vol%), but it generates higher quantity of acetylene 

compared with other processes. The thermal cracking, also called regenerative 

furnace pyrolysis or the Wulff process, is more flexible considering operating 

conditions. It can be made to deliver mainly either acetylene or ethylene. The 

residual gas after separation of the hydrocarbons is burned to reheat the pyrol¬ 

ysis furnace. 
The most important processes nowadays to produce acetylene are the partial 

combustion technologies.'™'"" They are flame processes and involve the combustion 

of the feedstock or the residual gas to yield the necessary energy to attain the re¬ 

quired high temperature. Combined yields of acetylene and ethylene can reach 50% 

with an ethylene : acetylene ratio of 0.1 to 3. 

3.4. HYDROCARBONS THROUGH METHANE DERIVATIVES 

3.4.1. Hydrocarbons through Methanol 

Methanol Synthesis. The transformation of synthesis gas to methanol [Eq. 

(3.38)] is a process of major industrial importance. From the point of view of 

hydrocarbon chemistry the significance of the process is the subsequent conversion 

of methanol to hydrocarbons (thus allowing Fischer-Tropsch chemistry to become 

more selective). 

CO + 2H2 - ~ CH3OH AH 298 =-21.7 kcal/mol (3.38) 

Since other possible transformations, such as formation of dimethyl ether, higher 

alcohols, and hydrocarbons, are accompanied with higher negative free-energy 

change, methanol is thermodynamically a less probable product. Therefore, solely 

on a thermodynamic basis, these compounds as well as methane should be formed in 

preference to methanol. To avoid the formation of the former compounds, the syn¬ 

thesis of methanol requires selective catalysts and suitable reaction conditions. 

Under such conditions, methanol is the predominant product. This indicates that the 

transformations leading to the formation of the other compounds are kinetically con¬ 

trolled. In the methanol to hydrocarbon conversion dimethyl ether generally is con¬ 

verted similarly to methanol. 

An industrial process to produce methanol from carbon monoxide and hydrogen 

was developed by BASF in 1923 using a zinc oxide-chromia catalyst.'*^'” Since this 

catalyst exhibited relatively low specific activity, high temperature was required. 

The low equilibrium methanol concentration at this high temperature was compen- 
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sated by using high pressures. This so-called high-pressure process was operated 

typically at 200 atm and 350°C. The development of the process and early results on 
methanol synthesis were reviewed by Natta.'*"' 

The high-pressure synthesis was superseded in the 1960s by the ICI low-pressure 
method after introducing Cu-ZnO-based catalysts-'^^'^^^'se Conditions applied in 

this technology are 50-100 atm and 220-250°C. A similar process was developed 

by Lurgi employing a CuO-ZnO catalyst.Since copper-based catalysts are 

sensitive to sulfur and chlorine in the feed, a precondition for their industrial appli¬ 

cation is the use of high-purity synthesis gas prepared from methane. At present the 

low-pressure technology dominates the worldwide production of methanol. The in¬ 

troduction of copper-based catalysts spurred an intense research activity resulting in 
several review articles on the topic. 

The low-pressure methanol synthesis process utilizes ternary catalysts based on 

copper, zinc oxide, and another oxide, such as alumina or chromia, prepared by co¬ 

precipitation. Cu-ZnO-AiPj and Cu-ZnO-Crp^ are usually the most important in¬ 

dustrial catalysts. A significant advance was made when a two-stage precipitation 

was suggested in which ZnAl^O^ a crystalline zinc aluminate spinel was prepared 

prior to the main precipitation of copper-zinc species.'” This alteration resulted in 

an increase in catalyst stability for long-term performance with respect to deactiva¬ 

tion. Catalyst lifetimes industrially are typically about 2 years. 

The Cu-ZnO binary catalyst has been known to exhibit high activity in methanol 

formation at low temperature, but fast deactivation prevented commercialization.'” 

The addition of a third component, however, results in stable catalyst activity. The 

primary functions of the noncopper components are to enhance dispersion of copper, 

and to maintain the active phase in a stable dispersion and with suitable physical 

strength. 

The low-pressure copper catalysts are very selective for the synthesis of 

methanol. Under industrial conditions on the Cu-ZnO-Al^O^ catalyst, the selectivity 

is typically greater than 99%. The impurities formed include hydrocarbons, higher 

alcohols, ethers, ketones, and esters. These, as well as any water formed, can easily 

be removed by distillation to give very pure methanol. 

Although numerous investigations have been performed on methanol synthesis 

catalysts, the structure of the active catalysts, the nature of the active sites, and the 

reaction mechanism are still subjects of considerable controversy. 

Originally it was proposed that the active centers in methanol formation are Cu^ 

species dissolved in and strongly interacting with the ZnO (Cr^O^) phase with Al^O^ 

playing a role as a dispersant of this active Cu^-ZnO phase.Recent spectroscop¬ 

ic evidence lends additional support to this suggestion.'” Photoelectron spec¬ 

troscopy indicates the development of positive charge on CO adsorbed on Cuf This 

activates the CO for nucleophilic attack by hydride ion present on ZnO surfaces as a 

result of heterolysis of H^. The rate-determining step is suggested to be the forma¬ 

tion of adsorbed formaldehyde complex. The role of Cu+is to lower the activation 

barrier not only electrostatically but also by further stabilization of subsequent tran¬ 

sition states. 
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In contrast, certain results indicate that the active centers are located exclusive¬ 

ly on metallic copper particles, and that the activity is directly proportional to the 

copper surface of the metal particles.Thi§ linear relationship is practically in¬ 

dependent of the type of support used. However, there are conflicting reports sug¬ 

gesting no general correlation between the activity and the copper surface 

area.^“"“’' 
An increasing number of observations also point to the existence of support ef¬ 

fects indicating that the support may influence the activity of the catalysts in ways 

other than by simply increasing the copper surface area.’'''-^^^'*'^* Zinc oxide, for ex¬ 

ample, has been proposed to play the role of a reservoir for atomic hydrogen. 

Hydrogen spillover from copper to ZnO and the facile migration of hydrogen atoms 

from ZnO to the copper surface would enhance the rate of methanol synthesis. 

It was also suggested that an electronic interaction between small metal particles and 

encapsulating oxide creates surface oxygen-ion vacancies proposed as sites for 

methanol formation.^" 

Two basic mechanisms have been proposed to interpret methanol formation in 

the CO -F H^ reaction. When carbon monoxide adsorbed on the copper surface is hy¬ 

drogenated by the stepwise addition of hydrogen atoms [Eq. (3.39)] the principal in¬ 

termediate is a surface formyl species (4). 
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Another possibility is the insertion of CO into a surface OH group [Eq. (3.40)] to 

form a surface formate (5). Subsequent reactions lead to surface methoxy (6) and, 
eventually, to methanol and reformation of the surface OH group. 
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To exhibit such an active and selective catalytic effect the catalyst must be a fair¬ 

ly good hydrogenation catalyst that is able to activate molecular hydrogen. It must 

also activate carbon monoxide without dissociating it. A nondissociative chemisorp¬ 

tion permits the hydrogenation of carbon monoxide to occur on both oxygen and 

carbon. Considering the formation of surface methoxide in the second mechanism 

[Eq. (3.40)], a further requirement is that the catalyst must not form a too stable 
metal methoxide. 
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Most Group VIII metals adsorb carbon monoxide dissociatively and, consequent¬ 

ly, are good Fischer-Tropsch catalysts.^ In contrast, Pd, Pt, Ir, and Cu do not disso¬ 

ciate carbon monoxide. Of these metals, copper'*''-"'^ and recently palladium were 

found to be excellent methanol-forming catalysts.^'^’^'^ On the basis of a comparison 

of the characteristics of these two metals, Ponec strongly favors the involvement of 
Cu^ and Pd"^centers in methanol synthesis.^"' 

Although synthesis gas always contains a certain amount of carbon dioxide, its 

role in the overall transformation was not taken into account until the 1970s. 

Considering the fact that the water-gas shift reaction [Eq. (3.5)] is a principal trans¬ 

formation that occurs over copper-based catalysts, three different routes can exist for 
the formation of methanol. 

The implicit assumption was that hydrogenation of carbon monoxide is the main 

reaction for the formation of methanol. It was observed, however, that an optimum 

proportion of carbon dioxide was needed to achieve maximum methanol yield and 

to prevent catalyst deactivation.'^ Klier attributed these effects to the ability of CO^ 

to maintain an adequate concentration of Cu+ species. It is indicated from recent 

studies that the optimal CO^ : CO ratio corresponds to 6% CO^ in the feed under in¬ 
dustrial conditions. 

Isotope labeling studies furnished a convincing body of evidence to indicate that 

even in the presence of carbon monoxide, only carbon dioxide is converted to 

methanol [Eq. In a review article'"^ Chinchen considers this as the domi¬ 

nant route with CO merely serving as a source of CO^ via the water-gas shift reaction. 

CO2 + 3H2 ■ ~ CH3OH + H2O (3.41) 

Other investigators propose that both direct CO^ hydrogenation and direct CO hy¬ 

drogenation may take place.“°“^“ The controversy over the significance of the differ¬ 

ent routes is not yet properly resolved. It seems clear, however, that certain catalyst 

compositions are known to be more active toward a carbon dioxide-hydrogen mix- 

ture^''^ whereas others exhibit higher activity in the CO + reaction. 

Recent research efforts have focused on the development of other possible catalysts 

such as promoted Raney copper,catalysts prepared from intermetallic precur¬ 

sors,and catalysts that tolerate high CO^ content.^* Catalyst modifications 

allowed investigators to shift the selectivity to the formation of higher alcohols.^'’'^^''"^’ 

For example, in a process developed by IFF a multicomponent oxide catalyst is ap¬ 

plied with copper and chromium as the main components.''^' It has been shown that 

70-75% total alcohol select!vities and 30-50% of C^ and higher alcohol select!vities 

can be achieved at 12-18% conversion levels (260-320 °C, 60-100 atm). 

The current two-step industrial route for the synthesis of methanol, from coal or 

methane to synthesis gas and then from synthesis gas to methanol, has certain draw¬ 

backs. The economic viability of the whole process depends on the first step, which 

is highly endothermic. Thus a substantial amount of the carbon source is burned to 

provide the heat for the reaction. It would be highly desirable, therefore, to replace 

this technology with a technically simpler, single-step process. This could be the di- 
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rect partial oxidation of methane to methanol, allowing an excellent way to utilize 

the vast natural gas resources. Although various catalysts, some with reasonable se¬ 

lectivity, have been found to catalyze this reaction (see Section 8.1.1), the very low 

methane conversion does not make this process economically feasible at present. 

Methanol through intermediate halogenation to methyl halide with subsequent 

gas-phase hydrolysis'^^'^'' and oxidative recycling of HHlg formed in the reaction^^ 

was studied by Olah et al. [Eq. (3.42), route a)]. Bromine was found to be superior 

to chlorine in the process because of the ease of reoxidation of HBr in a catalytic 

cycle. A one step process with the direct formation of oxygenates is also feasible^'* 

[Eq. (3.42), route b)]. 

O2 

f n 
a. Hlg2 HpO 

CH.-► HHIg + CH.,Hlg ——►CHoOHandCHaOCHo (3.42) 
acid catalyst ^ ''catalyst ^ . 33 

_b. HIgg, HgO_f 

acid catalyst 

Methanol Conversion to Hydrocarbons. The conversion of methanol to 

hydrocarbons requires the elimination of oxygen, which can occur in the form of 

HjO, CO, or COj. The reaction is an exothermic process; the degree of exothermicity 

is dependent on product distribution. The stoichiometry for a general case can be 

written as in Eq. (3.43). The products may be alkenes, cycloalkanes, or mixtures of 
alkanes and aromatics. 

nCHaOH -► - [CH2]„- + nH20 (3.43) 

n = 1, 2,... 

When alkanes are the sole products, Eqs. (3.44)-(3.47) represent the principal re¬ 

actions with the formation of water, hydrogen, coke, and carbon oxides as byprod¬ 

ucts. Equation (3.47) describes the formation of aromatics. 

(n+tlCHgOH - ^ QiH2n+2 + ^ + (n+1) H2O (3.44) 

(2n+1) CH3 OH - ^ 2 ^n^2n+2 CO2 + 2nH20 (3.45) 

(3n+1) CH3OH - * 3 CnH2n+2 ■*" CO2 + (3/1—1) H gO (3.46) 

nCHgOH - * ^/7^2n-6 n H 2O + 3 H2 (3.47) 

n =6,7,... 

Methanol can be converted to hydrocarbons over acidic catalysts. However, with 

the exception of some zeolites, most catalysts deactivate rapidly. The first observa¬ 

tion of hydrocarbon formation from methanol in molten ZnCl^ was reported in 1880, 

when decomposition of methanol was described to yield hexamethylbenzene and 

methane.^^5 Significant amounts of light hydrocarbons, mostly isobutane, were 
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formed when methanol or dimethyl ether reacted over ZnCl^ under superatmospher- 

ic pressure.^^* More recently, bulk zinc bromide and zinc iodide were found to con¬ 

vert methanol to gasoline range (C^-CJ fraction (mainly 2,2,3-trimethylbutane) at 
200°C with excellent yield (>99%)“^ 

was also reported to decompose methanol to mixtures of hydrocarbons with 

widely varying compositions.^*”^ Polyphosphoric acid is unique in effecting the 

transformation of methanol under comparatively mild conditions (190-200 

Superacidic TaF^ and related halide catalysts^’^"" condense methanol to saturated 
hydrocarbons of the gasoline range at 300°C. 

Metal molybdates”^ and cobalt-thoria-kieselguhr”' also catalyze the formation 

of hydrocarbons. It is believed, however, that methanol is simply a source of synthe¬ 

sis gas via dissociation and that the actual reaction leading to hydrocarbon formation 
is a Fischer-Tropsch reaction. 

Alumina is a selective dehydration catalyst yielding dimethyl ether at 

300-350°C, but small quantities of methane and hydrocarbons^'^”^ are formed 

above 350°C. Heteropoly acids and salts exhibit high activity in the conversion of 

methanol and dimethyl ether.”*-”^ Acidity was found to determine activity,”*”' 

whereas hydrocarbon product distribution was affected by several experimental 
variables.”®’”^ 

A remarkable discovery made in the 1970s by Mobil researchers was their find¬ 

ing”'* that methanol could be converted to gasoline over the intermediate-size 

shape-selective zeolite ZSM-5. The MTG (methanol-to-gasoline) process devel¬ 

oped by Mobil went on production in New Zealand in 1985. Zeolites, which are 

crystalline aluminosilicates, have a well-defined geometry and reproducible mor¬ 

phology of pores, channels, and cages. They are unique catalysts in their ability to 

discriminate between reactant molecules. As a result, zeolites are able to control 

product selectivities depending on molecular size and shape, known as shape- 

selective catalysis 

In general, medium-pore zeolites (ZSM-5 and ZSM-11) are the best catalysts to 

produce hydrocarbons from methanol. Below 300°C, the main reaction is dehy¬ 

dration of methanol to dimethyl ether. With increasing temperature, however, the 

formation of hydrocarbons with a characteristic product distribution may be 

achieved. The hydrocarbons formed are mainly C^-Cj alkanes and C^-C^ aromat¬ 

ics with very little alkenes. The aromatics are mostly methyl-substituted benzenes. 

The much less than equilibrium concentration of tri- and tetramethylbenzenes and 

the sharp cutoff in product molecular weight are attributed to zeolite shape selec¬ 

tivity. The decrease in reactant partial pressure results in an increasing selectivity 

to alkenes. Similarly, small-pore zeolites, which absorb linear hydrocarbons and 

exclude branched isomers, yield light hydrocarbons, mainly ethylene and propy¬ 

lene. Increasing pressure, in contrast, leads to increasing aromatic substitution, 

giving durene (1,2,4,5-tetramethylbenzene) with especially high selectivity. 

Important additional features of the medium-pore zeolite catalyzed process are the 

high octane number of the product formed and the excellent yields. Medium-pore 

zeolites exhibit an exceptional resistance to coke deposition, ensuring long cata¬ 

lyst life. 
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More recently phosphorus containing zeolites developed by Union Carbide (alu- 

minophosphates, silicoaluminophosphates) were shown to be equally effective in 

methanol condensation.^«^“= ZSM-5 was also shown to exhibit high activity and se¬ 

lectivity in the transformation of Fischer-Tropsch oxygenates to ethylene and 

propylene in high yields.^« Silicalite impregnated with transition-metal oxides, in 

turn, is selective in the production of hydrocarbons (15-50% isobutane and 

8-15% isobutylene). 
Bifunctional acid-based catalysts with no shape selectivity such as WO3 on Al^O^ 

have been found by Olah and coworkers to readily condense methanol or dimethyl 
ether (as well as monosubstituted methanes) to hydrocarbons.^'-'®* Primary products 

are ethylene and propylene, as well as light hydrocarbons, and methane and hydro¬ 

gen. The high yield of methane and hydrogen may be a consequence of some com¬ 

peting thermal reactions. Hutchings and coworkers made further contributions con¬ 

cerning the mechanism.'®''-'™ 
The mechanism of the conversion of methanol to hydrocarbons has been the sub¬ 

ject of substantial studies.'"-"® Despite the intensive research, however, many details 

of this very complex transformation remain unsolved. It now appears generally ac¬ 

cepted that methanol undergoes a preliminary Brpnsted acid-catalyzed dehydration 

step and that dimethyl ether, or an equilibrium mixture of dimethyl ether and 

methanol, acts as the precursor to hydrocarbon formation:'®^ 

2CH3OH 

HP 

CH3OCH3 

lower 
^ alkenes 

acyclic and cyclic 
saturated hydrocarbons, 
higher alkenes, aromatics 

(3.48) 

It is also agreed on that the primary products are ethylene and propylene. Once 

the first alkenes are formed, they can undergo further transformations to higher hy¬ 

drocarbons in one of two ways. Methylation of alkenes will increase the carbon 

chain length one carbon at a time. Oligomerization-transmutation, on the other 

hand, has a much more drastic effect on chain lengthening, leading to redistribution 

of alkenes. Cyclization converts alkenes to cycloalkanes, whereas cyclization and 

hydride ion transfer reactions yield alkanes and aromatics. The ongoing controversy 

on the mechanism concerns the nature of the first Cj-to-C^ conversion, what 

species is involved in the formation of ethylene, and how the first carbon-carbon co¬ 

valent bond is formed. 

A carbenoid-type mechanism with free or surface-bound species formed by a elim¬ 

ination from methanol promoted by the strong electrostatic field of zeolites was pro¬ 

posed first.'®*-'"-"* Hydrocarbons then can be formed by the polymerization of methyl 

carbene, or by the insertion of a surface carbene (7) into a C—O bond"*""®-'™-'*® 

(Scheme 3.2, route a). If surface methoxyl or methyloxonium species are also present, 

they may participate in methylation of carbene"®-"®-'*'-'*' depicted here as a surface ylide 

(8) (Scheme 3.2, route b). A concerted mechanism with simultaneous a elimination 

and sp^ insertion into methanol or dimethyl ether was also suggested.'®*-"®-"* 
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.Si Al + Sk 
/ \ /| 

8 

a. R = H, insertion 

OH-CH.t or H-:|CO-CHr^ 

-H2O or HOCH 3 

-Al + 

2CH3 

ib.R = CH3, methylation \ 

Si> 

Scheme 3.2 

The difficulty in this mechanism is the highly unfavorable endothermic nature of 

the a-elimination of methanol to carbene [Eq. (3.49)] in contrast with the thermody¬ 

namically favored bimolecular dehydration [Eq. (3.50)]. 

CH3OH -► :CH2 + H2O AH = 349.3 kcal/mol (3.49) 

2CH3OH -^ CH3OCH3 + H2O AH =-24.5 kcal/mol (3.50) 

Other mechanisms with the involvement of an incipient methyl cation were also 

proposed.^^''’^*'’^^ An attack of methyl cation released from extensively polarized 

methoxy groups on the carbon-hydrogen bond forms pentacoordinated carbocation 

intermediates, which, in turn, yields ethyl methyl ether after the loss of a proton: 

11+ + CHoOCH 3 
CH3OR kVCH30R 

-ROH 

H3C, 

H' 
-CH2OCH3 

-H+ 
►CH3OCH2CH3 (3.51) 

H 

However, the methyl cation (in itself a very energetic, unprobable species in the 

condensed state) is not expected to attack a carbon-hydrogen bond in dimethyl ether 

(or methanol) in preference to the oxygen atom. The more probable attack on oxy¬ 

gen would lead to the trimethyloxonium ion, which was observed experimental¬ 
ly 268,284 Qf, ||jg action of a basic site the trimethyloxonium ion can then be deproto- 

nated to form dimethyloxonium methylide: 

H3Cv^^^CH3 H3Cv^^^CH2 

CH3OR + CHaOCH, ^ ^ (3.52) 

H CH3 CH3 
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Van den Berg and coworkers suggested an intramolecular Stevens rearrangement 

of the oxonium ylide to ethyl methyl ether to interpret carbon-carbon bond forma¬ 

tion^*'' [Eq. (3.53)]. Olah et al., however, provided evidence (based on isotopic label¬ 

ing studies) that the oxonium ylide undergoes intermolecular methylation to ethyl 

dimethyloxonium ion [Eq. (3.54)] instead of Stevens rearrangement.^* 

r 
CH. 

Stevens 
-r CH.OCHpCH. rearrangement ^ 23 

H3C.. .CH2CH3 

(3.53) 

CH3OCH3 ^ 

-CH30' -H- 
CH- 

CH2=CH2 
+ 

CH3OCH3 

(3.54) 

The oxonium ylide mechanism requires a bifunctional acid-base catalyst. The 

validity of the oxonium ylide mechanism on zeolites was questioned^*"-^*^'^*’ because 

zeolites do not necessarily possess sufficiently strong basic sites to abstract a proton 

from the trimethyloxonium ion to form an ylide. It should be, however, pointed out, 

as emphasized by Olah,^'’*'^**' that over solid acid-base catalysts (including zeolites) 

the initial coordination of an electron-deficient (i.e., Lewis acidic) site of the cata¬ 

lysts allows formation of a catalyst coordinated dimethyl ether complex. It then can 

act as an oxonium ion forming the catalyst-coordinated oxonium ylide complex (9) 

with the participation of surface bound CH^O” ions [Eq. (3.55)]. Einally, 9 can un¬ 

dergo methylation followed by elimination of ethylene. 

cat- 

.CH, 
+/ '^cat-OCH 3 

cat- 

CH. 
-CH3OH 

^/CH3 QH^OCHg 
'O -► cat- 

-^"30- 

^/CHa CH2=CH2 

-0 + (3.55) 

"CH2CH3 ^^30H 

Eree radicals were also proposed to play a role in the conversion of methanol to 

hydrocarbons.^*’’^** Although more recent experimental observations did indeed 

show the presence of some free radicals during methanol transformation, their in¬ 

volvement in the reaction mechanism is doubtful.’*''-’'” Carbon monoxide’"’ and 

ketene’"’ were also suggested to be intermediates in methanol conversion. It has re¬ 

cently been shown, however, that neither of these play any significant role in prima¬ 
ry product formation.’"'' 

A demonstration MTG fixed-bed plant was operated in New Zealand since 1985 

producing gasoline of an octane number of 93, with a typical composition of 32% 

aromatics, 60% saturated hydrocarbons, and 8% alkenes. Since the net process is 

highly exothermic, the reaction was carried out in two stages. First methanol was 

converted over a dehydration catalyst to an equilibrium mixture of methanol, di¬ 

methyl ether, and water. This mixture was then transformed in a second reactor over 

ZSM-5 to hydrocarbons. During the production the yield of hydrocarbons slowly 

increases and the composition slowly changes from an aromatic rich gasoline to an 
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alkene rich gasoline as a result of catalyst deactivation. A fluid-bed process, in turn, 

works under continuous regeneration and produces a constant quality product with 

lower liquid yield and higher olefin yield. Word economy changes, and still 

available cheap oil makes the immediate future of the Mobil or other synthetic hy¬ 

drocarbon processes uncertain. In the long run, however, it is inevitable that synthet¬ 
ic hydrocarbons will play a major role. 

The methanol transformations discussed precedingly can be modified to produce 

a high amount of light alkenes."^*'^”-^”-^*^ The key to achieve this change is to prevent 

olefmic intermediates to participate in further transformations. Such decou¬ 

pling of alkene formation and aromatization can be done by the use of small-pore 

zeolites or zeolites with reduced acidity. Reduced contact time and increased operat¬ 

ing temperature, and dilution of methanol with water to decrease methanol partial 

pressure are also necessary to achieve high alkene selectivities. This approach has 

led to the development of the MTO (methanol-to-olefin) process, which yields 
C^-Cj alkenes with about 80% selectivity. 

An interesting possibility is the further coupling of the MTO process with the 

olefm-to-gasoline and distillate (MOGD) technology to provide another synthetic 

fuel process.In this case the light olefins produced in the MTO process are sep¬ 

arated and then fed to the MOGD unit. High-molecular-weight isoolefins (distillate 

process) or gasoline-range hydrocarbons (gasoline process) can be produced 

through a series of oligomerization, cracking, and polymerization steps over H- 

ZSM-5 catalyst under appropriate conditions (see Section 12.1.1). 

Results have recently been reported to carry out the two-stage process: methanol 

synthesis from synthesis gas and its subsequent transformation to hydrocarbons in a 

single step.^’^’^^'® Dual-function catalysts composed of a metal oxide and an acid com¬ 

ponent can combine the two necessary functions for a single-pass conversion of syn¬ 

thesis gas to hydrocarbons. By producing methanol selectively in the first stage of 

the syngas conversion, the selectivity of the overall Fischer-Tropsch synthesis can 

be significantly improved. However, methanol is still produced from synthesis gas 

in a Fischer-Tropsch-like process necessitating large capital investment and sub¬ 

stantial energy lossses in the highly energy-demanding conversion of syngas. Thus, 

there is substantial interest to achieve methane conversion to hydrocarbons without 

the necessity to first generate syngas. 

3.4.2. Hydrocarbons through Methyl Halides 

It has been demonstrated that methyl chloride or bromide can be dehydrohalogena- 

tively condensed into hydrocarbons over acidic catalysts: 

nCHaCKBr) + nHCI(Br) (3.56) 

One important prerequisite to the application of this reaction in hydrocarbon syn¬ 

thesis is the selective monochlorination of methane. Usual radical chlorination of 

methane is not selective, and high CH^: Cl^ ratios are needed to minimize formation 

of higher chlorinated methanes (see Section 9.2.5). In contrast with radical halo- 
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genation, electrophilic halogenation of methane was shown to be a highly selective 

process.^” 
A range of superacid catalysts such as NbOF/Al^Oj, ZrOF^Al^Oj, SbF^-graphite, 

and TaF-Nafion-H effect the chlorination and bromination of methane 

ZrOF /A1 O gives preferred results in chlorination (96% selectivity at 34% conver¬ 

sion), and SbOFj/AljOj is the best for bromination (99% selectivity at 20% conver¬ 

sion). Supported platinum and palladium catalysts are also very effective with selec- 

tivities also exceeding 90% (99% selectivity at 36% conversion over 0.5% platinum 

on alumina at 250°C, with a feed composition of CH^: C[^= 3 : 1).“^ Solid acids and 

zeolites have recently also been found to be very selective in monochlorination.^®’’^®* 

Hydrogen chloride formed during the chlorination of methane must be oxidized 

to chlorine, either in the oxychlorination of methane^ or in a separate Deacon-type 

operation to allow the process to become economical. This is still difficult to 

achieve. Existing data also show that formation of higher chlorinated methane deriv¬ 

atives is often also a difficulty of the reaction.^“““^ These difficulties can be mini¬ 

mized by using bromine in the catalytic oxidative conversion process. 

Hydrocarbon formation from methyl chloride can be catalyzed by ZSM-S^””®^ or 

bifunctional acid-base catalysts such as WO^ on alumina.^'-^®* The reaction on ZSM- 

5 gives a product distribution (43.1% aliphatics and 57.1% aromatics at 369°C) that 

is very similar to that in the transformation of methanol, suggesting a similar reac¬ 

tion pathway in both reactions.^*^ WO^ on Al^O^ gives 42.8% C^-Cj hydrocarbons at 

327°C at 36% conversion.^®* When using methyl bromide as the feed, conversions 

are comparable. However, in this case, HBr can be very readily air-oxidized to Br^ 

allowing a catalytic cycle to be operated. Since bromine is the oxidant the reaction 

can become economical. The “one-step” oxidative condensation of methane to high¬ 

er hydrocarbons was also achieved in the presence of chlorine or bromine over su- 
peracidic catalysts.'”* 

3.4.3. Hydrocarbons through Sulfurated Methanes 

The ready availability of carbon disulfide from methane and sulfur in oxide- 

catalyzed reactions**’® [Eq. (3.57)] and its further transformation over zeolites***® [Eq. 

(3.58)] or other catalysts offer an alternative way to the production of hydrocarbons 
from methane. 

oxide catalyst 
CH4 + 2S2 -► CS2 + 2H2S (3.57) 

nCS2 + 3nH2 > -[CH2L- + 2nH2S (3.58) 

The transformation of carbon disulfide over ZSM-5 at 482°C leads to the forma¬ 

tion of a mixture of aliphatic (14.8%) and aromatic compounds (20.4% C -C and 

12.4% C^J; the balance is methane.***® It is highly probable that partially reduced 

species (CH^SH, CH^SCH^) participate in the reaction. It is known that CS^ is trans¬ 

formed into such species on acidic catalysts.**** It was also shown that CH SH and 

CH3SCH3 are readily converted to hydrocarbons over ZSM-5**** and bifunctional 

metal oxides.*^' *®* For example, CH3SCH3 is transformed over WO3 on Alp to yield 
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36.2% C^-C^ hydrocarbons at 380°C at 32% conversion.^" The intermediacy of 

reduced species is strongly supported by the observation that a cobalt-promoted 

ZSM-5 gives improved yields of hydrocarbons."^ Cobalt presumably enhances 
the rate of formation of the reduced intermediates. 

It is also significant that the direct oxidative condensation of methane to higher hy¬ 

drocarbons takes place in the presence of over superacidic catalysts, such as TaF^.'^" 
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ISOMERIZATION 

Isomerizations are reversible conversions leading ultimately to a thermodynamic equi¬ 

librium mixture of isomers, or of compounds of the same molecular formula (same 

number and kind of atoms) but with different arrangemen ts. There are three major 

classes of isomers: structural, stereochemical, and conformational. Isomerization of 

saturated hydrocarbons includes skeletal rearrangements and cis-trans isomerization 

of substituted cycloalkanes. Skeletal isomerizations may be classified as chain branch¬ 

ing, that is, transformation of straight-chain compounds into branched isomers; shift of 

substituents, usually methyl groups along a chain or in the ring; ring contraction and 

enlargement; and ring opening of cycloalkanes to form alkenes. Isomerization of 

straight-chain alkanes to branched ones for octane-number enhancement of gasoline 

and that of dialkylbenzenes, such as xylenes, are examples of practical importance. A 

special case of isomerization of saturated hydrocarbons is the racemization of asym¬ 

metric compounds. Besides skeletal rearrangements, alkenes may undergo double¬ 

bond migration and cis-trans isomerization. Dienes and polyenes may be converted to 

cyclic unsaturated hydrocarbons. Thermal and photochemical pericyclic rearrange¬ 

ments are specific, noncatalytic isomerization processes. 

Different catalysts bring about different types of isomerization of hydrocarbons. 

Acids are the best known and most important catalysts bringing about isomerization 

through a carbocationic process. Brpnsted and Lewis acids, acidic solids, and su¬ 

peracids are used in different applications. Base-catalyzed isomerizations of hydro¬ 

carbons are less frequent with mainly alkenes undergoing such transformations. 

Acetylenes and allenes are also interconverted in base-catalyzed reactions. Metals 

with dehydrogenating-hydrogenating activity usually supported on oxides are also 

used to bring about isomerizations. Zeolites with shape-selective characteristics ex¬ 

hibit high activity in the isomerization of hydrocarbons and play an important role in 
refining processes (see Sections 2.1 and 2.2). 
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4.1. ACID-CATALYZED ISOMERIZATION 

The first published report of the isomerization of a saturated hydrocarbon appeared 

in 1902, when Aschan reported' that cyclohexane undergoes isomerization to 

methylcyclopentane with aluminum chloride. Later researchers were, however, un¬ 

able to repeat this work, and it was not until 1933 that their failures were, as dis¬ 

cussed subsequently, explained by Nenitzescu and coworkers.^'^ 

Ipatieff and Grosse'' showed in 1936 that n-butane is isomerized to isobutane by 

properly promoted aluminum chloride. The importance of isobutane in the alkyla¬ 

tion of alkenes and the possibility of converting n-alkanes of low octane values into 

branched high octane alkanes for gasoline quickly resulted in much research that 

furnished information of both theoretical and industrial importance.^"" 

4.1.1. Alkanes 

Alkane isomerization equilibria are temperature-dependent, with the formation of 

branched isomers tending to occur at lower decrease in temperatures (Table 4.1). 

The use of superacids exhibiting high activity allows isomerization at lower temper¬ 

ature. As a result, high branching and consequently higher octane numbers are at¬ 

tained. Also, thermodynamic equilibria of neutral hydrocarbons and of derived car- 

bocations are substantially different. Under appropriate conditions (usually acid 

catalysts, longer contact time) the thermodynamic equilibrium mixture of hydrocar¬ 

bons can be reached. In contrast, quenching a reaction mixture in contact with ex¬ 

cess of strong (super)acid can give a product distribution approaching the thermody¬ 

namic equilibrium of the corresponding carbocations. The two equilibria can be very 

Table 4.1. Temperature-dependent isomerization equilibria 
of C^-Cj alkanes’^ 

Equilibria at Temperatures (°C) of 

Alkane 21 100 149 204 

Butanes 

n-Butane 15 25 35 43 

Isobutane 85 75 65 57 

Pentanes 

n-Pentane 5 15 22 29 

2-Methylbutane 95 85 78 71 

2,2-Dimethylpropane 0 0 0 0 

Hexanes 

n-Hexane 4 11 14 17 

2-Methylpentane 20 28 34 36 

3-Methylpentane 8 13 15 17 

2,2-Dimethylbutane 57 38 28 21 

2,3 - Di methy Ibutane 11 10 9 9 
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different. There is a large energy difference in the stability of primary < secondary < 

tertiary carbocations. Thus, in excess of superacid solution, generally the most stable 

tertiary cations predominate—allowing, for example, isomerization of n-butane to 

isobutane to proceed past the equilibrium concentrations of the neutral hydrocar¬ 

bons, as the tert-butyl cation is by far the most stable butyl cation. 

When aluminum chloride is used as a catalyst in the presence of a promoter or initia¬ 

tor (called promoted aluminum chloride) for the isomerization of n-butane, the product 

is isobutane accompanied by little or no byproducts. On the other hand, isomerization 

of higher-molecular-weight alkanes is accompanied by much disproportionation or 

cracking. n-Pentane yields not only isopentane but also butanes and hexanes; similarly, 

n-hexane yields not only isomeric methylpentanes but also butanes, pentanes, and hep¬ 

tanes. With higher alkanes, little isomerization product is obtained; the principal reac¬ 

tion is cracking. In the case of n-pentane and higher alkanes, isomerization accompa¬ 

nied by little side reaction can be achieved by the addition of certain cracking inhibitors, 

such as benzene, isobutane, methylcyclopentane, or hydrogen under pressure. 

With active halide catalysts and cocatalysts, cycloalkanes containing five or six 

carbon atoms in the ring undergo isomerization quite analogous to those discussed 

for the various types of alkanes. Shift of alkyl groups attached to the ring occurs. In 

addition, there is interconversion of five- and six-membered ring cycloalkanes. At 

100°C either cyclohexane or methylcyclopentane is isomerized to an equilibrium 

mixture containing 33.5% methylcyclopentane.’^ 

Cyclopropanes and cyclobutanes are not produced by isomerization of cyclopen¬ 

tane. Cycloheptane is irreversibly isomerized to methylcyclohexane by promoted 
aluminum chloride''* or bromide.'^ 

Methylcyclohexane undergoes little isomerization when treated with aluminum 

halides because the equilibrium between the dimethylcyclopentanes and methylcy¬ 
clohexane greatly favors the latter. 

Isomerization of alkylcyclopentanes or alkylcyclohexanes in which the alkyl 

group consists of at least two carbon atoms yields methyl-substituted cyclohexanes. 

For example, at 50°C, j’ec-butylcyclopentane produced trimethylcyclohexanes but 

no propylcyclohexane.'® In another study n-, sec-, or tert-butylcyclohexanes at 

150°C were almost quantitatively converted to tetramethylcyclohexanes.'^ 

Concentrated sulfuric acid does not catalyze the isomerization of n-alkanes; nei¬ 

ther does silica—alumina. On the other hand, each does isomerize methylpentanes 

and higher alkanes that possess tertiary carbon atoms, the isomerization occurring 

by formation of alkanes containing tertiary carbon atoms in new positions [Eq. 

(4.1)]. The isomerization activity of sulfuric acid strongly depends on its concentra¬ 
tion'" with the highest activity at 99.8%. 

9H3 
H2SO4 

CH3CHCH 2CH2CH3 CH3CH2CHCH 2CH3 (4.1) 

Neither isomerization initiators nor cracking inhibitors need to be present when 

isomerization occurs in the presence of these acidic catalysts. Disproportionation 
does not accompany the isomerization. 
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A tertiary carbon atom is also a prerequisite in the isomerization of cycloalkanes 

in the presence of sulfuric acid. Cyclopentane and cyclohexane, consequently, do 

not react. The ring usually does not contract or enlarge. Ethylcyclopentane, howev¬ 

er, undergoes ring enlargement to form methylcyclohexane."' The reaction is chiefly 

limited to shifting of alkyl (usually methyl) groups around the ring. The cis and 

trans isomers of 1,2-, 1,3-, and 1,4-dimethylcyclohexane undergo rapid epimeriza- 

tion and slow methyl shift at 25°C when treated with 99.8% sulfuric acid."* 

Recent studies have focused on the use of superacids in isomerization.^’^' An im¬ 

portant advantage of these catalysts is that they may be used at lower temperature 

because of their greatly increased ability to bring about carbocationic process. For 

example, aluminum chloride, still one of the important isomerization catalysts in in¬ 

dustry, can be used at about 80-100°C. In comparison, superacids are active in al¬ 

kane isomerization at room temperature or below. In addition to avoid side reactions 

under such conditions, lower reaction temperatures favor thermodynamic equilibria 

with higher proportion of branched isomers, which is fundamental in increasing the 
octane number of gasoline. 

Isomerization of alkanes not possessing tertiary hydrogens is slow when relative¬ 

ly weak superacids such as CF^SO^H are used. In such cases electrochemical oxida¬ 

tion or the addition of alkenes can initiate isomerization through promoting the ini¬ 

tial formation of carbocations.^ Solid superacids have the further advantages of easy 

handling and convenient separation. Over an ShF^-intercalated graphite catalyst 

below 0°C isomeric hexanes undergo highly selective isomerization without signifi¬ 

cant cracking to give an equilibrium mixture of isomers.^^’^'' The interconversion of 

cyclohexane and methylcyclopentane takes place similarly at room temperature.^^ 

Oxides treated with Lewis acids can also be very active and selective.^^' ShF^-TiO^ 

and SbF -TiO^-SiO^ exhibited the best activity and selectivity in the isomerization 

of butane.^ 
Isomerization of straight-chain alkanes (as well as cycloalkanes and alkylaromatics) 

can be effected by catalysts consisting of a Lewis acid (SbF^, TaF^, NbF^) and a Brpnsted 

acid (CFjCOOH, CF^SOjH).^’ n-Hexane reacts at 25°C and 1 atm to yield isomeric hep¬ 

tanes (21%) and hexanes (50%) with the latter containing 30% of dimethylbutanes. 

Fluorosulfuric acid and related superacids were found by Olah to be efficient 

in the important n-butane-isobutane isomerization.The isomerization of n- 

butane in HSO3F containing 2-5% HF gives a 70% conversion to isobutane under 

very mild conditions (flow system, room temperature, 10-30-s contact time).^*^ 

Initiators such as butyl fluorosulfates or butyl fluorides (also formed in situ when 

small amounts of butenes are added as promoters) accelerate initial isomeriza¬ 

tion. A unique characteristic of this isomerization is the limitation of carboca- 

tions to undergo P cleavage, resulting in cracking. In contrast with these observa¬ 

tions, the even stronger HF-ShF^ superacid is an inefficient isomerization 

catalyst for butane; it causes extensive hydrocracking through direct carbon- 

carbon bond protolysis.” 
A related superacidic method was also developed to upgrade natural-gas liq¬ 

uids (accompanying methane in many natural gases in significant amounts). 

Isomerization of the straight-chain alkanes they contain to highly branched 
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isomers is achieved by HF-BF^ catalyst.^' At the same time there also take place 

alkylative processes enhancing branched components without significant 

hydrocracking (which would increase unwanted volatility). Small amounts of 

alkenes (preferably butenes) accelerate the Upgrading process. This is explained 

by facilitating the initial formation of essential concentration of carbocations. 

Further improvement was achieved when applying some hydrogen gas pressure, 

which substantially suppresses side reactions (cracking, disproportionation). 

Since hydrogen controls the amount of hydrocarbons entering into the catalyst 

phase, secondary transformations of product hydrocarbons are also minimized. 

Finally, the volatility of the HF-BF^ catalyst system allows for easy recovery and 

recycling. 

All polycylic hydrocarbons under strongly acidic conditions undergo a unique 

isomerization to give adamantane.^^”^'' The adamantane rearrangement was discov¬ 

ered by Schleyer in connection with the catalytic interconversion of endo- and exo- 

trimethylenenorbornane”"^^ [Eq. (4.2)]. Although the yield was initially low, the re¬ 

action offered a very convenient way for obtaining adamantane. Diamantane^* and 

triamantane^'' were later obtained by a similar approach from and precursors, 
respectively. 

12-13% 

(4.2) 

Improved yields of adamantane up to 65% were achieved by using superacidic 

systems (HF-ShF^, CFjS020H-B(0S0^CFj)^, various solid superacids),"'*^^ and 

chlorinated Pt on alumina.''^ More recently near-quantitative isomerization with con¬ 

jugate superacids promoted by 1-haloadamantanes as the source of 1-adamantyl 
cation and sonication was reported.'” 

The interconversion of possible isomers to adamantane, the thermody¬ 

namically most stable isomer, is a very complex system. It involves practically 

thousands of carbocationic intermediates via 1,2-hydride, alkyde shifts. The in¬ 

terconversion possibilities were summarized in a complex map of rearrange¬ 
ment graph (“adamantaneland”)."5,46 adamantane rearrangement is now rec¬ 

ognized to be general for polycyclic hydrocarbons with the formula C H 
/ 1 o T\ '*''** 4/1+12 (n= 1, 2, 3). 

Significant efforts were carried out to obtain dodecahedrane via the similar carbo¬ 

cationic isomerization of appropriate polycyclic precursors.Despite the fa¬ 

vorable overall thermodynamics, however, most such efforts failed and only trace 

amounts of dodecahedrane were isolated. Cyclization of the dehydration product 1 

was, however, successful to yield 1,16-dimethyldodecahedrane under strongly acidic 

conditions'*^’^" [Eq. (4.3)]. The unsubstituted parent compound could also be synthe- 

sized^' through the metal-catalyzed isomerization in the presence of of the saturat¬ 

ed polycylic system [l.l.l.l]pagodane in 8% yield (0.1% Pt on Aip^, 315°C). This 

reaction, however, is considered to follow a radical pathway^^ through a series of hy¬ 

drogenation-dehydrogenation steps'***’” (where RT = room temperature). 
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1 

CF3SO2OH 
-► 
CH2CI2, RT 10 min 

Me 

27% 

(4.3) 

MBChsnism. The proven acidity of the effective alkane isomerization catalysts 

suggests that carbocations are involved in acid-catalyzed alkane isomerization. Such 

a mechanism was first proposed by Schmerling et al.^ on the basis of the pioneering 

ideas of Whitmore” for the skeletal isomerization of alkanes and cycloalkanes in the 

presence of aluminum chloride and a trace of olefin or other promoters. 

Subsequently these concepts were used to explain the mechanism of the acid- 
catalyzed isomerizations in general. 

The mechanism can be considered as a chain reaction including an initiation step 

to form the first carbocation [Eq. (4.4)], the isomerization of the intermediate carbo- 

cation [Eq. (4.5)], and propagation (chain transfer) through hydride ion transfer [Eq. 
(4.6)]. 

R-H ^- R^ 

R^ = iso-R-^ 

(4.4) 

(4.5) 

iso-R -I- R~H - iso-R~H + R"^ (4.6) 

The involvement of carbocations accounts for the side reactions that accompany 

isomerization. Carbocations are known to undergo P scission to yield low-molecular- 

weight cracking products. They can also undergo proton elimination to form alkenes, 

which, in turn, participate in condensation (oligomerization), cyclization, and dispro¬ 

portionation reactions. 

Eormation of the initial carbocation depends on the catalyst used. It was shown 

by Nenitzescu^ that no isomerization occurred when pure cyclohexane was contact¬ 

ed with pure aluminum chloride, even at refluxing temperature. However, when a 

trace of water was added to the reaction mixture, isomerization occurred. Careful 

studies also demonstrated that butane, methylcyclopentane, and cyclohexane under¬ 

went isomerization with HCl-AlCl^ or HBr-AlBr^ as the catalysts only when a small 

amount (less than 0.1%) of olefin promoter”” or alkyl halide”'^" was added. The 

added alkene serves as a source of carbocations [Eq. (4.7)] to initiate the chain reac¬ 

tion according to Eq. (4.8). 

-H AlHlga + HHIg AlHIg 4 

CH3CH2CH2CH3 CH 3CH2CHCH 3-1- 

(4.7) 

(4.8) 
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Water participates in carbocation formation^^^ by generating the strong acid 

H[Al(OH)HlgJ,*'^^ which forms a carbocation through an alkyl halide intermedi¬ 

ate® or via direct hydride ion abstraction.® Experiments with heavy water by Pines 

further proved its cocatalytic effect indicating'that HCl (HBr) formed is not the real 

activator.®-®* 
Sulfuric acid, a relatively weak protic acid catalyst, generates carbocations 

through the oxidation of tertiary hydrogen atoms: 

CHo CH3 I 3 I 3 

CH3-CH-CH3 + 2H2SO4 _2 H gO CH3-5-CH3 + SO2 + HSO3O- (4.9) 

The basic information comes from isotope exchange studies of isobutane.®^ 

Exchange of only the primary methyl hydrogens was shown to occur when isobu¬ 

tane reacts with D^SO^, eventually yielding (CDj)jCH. Deuterium exchange was 

suggested to take place via the redeuteration of isobutylene formed in equilibrium 

with the tert-butyl cation [Eq. (4.10)], whereas the tertiary hydrogen derives only 

from intermolecular hydride transfer wih isobutane [Eq. (4.11)]. 

CH3 
I _|-| + D2SO 4 + 

CH3-g-CH3==(CH3)2C=CH2 . . -- (CH3)2CCH2Di=:> (003)30^ (4.10) 

(CH3)3CH 
(CD3)3C" - (CD3)3CH + (CH3)3C^ (4.11) 

In superacids protonation of isobutane leads to pentacoordinate carbocations the 

interconversion of which scrambles all hydrogens inclusive the methine hydrogen 
with initial preference to tertiary C-H exchange:®^ 

DF-SbF, 
(CH3)3CH 

(H3C)3C 
.'H 

'D 

1 + 

(CH3)2CHCH2‘ 
H 

'' D 

+ ■=> (CD 3)300 (4.12) 

The n-butane-isobutane isomerization similarly involves initial protonation of n- 

butane to five-coordinate carbocation (2, Scheme 4.1) followed by loss of H , giving 

the first trivalent carbocation (3). Compound 3 gives isobutane via 1,2-alkyde shift 

involving protonated cyclopropane and 1,2-hydride shiff* (Scheme 4.1). The acid- 

catalyzed isomerization of n-butane thus proceeds through the relatively high-energy 

primary carbocation 4, but this ion de facto is substantially delocalized. Additionally, 

little hydrocracking occurs because of limitation of P cleavage of the intermediate 
butyl cations. 
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+H* 
CH3CH2CH2CH3— 

H2C .-H 

H2C-CH-CH3 

CH3CH2CHCH3 

n + 

+H. -H, 

CH3CH2CHCH3 3 

-1- 

; CH3 

_H2C-CH-CH3_ H2C-CH-CH3 

H-. 

V-CH2 
' 1 

I
 

0
-

 

H2C-CH-CH3. H2C-CH-CH3 

CH. 
-hH' 

CH- 

^H3C-C-CH3=H3C-(|)-CH3 

H 
Scheme 4.1 

The cyclohexane-methylcyclopentane isomerization^' can be depicted as in 

Scheme 4.2. 

Scheme 4.2 
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The isomerization of substituted cyclopentanes and cyclohexanes to polymethyl- 

cyclohexanes similarly occurs by way of a series of consecutive steps including ring 

expansion and contraction. For examplp, the isomerization of j'ec-butylcyclopentane 

in the presence of aluminum chloride at 50°C yields trimethylcyclohexane'® accord¬ 

ing to the following: 

+ 

The intramolecular nature of most carbocationic isomerization was proved by 

means of labeling experiments. [l-’^C]-Propane was isomerized in the presence of 

aluminum bromide promoted by hydrogen bromide to form [2-'^C]-propane. None 

of the propane product contained more than one ‘^C atom per molecule*^. Similarly, 

very little label scrambling was observed in the isomerization of labeled hexanes 

over SbFj-intercalated graphite.^ Thus simple consecutive 1,2-methyl shifts can ac¬ 

count for the isomerization of '^C-labeled methylpentanes (Scheme 4.3). 

Scheme 4.3 

Novel aprotic superacid systems have recently been found by Vol’pin et al. to be 

highly active in alkane isomerization.^ RCOHlg-2AlHlg3 (R= alkyl, aryl, Hlg = Cl, 

Br) complexes, called aprotic organic superacids, were shown to catalyze isomer¬ 

ization of n-butane and n-pentane at room temperature with high selectivity. The 

selective isobutane formation in the presence of AcBr-2AlBr3, for example, ex¬ 

ceeds 88% even when it is close to equilibrium in the reaction mixture. Catalysts 

prepared by the combination of AlBr^ with tri- and tetrahalomethanes 

(CHlg^-nAlBrj and CHHlg^-nAlBrj, Hlg = Cl, Br, n= 1 , 2) effectively isomerize n- 
alkanes into isoalkanes.*^ 

A special case of isomerization is the racemization of optically active compounds 

catalyzed, for example, by sulfuric acid or promoted AlCl^. Thus, treatment of (+)- 

(>5)'3-methylhexane at 60°C with 96% sulfuric acid yields a mixture of racemic 2- 

and 3-methylhexane“ (Scheme 4.4). At lower temperature (0°C or 30°C), racemiza- 
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tion occurs, but shift of the methyl group does not take place. It can be concluded 

that at 60°C methyl migration is faster than hydride abstraction to yield isomeric 

alkanes. At 0°C or 30 °C, hydride transfer occurs before methyl migration and only 

racemic 3-methylhexane is produced. Halosulfuric acids cause selective racemiza- 
tion at even lower temperature.*'' 

H 

Et»-C^Pr 

Me 

(+)-(S ) 

Me 

Scheme 4.4 

4.1.2. Arylalkanes 

Side-Chain Isomerization. Arylalkanes undergo acid-catalyzed isomerization 

in the side chain in a way similar to the skeletal rearrangement of alkanes.^*"’'' There 

are, however, notable differences. n-Propylbenzene, for instance, yields only a small 

amount (a few percentages) of isopropylbenzene.’^ Similarly, 5cc-butyl- and 

isobutylbenzene are interconverted at 100°C with wet AlCl^, but only a negligible 

amount of fert-butylbenzene is formed.’" In the transformation of labeled n- 

propylbenzene, the recovered starting material was shown to have equal amounts of 

labeling in the a and (3 positions of the side chain, but none in the y position.’^ 

These experimental observations were explained by invoking the formation of 

the most stable benzylic carbocation that then undergoes rearrangement via an inter¬ 

mediate phenonium ion (Scheme 4.5). This mechanism accounts for a-p isotope 

scrambling and the low amount of isopropylbenzene is in harmony with the involve¬ 

ment of the primary cation. 

Scheme 4.5 
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Positional Isomerization. A different type of isomerization, substituent 

migration, takes place when di- and polyalkylbenzenes (naphthalenes, etc.) are 

treated with acidic catalysts. Similar to the isomerization of alkanes, thermodynamic 
equilibria of neutral arylalkanes and the corresponding carbocations are different. 

This difference permits the synthesis of isomers in amounts exceeding 
thermodynamic equilibrium when appropriate reaction conditions (excess acid, fast 

hydride transfer) are applied. Most of these studies were carried out in connection 

with the alkylation of aromatic hydrocarbons, and further details are found in 

Section 5.1.4. 
The AlClj-catalyzed isomerization of dialkylbenzenes were studied in detail by 

Allen et al.’^"’* and Olah et al.^''"*^ The equilibrium isomer distributions of representa¬ 

tive compounds are given in Table 4.2. A striking feature is the lack of ortho isomer 

formation in the isomerization of dialkylbenzenes possessing bulky substituents. 
Both intramolecular isomerization (1,2 shift) and an intermolecular process (dis¬ 

proportionation-transalkylation) were observed. Allen found that in the isomeriza¬ 

tion of alkyltoluenes with HCl-promoted AlCl^ transalkylation becomes the domi¬ 

nant process with increasing branching of the substituent.’* Exclusive or dominant 

1,2 shift is characteristic of xylenes and ethyltoluenes. Isomerization of tert-hutyl- 

toluene, in contrast, involves both disproportionation and transalkylation: rerr-butyl- 

toluene transalkylates toluene, which is formed in disproportionation. 

Isomerization of dialkylbenzenes with H^O-promoted AlCl^ (applied neat or in ben¬ 

zene, nitromethane, or CS^) was found to occur by a predominant 1,2 shift accompa¬ 

nied by substantial disproportionation. o-/e/t-Butylalkylbenzenes isomerize at particu¬ 

larly high rates because of steric factors. In addition to a less important 1,2 shift [Eq. 
(4.14)] they undergo a fast, kinetically controlled ortho-para conversion [Eq. (4.15)]. 

Table 4.2. Equilibrium composition of dialkyibenzenes 

Compound 

(Reaction Conditions) % ortho % meta % para Ref. 

Xylenes 

(HCl-AlCl,, toluene, 50°C) 18 61 21 75 

(6 M HF, 0.06-0.10 M BF,, 80°C) 19 60 21 83 
Calculated 18 58 24 84 

Ethyltoluenes 7 66 27 76 
(HCl-AlCl,, toluene, RT) 

Isopropyltoluenes 1.5 69 29.5 77 
(HCl-AlCl,, toluene, 0°C) 

tert-Butyltoluenes 0 64 36 79 
(HjO-AlCl,, benzene, RT) 

Dietylbenzenes 3 69 28 80 
(Hp-AlCl,, RT) 

Diisopropylbenzenes 0 68 32 81 
(Hp-AlCl,, RT) 

Di-tc/T-butylbenzenes 0 52 48 82 
(Hp-AlCl,, CS^, RT) 



ACID-CATALYZED ISOMERIZATION 113 

This process probably takes place through a 7t-complex-type intermediate without the 

complete detachment of the migrating tert-butyl group from the aromatic ring.^''"^ 

(4.14) 

(4.15) 

Interconversion of isomeric xylenes is an important industrial process achieved by 

HF-BFj or zeolite catalysts (see Section 4.5.2). Studies of xylenes and tri- and tetra- 

methylbenzenes showed that the amount of catalyst used has a pronounced effect on 

the composition of isomeric mixtures.^ When treated with small amounts of HF-BF^, 

isomeric xylenes yield equilibrium mixtures (Table 4.2). Using a large excess of the 

superacid, however, o- and p-xylenes can be isomerized to m-xylene, which eventual¬ 

ly becomes the only isomer. Methylbenzenes are well known to form stable a com¬ 

plexes (arenium ions) in superacids, such as HF-BF^. Since the most stable arenium 

ion formed in superacids is the 2,4-dimethylbenzenium ion (protonated m-xylene, 5), 

all other isomers rapidly rearrange into this ion. The equilibrium concentration of pro¬ 

tonated m-xylene in the acidic phase, consequently, approaches 100%. 

As discussed previously for the isomerization of butanes, differentiation must be 

made between thermodynamic equilibria of hydrocarbons and their derived carbo- 

cations. The acidic isomerization of xylenes further emphasizes this point. 
When discussing isomerization of alkylbenzenes it is useful to recollect that the 

alkylbenzenium ion (G complex or arenium ion) intermediates involved are identical 

with those of the alkylation reaction of aromatics [Eq. (4.16)]. As pointed out (see 

Section 5.1.4) alkyl group migration (i.e., isomerization) in these carbocationic in¬ 

termediates can take place with ease, even under conditions where the product di- 

alkylbenzenes themselves do not undergo further isomerization. Kinetically con¬ 

trolled alkylation free of thermodynamically controlled alkyl group migration 

therefore cannot be judged on absence of product alkylbenzene isomerization. 
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(4.16) 

A different product distribution is obtained by shape-selective zeolites.*’** Since 

the diffusion coefficient of p-xylene with its preferred shape into the zeolite chan¬ 

nels is much higher than those of the other two isomers, isomeric mixtures rich in p- 

xylene can be obtained. Intramolecular 1,2-methyl shifts account for methyl migra¬ 

tion under such conditions (Scheme 4.6). 

-H 

Silica-alumina catalysts can be used to establish a near-equilibrium composition of 

xylenes and ethylbenzene in a heterogeneous gas-phase reaction.*^ ring intercon¬ 

versions and 1,2 hydride shifts are involved in this rearrangement™-^^ (Scheme 4.7). 

Scheme 4.7 

Studies of Lewis acid-catalyzed isomerization of alkylnaphthalenes were carried out by 

Olah and Olah in connection with alkylation of naphthalene with alkyl halides.** Methyl-, 
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ethyl, isopropyl-, and fe/t-butylnaphthalene readily undergo isomerization with AlCl in 

CS^ solution. The rate of isomerization and the equilibrium concentration of the P isomer 

were found to increase with increasing branching of the alkyl substituent (Table 4.3). 

HF-BF3 IS also active in the isomerization of dimethylnaphthalenes. Facile in¬ 

tramolecular methyl migration is accounted for by the involvement of intermediate 

dimethylnaphthalenium ions. Intermolecular methyl migration, however, does not 
take place’^ since it would require transfer of unfavorable CH^T 

4.1.3. Alkenes and Dienes 

Double-bond migration, cis-trans isomerization, and skeletal isomerization are the char¬ 

acteristic isomerization transformations of alkenes in the presence of acidic catalysts.*^'" 

Mineral acids, strong organic acids, metal halides, acidic oxides, and zeolites all exert 

catalytic activity. Double-bond migration and cis-trans isomerization are facile transfor¬ 

mations that can be induced under mild conditions (relatively mild acids, low tempera¬ 

ture). Since the thermodynamic stability of alkenes increases with increasing substitution 

on the sp^ carbon atoms, terminal alkenes exhibit the highest reactivity in double-bond 

migration. More forcing conditions, in turn, are required to bring about skeletal re¬ 

arrangement, which may also lead to side reactions (polymerization, cracking). 

Migration of the double bond of terminal alkenes to internal position is favored 

by the equilibria. Thus 1-butene in the presence of activated clay, silica gel, alumina, 

or phosphoric acid on pumice may yield equilibrium product mixtures composed of 

about 20% 1-butene and 80% 2-butenes.''' The main transformation of branched 1- 

alkenes under mild conditions is also double-bond migration. For example, 2,4,4- 

trimethyl-1-pen tene is isomerized to the equilibrium mixture''^ with 20% 2,4,4- 
trimethyl-2-pentene when treated with silica gel at 25°C. 

The isomerization is believed to occur by a carbocation mechanism''" initiated by a 

proton furnished by the catalyst or by an ion (such as an alkyl cation formed by crack¬ 

ing) present in the reaction mixture [Eq. (4.17)]. The proton formed in step 2 may 

restart the cycle. This mechanism accounts for cis-trans isomerization as well, since 

carbocation 6 is the common intermediate of all three isomeric compounds. Earlier 

mechanisms included a proton addition-elimination pathway''^ and the so-called hy¬ 

drogen switch mechanism.'"' It described only double bond migration through a con¬ 

certed hydrogen donation-hydrogen abstraction by a single acid molecule. 

Table 4.3. Equilibration of a-alkyinaphthalenes (AlCI,, CS,)’” 

Equilibrium Composition (%) Reaction Conditions 

Compound a isomer P isomer Temperature (°C) Time (h) 

a-MethyInaphthalene 24.5 75.5 reflux 10 

a-EthyInaphthalene 9.5 90.5 reflux 30 

a-Isopropylnaphthalene 1.5 98.5 0 3 

a-/grr-Butylnaphthalene 0 100 0 0.25 
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In contrast to expectations, the isomerization of 1-butene over a silica—alumina 

catalyst leads to a reaction mixture rich in the thermodynamically unfavored cis-2- 

butene, particularly at low conversions.” This was explained by invoking a bridged 

carbocation that cannot adopt the conformation necessary to the formation of the 

trans isomer and gives exclusively the cis compound. Protonation of the latter after 

readsorption yields the trans compound. Higher-than-unity cis-trans ratios were ob¬ 

served over certain zeolites as well.” 
A comparative study of the isomerization of labeled 1-alkenes over oxide cata¬ 

lysts (CaO, LaPj, ZrO^, M0O3, AiPj) indicated that surface hydroxyl groups do not 

participate in isomerization.” Instead, double-bond migration was found to result 

from an intramolecular hydrogen shift occurring in the alkene adsorbed on a metal 

ion-metal oxide ion pair. 
Skeletal isomerization requires higher temperature and stronger acid catalysts 

than do double-bond migration and cis-trans isomerization. Butylenes, for example, 

are transformed to isobutylene over supported phosphoric acid catalysts.” The equi¬ 

librium mixture at 300°C contains approximately equal amounts of straight-chain 

and branched butenes. Similar studies were carried out with pentene isomers.®^ Side 

reactions, however, may become dominant under more severe conditions. 

In contrast, 3,3-dimethylbutene readily undergoes skeletal rearrangement (over 

specially prepared alumina catalyst free of alkali ions possessing intrinsic acidic 

sites, at 350°C).''’' The extent of isomerization strongly depends on reaction condi¬ 

tions. At low contact time, isomeric 2,3-dimethylbutenes are the main products 

(Scheme 4.8, a) in accordance with the involvement of tertiary carbocation 7. The 

formation of 2-methyl and 3-methylpentenes requires long contact times because of 

the involvement of the primary cation 8. Under such conditions the concentration of 

the latter two compounds is near the equilibrium and only a very small amount of n- 

hexenes is detected (Scheme 4.8, b). This, again, indicates that further isomerization 

of methylpentenes to n-hexenes occurs through a primary cation (9). These distinct 

changes in product distribution strongly indicate that only 1,2 shifts are involved in 

skeletal rearrangement under these conditions. 

a. 21 73 6 
b. 1.9 23 42.6 31 

Scheme 4.8 

1.5 
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There has recently been considerable interest in the selective isomerization of 

butylenes to isobutylene, to satisfy the demand for reformulated gasoline that re¬ 

quires, among others, oxygenate addition. Since MTBE is one of the best oxy¬ 

genates to boost the octane number and is produced from isobutylene, refineries face 

the problem of converting large surplus butylenes into isobutylene. A recent study 

showed that Group VIA (Cr, Mo, W) oxides and alumina are the best catalysts,'®^ ef¬ 

fecting isomerization probably through the formation of 7i-allylic carbanions on 
Lewis acid sites. 

The acid-catalyzed isomerization of cycloalkenes usually involves skeletal re¬ 

arrangement if strong acids are used. The conditions and the catalysts are very simi¬ 

lar to those for the isomerization of acyclic alkenes. Many alkylcyclohexenes under¬ 

go reversible isomerization to alkylcyclopentenes. In some cases the isomerization 

consists of shift of the double bond without ring contraction. Side reactions, in this 

case, involve hydrogen transfer (disproportionation) to yield cycloalkanes and aro¬ 

matics. In the presence of activated alumina cyclohexene is converted to a mixture 
of 1-methyl- and 3-methyl-1-cyclopentene:'®^ 

(4.18) 

Similar isomerization occurs in the presence of silica-alumina-thoria.'®^ As 

might be expected, this reaction is similar to the isomerization of cyclohexane to 

methylcyclopentane. Both processes involve the same intermediate cyclohexyl 

carbocation, which is formed, however, in different reactions. It may be formed 

from cyclohexane by hydride ion transfer, or by protonation of cyclohexene. 

Bicyclic alkenes undergo complex interconversions via carbocations over acidic 

catalysts.'"’ 

Dienes undergo isomerization due to shifts of the double bonds. The reversible 

isomerization of allenes to acetylenes is catalyzed characteristically by basic 

reagents (see Section 4.2.2). Nonconjugated alkadienes tend to isomerize to conju¬ 

gated alkadienes; the conversion is usually accompanied by polymerization. Among 

other catalysts, activated alumina and chromia-alumina may be used to catalyze the 

formation of conjugated dienes. 

Polymerization and disproportionation are the characteristic transformations of 

cyclohexadienes. On the other hand, alkylidenecyclohexadienes undergo isomeriza¬ 

tion to alkylbenzenes when treated under mild conditions:'"" 

acetic acid -t- 
HCI RT 

(4.19) 
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4.2. BASE-CATALYZED ISOMERIZATION 

4.2.1. Alkenes > ^ 

Selective double-bond migration of linear and cyclic alkenes without skeletal re¬ 

arrangement can be brought about by basic reagents.'’®"’” The catalysts required to pro¬ 

mote double-bond migration depend on the acidity of the hydrocarbon. Both homoge¬ 

neous and heterogeneous catalysts can be applied in a very wide temperature range. 

Of the heterogeneous catalysts, organoalkali metal compounds, metal amides, 

and hydrides are used most frequently. Metal hydroxides are effective at rather high 

temperature. 1-Butene, for instance, is transformed on LiOH (440°C), NaOH 

(400°C) and KOH (320°C) to yield 2-butenes with high cis stereoselectivity (initial 

selectivities are better than 73%, 78%, and 94%, respectively).”"' Organoalkali metal 

compounds require lower reaction temperature. For example, sodium-anthracene”^ 

gives cw-2-butene as the main product at 145°C. The preferential formation of cis 

isomers indicating that the initial product distributions are kinetically controlled is a 

characteristic feature of base-catalyzed isomerizations. 

The most active heterogeneous catalysts that are effective at room temperature 

are alkali metals supported on activated alumina. Simple C^-C^ alkenes, for exam¬ 

ple, were shown to yield equilibrium mixtures in short contact time over sodium on 

alumina.”^”® Partial conversion of 1-butene at low temperature and in very short 

contact time (-60 °C, 14 s) led to the stereoselective formation of cij'-2-butene.”^ 

The changes in isomeric composition in the transformation of 4-methyl-1-pentene”^ 

are as follows: 

(4.20) 

Of the various homogeneous systems, metals and amides in amine solvents and 

alkoxides in aprotic solvents are the most active catalysts. Solvents have a profound 

effect on the transformations by affecting aggregation of ions in solution. The most 

widely used systems are lithium organoamides in hexamethylphosphoramide and 
potassium tert-butoxide in dimethyl sulfoxide. 

Cycloalkenes may undergo facile double-bond migration”^ catalyzed by both ho¬ 

mogeneous and heterogeneous catalysts [Eq. (4.21)] establishing equilibrium com¬ 

positions. The rates of exo to endo double-bond migration of methylenecycloalkanes 

in tert-BuOK-DMSO are found to decrease with ring size, with methylenecyclo- 

hexane exhibiting the lowest reactivity (the relative reactivity values for methylene- 

cyclobutane, methylenecyclopentane, and methylenecyclohexane are 1070, 454, and 

1, respectively).”*’”® Higher rings display a slight rate increase. These observations 

are consistent with a rate-determining proton removal and the formation of a planar 

carbanionic transition state. Different steric and torsional strains arising in rings of 

different size affect p-7C overlap; therefore, the relative rates of double-bond migra¬ 
tion may differ considerably. 
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Na on Al 2O3 
-» 
25° C, 24 h 

Q7 R 1 RR n RR 

(4.21) 

Since alkenylarenes are more acidic than simple alkenes, they are more reactive 

to yield isomers with the double bond in conjugation with the aromatic ring'^° [Eq. 

(4.22)]. Most studies concerning the mechanism of base-catalyzed alkene isomeriza¬ 
tion were conducted with alkenylarenes.’^' 

Nonconjugated dienes and polyenes undergo double-bond migration to form the 

most stable conjugated system in the presence of basic catalysts. Dienes in which 

the two double bonds are separated by only one carbon atom exhibit the highest re¬ 

activity. Double-bond shifts in dienes with more separated double bonds take place 

in consecutive steps under catalytic conditions; that is, only the monoanion is 

formed."’^ 

Conjugated linear trienes were reported to undergo cyclization to form seven- 

membered ring systems."^ Cyclic polyenes, in turn, isomerize to yield bicyclic com¬ 

pounds. In the transformation of nonatriene 10 the role of the base was demonstrated 

to catalyze the formation of the conjugated triene [Eq. (4.23)], which then undergoes 

a thermal electrocyclic reaction to give the bicyclic 11 in a disrotatory manner. 

Ote/T-Bu0K^ 

DMSO 

10 

(4.23) 

The experimental observations presented can be explained by a carbanionic 

mechanism with prototropic rearrangement. On heterogeneous catalysts this in¬ 

volves the formation of an ally lie carbanion by proton abstraction"^'^^ [Eq. (4.24)]. 

The carbanion then participates in transmetalation to yield a new anion and the iso- 

merized product [Eq. (4.25)]. 

H 
;B M"- /Q-v 

RCH2CH=CH2 " — RHC-'-'-CH2 -t- BH 

M-'- 

H 

RHC“ "“01-12 + RCH2OH CH2 

M-’- 

RCH=CHCH3 

(4.24) 

(4.25) 
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In homogeneous systems the tight ion pair 12 is formed, the collapse of which de¬ 

pends on the electronic effects and the steric interactions of the substituents. The sta¬ 

bility of this ion pair determines the intramolecularity of the rearrangement.'^’ For 
example, when (+)-3-phenyl-l-butene was isomerized in tert-EuOK-tert-BuOD, 

the recovered starting material was deuterium-free and exhibited the same rotation 

as the starting material, and the product cw-2-phenyl-2-butene contained 0.46 deu¬ 

terium at C(4). This indicates that the isomerization is at least 54% intramolecular.'^® 

Proton migration in perdeutero-l-pentene in terr-BuOK-DMSO was demonstrated 

to proceed almost exclusively in an intramolecular manner.'^" 

H 

RHC- - -CH2 

H 

12 

B 

M-" 

\ / 

C' 
/ V 

H^"-H 
/_ 

B M+ 

13 

H H 
\ / 

H2C- pH 2 

o- 

14 

Much work has been done to interpret the characteristic cis selectivity of base- 

catalyzed isomerizations. In homogeneous systems no correlation was found be¬ 

tween the rates, the nature of cations, the base, and the solvent. The higher thermo¬ 

dynamic stability of the cis allylic anion, therefore, was suggested to account for the 

stereoselectivity observed.'^" Additionally, a stabilizing effect by the migrating pro¬ 

ton via electrostatic interaction as in 13 may contribute to the high cis selectivity. A 

somewhat similar resonance stabilized structure (14) was suggested to account for 

the preferential formation of the cis allylic carbanion over heterogeneous catalysts, 
namely, on sodium on alumina."^"® 

Detailed studies were conducted with ZnO, which is a hydrogenation catalyst and 

effects isomerization without hydrogen.Spectroscopic observationsled to 

the postulation of surface allylic species and, consequently, a 1,3 hydrogen shift was 

suggested to account for isomerization. The 7i-allylic species is formed and stabi¬ 

lized on adjacent acid-base (Zn^"^-0^“) site pairs. The characteristic cis selectivity 

also supports a mechanism similar to that suggested to be effective in homogeneous 
systems. 

4.2.2. The Reversible Acetylene-Allene Transformation 

The first rearrangement involving an acetylenic compound was reported by 

Favorskii'” as early as 1887. He found that when 1-butyne and higher-molecular- 

weight straight-chain 1-alkynes are heated with an alcoholic solution of potassium 
hydroxide, they are isomerized to 2-alkynes: 

RCH2-C=CH 
KOH 

EtOH, 170°C 
R—C=C-CH3 (4.26) 

R = Me. Et. n-Pr 
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The process may be reversed by treating 2-alkynes with sodium to get 1-alkynes 

after acidification of the product. The presence of an alkyl substituent at C(3) of a 1- 

alkyne prevents its isomerization to the corresponding 2-alkyne. Instead, an allene is 

formed [Eq. (4.27)]. This observation led to the suggestion of the involvement of al¬ 

lene intermediates to interpret the shift of the triple bond in the interconversion of 
acetylenes [Eq. (4.28)]. 

Me. 

C=CH 
KOH 

Me 
EtOH, 170°C 

Me^ 

^C=C=CH2 
Me 

(4.27) 

RCH2-C=CH '— RCH=C=CH2 R—C=C—CHg (4.28) 

This transformation, termed propargylic rearrangement, attracted much atten¬ 

tion, and detailed discussions are available in review papers.Suitable reagents 

to bring about this rearrangement are metal alkoxides and metal amides in alcohols 

and dipolar aprotic solvents (DMSO, HMPT), and metal amides in ammonia. 

Reactivities are strongly dependent on the base employed, the solvent, and the reac¬ 
tion conditions. 

Considering the thermodynamic stability of isomeric acetylenes and dienes 1,3- 

dienes, by far the most stable compounds involved in propargylic rearrangements, 

should be formed in the highest amount. They are, however, rarely observed since 

they are formed in a slow reaction. The product distribution, consequently, is kineti- 

cally controlled. 

The order of stability of other isomers is 2-alkyne > 2,3-diene > 1,2-diene > 1- 

alkyne.''*^ The equilibrium product distribution in the system is 1.3% 1-pentyne, 

3.5% 1,2-pentadiene, and 95.2% 2-pentyne.'‘'^ Substitution at any of the sp and sp^ 

hybride carbons increases the stability. Kinetic data seem to indicate that 1,2-dienes 

exhibit the highest rate of isomerization. 2-Alkynes, in contrast, isomerize only very 

slowly to 2,3-dienes, and the isomerization of 1-alkynes, therefore, stops at the 2- 

alkyne stage.'”" 
The molecular structure has a profound effect on isomer distribution. In cyclic 

systems the equilibrium constant strongly depends on the ring size. Cyclononyne 

was found to be far less stable than l,2-cyclononadiene'‘'^ [Eq. (4.29)]. In the equili¬ 

bration of the and ring systems, in contrast, the corresponding alkynes are the 

main products.'”'^''" 

CH2-C=C-CH2 
NaNH2, NHg, -33 °C 

CH2-CH=C=CH 

5.1 94.9 

(4.29) 

The driving force for conjugation may be a significant factor to stabilize the al¬ 

lene structure in the isomerization of aryl-substituted alkynes'”'® [Eq. (4.30)'”“]. 
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The mechanism Favorskii envisioned involved the initial attack of the ethoxy 

anion on the triple bond to form a vinyl ether. The now accepted carbanionic mech¬ 

anism assumes the formation of resonance-stabilized anions, allowing the stepwise 

interconversion of 1- and 2-alkynes, and allenes''*^ '"*’ (Scheme 4.9). 

RCH2C=CH 

BH 
- BH 

[rCHC=CH-^RCH=C=Ch] -^RCH-C-CHg 

BH 

[rc=c=ch2^ 

Scheme 4.9 

•• 1 BH 
'RC^CCHaJ =^RC=CCH; 

B 

Similar to the base-catalyzed double-bond shift of alkenes, the question of in- 

tramolecularity arises in the propargylic rearrangement as well. Intramolecularity 

was found to change widely depending on the solvent and the base used.‘^‘ The high¬ 

est degree of intramolecular hydrogen migration (about 90%) was obtained in the re¬ 

arrangement of phenyl-substituted alkynes in DMSO catalyzed by triethylene- 

diamine''"* or the methylsulfinyl anion. 

4.3. METAL-CATALYZED ISOMERIZATION 

4.3.1. Alkanes 

Platinum on charcoal was the first catalyst known to bring about skeletal iso¬ 

merization of saturated hydrocarbons. The process observed is the transforma¬ 

tion of butyl- and pentylcyclopentanes to the corresponding alkylarenes'^® that 

must involve C^-C^ ring enlargement. Besides platinum, which is by far the 

most active catalyst operating above 250°C, other metals (Pd, Ir, Ru, Au) also 

exhibit some, substantially lower, activity. The main transformation over these 

metals is hydrocracking. The possible isomerization reactions are chain branch¬ 

ing, substituent migration, and C^-C^ ring interconversion. Since these transfor¬ 

mations usually take place in the presence of hydrogen, they are often called 

hydroisomerizations. 

Basic information concerning the mechanism of skeletal rearrangement was pro¬ 

vided by labeling experiments and kinetic studies. The use of specifically prepared 

catalysts, such as metal films and alloys, and structure sensitivity studies supplied 
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additional data. The information resulted in establishing two basic processes, the 
bond shift and the cyclic mechanisms. 

Low-molecular-weight hydrocarbons (C_, and alkanes) usually undergo iso¬ 

merization through a simple bond shift. The transformation of [l-'^C]-butane, for in¬ 

stance, yields isobutane via skeletal isomerization and the isotopomer [2-‘^C]- 

butane'” [Eq. (4.31)]. No scrambling occurs; thus, none of the products contain two 

labeled carbons indicating purely intramolecular rearrangements. The ratio of the 

two compounds (1 : 4) is independent of temperature, pointing to the existence of a 
common surface intermediate. 

Pt film, 281-315°C 
(4.31) 

Several mechanisms were proposed to interpret bond shift isomerization, each as¬ 

sociated with some unique feature of the reacting alkane or the metal. Palladium, for 

example, is unreactive in the isomerization of neopentane, whereas neopentane 

readily undergoes isomerization on platinum and iridium. Kinetic studies also re¬ 

vealed that the activation energy for chain branching and the reverse process is high¬ 

er than that of methyl shift and isomerization of neopentane. 

The Anderson-Avery mechanism'’'-'’^ assumes the involvement of the 15 a,oc,Y 

triadsorbed surface species [Eq. (4.32)]. This mechanism does not allow the forma¬ 

tion of products with a quaternary carbon atom. Nevertheless, small but significant 

amounts of such compounds were often observed as products. 

15 
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A dissociatively adsorbed cyclopropane intermediate (16) stabilized by methyl sub¬ 

stituents was proposed by Muller and Gault to give a more general interpretation:'5'’ 

Me Me 
I I 
CH P.H 

HC CH HC CH-Me 

M M 
16 

MeCH2CH2CH2Me (4.33) 

The facile isomerization of strained bridged molecules was inconsistent with the 

involvement of triadsorbed species 15. Instead, a a-alkyl adsorbed species was pro¬ 

posed. Its further transformation leads to a 7i-complex-like species (17) with a three- 

center, two-electron bonding with its simultaneous attachment to the surface'^"'''’ 

[McKervey-Rooney-Samman mechanism]: 
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In order to interpret the remarkably high activity of platinum to promote isomer¬ 

ization of neopentane to isopentane, the direct formation and involvement of metal- 

lacyclobutane intermediate 18 was suggested.This a.y diadsorbed species bond¬ 

ed to a single platinum atom is in accordance with the existence of platinum 

complexes and the ability of platinum to catalyze a-y exchange.*’* '^'' 

Me^ ^Me 

Pt 

18 

Larger molecules are suggested to undergo isomerization by a different mecha¬ 

nism. The almost identical initial product distributions observed in the isomerization 

of n-hexane and 2- and 3-methylpentane, and in the hydrogenolysis of methylcy- 

clopentane strongly indicates a common intermediate.This led to the formulation 

of the Cj cyclic mechanism.According to this, alkanes first undergo 1,5 dehy- 

drocyclization to form the adsorbed intermediate 19 (Scheme 4.10). 

Interconversion of isomeric species attached to the surface at different carbon 

atoms proved by multiple hydrogen-deuterium exchange may take place before ring 

cleavage results in the formation of isomerized products. 

Scheme 4.10 

Since dehydrocyclization and ring cleavage are reversible processes, the same 

mechanisms may be operative in both transformations. Two basic cleavage patterns— 

a selective and a nonselective ring opening—are known. In the selective process only 

secondary-secondary carbon-carbon bonds are broken. Conversely, only the forma¬ 

tion of carbon—carbon bonds between methyl groups is allowed in ring formation. In 

contrast, all bonds are cleaved equally in the nonselective reaction. Bonds adjacent to 

quaternary carbon atoms are exceptions, since they are not cleaved at all. 
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Different approaches to the cyclic mechanism have been put forward. 

Comparative studies of the isomerization of 2,2,3-trimethylpentane, 2,2,4- 

trimethylpentane, and 2,2,4,4-tetramethylpentane indicated*'*' that the latter did not 

display any appreciable isomerization on palladium below 360°C. Since this com¬ 

pound cannot undergo dehydrogenation without rearrangement to form an alkene, 

the cyclic mechanism on palladium is suggested to occur via the 1,2,5 triadsorbed 
species 20 bonded to a single surface atom. 

In contrast, comparable rates were determined over platinum of low dispersion, 

suggesting that isomerization occurs without alkene formation.'*' The carbene-alkyl 

species (21) formed with the involvement of terminal carbon atoms is a probable sur¬ 

face intermediate in this selective mechanism. Highly dispersed platinum catalysts 

are active in nonselective isomerization in which the precursor species is the 22 dicar- 

bene, allowing ring closure between methyl and methylene groups. On iridium a pure 

selective mechanism is operative,'*^ which requires a dicarbyne surface species (23). 

20 21 

M 

22 

M M 

23 

In most cases, the two types of mechanisms, the bond shift and cyclic mechanisms, 

are not exclusive but parallel pathways. With increasing molecular weight, the contri¬ 

bution of the cyclic mechanism increases and may become dominant. The pure selec¬ 

tive mechanism on iridium is a unique exception. Hydrogenolysis, however, is the char¬ 

acteristic transformation on this metal. The nature of possible surface intermediates in 

metal-catalyzed alkane reactions, the role of electronic and geometric effects in their 

formation, and the relation of isomerization and hydrogenolysis have been reviewed.'*^ 

4.3.2. Alkenes 

The hydrogenation of alkenes is often accompanied by double-bond migration and 

cis-trans isomerization.*'' '*^'*'' Isomerizations, however—either double-bond migra¬ 

tion or cis-trans isomerization—may not be observable, unless the isomer is less re¬ 

active, or the isomerization results in other structural changes in the molecule, such as 

racemization. Deuterium exchange taking place during saturation of alkenes is also a 

strong indication of isomerization processes. Process variables, however, may allow 

to carry out selective isomerizations. Under conditions of low hydrogen availability, 

hydrogenation is retarded and isomerization that does not consume hydrogen may be¬ 

come the main reaction. Some characteristic examples involving isomerization dur¬ 

ing hydrogenation of stereoisomeric cycloalkenes are given in Section 10.1.2. 

The majority of observations concerning the isomerization of alkenes are in har¬ 

mony with the Horiuti-Polanyi associative mechanism,'™'’' which involves the re¬ 

versible formation of the 24 half-hydrogenated state (Scheme 4.11) (see in more de¬ 

tail in Section 10.1.2). 
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Scheme 4.11 

The half-hydrogenated state, which is the common intermediate in both isomeriza¬ 

tion and hydrogen addition, may revert to the starting alkene or yield isomeric olefins 

with double-bond migration. This mechanism explains cis-trans isomerization as 

well. Since the formation of the half-hydrogenated state requires hydrogen, isomer¬ 

ization can be observed only in the presence of molecular hydrogen. Numerous in¬ 

vestigations have proved the role of hydrogen in these so-called hydroisomerizations. 

When deuterium instead of hydrogen is used, reversal of the half-hydrogenated inter¬ 

mediate accounts for deuterium exchange in alkenes and the formation of saturated 

hydrocarbons with more than two deuterium atoms in the molecule. 

The other possibility to interpret isomerization originally suggested by Rooney 

and Webb'’^ invokes 7t-allyl species (25a, 25b, Scheme 4.12) formed as a result of 

dissociative adsorption.'” Since direct interconversion between 25a and 25b is not 

possible, the 7i -allyl intermediate alone cannot account for cis-trans isomerization, 

but only in combination with double-bond migration.In contrast with the 

Horiuti-Polanyi mechanism, isomerization and hydrogen addition are separate 

processes in the dissociative mechanism. 
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Metals differ in their ability to catalyze isomerizations. Both the relative 

rates of isomerization of individual alkenes and the initial isomer distribution 

vary with the metal. The rates of isomerization of the three ^-butenes on ruthe¬ 

nium and osmium, for example, are cis-2- > trans-2- > 1-butene,'^^ whereas on 

platinum and iridium they are cis-2- > 1- > truns-2-hutent.'^^ These observa¬ 

tions are in accordance with the fact that the rates of formation of the 1-butyl 

and 2-butyl intermediates are different on the different metals. The order of de¬ 

creasing activity of platinum metals in catalyzing the isomerization of di- 

methylcyclohexenes was found to be Pd » Rh, Ru, Pt > Os > Ir.’’’ A slightly 

different order of activity Pd > Ni > Rh ^ Ru > Os, Ir, Pt is based on the iso¬ 

merization of hexenes”*. Platinum is generally the preferable catalyst if isomer¬ 

ization is to be avoided, whereas palladium is the metal of choice in isomeriza¬ 

tion. The most active Raney nickel preparations rival palladium in their 
isomerizing activity. 

The relative contribution of the two mechanisms to the actual isomerization 

process depends on the metals and the experimental conditions. Comprehensive 

studies of the isomerization of n-butenes on Group VIII metals demonstrated'™ '*' 

that the Horiuti-Polanyi mechanism, the dissociative mechanism with the involve¬ 

ment of 7i-allyl intermediates and direct intramolecular hydrogen shift may all con¬ 

tribute to double-bond migration. The Horiuti-Polanyi mechanism and a direct 1,3 

sigmatropic shift without deuterium incorporation may be operative in cis-trans 

isomerization. 
In recent years substantial experimental evidence has accumulated to indi¬ 

cate the involvement of 1,3 hydrogen shift in isomerization of alkenes over 

metal catalysts. This was first suggested by Smith and Swoap to explain deu¬ 

terium exchange of cyclohexene on palladium and platinum catalysts.'*^ The 

preferred formation of cij’-2-butene from 1-butene over palladium without hy¬ 

drogen was also accounted for by an intramolecular shift.'*^ Microwave spec¬ 

troscopy employed in the study of deuterium exchange during isomerization of 

simple alkenes over metal catalysts provided direct evidence of the occurrence 

of 1,3 intramolecular hydrogen shift.'™-'*''*'''*^ Suprafacial 1,3 sigmatropic 

shifts, as originally envisioned, however, are symmetry-forbidden both in the 

gas phase and on a metal surface. According to the present view supported by 

theoretical calculations, the 1,3 hydrogen shift occurs via a coadsorbed allyl 

species and hydrogen atom.'*" 
Two major mechanisms have been recognized for isomerization of alkenes in the 

presence of homogeneous metal complexes.'*™''" The so-called metal hydride addi¬ 

tion-elimination mechanism was originally advanced to interpret alkene isomeriza¬ 

tion in the presence of [HCo(CO)J during hydroformylation.'*’"'" This mechanism is 

similar to the Horiuti-Polanyi mechanism in that it involves the reversible formation 

of alkylmetal (G-alkyl) intermediates (Scheme 4.13, 26) analogous to the half- 

hydrogenated state. P-Hydrogen elimination can give either the original alkene or 

isomers; thus, this mechanism may account for both double-bond migration and 

cis-trans (symbols c, t in Scheme 4.13) isomerization. 
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The reversibility of the first hydrogen transfer strongly depends on the metal 

complex used. It is not important with the Wilkinson catalyst. This step, which is 

rate-determining, is considerably slower than the final reductive elimination yield¬ 

ing the saturated alkane end product during hydrogenation. Double-bond migration 

and isotope scrambling, accordingly, are not characteristic of the Wilkinson catalyst 

and, in general, of dihydride complexes. 
The addition-elimination mechanism, however, is strongly preferred for 

monohydride systems such as [HCo(CO)J'*^ and the Vaska complexpro¬ 

moting extensive isomerization. Hydroformylation of 2-pentenes in the presence 

of [HCo(CO)J, for instance, yields mainly the nonbranched aldehyde resulting 

from double bond migration.Nickel hydride complexes are one of the most 

active isomerization catalysts. For example, they bring about isomerization of 1- 

butene to 2-butenes in a few minutes at room temperature.'^* Isomerization in the 

presence of such complexes is faster than hydrogenation and is most apparent in 

hydrogenations of terminal olefins when internal isomers accumulate. In addi¬ 

tion, complexes that selectively catalyze the hydrogenation of terminal alkenes 

can bring about the migration of the double bond into internal position without 
hydrogen:'''’ 

[RhH(CO)(PPh3)3] 
-► 

benzene, 
100°C, 1 day 

. W . 

6.1 33.4 60.3 

(4.35) 

Alkene isomerization can also occur via 7i-allyl hydride intermediates'"’ ''''''""-""' ''"' 

(Scheme 4.14, 28s {syn), 28a {anti)) demonstrated mainly on palladium and plat¬ 
inum complexes. 
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Isomer distributions may be substantially different depending on the mechanism. 

In many cases higher-than-equilibrium cis : trans ratios are detected, especially at 

low conversions.This is accounted for by the greater stability of the 27c cis 

alkene complex relative to the lit trans alkene complex (Scheme 4.13) participating 

in the addition-elimination mechanism. In contrast, high trans : cis ratios“^'^“ are 

usually compatible with the 7C-allyl mechanism and the higher stability of the 28s 

syn-allyl complex relative to the 28a anri-allyl complex^’^’^”^ (Scheme 4.14). Results 

and interpretations, however, are often contradictory.'*^ 

The two mechanisms may result in substantial and characteristic differences in 

deuterium distribution. The metal hydride addition-elimination mechanism usually 

leads to a complex mixture of labeled isomers.Hydride exchange between 

the catalyst and the solvent may further complicate deuterium distribution. Simple 

repeated intramolecular 1,3 shifts, in contrast, result in deuterium scrambling in al- 

lylic positions when the ti-allyl mechanism is operative.No exchange with 

the solvent is expected. 

The driving force for conjugation may ensure selective isomerizations. Thus, al- 

lylbenzene is transformed with high selectivity to tra/zi'-p-methylstyrene in the pres¬ 

ence of metal complexes.Metal complexes catalyze the isomerization of 1,5- 

cyclooctadiene to 1,3-cyclooctadiene with the intermediacy of the 1,4 isomer.^'^"^"' 

Iron pentacarbonyl, however, gives selectively 1,3-cyclooctadiene in excellent 

yield^'* [Eq. (4.36)]. The reverse process, in turn, is catalyzed by RhCl^, which pref¬ 

erentially forms a stable complex with l,5-cyclooctadiene."'’ 

115° C, 7h 
(4.36) 

94% 

4.4. PERICYCLIC REARRANGEMENTS 

Pericyclic reactions are unimolecular, concerted, uncatalyzed transformations. They 

take place in a highly stereoselective manner governed by symmetry properties of 
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interacting orbitals.^‘“'^“ Characteristic of all these rearrangements is that they are re¬ 

versible and may be effected thermally or photochemically. The compounds in equi¬ 

librium are usually interconverted through a cyclic transition state,although birad¬ 

ical mechanisms may also be operative. A fe^v characteristic examples of pericyclic 

rearrangements relevant to hydrocarbon isomerizations are presented here. 

Thermal sigmatropic 1,5 hydrogen shifts are quite common in certain allene and 

diene systems. cA-1,3-Dienes have the proper geometric arrangement to undergo a ther¬ 

mally allowed suprafacial hydrogen shift. cw-l,3-Hexadiene, for instance, gives predom¬ 

inantly cw,tranj'-2,4-hexadiene in the gas phase^“ via cyclic transition state 29;^^“* 

70% 
97.5% selectivity 

(4.37) 

Thermal 1,5 hydrogen shift of cyclopentadiene and 1,3,5-cycloheptatriene, and 

methyl shifts in the corresponding methyl-substituted derivatives and in methyl-1,3- 

cyclohexadienes are well-documented sigmatropic rearrangements. 

c/5'-l-Alkyl-2-vinylcyclopropanes may also rearrange through 1,5 shift since a 
hydrogen from the alkyl group can migrate to the cis vinyl group. Vinylcyclo- 

propanes, however, undergo more characteristically the vinylcyclopropane— 
cyclopentene rearrangemenP*“^^“ [Eq. (4.38)^^']: 

f 362.5°C A , " \_y (4.38) 

96% yield 

The Cope and Claisen rearrangements are important sigmatropic reactions. Both 

have high significance in the synthesis of oxygen-containing compounds.The 

basic reaction of the Cope rearrangement is the thermal interconversion of isomeric 

1,5-dienes"^ [Eq. (4.39)]. Examples of other hydrocarbons demonstrate that the 

equilibrium is determined by the relative stabilities of the olefmic bonds; in other 

words, the isomer with more highly substituted double bonds is formed preferential¬ 
ly. Conjugation with an aromatic ring may be a similar driving force. 

product 

Ring strain may be an important factor, too, in the Cope rearrangement. 

Divinylcyclopropanes, for instance, are thermally transformed to cyclohepta- 

dienes.'^«“5’^“« cA-l,2-Divinylcyclopropane is a highly unstable compound (its-half 

life at 15.5 C is 11 min)^^’ and can adopt a conformation, allowing the formation of 
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boat-like transition state which eventually leads to 1,4-cycloheptadiene”’'^” 

[Eq. (4.40)]. The trans compound, in contrast, reacts at much higher reaction tem¬ 

perature (190 C) and undergoes first a radical isomerization to give the cis isomer, 

which then rearranges to yield 1,4-cycloheptadiene.^‘'“ Substituents at the terminal 
vinylic carbons considerably decrease the rate of rearrangement.^”'*' 

Lh h 

30 

Rearrangement of the stereoisomers in the cyclobutane series leads to different 

products. c/Y-l,2-Divinylcyclobutane rearranges through a transition state similar to 

30 to give c/Y,cw-l,5-cyclooctadiene^^ [Eq. (4.41)]2''k The radical transformation of 

the trans isomer, in contrast, leads to d-vinylcyclohexene^"^ [Eq. (4.42)]. 

(4.41) 

(4.42) 

71.3% selectivity 

Dienes may be involved in electrocyclization reactions as well. Two well-docu¬ 

mented examples are the cyclobutene ring opening^ and the 1,3-cyclohexadiene 

formation^^ reactions. Predictions regarding the stereochemical outcome of these re¬ 

arrangements can be made applying the orbital symmetry rules. The thermally al¬ 

lowed clockwise conrotatory ring opening of c«-3,4-dimethylcyclobutene,^"''^^”'*® for 

example, yields c/j',tran5-2,4-hexadiene^’ [Eq. (4.43)]^*, whereas the, trans isomer 

gives the trans,trans diene^’ [Eq. (4.44)]. 
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The 1,3,5-triene—1,3-cyclohexadiene interconversion is a six-electron electrocy- 

clization that requires a cis central double bond to occurAn important application 
of this rearrangement is the photocyclization of cw-stilbene to dihydrophenanthrene 

[Eq. (4.45)], which is usually further oxidized to phenanthrene.^'' 

4.5. PRACTICAL APPLICATIONS 

Many of the petroleum refinery operations involve isomerization of hydrocarbons as 

part of the complex chemistry taking place (see Chapter 2). 

4.5.1. Isomerization of C^-C^ Hydrocarbons 

Alkanes. Processes for the isomerization of C^-C^ hydrocarbons were developed to 

increase the octane number of motor fuels. In the World War 11 era several 

technologies were developed””-^^' for the isomerization of paraffins by HCl-AlCl^. 

Isobutane, one product of these processes, is alkylated with C^-C^ refinery olefins or 

dehydrogenated to isobutylene. The latter is used in alkylation of isobutane itself to 

produce isooctane and may be transformed to tert-hutyl alcohol or tert-butyl methyl 

ether, which all are blending components for high-octane gasoline. Isopentane and 

dimethylbutanes, in contrast, are directly blended to gasoline to improve performance. 

Corrosion problems and process difficulties associated with aluminum chloride 

led to the development of hydroisomerization processes applying noble metals on 

high-surface-area acidic supports (bifunctional catalysts) in the presence of hydro¬ 

gen. In a new generation of such catalysts zeolites and other supports with en¬ 

hanced acidity (chloride-treated alumina) are used, which permit low operation 

temperature (100-200°C).“' These catalysts are employed in the Penex (UOP),.“^ 

Hysomer (Shell),”^ and the CJC^ Isom (BP)^^'*^’ isomerization technologies. All 

three were developed to process C^ or C^^ hydrocarbons or their mixtures, but the BP 

process was adapted to the isomerization of butane as well (Butamer technolo¬ 

gy) 256-258 Butane-isobutane isomerization is also performed over a chloride-treated 

alumina (Lummus process) at low temperature.^^^ Because of extensive cracking on 

the highly reactive acidic catalysts, isomerization of and higher alkanes is sel¬ 
dom practiced. 

A noble metal on zeolite is applied in the Hysomer process to isomerize CJC^ 

alkanes in the presence of hydrogen.^®'^*' The once-through isomerization increases 

the octane numbers by 10-12 numbers. When unreacted straight-chain alkanes, 

however, are removed (most economically by selective absorption with molecular 

sieve zeolites) and recycled then complete isomerization can result in an increase in 
20 octane numbers.^*'^'^*^ 
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Environmental considerations, including removal of lead additives as well as car¬ 

cinogenic alkenes and aromatics from gasoline, increase the significance of isomer¬ 
ization to provide gasoline of suitable octane numbers. 

Alkenes. At present alkene isomerization is an important step in the production of 

detergent alkylates (the Shell higher olefin process; see Sections 11.3 and 

12.1.3)."'’"-^“ Ethylene oligomerization in the presence of a nickel(O) catalyst yields 

terminal olefins with a broad distribution range. C^—and alkenes, which are 

not suitable for direct alkylate production, are isomerized and subsequently undergo 

metathesis. Isomerization is presumably carried out over a MgO catalyst. 

Double-bond isomerization was once used in the multistep synthesis of isoprene 

developed by Goodyear.''^'"* 2-Methyl-1-pentene produced by the dimerization of 

propylene was isomerized to 2-methyl-2-pentene over a silica-alumina catalyst at 

100°C. The product was cracked to isoprene and methane. Because of the lower cost 

of isoprene isolated from naphtha or gas oil-cracking streams, synthetic isoprene 
processes presently are not practiced commercially. 

Although not a separate process, isomerization plays an important role in the pre¬ 

treatment of the alkene feed in isoalkane—alkene alkylation to improve performance 

and alkylate qualityThe FCC alkene cut (used in alkylation with isobutane) 

is usually hydrogenated to transform 1,3-butadiene to butylenes since it causes in¬ 

creased acid consumption. An additional benefit is brought about by concurrent 1- 

butene to 2-butene hydroisomerization. Since 2-butenes are the ideal feedstock in 

HE alkylation, an optimum isomerization conversion of 70-80% is recommended.^^^ 

4.5.2. Isomerization of Xylenes 

Isomeric xylenes are important raw materials of the petrochemical industry.^’'™-^” 

The diacids prepared by the oxidation of m- and p-xylene are used in the synthesis of 

polyesters. o-Xylene, in turn, is oxidized to phthalic anhydride, which, in turn, is 

transformed to plasticizers. 

p-Xylene the most important of the three isomers may be separated from the aro¬ 

matics formed in BTX processing (see Section 2.5.2). Specific processes, however, 

were designed to increase p-xylene production by further treatments of the aromat¬ 

ics formed in cracking or reforming (the equilibrium concentration of xylenes at 

200°C is about 20% ortho, 55% meta, 25% para). These are toluene disproportiona¬ 

tion and transalkylation (see Section 5.5.4), and xylene isomerization. 

Numerous processes have been developed for the isomerization of nonequilibri¬ 

um xylene mixtures^^'-^’'^™ over noble metals or in the presence of silica-alumina 

catalysts. Noble metals,^^’such as platinum on acidic supports, operate in the pres¬ 

ence of hydrogen. They have the advantage of isomerizing ethylbenzene to xylenes, 

too, thus eliminating its costly separation before xylene isomerization. 

Silica-alumina, either amorphous catalysts or zeolites, are used in several 

processes.^'^’’^^'^^**’ Mobil developed several technologies employing a medium pore 

ZSM-5 zeolite.*^’*''-^**’ They use a xylene mixture from which ethylbenzene is re- 
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moved by distillation, operate without hydrogen, and yield p-xylene in amounts ex¬ 

ceeding equilibrium. This favorable selectivity is due to shape selectivity of the cat- 

alysP'^ bringing about differences in diffusion rates in the zeolite structure of the 

three xylenes.^*’ Beeause of its molecular gtemetry, p-xylene diffuses faster and 

leaves the catalyst. The other two isomers, on the other hand, undergo isomerization 

to reestablish equilibrium. The high selectivity of p-xylene formation is also attrib¬ 

uted to the inability of ZSM-5 to catalyze transalkylation (disproportionation) of 

xylenes under the conditions applied. As a result, side reactions are suppressed; 

polymethylbenzenes, for example, are not formed in significant amounts. 

Isomerization of xylenes is always coupled with separation processes. In most 

cases, p-xylene is removed from the reaetion mixture by crystallization or selective 

adsorption. The recovered o- and m-xylene mixture, in turn, is usually recycled for 

reequilibration. Because of cost of separation, the highly selective earbonylation of 

toluene to p-tolualdehyde gained significance. Subsequent reduction gives p-xylene. 

A unique liquid-phase isomerization to produce m-x.ylene in the presence of 

HF-BFj was developed by MitsubishP* on the basis of earlier work by Lien and 

McCaulay,*^ who found that m-xylene forms the most stable a complex in HF-BF^ 

at low temperature. This complex selectively dissolves in the acid phase, allowing 

easy separation from the less stable other two isomers. The complex is then decom¬ 
posed to produce pure m-xylene. 
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ALKYLATION 

The reaction of alkanes and arenes with different alkylating agents (alkenes, 

alkynes, alkyl halides, alcohols, ethers, esters) are usually performed with acid cata¬ 

lysts. Brpnsted and Lewis acids and, recently, zeolites are applied. Superacids allow 

much improved alkylation and give important information regarding the carbocat- 

ionic mechanism of alkylation. Acid-catalyzed alkylations, particularly alkane- 

alkene reactions, are of great practical importance in upgrading motor fuels. Acid- 

catalyzed alkylation produces alkylaromatics for manufacture of plastics (styrenes), 

detergents, and chemicals (phenol and acetone from cumene). Alkylation of alkanes 

was also shown to take place thermally. Thermal alkylation, however, usually gives 

lower yields, and is of less practical significance than catalytic alkylation. Basic cat¬ 

alysts may be used to carry out carbanionic alkylation of alkylaromatics in reactive 

benzylic positions and in alkane-alkene systems. 

5.1. ACID-CATALYZED ALKYLATION 

5.1.1. Alkylation of Alkanes with Alkenes 

The belief that paraffins are compounds of parum affinis (limited affinity) was fur¬ 

ther disproved in 1932 when Ipatieff and his coworkers found' that alkanes undergo 

reaction with alkenes in the presence of aluminum chloride and other acid catalysts. 

Since the alkylation of gaseous isobutane with gaseous olefins yields saturated alky¬ 

late boiling in the gasoline range and possessing high octane numbers, the reaction 

was studied intensively. It served as a major source of aviation gasoline in World 
War II and is the basis of producing high-octane gasoline since. 

The major catalysts applied in acid-catalyzed alkylations fall into two classes;^"* 

metal halides of the Friedel—Crafts type, specifically, Lewis acids (promoted by 
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hydrogen halide) and protic acids. Recently zeolites’ and superacids’^'" have gained in¬ 

creasing attention as Friedel—Crafts catalysts. Some of the most active metal halides 

are aluminum chloride, aluminum bromide, boron trifluoride, and zirconium chloride. 

Frequently used protic acid catalysts are hydrogen fluoride and sulfuric acid, which 

are preferred over the metal halides because they are handled more conveniently and 

can be reused. However, unlike Friedel-Crafts catalysts, these acids do not catalyze 

alkylations with ethylene, although with stronger superacids alkylation takes place 

readily. The reaction of ethylene with isobutane does give excellent yield in the pres¬ 

ence of aluminum chloride, serving for the commercial production of 2,3-dimethylbu- 

tane. The catalysts loose activity with use; aluminum chloride forms a viscous red- 

brown liquid (the “lower” layer) and hydrogen fluoride and particularly sulfuric acid 

form sludges (acid-soluble oils). The lower layer and sludges are complexes of the cat¬ 

alysts with cyclic polyalkapolyenes formed during the alkylation. 

Depending on the reactants and the catalysts, the temperature of acid-catalyzed 

alkylations may be as low as -30°C or as high as 100°C. To avoid oxidation H^SO^ 

is used under 30°C. The pressure is often the vapor pressure of the reaction mixture 

and ranges from 1 to 15 atm. Thermal alkylation, in contrast, requires high tempera¬ 

ture (500°C) and pressure (150-300 atm).’ There are substantial differences in the 

reactivity of alkanes and alkenes in thermal and acid-catalyzed alkylations. Propane 

and higher alkanes, both straight-chain and branched, undergo reaction under ther¬ 

mal conditions, most readily with ethylene. Alkanes with a tertiary carbon-hydro- 

gen bond and more substituted alkenes are the most reactive in the presence of 

acidic catalysts. Reactivity, however, depends on the catalyst, too. BF^ (and a protic 

coacid) catalyzes only the alkylation of branched alkanes," whereas promoted AlCl^ 

is effective in the alkylation of straight-chain alkanes as well.’’ 

The main products formed by the catalytic alkylation of isobutane with ethylene 

(HCI-AICI3, 25-35°C) are 2,3-dimethylbutane and 2-methylpentane with smaller 

amounts of ethane and trimethylpentanes.'’ Alkylation of isobutane with propylene 

(HCI-AICI3, -30 °C) yields 2,3- and 2,4-dimethylpentane as the main products and 

propane and trimethylpentanes as byproducts.''' This is in sharp contrast with prod¬ 

uct distributions of thermal alkylation that gives mainly 2,2-dimethylbutane (alkyla¬ 

tion with ethylene)'’ and 2,2-dimethylpentane (alkylation with propylene).'^’ 

Markedly different product distributions are obtained in alkylation of isobutane 

with butenes depending on the catalyst used (Table 5.1). A 1 : 1 crystalline complex 

of aluminum chloride with methyl alcohol promoted with hydrogen chloride is a 

more selective catalyst by causing little side reaction.'’ Alkylation with both 1- and 

2-butenes gives high yields of octanes but with striking differences in composition. 

Dimethylhexanes are the main products with 1-butene, and trimethylpentanes are 

formed with high selectivity with 2-butenes. Hydrogen fluoride is the best catalyst 

to produce 2,2,4-trimethylpentane (isooctane) with minor differences in the product 

distributions of butenes.’"* The results with sulfuric acid'" are very similar to those of 

hydrogen fluoride. 
Cycloalkanes possessing a tertiary carbon atom may be alkylated under condi¬ 

tions similar to those applied for the alkylation of isoalkanes. Methylcyclopentane 

and methylcyclohexane were studied most.’ Methylcyclopentane reacts with 
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propylene and isobutylene in the presence of HF (23-25°C), and methylcyclohexane 

can also be reacted with isobutylene and 2-butene under the same conditions.^ 

Methylcyclopentane is alkylated with propylene in the presence of HBr-AlBr^ 

{-A2°C) to produce l-ethyl-2-methylcyclohexane.^' bicyclic compounds are 

also formed under alkylation conditions.Cyclohexane, in contrast, requires ele¬ 

vated temperature, and only strong catalysts are effective. HCl-AlCl^ catalyzes the 

cyclohexane-ethylene reaction at 50-60°C to yield mainly dimethyl- and tetra- 

methylcyclohexanes (rather than mono- and diethylcyclohexanes). The relatively 

weak boron trifluoride, in turn, is not active in the alkylation of cyclohexane.” 

The preceding observations demonstrate that multiplicity of products is a charac¬ 

teristic feature of acid-catalyzed alkylation with alkenes indicating the involvement 

of isomerizations. Some of the compounds isolated cannot be formed by the reaction 

of one molecule of the alkane with one or more of the alkenes. This points to sec¬ 

ondary reactions accompanying alkylation. 

The results discussed was accounted for by the carbocationic mechanism of 

Schmerling'*-’ incorporating the BarletP-Nenitzescu” intermolecular hydride trans¬ 

fer concept. The reaction is initiated by the carbocation formed by protonation of the 

alkene [by the protic acid or the hydrogen halide (water) promoted metal halide cat¬ 

alysts] [Eqs (5.1) and (5.2)]. Intermolecular hydride transfer between the isoalkane 

and the cation then generates a new carbocation [Eq. (5.3)]. Compound 1 adds to the 

alkene to form the cation 2 [Eq. (5.4)], which then, through intermolecular hydride 

transfer, forms the product [Eq. (5.5)]. In this final product-forming step 1 is regen¬ 

erated from the isoalkane and then starts a new cycle. 

AICI3 -H HCl 

RCH=CH2 H-" — 

CH3 
I + 

CH3(j;H RCHCH 3 

CH3 

CH3 

CH3^-i- -f- RCH=CH 

CH3 

[H ^AICU ] 

— RCHCH3 

CH3 
I 

-► CH3C-1- -I- RCH2CH3 

1 CH3 

CH3 
I + 

, -► CH3(p-CH2CHR 

CH3 2 

CH3 

I 
2 -r CH3(pH 

CH3 

CH3 

CH3(p-CH2CH2R + 1 

CH3 

(5.1) 

(5.2) 

(5.3) 

(5.4) 

(5.5) 

As is apparent, the reaction is properly designated as one in which the alkene is 

alkylated by a carbocation, the isoalkane serving only as the reservoir for the alky¬ 

lating carbocation. However, frequently the reaction is still referred to as “alkylation 

of alkanes by alkenes.” In fact, however, alkanes are alkylated directly only under 

superacidic conditions (see Section 5.1.2) where no free alkenes are present and 
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therefore the a-donor alkanes do not compete for the carbocationic alkylating agent 

with the much higher nucleophilicity 7t-donor alkenes. This is, as stated by Olah, the 

fundamental difference between conventional^acid-catalyzed alkylation chemistry in 

which alkenes play the key role and superacidic chemistry, which proceeds on satu¬ 

rated alkanes in absence of alkenes. 

Since carbocations do not readily abstract hydride ion from secondary (or pri¬ 

mary) carbon atoms, «-alkanes rarely enter the alkylation reaction unless they first 

isomerize to isoalkanes containing tertiary carbon atoms. 

The formation of isomeric alkylated products is explained by the ability of carbo¬ 

cations to undergo rearrangements. Ion 2 may participate in a series of hydride and 

alkyde shifts, and each carbocation thus formed may react via hydride ion transfer to 
form isomeric alkanes (Scheme 5.1). 

2 

CH3 CH3 CH3 

CH3(pCHCH2R CH3C-(pHCH2R CH3CCH2<pHR 

CH3 CH3 CH3 

1 isoC4Hio 

CH3(pCH2CH2R 

CH3 

1 isoC4Hio 

CH3 

I 
CH3CHCHCH 2R 

I 
CH3 

1 iS0C4H-jQ 

CHo 

I 
CH3CHCH2CHR 

I 
CH3 

Scheme 5.1 

The formation of l-ethyl-2-methylcyclohexane in the alkylation of methylcy- 

clopentane with propylene is also explained by the carbocationic mechanism.^' 

Carbocation 4 formed according to the general pattern given in Eq. (5.4) undergoes 

rearrangement [Eq. (5.6)] with the resulting 5 cyclohexyl cation further reacting by 

intermolecular hydride transfer [Eq. (5.7)]. The low reactivity of cyclohexane in 

alkylation with alkenes is accounted for by the necessary isomerization to methylcy- 
clopentane, requiring more forcing reaction conditions. 
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Besides the rearrangement of carbocations resulting in the formation of isomeric 

alkylated products, alkylation is accompanied by numerous other side reactions. 

Often the alkene itself undergoes isomerization prior to participating in alkylation 

and, hence, yields unexpected isomeric alkanes. The similarity of product distribu¬ 

tions in the alkylation of isobutane with n-butenes in the presence of either sulfuric 

acid or hydrogen fluoride is explained by a fast preequilibration of n-butenes. Alkyl 

esters (or fluorides) may be formed under conditions unfavorable for the hydride 

transfer between the protonated alkene and the isoalkane. 

Isopentane and trimethylpentanes (C^ alkanes) are inevitably formed whenever 

isobutane is alkylated with any alkene. They are often called “abnormal” products. 

Formation of isopentane involves the reaction of a primary alkylation product (or its 

carbocation precursor, e.g., 3) with isobutane. The cation thus formed undergoes 

alkyl and methyl migration and, eventually, p scission: 

CH3CCH3 alkyl CH3CH CH3 

1 -I-1 migration I + I 
CH3C=CHCHR =CH3CCHCHR ^ . — CH3CCHCCH3 

T I II II 
CH3 CH3 CH3CH3 CH3CH3 

I 
methyl CH3CH 

migration I P scission + 
CH3C-CH-CCH 3 -► RCHCCH 3 

III II 

HsC^ H 

H3C CH3CH3 HoC CH3 
H,C 

F 
=Q 

CH. 

(5.8) 

Formation of alkanes in the alkylation of isobutane even when it reacts with 

propene or pentenes is explained by the ready formation of isobutylene in the sys¬ 

tems (by olefin oligomerization-cleavage reaction) (Scheme 5.2). Hydrogen transfer 

converting an alkane to an alkene is also a side reaction of acid-catalyzed alkyla¬ 

tions. Isobutylene thus formed may participate in alkylation; alkanes, therefore, 

are formed via the isobutylene-isobutane alkylation. 

CH3 
I 

CH3C-1- — 
I 
CH3 

-H+ 

HaC^ 

^C=CH2 — 

H3C 

CH3 

I + 
CHoCCH 2CCH3 3| 2| 

CH3 CH3 

CHoC-CH-CHCH 3 
I I I 

H3C CH3CH3 

isoC4Hio 

CH3 
I 

CHoCCH 2CHCH3 3| 2| 

CH3 CH3 

Scheme 5.2 

1 isoC4Hio 

CHoCHCH-CHCHa 

I 1 1 
H3C CH3CH3 
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Fast side reactions under the conditions of acid-catalyzed alkylation are 

oligomerization (polymerization) and conjunct polymerization. The latter involves 

polymerization, isomerization, cyclization, and hydrogen transfer to yield cyclic 

polyalkapolyenes. To suppress these side reactions, relatively high (10 : 1) alkane to 

alkene ratios are usually applied in commercial alkylations. 
Sulfuric acid and anhydrous hydrogen fluoride are most widely used in industrial 

alkene-isoalkane alkylations. The former results in significant amounts of acid- 

soluble oil formation, which together with the more difficult acid regeneration led to 

wider use of the hydrogen fluoride alkylation. Environmental considerations of the 

effect of the toxicity of volatile HF if accidentally released into the atmosphere ne¬ 

cessitated development of modified HF alkylation. For example, relatively stable 

(and therefore less volatile) environmentally safe onium polyhydrogen fluoride 

complexes such as pyridine-(HF)^ complexes are used for alkylation (see Section 

5.5.1). Future generation of catalysts probably will be solids, but their use will ne¬ 

cessitate higher temperatures with associated difficulties, and large capital invest¬ 

ment will be needed to start new plants. 

Zeolites tend to lose their catalytic activity during alkylation and give rather com¬ 

plex product distribution.’ The latter originates, in part, from the strong adsorption 

of hydrocarbons resulting in alkane self-alkylation and extensive cracking. 

Furthermore, preferential adsorption of alkenes can bring about oligomerization. 

Despite these difficulties, the alkylate produced on zeolites (and other solid cata¬ 

lysts) is very similar to that formed in liquid-phase alkylation. In both cases 

trimethylpentanes are the main products and isopentane is always present. This sug¬ 

gests that the discussed carbocationic mechanism is also operative with zeolites and 

other solid acid catalysts. New types of solid acid catalysts (H^PO^-BF^-H^SO^ sup¬ 

ported on SiO^ or ZrO^) were recently reported to exhibit only small deactivation in 

the isobutane-butene reaction.’*^ was shown to bring about a remarkable in¬ 

crease in the number of acid sites, whereas BF^ enhances acid strength. 

5.1.2. Alkylation of Alkanes under Superacidic Conditions 

Except in some special cases involving concurrent isomerization, n-alkanes cannot 

be alkylated by conventional acid catalysts. It was, however, found that even 

methane and ethane react with alkenes in the presence of superacids (e.g., SbF or 

TaFj dissolved in HF, HSO^F, or CFjSO^H).^'^”'^'* Passage of a mixture of excess 

methane and ethylene gas through a reactor containing 10 : 1 HF-TaF, at 40°C re¬ 

sulted in formation of propane with 58% selectivityUnder similar conditions, n- 

butane was produced with 78% selectivity as the only product by the reaction of 

ethane with ethylene. Alkylation of n-butane with ethylene’’''^' and that of methane 

with propylene^" were also reported. Similar alkylations of C^-Cj alkanes with ethyl¬ 

ene were carried out in a static reactor under pressure.^’ Heterogeneous gas-phase 

ethylation of methane (including '^CH^) with ethylene was performed over solid su¬ 

peracids (SbFj intercalated into graphite, TaF^ on AIF^).^^ The experimental condi¬ 

tions used for alkylation of alkanes require an excess of the superacid and a high 
alkane : alkene ratio to prevent alkene oligomerization. 
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In the ethane-ethylene reaction in a flow system with short contact time exclu¬ 

sive formation of n-butane takes place (longer exposure to the acid could result in 

isomerization). This indicates that a mechanism involving a trivalent butyl cation 

depicted in Eqs. (5.1)-(5.5) for conventional acid-catalyzed alkylations cannot be 

operative here. If a trivalent butyl cation were involved, the product would have in¬ 

cluded, if not exclusively, isobutane, since the 1- and 2-butyl cations would prefer¬ 

entially isomerize to the tert-butyl cation and thus yield isobutane [Eq. (5.9)]. It also 

follows that the mechanism cannot involve addition of ethyl cation to ethylene. 

Ethylene on protonation gives the ethyl cation, but because it is depleted in the ex¬ 

cess superacid, no excess ethylene is available and the ethyl cation will consequent¬ 

ly attack ethane via a pentacoordinated (three-center, two-electron) carbocation [Eq 
(5.10)]. 

CHg 
I CH3CH3 

CH. 
I 

CH3CH2 CH2-CH2 ► CH3CI-I2CH2CH2 ^ CH3C-1- -^01-1301-1 (5.9) 
I -CH3CH2+ I CH3 2 

+ CH3CH3 
CH2=CH2 —CH3CH2 > 

CH3CH2 

H 
>-CH2CH; CH 3CH2CH2CH3 (5.10) 

Mechanistic studies with '^C-labeled methane demonstrated the formation of 

monolabeled propane. This is again in accordance with a process initiated by proto¬ 

nation of ethylene to form a reactive ethyl cation^^ [Eq. (5.11)]. The superacid-cat¬ 

alyzed reaction is thus alkylation of the methane with the ethyl cation. 

H+ + '^CH4 
CH 2=CH 2 CH 3CH 2^=^^ CH3CH2-< 

' H -H+ 
CHcCHo^^CH (5.11) 

There is clear differentiation of the alkylation of alkenes (7t-donor nucleophiles) 

and alkanes (a donors). The former follows Markovnikov addition giving a trivalent 

carbocation and derived branched products. The latter proceeds through a five- 

coordinate carbocation without involvement of trivalent carbenium ions and thus 

without necessary branching. 

The reaction of adamantane with lower alkenes (ethylene, propylene, and 

butylenes) in the presence of superacids [CF^SO^H or CFjSOjH-B(OSOjCFj)J 

shows the involvement of both alkylations.^ In the predominant reaction the 1- 

adamantyl cation formed through protolytic C—H bond ionization of adamantane 

adamantylates the alkenes (7t alkylation). In a parallel but lesser reaction, the alkyl 

cations formed by olefin protonation insert themselves into the bridgehead car¬ 

bon-hydrogen bond, generating a pentacoordinated cation, which, via deprotona¬ 

tion, yields the alkylated products [Eq. (5.12)]. This process is called direct a al¬ 

kylation. Even the formation of tert-butyladamantane was observed in the 
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superacid-catalyzed alkylation of adamantane with isobutylene necessitating a high¬ 

ly crowded, unfavorable tertiary-tertiary interaction. This provides further evidence 

for the a-alkylation reaction, as adamantylation of isobutylene with any subsequent 

isomerization does not lead to this isomer. 

+ —► (5.12) 

Lewis superacid-catalyzed direct alkylation of alkanes is also possible with alkyl 

cations prepared from alkyl halides and SbF^ in sulfuryl chloride fluoride solu¬ 

tion.Typical alkylation reactions are those of propane and butanes by Yec-butyl 

and tert-butyl cations. The CHjF-SbFj and C^H^F-ShF^ complexes acting as incipi¬ 

ent methyl and ethyl cations besides alkylation preferentially cause hydride trans¬ 

fer.^’ Since intermolecular hydride transfer between different carbocations and al¬ 

kanes are faster than alkylation, a complex mixture of alkylated products is usually 

formed. A significant amount of 2,3-dimethylbutane was, however, detected when 

propane was propylated with the 2-propyl cation at low temperature^® [Eq. (5.13)]. 

Byproducts include isomeric and hydrocarbons formed through C—C bond 

alkylation (alkylolysis). No 2,2-dimethylbutane, the main product of conventional 

acid-catalyzed alkylation, was detected, which is a clear indication of predominantly 

nonisomerizing reaction conditions. 

SbFg 

CH3CH2CH3 + CH3CHCH 3 sOgCIF 

I -78 to 20°C 
5 min 

hvdrocarbons 

The presence of other hexane isomers and a typical hexane isomer distribution of 

26% 2,3-dimethylbutane, 28% 2-methylpentane, 14% 3-methylpentane, 32% n- 

hexane, far from equilibrium, indicate that the 1-propyl cation (although significant¬ 

ly delocalized with protonated cyclopropane nature) is also involved in alkylation. It 

yields n-hexane and 2-methylpentane through primary or secondary C—H bond in¬ 
sertion, respectively (Scheme 5.3). 

+ 

-—► 

-H+ 

Scheme 5.3 
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Particularly revealing is the alkylation of isobutane with tert-butyl cation The 

product showed inter alia the presence of 2,2,3,3-tetramethylbutane (although in 

low 2% yield). Thus despite unfavorable steric hindrance in the tertiary-tertiary 

system the five-coordinate carbocationic transition state is not entirely collinear, 

and despite predominant intermolecular hydride transfer, direct alkylation also 
takes place; 

(CH3)3CH + +C{CH3)3 = 
(CH3)3C''' ''C(CH3)3 

J -H-" 

3)3 (5-14) 

Superacidic systems are powerful enough to catalyze self-alkylative condensa¬ 

tion of alkanes, an endothermic reaction made feasible by oxidative removal of hy¬ 

drogen either by the oxidizing superacid (FSOjH-SbFj) or by added oxidants. 

Oxidative condensation of methane in “Magic Acid” (a superacid containing 

equimolar quantities of HSO3F and SbF^) forms C-C^ alkanes through a carbocat¬ 

ionic pathway demonstrating the involvement of the 6 and 7 pentacoordinated 
cations 

+ 

(5.15) 

+ CH4 
+ H 

CHgCHs-*^ CH3CH3l=:>C4-C6 (5.16) 

Condensation of C^-C^ alkanes to produce highly branched oligomeric and poly¬ 

meric hydrocarbons'" was also achieved by their condensation in FSO^H-ShF^. 

Block methylene units in the polymeric chain were observed even when methane 

was brought into reaction with alkenes under similar conditions.''^ 

Novel highly active aprotic superacid systems have been more recently found 

by Vol’pin and coworkers to initiate rapid transformation of alkanes as well as 

C-C^ cycloalkanes.''^ The reaction, for example, of excess cycloalkanes without 

solvent in the presence of RCOHlg-2AlBr3 (R = Me, n-Pr, Hlg = Cl, Br) complex¬ 

es (called aprotic organic superacids) results in a facile oxidative coupling of cy¬ 

cloalkanes. The product is a mixture of isomeric dimethyldecalins formed with 

high selectivities: 

RCOHIg-ZAIBrg RJDOHIg-2AIBr3 

20 °C 20 °C 
Me 

near-quantitative 
yields 
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Alkylolysis (Alkylative Cleavage). In superacidic alkylation of alkanes not 

only c—H but also C—C bonds are attacked resulting in alkylolysis (alkylative 

cleavage). This became apparent in the reaction of alkanes with long-lived 

alkylcarbenium fluoroantimonates.^'^ For steric reasons, however, formation of five- 

coordinate carbocationic transition states (intermediates) 8 are much less preferred 

than the analogs (9) involved in C—H bond alkylations. Methyl and ethyl 

fluoride-SbF, complexes, which are powerful methylating and ethylating agents, 

respectively, also were shown to bring about limited (>5%) alkylolysis in reactions 

with alkanes.^’ 

1 

C
O

 

DC 
O

 

1
_

 , H 

RoC 
'"-CR3J 

R3C-< 
■■■- CRjJ 

8 9 

5.1.3. Alkylation of Alkenes and Alkynes 

Alkylation of Alkenes with Organic Halides. Schmerling has shown that 

simple alkyl halides can alkylate alkenes in the presence of Lewis acids to form new 

alkyl halides.'”'’'’ With active catalysts, such as aluminum halides, low reaction 

temperatures (below 0°C) are usually satisfactory. With less active catalysts, such as 

bismuth chloride and zinc chloride, higher temperatures (20-100°C) are necessary. 

The best yields are obtained with tertiary halides whereas secondary halides usually 

give low yields. Allyl halides'’®'” and a-haloalkylarenes'”’ are reactive enough to 

alkylate alkenes in the presence of weak Lewis acids such as ZnCl^ or SnCl^. 

Dihaloalkanes also react, provided there is at least one halogen atom attached to a 

tertiary carbon atom.'” Methyl and ethyl halides do not undergo reaction, and other 

primary halides isomerize to secondary halides before addition. Other 

transformations complicating these alkylations are polymerization, telomerization, 

and further reaction of the new alkyl halides in alkyaltion. 

tert-Buty\ chloride reacts with propene to yield three isomeric chloroheptanes'””” 

[Eq. (5.18)]. The isomer distribution strongly depends on the catalyst used. ZnCl^ af¬ 

fords the best selectivity giving exclusively 4-chloro-2,2-dimethylpentane (10). 

Lewis Me MeMe Me Me 

terf-BuCI + CH 2=CHMe 
1 II 1 

-MeCCH pCHMe + MeC-CHCH nMe + MeCH- 
I I 1 

1 

-CCH 
1 

Me Cl 
1 

Cl 
1 

Cl 

10 11 12 

(5.18) 

A mechanism with the involvement of the tert-butyl cation attacking the less sub¬ 

stituted carbon of the double bond accounts for the formation of the main product” 

[Eqs (5.19)-(5.21)]. The other two products (11, 12) are formed by the isomeriza¬ 

tion of the 13 carbocation through methyl and hydride migration to give the more 
stable tertiary carbocations. 
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Me 
I 

Me-C-CI -I- AlCU - 
I " 

Me 

Me 
1 

Me-C-i- -t- CH2=CHMe 

Me 

Me 

13 Me-C-CI - 
I 

Me 

Me 
I 

Me-C-i- + AlCi; 

Me 

Me 

-► MeCCH oCHMe 
I 

Me ^3 

Me 
I 

MeCCH gCHMe -i- 1 
I I 

Me Cl 

(5.19) 

(5.20) 

(5.21) 

The reaction of the carbocations through their reaction with the starting alkyl 

halide [Eq. (5.21)] to form the addition products is competing with quenching by the 

metal halide anion to form halogenated products. In mentioned example, the chlo¬ 

rine atom in compounds 10, 11, and 12 originates from AlCl;. This was shown in the 

reaction of ethylene” with tert-EnBr in the presence of AlCl^, or with terr-BuCl in 

the presence of AlBr^. In both reactions, both 4-bromo- and 4-chloro-2,2-di- 

methylbutanes were formed. The main product-forming reaction, however, is that 

according to Eq. (5.21) with the generation of a new carbocation. 

The complex nature of alkylation of alkenes is illustrated by the reaction of 1- 

and 2-chloropropane with ethylene,” which does not yield the expected isopentyl 

chloride. Instead, l-chloro-3,3-dimethylpentane is formed by isomerization of the 

primary product to give tert-amyl chloride, which adds to ethylene more readily then 

the starting propyl halides (Scheme 5.4). The same product is also obtained^'' when 

ethylene reacts with neopentyl chloride in the presence of AlCl^. 

MeCHMe 
14 

Cl 

-AICI4 AlCh 

MeCHMe 

16 

MeCHsCHgCI 

15 

-AlCU AlCh 

MeCHgCHg 

-16 CH2=CH2, 
14orl5 

Me 
I 

MeCHCH 2CH2CI 

Me 
I 

^^MeCCH^Me 

I 
Cl 

CH2=CH 
Me 

I 
MeCH2CCH 2CH2CI 

Me 

Scheme 5.4 
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The scope and limitations of the Lewis acid-catalyzed additions of alkyl chlo¬ 

rides to carbon-carbon double bonds were studied.’’ Since Lewis acid systems are 

well-known initiatiors in carbocationic polymerizations of alkenes, the question 

arises as to what factors govern the two transformations. The prediction was that 

alkylation products are expected if the starting halides dissociate more rapidly than 

the addition products.” In other words, addition is expected if the initial carbocation 

is better stabilized than the one formed from the dissociation of the addition product. 

This has been verified for the alkylation of a range of alkyl- and aryl-substituted 

alkenes and dienes with alkyl and aralkyl halides. Steric effects, however, must also 

be taken into account in certain cases, such as in the reactions of trityl chloride.” 

Alkylation of Alkynes. Organic halides can alkylate acetylenes in the presence 

of Lewis acids. In most cases, however, the products are more reactive than the 

starting acetylenes. This and the ready polymerization of acetylenes under the 

reaction conditions result in the formation of substantial amounts of byproducts. 

Allyl, benzyl, and tert-alkyl halides giving stable carbocations under mild conditions 

are the best reagents to add to acetylenes.'’^” 

The alkylation of phenylacetylene with tert-butyl chloride, benzyl chloride and 

diphenylmethyl chloride follows an Ad^i mechanism”"”’ with the involvement of the 

open vinyl cationic intermediate 17 [Eq. (5.22)]. The anti stereoselectivity originates 

from the preferential attack of the chloride ion on 17 from the less hindered side. 

Stereoselectivity, therefore, is determined by the relative effect of the two P sub¬ 

stituents. Alkyl-substituted alkynes show decreased stereoselectivity compared with 
aryl-substituted acetylenes.”’” 

Ph 

Ph+ RHIg (5.22) H 

HIg 

Alkylation with Carbonyl Compounds: The Prins Reaction. Carbonyl 

compounds react with alkenes in the presence of Brpnsted acids to form a complex 

mixture of products known as the Prins reaction. The use of appropriate reaction 

conditions, solvents, and catalysts allows to perform selective syntheses. 

Characteristically formaldehyde is the principal aldehyde used. Mineral acids 

(sulfuric acid, phophoric acid), p-toluenesulfonic acid, and ion exchange resins are 

the most frequent catalysts. Certain Lewis acids ZnCl^, SnCl^) are, however, 
also effective. 

The Prins reaction was investigated extensively.”"” It proceeds by the elec¬ 

trophilic attack of protonated formaldehyde to the double bond. Markovnikov ad¬ 

dition is followed and alkenes exhibit increasing reactivity with increasing alkyl 

substitution. Although different intermediates were suggested, the 3-hydroxy car¬ 

bocation intermediate 18 seems to be consistent with the experimental data””” 

(Scheme 5.5). Intermediate 18 can deprotonate to give allylic alcohol (19) or ho- 

moallylic alcohol, react further with nucleophiles to yield p-substituted alcohols 
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(20), or by reacting with a second molecule of aldehyde, form 1,3-dioxacyclo- 
hexane (21). 

CH2=0 -I- 

CH2=0H'<-*- CH2-OH 

\ H 
\+ I 

C—C—CH2OH 

/ I 
18 

Scheme 5.5 

Simple mono- and disubstituted alkenes react to yield 1,3-diols, when the Prins 

reaction is carried out at elevated temperature. Diols originate from the attack of 

water on carbocation 18, or through the acidolysis of dioxanes under the reaction 

conditions. When the reaction is conducted in acetic acid, monoacetates are formed 

by acetate attack on 18. Dienes resulting from the dehydration of intermediate diols 

are the products of the transformation of more substituted alkenes. Monoacetates 

and diols may react further to yield 1,3-diol diacetates. When the Prins reaction is 

performed with hydrochloric acid as catalyst, chloride ion serves as the nucleophile, 

affording 1,3-chlorohydrins. 

1,3-Dioxacyclohexanes can be produced in excellent yields from aliphatic or 

aryl-substituted alkenes.®^ Dilute sulfuric acid at or above room temperature with 

paraformaldehyde appears to give the best results. Dioxane-water or acetic acid as 

solvent was found to afford increased yields in the Prins reaction of arylalkenes. 

The stereochemistry of the Prins reaction is complex. In the transformation of cy¬ 

clohexene and 2-butenes anti stereoselective addition was observed,®’"®^ whereas syn 

addition of two formaldehyde units takes place in the formation of 1,3-dioxanes 

from substituted styrenes.™ Most of the transformations are, however, nonstereose- 

lective,'''™ accounted for by carbocation 18. 

Few examples of the Prins reaction of homologous aldehydes and ketones are 

known.™-™ Acetaldehyde was shown to react smoothly with isobutylene under 

mild conditions, whereas other, less substituted alkenes were found to be very un¬ 

reactive.™ 

5.1.4. Alkylation of Aromatics 

Friedel and Crafts discovered™ the aluminum chloride-catalyzed alkylation of ben¬ 

zene with alkyl halides in 1877. During more than a century that has passed the reac- 
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tion has been exhaustively investigated. The results showed that the reaction is far 

more complicated than it first appeared. In their early work, Friedel and Crafts ob¬ 

served that passage of methyl chloride through moderately heated benzene contain¬ 

ing aluminum chloride resulted in the evolution of hydrogen chloride and the forma¬ 

tion of toluene together with smaller amounts of xylenes, mesitylene, and higher 

boiling polymethylbenzenes [Eq. (5.23)]. The product consisted of two liquid layers. 

The upper layer comprised benzene and methylated benzenes. The lower layer was a 

red-brown oily complex of the catalyst and the same methylbenzenes as those found 

in the upper layer, and which could be liberated by hydrolysis. 

Similarly a product believed to be «-amylbenzene was formed by the reaction of 

amyl chloride with benzene in the presence of aluminum chloride. It is quite proba¬ 

ble, however, that the product reported at boiling at 185-190°C contained much sec- 

amylbenzenes and possibly even a small amount of terf-amylbenzene. In fact, iso¬ 

merization often accompanies alkylation of aromatic hydrocarbons. 

Shortly after the work of Friedel and Crafts, Balsohn discovered that ethylene 

also reacted with benzene in the presence of AlCl^ to give ethylbenzene.’* Other 

alkenes act as similar alkylating agents. The alkylations are accompanied by dialky¬ 

lation (polyalkylation) and isomerization processes. Two types of isomerization— 

rearrangement of the reactant alkylating agent and positional isomerization (reorien¬ 

tation of substituents into new ring position)—may occur during alkylation. 

Friedel-Crafts alkylations are often also complicated by other side-reactions. These 

include formation of saturated hydrocarbons, dealkylation, and disproportionation 

(transalkylation). The nature of the catalyst and reaction conditions exert strong ef¬ 
fect on the extent of these transformations. 

Any aromatic hydrocarbon that contains a replaceable hydrogen can be alkylated 

unless steric effects prevent introduction of the alkyl group. For example, little or no 

ortho substitution of an alkylbenzene takes place when the entering group is tertiary 

or when the aromatic hydrocarbon contains a tertiary alkyl group. Alkylable aromat¬ 

ic hydrocarbons include benzene and its homologs, fused polycyclic compounds 

(naphthalene, anthracene, phenanthrene, indene), and polycyclic ring assemblies 

(e.g., biphenyl, diphenylmethane, bibenzyl, tetraphenyls). Polycyclic aromatic hy¬ 

drocarbons readily undergo alkylation but usually give lower yields of alkylated 

products because of their own high reactivity under the Friedel-Crafts conditions. 

Since alkyl groups attached to the benzene ring would be expected to direct en¬ 

tering substituents into the ortho and para positions, it was initially unexpected to 

find that significant meta substitution occurs when alkylbenzenes are monoalkylated 

(or benzene is dialkylated). It was subsequently established that such meta substitu¬ 

tion is generally caused caused not by a low selectivity kinetic alkylation, but by 
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subsequent (or concurrent) thermodynamically controlled isomerization. The rela¬ 

tive amounts of the three isomeric dialkylbenzenes that are produced depend on the 

aromatic hydrocarbon, the alkylating agent, the catalyst, and the reaction conditions. 

When considering mechanistic aspects, it is essential to differentiate kinetically con¬ 

trolled direct alkylation and thermodynamically affected isomerizative reactions. 

Besides aluminum chloride, the most often used and studied Friedel-Crafts cata¬ 

lyst, many other acid catalysts are effective in alkylation. Although Friedel-Crafts 

alkylation was discovered and explored mainly with alkyl halides, from a practical 

point of view, alkenes are the most important alkylating agents. Others include alco¬ 
hols, ethers, and esters. 

Detailed coverage of Friedel-Crafts-type alkylations is to be found in relevant 

reviews and monographs,’^-"'' and the reader is advised to consult these for detailed 
information. 

Catalysts. It was shown by Friedel and Crafts that while aluminum chloride is a 

very active alkylation catalyst, other metal chlorides (ferric chloride, zinc chloride, 

etc.) are also effective. They also showed that other aluminum halides (aluminum 

bromide and aluminum iodide) are excellent catalysts. Indeed, recent work"’ claimed 

that for the isopropylation of benzene with isopropyl chloride, aluminum iodide is 

the most active catalyst, although this claim may be overstated and All^ also can 
cause side reactions. 

Boron trifluoride is another important, reactive Friedel-Crafts catalyst that has 

been widely used. Because it is a volatile gas, but forms many complexes for some 

applications, it is preferred and can be readily recovered for reuse. 

Zinc chloride is much less reactive than aluminum chloride and usually requires 

higher reaction temperatures. However, it has the advantage that, unlike aluminum 

chloride, it is less sensitive to moisture and can be sometimes even used in aqueous 

media."" Concentrated aqueous solutions of ferric chloride, bismuth chloride, zinc 

bromide, stannous chloride, stannic chloride, and antimony chloride are also alkyla¬ 

tion catalysts, particularly in the presence of hydrochloric acid."'^ 

Aluminum chloride loses its activity when dissolved in excess methanol but 

yields a catalyst when converted to its monomethanolate (AlCl^-CH^OH). On the 

other hand, the dimethanolate has no catalytic activity. Nitroalkanes (such as ni- 

tromethane) form 1 ; 1 addition complexes with aluminum chloride that modify its 

reactivity and are used for more selective alkylations.* 

Attempts to establish a reliable reactivity order of Friedel-Crafts catalysts have 

been unsuccessful. This is by necessity because the activity of Lewis acid metal 

halides in Friedel-Crafts reactions depends also on the reagents and conditions of 

the particular reaction. A purely empirical order of some reactive metal halide alky¬ 

lation catalysts was given as AlHlg^ > GaHlg^ > ZrCl^ > NbCl^ > TaCl^ > MoCl^ es¬ 

tablished for the benzylation of benzene with methylbenzyl chlorides.'^' These cata¬ 

lysts give high yields and cause extensive isomerization. Moderate activity 

(sufficient yields without significant isomerization) was exhibited by InHlg^, SbCl^, 

NbClj, FeCl3, and the AlClj-RNO^ complex. BCl^, SnCl^, and TiCl^, in turn, dis- 
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played weak activity, giving products in low yields, whereas BF^ and ZnCl^ proved 

to be very weak Friedel-Crafts catalysts. BF3 as subsequently found catalyzes readi¬ 

ly the reaction of alkyl (benzyl) fluorides but not of chlorides (or bromides). An ac¬ 

tivity order based on the alkylation of benzen'fc with Yec-butyl chloride is somewhat 

different (very active catalysts: AlBr3, AICI3, MoCl^, SbCl^, and TaCl^; moderately 

active catalysts: NbCl^, FeCl3, AICI3-CH3NO3; weak catalysts: ZrCl^, TiCl^, 

AlCl3-nitrobenzene, WCl^). 

Whereas n-donor haloalkanes such as alkyl halides are activated by coordination 

(ionization) with Lewis acid halides for aromatic alkylations, there is much evidence 

showing that these Friedel-Crafts catalysts in alkylations with 7i-donor alkenes are 

active only in the presence of a cocatalyst (promoter) such as hydrogen chloride, hy¬ 

drogen bromide, or water, allowing them to act as strong conjugate protic acids. 

While many successful alkylations have been reported without added promoters, it 

seems probable that moisture was always unintentionally present (either in incom¬ 

pletely dried reactants or in the apparatus) or that the reactions were promoted by 

hydrogen halide formed as byproduct during the reaction; that is, the reactions were 
autocatalytic. 

Acids capable of efficiently protonating olefins catalyze the alkylation of aromat¬ 

ics. The most active practical protic acid catalysts are hydrogen fluoride and concen¬ 

trated sulfuric acid, which usually catalyze alkylation at 0-50°C. Phosphoric acid, 

particularly at higher temperatures, is also an active catalyst and has substantial 

practical importance (see Section 5.5.3). Other protic acids that are active in alkyla¬ 

tion include trifluoromethanesulfonic acid, polyphosphoric acid, fluorophosphoric 

acid, fluoro- and chlorosulfuric acid, and p-toluenesulfonic acid (or other alkane- 
and arenesulfonic acids). 

Several new effective Friedel-Crafts catalysts have been developed in recent 

years. These include triflate” (trifluoromethanesulfonate) derivatives of boron, alu¬ 

minum, and gallium [M(0S03CF3)3]. Trichlorolanthanides have also been proved to 

be active reusable catalysts in benzylation.*'"* Superacids as catalysts are also very ef¬ 
ficient in many Friedel-Crafts alkylations.” 

Protic acids are usually used as catalysts for alkylation with olefins rather than 

with alkyl halides. Anhydrous hydrogen chloride, in the absence of metal halides, is 

a catalyst for the alkylation of benzene with tert-butyl chloride only at elevated tem¬ 

perature” where an equilibrium with isobutylene may exist. Other alkyl halides and 

cyclohexene were also reacted with benzene and toluene using this catalyst. 

Acidic mixed oxides including alumina and silica, as well as natural clays, and 

natural or synthetic aluminosilicates are sufficiently (although mildly) hydrated to 

be effective as solid protic acids for the alkylation of aromatic hydrocarbons with 

olefins. The most studied of these catalysts are zeolites that are used in industrial 
processes (see Section 5.5). 

Frequently substantially more than catalytic amounts of a Lewis acid metal 

halide are required to effect Friedel-Crafts alkylation. This is due partly to complex 

formation between the metal halide and the reagents or products, especially if they 

contain oxygen or other donor atoms. Another reason is the formation of “red oils.” 

Red oils consist of protonated (alkylated) aromatics (i.e., arenium ions) containing 



ACID-CATALYZED ALKYLATION 161 

metal halides in the counterions or complexed with olefin oligomers. This consider¬ 

able drawback, however, can be eliminated when using solid acids such as clays,”'^" 

zeolites (H-ZSM-5),“^'"’“ acidic cation-exchange resins, and perfluoroalkanesulfonic 
acid resins (Nafion-H)."""'^ 

More details about Friedel-Crafts catalysts can be found in the review litera- 
ture ’^^■*^2.86.105-107 

Alkylation with Alkyl Halides. Friedel-Crafts alkylation with alkyl halides is 
catalyzed by metal halides since they are able to form complexes with the n-donor 

alkyl halides and ionize them to alkyl cations.'*®"^"*' The most effective and most 

frequently used catalysts are AICI3, GaClj, FeCl3, and BF^. Hydrogen fluoride and 

sulfuric acid, in turn, are less effective. When the reaction is carried out without 

solvent, excess of the aromatics is used as the medium. Primary halides are the least 

reactive alkylating agents requiring the use of strong Friedel-Crafts catalysts (AlCl^, 

GaClj). Moderately active or weak catalysts (FeCl^, BF3, AlClj-RNO^) can be used 

in alkylation with tert-alkyl, allyl, and benzyl halides. The reactivity of alkyl 

halides'"’-"^ in alkylation generally shows the decreasing order F > Cl > Br > I. 

Friedel and Crafts apparently assumed that the alkyl group in the alkylated prod¬ 

uct had the same structure as that of the alkyl halide. However, it is often not possi¬ 

ble to predict the configuration of the alkyl group nor the orientation in alkylation. 

Indeed, shortly after the discovery by Friedel and Crafts of the alkylation of aromat¬ 

ics, Gustavson"^ and then Silva"'* reported that the aluminum chloride-induced reac¬ 

tion of either propyl or isopropyl halides with benzene yields the same isopropyl¬ 

benzene. These and other early observations were, however, sometimes conflicting. 

Ipatieff and coworkers, for example, reported"^ that the product composition in 

alkylation of benzene with n-propyl chloride in the presence of AICI3 depends on the 

reaction temperature. Carrying out the reaction at -6 °C gave a 60 : 40 mixture of 

propylbenzene and isopropylbenzene, whereas a composition of 40 : 60 was identi¬ 

fied in the reaction at 35°C. 

More recent work applying modern analytical techniques for reliable identifica¬ 

tion of products revealed that the product distribution was almost independent of the 

temperature (the normal to isopropyl ratio was 34 ; 66 at -18°C, and 30 : 70 at 

80°C)."'* In contrast, alkylation of p-xylene exhibited strong temperature-dependent 

regioselectivity'" [Eq. (5.24)] due to obvious isomerization equilibria. 

Me Me 

y ^MeA- 
Me 

-17°C 73 27 19% yield 
50°C 53 31 16 68% yield 

Either di- or polyalkylation can occur during alkylation with alkyl halides since 

the product alkylbenzenes are more reactive, although the reactivity difference with 
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reactive alkylation systems is small. Toluene, for example, reacts only about 2 5 

times faster in some benzylations than benzene."*"' As alkylbenzenes, however, 

dissolve preferentially in the catalyst-containing layer, heterogeneous systems can 

cause enhanced polysubstitution. The use of appropriate solvents and reaction con¬ 

ditions as well as an excess of aromatics allow the preparation of monoalkylated 

products in high yields. 
The mechanism of Friedel-Crafts alkylation with alkyl halides involves initial 

formation of the active alkylating agent, which then reacts with the aromatic ring. 

Depending on the catalyst, the solvent, the reaction conditions, and the alkyl halide 

the formation of a polarized donor-acceptor complex or real carbocations (either as 

an ion pair or a free entity) may take place: 

5- __ 

R-HIg + MHlC|,=" R.HIg.MHIg^-R^iMHIg^^^] (5.25) 

22 

It is usually considered that the carbocation formed in the interaction between the 

alkyl halide and the metal halide catalyst attacks the aromatic ring and forms the 

product through a a complex or arenium ion (Wheland intermediate) (23) in a typi¬ 

cal aromatic electrophilic substitution: 

23 

Dewar,as well as Brown and Olah, respectively, raised the importance of ini¬ 

tial 7t-complexing of aromatics in alkylations.Relevant information was derived 

from both substrate selectivities (determined usually in competitive alkylations of 

benzene and toluene, or other alkylbenzenes), and from positional selectivities in the 

alkylation of substituted benzenes. Olah realized that with reactive alkylating agents 

substrate and positional selectivities are determined in two separate steps. 

Substantial evidence indicates that in alkylation with primary alkyl halides (and 

some secondary alkyl halides), it is the highly polarized donor-acceptor complex 22 

that undergoes rate-determining nucleophilic displacement by the aromatic (acting 

as Tt-nucleophile)."*'^^ This assumption is supported, for example, by the overall 

third-order kinetics of the reaction (first-order each in the aromatic, the halide, and 

the catalyst).Further evidence is the finding that methylation of toluene by 

methyl bromide and methyl iodide occurred at different rates and gave different xy¬ 

lene distributions.'" The involvement of a common intermediate (CH^*) should re¬ 

sult in identical rate and product distribution. Further, the formation of primary alkyl 

cations, particularly that of CH^*, is very unfavorable. Strong evidence against the 

participation of primary carbocations is also the lack of scrambling in aluminum 

chloride catalyzed alkylation of benzene with [2-'''C]-ethyl chloride'^f The transition 
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State of the rate-determining displacement step, suggested by Browncan be de¬ 

picted as o-complex 24 involving a partially formed carbon—carbon bond and a par¬ 
tially broken carbon-chlorine bond. 

ArH"”CH2 

25 

CIlAICIg 

As mentioned, Olah and coworkers have found that alkylation by strongly elec¬ 

trophilic reagents involves a separate initial rate-determining step suggested to be 

an oriented n complex (25), preceding the formation of the a complex.The 

nature of the transition state of highest energy depends on the reagents.^' '^'^ '^^ A 

transition state lying early on the reaction coordinate will resemble starting aromat¬ 

ics (thus of 7i-complex nature). This may happen when strongly electrophilic 

reagents or strongly basic aromatics are involved in alkylation. Since the subse¬ 

quently formed a complexes (separate for each position) also lie relatively early on 

the reaction coordinate, ortho substitution is favored over para. Weak elec¬ 

trophiles or weakly basic aromatics, in turn, tend to proceed through transition 

states lying late on the reaction coordinate. Weaker alkylating agents result in in¬ 

creasing selectivity of the formation of the para isomer (assuming that kinetic con¬ 

ditions are maintained). 

When good correlations are found between rates and a-complex stabilities of 

arenes. Brown’s one-step mechanism with rate-determining a-complex formation 

determines both substrate and positional selectivities and Brown’s selectivity rela¬ 

tionship is valid. Care must be excercised, however, to ascertain that kinetic condi¬ 

tions are always maintained. If such correlation does not hold, Olah’s two-step 

mechanism with separate n- and a-complex formation may be operative. The nature 

of the initial “first complex” is still argued. In some instances, encounter complexes 

or charge transfer complexes are suggested to be involved, but there is increasing 

agreement about the necessity of two separate steps to explain low substrate but high 

positional selectivities. Of course, it must be emphasized again that if isomerizing 

conditions prevail, no kinetic treatment of selectivities is possible. 

Studies by Nakane et al. also support the two-step mechanism when alkylation is 

carried out with alkyl halides under substantially nonionizing conditions.It was 

further shown that in nonpolar organic solvents carbocations rather than the polar¬ 

ized complexes participate directly in the formation of the first K complex. BF^-H^O 

catalyzes ethylation,'^" isopropylation'^' and benzylation"’^ through the correspond¬ 

ing carbocations. Accordingly, ethylbenzene equally labeled in both a and (3 posi¬ 

tions was obtained when [2-‘''C]-ethyl halides were reacted in hexane solution in the 

presence of boron trifluoride,BF^-H^O,'” or aluminum bromide.The benzyl 

cation was, however, shown to be involved in TiCl^ and SbCl^-catalyzed benzylation 

in polar solvents."*^ 
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The stereochemical outcome of Friedel-Crafts alkylation may be either inversion 

(nucleophilic displacement) or racemization (involvement of a trivalent flat carboca- 

tion). Most transformations were shown to occur with complete racemization. In a 

few instances, inversion or retention was observed. For example, the formation of 

(-)-l,2-diphenylpropane [(-)-28] from (-)-26 was interpreted to take place through 

the nonsyrnmetrically 7C-bridged carbocation 27, ensuring 50-100% retention of 

configuration:'^* 

PhCH,-Q 
, Me AICI3 or FeClg 

\ -20 to 40°C 
Cl Ph 

(5.27) 

(-)-26 27 (-)-28 

As was already mentioned, isomerizations (rearrangement of the reactant alkyl 

halide, as well as positional isomerization in the aromatic ring, or disproportionative 

transalkylation) may occur during alkylation. The ease of rearrangement of alkylat¬ 

ing agents follows the order primary < secondary < tertiary. As a rule, straight-chain 

secondary halides yield mixtures in which the aromatic ring is attached to all possi¬ 

ble secondary carbon atoms in the chain. Branched alkyl halides usually form ter¬ 

tiary alkylates under nonisomerizing conditions'” [Eq. (5.28), AlCl^-MeNO^)]. 

Under isomerizing conditions (AlCl^), however, different product mixtures are iso¬ 

lated [Eq. (5.28)]. Selective isopropylation and tert-butylation may be accomplished 

by alkylation with isopropyl and tert-butyl halides, respectively. 

CH3 
I 

-1-CH3CHCHCH 3 

Cl 

CH. 

CH 3CCH gCH 3 CH 3CHCHCH 3 

(5.28) 

AICl3-MeN0 2, 25°C, 0.25 h 100 

AICI3, 0-5°C, 0.25 h 43 57 
AlClo. 0-5°C. 4 h 18 82 

Isomerization can take place in the arenium ion (a-complex) intermediates of 

the alkylation reactions prior to their deprotonation, or the product alkylbenzenes 

may undergo isomerization to yield rearranged and ring-isomerized products. 

Alkylation is further frequently a reversible reaction. Strong catalysts, more elevat¬ 

ed temperatures, and prolonged reaction time favor isomerizations. When substitut¬ 

ed benzenes such as toluene are terr-butylated, widely varying isomer distributions 

can be obtained.Under nonisomerizing (kinetically controlled) conditions 

selective formation of p-terr-butyltoluene occurs giving 95% of this isomer'^* [Eq. 

(5.29)]. In contrast, the meta isomer is formed under isomerizing conditions (AICI3, 
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FeCy in yields up to 67%, which is reflecting the thermodynamically controlled 

isomer distribution.'3“ Because of severe steric interaction, little or no ortho isomer 
is formed. 

tert-Bu 

AgCI0 4, 5min 94.4 
AgBF4, 15min 38.2 

(5.29) 

As mentioned, positional isomerization can also take place in the a complexes 

through intramolecular 1,2 shifts prior to deprotonation[Eq. (5.30)]. It is notewor¬ 

thy that the thermodynamic equilibria of the neutral dialkylbenzenes and their proto- 

nated arenium ions (a complexes) are significantly different (see Section 4.1.2). In 
the latter case the 1,3-dialkyl-substituted arenium ion is the most stable. 

Solid Lewis acid halide catalysts seem to have advantages in some Friedel-Crafts 

reactions. ZnCl^ and NiCl^, supported on KIO montmorillonite, exhibit high activity 
and selectivity in benzylation;‘'“ 

-L PhCH2CI 
MCl2on KIO 
-► 

Rf 15 min 

MCl2=ZnCl2 100% conversion 80% 
MCI2 = NiCl2 96% conversion 67% 

(5.31) 

Alkylation with di- (poly)-functional alkylating agents, such as di- and poly- 

haloalkanes, is of synthetic significance. Despite the increased probability of addi¬ 

tional intra- and intermolecular side reactions, selective alkylations may be possible. 

Carbon tetrachloride, for example, can be reacted with benzene to form triphenyl- 

methyl chloride in high yield (84-86%).'“' The difference in reactivity of different 

halogens allows selective haloalkylation. Boron trihalides generally catalyze reac¬ 

tion of only C-F but not C-Cl or C-Br bonds''^ [Eq. (5.32)]. Observed isomerization 

in the presence of BF^ is attributed to the formation of hydrogen fluoride, which 

forms the strong conjugate acid HF-BF^ capable of effecting extensive isomeriza¬ 

tion"^ [Eq. (5.33)]. 
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+ FCH2CH2CI BHig3 , 
-10 °C, 30 min 

^0-55% 

(5.32) 

1^^ + FCH2CH2CH2CI 

BF3, 60 min 100 
BCI3 or BBr3, 30 min 10 

90% yield 
90 63% yield 

(5.33) 

A systematic study of the alkylation of benzene with optically active 1,2-, 

1,3-, 1,4-, and 1,5-dihaloalkanes showed that the stereochemical outcome de¬ 

pends on the halogens and the chain length.''*^ Retention of configuration in 

alkylation with (5')-l,2-dichloropropane was explained by invoking double in¬ 

version and the involvement of a bridged cation such as 27. (5)-l-Bromo-2- 

chloropropane, in contrast, reacts with inversion. The involvement of a cyclic 

halonium ion intermediate ensures retention of configuration in alkylation with 

(S)-1,4-dichloropentane. 

An important application of alkylation with di- and polyhalides is cy- 

clialkylative ring formation. Of different a,(j0-dihaloalkanes studied, 1,4- 

dichlorobutane was shown to react at exceptional rate and with least rearrange¬ 

ment.This was rationalized in terms of participation by the cyclic chloronium 

ion 29 formed with anchimeric assistance by the second chlorine atom in the 
molecule: 

CI(CH 2)401 
benzene^ 

AICI3, 
5°C, 2 h 

(5.34) 

Cyclialkylative ring closure is more frequently performed with haloalkylarenes. 

Such cyclialkylation reactions are, however, outside the scope of this discussion. 

Details of these and other haloalkylations are found in the literature. 

Alkylation with Alkenes. Besides alkyl halides, alkenes,**''"*-'^' alkynes,'=" 

alcohols and ethers,'*'^ *" '” and esters*" '^' '’'' are most frequently used for alkylation of 

arenes. Of all alkylating agents, alkenes are practically the most important. 

When an alkene is used in the alkylation of arenes, metal halides with hydrogen 

halide or water as cocatalyst, protic acids, and acidic oxides can be used as catalysts. 

Both linear and cyclic alkenes are used in alkylations. Alkylation with alkenes is 

usually preferred in industry because the processes are simpler and olefins are readi¬ 
ly and cheaply available in pure form from petroleum refining processes. 
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The alkylation of benzene with ethylene is a very important reaction for the man¬ 

ufacture of ethylbenzene (see Section 5.5.2), which is then dehydrogenated to 

styrene. The alkylation is not readily catalyzed by hydrogen fluoride or sulfuric acid 

because the symmetric 7i bond of ethylene is not as easily protonated as those of 

more polar alkenes (propylene, etc.). Further, the ethyl cation can also be readily 

quenched to ethyl fluoride and ethyl hydrogen sulfate (or diethyl sulfate), respec¬ 

tively. Sulfuric acid also sulfonates benzene and alkylbenzenes. Superacidic trifluo- 

romethanesulfonic acid (triflic acid) does not react with arenes, but is a much more 

expensive catalyst. Promoted aluminum chloride,phosphoric acid, 

silica-alumina,"^’ and recently zeolites’'”-"" are applied in industrial processes. The 

solid-acid-catalyzed manufacture of ethylbenzene and p-ethyltoluene by alkylation 

of benzene and toluene with ethylene, respectively, is also of industrial significance 

(see Sections 5.5.2 and 5.5.5). A characteristic feature of intermediate pore size H- 

ZSM-5 zeolite catalyst in the alkylation of alkylaromatics is that it brings about the 

formation of the para isomers with high selectivity.’®^ Hydrogen mordenite, in con¬ 

trast, yields a near-equilibrium mixture due to isomerization of the initial product. 

The related manufacture of cumene (isopropylbenzene) through the alkylation of 

benzene with propylene is further industrially important process, since cumene is 

used in the synthesis of phenol and acetone. Alkylation with propylene occurs more 

readily (at lower temperature) with similar catalysts (but also with hydrogen fluoride 

and acidic resins) as those used with ethylene, as well as with weaker acids, such as 

supported phosphoric acid (see further discussion in Section 5.5.3). 

In alkylation of benzene with both ethylene and propylene di- and polyalkylates 

are also formed. In alkylation with propylene, 1,2,4,5-tetraisopropylbenzene is the 

most highly substituted product; steric requirements prevent formation of penta- and 

hexaisopropylbenzene. On the other hand, alkylation of benzene with ethylene read¬ 

ily yields even hexaethylbenzene. 

Alkylation with higher alkenes occurs more readily than with ethylene or propy¬ 

lene, particularly when the alkenes are branched. Both promoted metal chlorides and 

protic acids catalyze the reactions. 

Carbocations formed through protonation of alkenes by proton acids are usually 

assumed as intermediates in alkylation with alkenes. Metal halides, when free of 

protic impurities, do not catalyze alkylation with alkenes except when a cocatalyst is 

present. It was shown that no neat conjugate Friedel-Crafts acids such as HAICI^ or 

HBF^ are formed from 1 : 1 molar compositions in the absence of excess HCl or HF, 

or another proton acceptor.’®”'’®® In the presence of a proton acceptor (alkene), how¬ 

ever, the Lewis acid halides-hydrogen halide systems are readily able to generate 

carbocations: 

RCH=CH2 + HHIg -r MHIg^ - - ' RCHCH 3 [MHIg^^^f (5.35) 

It was observed that all three straight-chain butenes give similar product distribu¬ 

tion in alkylation of naphthalene [Eq. (5.36)]. This suggests the intermediacy of a 

common carbocationic intermediate, the 2-butyl cation.’®” 
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(5.36) 

1-butene 74 26 76% yield 
c/s-2-butene 72 28 81% yield 
frans-2-butene 70 30 83% yield 

Alkylation with isobutylene under similar conditions'®’ and alkylation with 

propylene catalyzed by perfluorosulfonic acids,'®" in turn, lead to 2-substituted naph¬ 

thalenes. As was shown by Olah and Olah,'®" the kinetic alkylation of naphthalene, 

even in case of tert-butylation, gives preferentially the 1-isomers, which, however, 

isomerize very fast to the thermodynamically preferred 2-alkylnaphthalenes. Great 

care is therefore needed to evaluate kinetic regioselectivities. 

Selective mono- or dicyclohexylation of naphthalene with cyclohexene (and cy¬ 

clohexyl bromide) was achieved over HY zeolites.'™ Monocyclohexylnaphthalenes 

are formed with 99% selectivity at 80°C. The amount of dicyclohexylnaphthalenes 

increases dramatically with increasing temperature. Because of zeolite shape selec¬ 

tivity, mainly the P,p-disubstituted derivatives (2,6- and 2,7-dicyclohexylnaphtha- 

lene) are formed at 200°C. 

Reaction conditions in alkylation with alkenes exert a strong effect on product 

distribution"" [Eq. (5.37)]"" similar to that in alkylation with alkyl halides. Linear 

alkenes yield all possible Ycc-alkyl-substituted arenes when strong acid catalysts 

(AICI3, AlBi'j, HF-BFj) are used allowing isomerization also to occur.'™'™ When 

branched alkenes are used as alkylating agents, the corresponding ferf-alkylsubsti- 

tuted products can be obtained at low temperatures using hydrogen fluoride or sulfu¬ 

ric acid as catalyst under limited or nonisomerizing conditions. Isomerizing condi¬ 

tions at more elevated temperature cause rearrangement to yield alkylated product 
with the aromatic ring attached to a secondary carbon atom. 

Hr 

+ CH 3C=CHCH 3 
AICI3+HCI 

benzene, 
15-20 min 

-40°C, 50 min 
210c, 34 min 

100 
55 

(JH; 

(5.37) 

Positional isomerization occurs similarly as during alkylation with alkyl halides. 

HF and H^SO^ that are weaker catalysts than the conjugate Friedel-Crafts acids, 

however, do not bring about ready positional isomerization of the alkylated prod¬ 

ucts. Rearrangement in the side chain always takes place before the attachment of 
the substituent to the aromatic ring when these catalysts are used. 

An acidic cesium salt of 12-tungstophosphoric acid (Cs.^H^^PW^pj was found 

to be remarkably more active then the parent acid, zeolites, Nafion-H, sulfated zirco- 

nia, HjSO^, and HCl-AlCl^ in the liquid-phase alkylation of m-xylene and 1,3,5- 
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trimethylbenzene with cyclohexene at 100°C.‘’‘' Although the acid strength of the 

salt determined by different methods (Hammett indicators, temperature- 

programmed desorption of ammonia) was lower than that of sulfated zirconia, it is 

presumed that the high activity is brought about by the large number of surface acid 

sites. 

Phenylalkenes also undergo intramolecular alkylation under Friedel-Crafts con¬ 

ditions to yield five- or six-membered cyclic products (indan or tetralin derivatives, 

respectively). This cyclialkylation''”''^'” may actually be also considered as an iso¬ 

merization reaction. 

Formation of indan derivatives is usually expected only when benzylic or tertiary 

carbocations are involved in cyclialkylation.''*^ Tetralin formation through secondary 

and tertiary carbocations is always favored over indan formation, and it may even 

take place through an assisted primary carbocation:'^® 

Steric factors play a determining role in directing the course of ring closure. They 

can be invoked to rationalize cyclialkylation of the 30 arylalkene'^’ [Eq. (5.39)]. The 

less severe 1,4 interaction between the benzyl and methyl groups during cyclization 

contrasted with the 1,3 interaction between the ethyl and phenyl groups ensures the 

predominant formation of 31. 

60% yield 

(5.39) 

Alkylation with Alkanes. Alkylation of aromatic hydrocarbons with alkanes, 

although possible, is more difficult than with other alkylating agents (alkyl halides, 

alkenes, alcohols, etc.).'”* This is due to the unfavorable thermodynamics of the 

reaction in which hydrogen must be oxidatively removed. 
Ipatieff and coworkers observed first that AlCl^ catalyzes the destructive alkyla¬ 

tion of aromatics with branched alkanes.'™ For example, tert-butylbenzene (35%), p- 

di-tert-butylbenzene (25%), and considerable isobutane are the main products when 

benzene is reacted at 20-50°C with 2,2,4-trimethylpentane. Toluene and biphenyl are 

alkylated at 100°C in a similar way.'*’ Straight-chain alkanes required more severe re¬ 

action conditions. n-Pentane reacted at 175°C to yield 8% propylbenzene, 25% ethyl- 
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benzene, and 20% toluene.'*" Phosphoric acid afforded similar products at higher tem¬ 

perature (450°C).'**^ Recently, pentasil zeolites and dealuminated pentasils were found 

to promote alkylation of benzene with C^-C^ alkanes to form toluene and xylenes. 

Alkylation without cracking was shown by Schmerling and colleagues to take 

place when saturated hydrocarbons react with benzene in the presence of AlCl^ and a 

“sacrificial” alkyl halide to form monoalkylbenzenes.'**^''*" For example, a mixture of 

l,l-dibromoethane, 2,3-dimethylbutane, benzene, and AlCl^ provides ethylbenzene 

(34%) and isomeric hexylbenzenes (21%) mainly 3-phenyl-2,2-dimethylbutane.‘‘*’ 

Detailed studies with isoalkane-alkyl chloride mixtures showed that the relative 

ability of the isoalkane and the halide in participating in alkylation of benzene de¬ 

pends on the reactivity of the alkyl chloride.'** Alkylation with isopentane in the 

presence of tert-butyl chloride gave mainly isomeric pentylbenzenes. Alkylation 

with methylcyclopentane was shown to be the principal reaction when a mixture of 

benzyl chloride, methylcyclopentane, and benzene was reacted in the presence of 

AlClj. In these cases, alkylation with the alkane took place [Eq. (5.43)]. In contrast, 

mainly isopropylation occurred when isopropyl chloride “was applied [Eq. (5.41)]. 

These observations indicate that hydrogen transfer from the isoalkane to the carbo- 

cation [Eq. (5.42)] formed through the interaction of the alkyl chloride with AlCl^ 

[Eq. (5.40)] takes place with the derived carbocation alkylating the aromatics. 

Consequently, alkylation with the alkane is the dominant reaction when stable (ter¬ 
tiary, benzyl) carbocations are involved. 

R-CI + AICI3 

R-*- 

isoR'H , 

0+ isoR"" - 
-H^ 

R-*- + AICI4 

R 

isoR'+ + R—H 

isoR' 

(5.40) 

(5.41) 

(5.42) 

(5.43) 

Alkylation of aromatics occurs when a mixture of aromatic and saturated hydro¬ 

carbons is treated at room temperature with a mixture of a Lewis acid (AlCl , FeCl, 

ZnClj) and a higher valent metal halide as oxidant (CuCl^, FeCl^).'*" The reaction of 

isopentane with benzene, for example, resulted in the formation^of 40% of isomeric 

pentylbenzenes (neopentylbenzene, 2-methyl-2-phenylbutane, 2-methyl-3-phenyl- 
butane) together with smaller amounts of isopropylbenzene, ethylbenzene, and 1,1- 

diphenylethane. p-Polyphenyl was also detected (12%). Similar results were ob¬ 

tained in alkylation of benzene with ethylbenzene (40-45% yield of 

1,1-diphenylethane), whereas only a trace of cyclohexylbenzene was found in the 

reaction with cyclohexane. When the latter reaction was carried out in the presence 

of isopentane, however, cyclohexylbenzene was isolated in 20% yield. Isopentane 

promoted alkylation of benzene with other saturated hydrocarbons as well. 
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Increased yields were achieved when CuCl^ was regenerated in situ by carrying out 
the alkylation reaction in the presence of oxygen (air). 

Oxidative removal of hydrogen by cupric chloride was suggested by 

Schmerling to explain the observations[Eqs (5.44)-(5.46)]. A related explana¬ 

tion suggested by Olah"”’ involves the protonolysis of isopentane (with protic im¬ 

purities acting as coacids for AlCl^) forming the corresponding tert-amyX cation. 

CuClj oxidizes the hydrogen formed in the protonolysis, thus making the reaction 

thermodynamically more feasible. The HCl formed in the reaction could increase 

the HCI-AICI3 conjugate Friedel-Crafts acid concentration, thus facilitating sub¬ 
sequent protolytic activation. 

CH3CHCH 2CH3-1- CUCI2.AICI3—► CH3CCH2CH3-1- HCl -1- CuCI -i-AICI 3 (5.44) 

isoCsHii 

^ CH3 I 
' 

+ CH3CCH2CH3 + 
^ u (5.45) 

H-'- -1- CUCI2 -► HCl -t- CuCI (5.46) 

Superacids were shown to have the ability to effect the protolytic ionization of o 

bonds to form carbocations even in the presence of benzene.''"’ The formed carboca- 

tions then alkylate benzene to form alkylbenzenes. The alkylation reaction of benzene 

with C1-C5 alkanes (methane, ethane, propane, butane, isobutane, isopentane) are ac¬ 

companied by the usual acid-catalyzed side reactions (isomerization, disproportiona¬ 

tion). Oxidative removal of hydrogen by SbF^ is the driving force of the reaction: 

32 33 

A comparison of C—C and C—H bond reactivities in protolytic reactions indi¬ 

cated that under the conditions of alkylation C—H cleavage is much more pro¬ 

nounced (in the reaction of ethane the relative ratio of C—C : C—H cleavages is 

9 : 1 in the absence of benzene and 1 : 10 in the presence of benzene). This indicates 

that overall alkylation can also involve the attack of protonated benzene (benzenium 

ion) on the C—H bond of the alkane [Fq. (5.48)] or interaction of benzene with the 

five-coordinate alkonium ion prior to its cleavage to the trivalent cation. 

H H 

(5.48) 
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When cycloalkanes (cyclopentane, cyclohexane) alkylate benzene, cycloalkyl- 

benzenes, as well as bicyclic compounds (indan and tetralin derivatives) and prod¬ 

ucts of destructive alkylation, are formed."”'"'^ Cyclohexane reacts with the highest 

selectivity in the presence of HF-SbF, to yield 79% cyclohexylbenzene and 20-21% 

isomeric methylcyclopentylbenzenes."'' 
FeCl -doped KIO montmorillonite was used to promote adamantylation of ben¬ 

zene to^form 1-phenyl and 1,3-diphenyladamantanes in ratios depending on the 

amount of catalyst'” [Eq. (5.49)]. In adamantylation of toluene a close to 2 : 1 meta- 

and para-substituted isomer distribution was observed. 

(5.49) 

Alkylation with Alcohols. Alkylation of aromatic hydrocarbons with 

alcohols""'^' '” in the presence of protic catalysts yields the products expected from 

typical electrophilic alkylation: 

ROH + HX—► ROH, X 

ArH 

-H2O, -H-" 

-H 2O 

ArR 

R-" 
ArH 

-H^ 

ArR 

(5.50) 

With Friedel-Crafts halides (usually AlCl^ and BF^) it is necessary to use 

equimolar or excess catalyst when alcohols are the alkylating agents. With prima¬ 

ry alcohols usually 2 mol of catalyst per mole of alcohol must be used. 

Complexing the alcohol, as well as binding the water formed in the reaction, ex¬ 

plains the experimetal findings. With secondary and tertiary alcohols, lesser 

amounts of catalyst are needed. The reactivity of different alcohols follows the 

order methyl < primary < secondary < tertiary, allyl, benzyl. The ease of carbocat- 

ion formation according to Eq. (5.51) is most probably responsible for this reactiv¬ 

ity order. Protonated (or complexed) alcohols themselves, however, can also be 

directly displaced by the aromatics, which is the case with primary alcohols and 
methanol. 

ROH+AICI3 _HCI ""RQAICIa -►R''' + "OAICI2 (5.51) 

The effect of catalysts on product distribution is shown in case of alkylation of 

benzene with neopentyl alcohol'”'” [Eq. (5.52)]. Further studies revealed, however, 

that unrearranged 34 is not a primary product'”'” but formed in a two-step re¬ 

arrangement according to Eq. (5.53). The first step involves hydride abstraction and 
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a phenonium ion intermediate.*^* The low yields are accounted for by the ready 

dealkylation of sec- and tert-pentylbenzenes under the reaction conditions. 

CH. 
80% H2SO 4, 65°C, 6 h /==\ 

CH- 

VjT-CCH 2CH3 
I 

CH3 
30-61% 

(5.52) 

CH3 

^^^~CH2CCH3 34 

9% CH3 

CH3 

/=\ I AICI3, fast /==\ I 
^ ^CCH2CH3^:^=^ ^ ^CHCHCH 

CHg 

I 

CH3 

AICI3, slow 
3 -^-► 34 (5.53) 

An interesting example of alkylation with alcohols is the selective transformation 
of isomeric phenylpropanols under appropriate reaction conditions:'*'*' 

OH 

AICI3 

-► 

40°C, 2 h 
CUCI2 or CU2CI2 

OH 

7 

Ph 

100 

-I- 

93 

Ph 

(5.54) 

Acidic clay catalysts can also be used in alkylation with alcohols.*'* The main ad¬ 

vantages of these catalysts are the reduced amount necessary to carry out alkylation 

compared with conventional Friedel-Crafts halides, possible regeneration, and good 

yields. Natural montmorillonite (KIO clay) doped with transition metal cations was 

shown to be an effective catalyst:™ 

+ ROH 
KIO-Ti 

reflux 
(5.55) 

Alkylation of toluene with methanol, a process of practical importance, was in¬ 

vestigated over several acidic clay catalysts.*'* Cation-exchanged synthetic 

saponites“' and fluor-terasilicic mica modified by La^^ ions™ were found to exhibit 

increased para selectivity compared with H-ZSM-5. 
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Substantial progress has recently been made to carry out alkylation in the gas 

phase over solid superacid catalysts. Nafion-H, a perfluorinated resin-sulfonic 

acid, for example, catalyzes the methylation of benzene and methylbenzenes with 

methyl alcohol under relatively mild conditions. The reaction shows low substrate 

selectivity. 
There is also much interest to apply shape-selective zeolites in the selective 

alkylation of aromatics.^'' H-ZSM-5, after pretreatments to properly adjust acidi¬ 

ty and to modify pore and channel characteristics, was found to be an excellent 

catalyst giving high para selectivity. In the alkylation of toluene with methanol 

the production of p-xylene was achieved with over 90% selectivity when H- 

ZSM-5 was modified by impregnation with phosphorus or boron compounds. 

p-Ethyltoluene can also be obtained through the alkylation of toluene with 

ethanol (see Section 5.5.5). Pentasil zeolites modified with oxides, coking, or 

steaming were shown to exhibit even higher para selectivities in the ethylation 

of ethylbenzene with ethanol than the parent zeolites.^’ Shape-selective zeolites 

were also found to provide products with high selectivity in the alkylation of 

polycyclic aromatics. Monomethylnaphthalenes were obtained with 90% selec¬ 

tivity in 20% yield by alkylation of naphthalene with methanol at 460°C over H- 
ZSM-5.'”" 

Transalkylation and Dealkylation. In addition to isomerizations (side-chain 

rearrangement and positional isomerization) transalkylation (disproportionation) 

[Eq. (5.56)] and dealkylation [Eq. (5.57)] are side reactions during Eriedel-Crafts 

alkylation. They, however, can be brought about as significant selective hydrocarbon 

transformations under appropriate conditions. Transalkylation (disproportionation) 

is of great practical importance in the manufacture of benzene and xylenes (see 
Section 5.5.4). 

(5.56) 

(5.57) 

Transalkylation*“^’^“’^°’ can be effected by Lewis and Brpnsted acids and zeolites. 

Methylbenzenes exhibit exceptional behavior since they undergo isomerization 

without appreciable transalkylation in the presence of conventional Friedel—Crafts 

catalysts. Penta- and hexamethylbenzene do transmethylate readily benzene and 

toluene over Nafion-H.“'* More characteristically, however, zeolites may be used for 

transalkylation. Since benzene and xylenes are generally more valuable than 
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toluene, there is substantial significance in the production of benzene and xylenes 
from toluene or mixtures of toluene and trimethylbenzenes. 86.207,209-211 

Disproportionation (transalkylation) and positional isomerization usually take 

place simultaneously when either linear or branched alkylbenzenes are treated with 

conventional Friedel-Crafts catalysts^'^-"' or with Nafion-H."® The reactivity of 

alkyl groups to participate in transalkylation increases in the order ethyl, propyl < 
isopropyl < rerr-butyl."^™^-^'’ 

n-Alkylbenzenes undergo transalkylation without concomitant side-chain re¬ 
arrangement/'^’^'’*"'' This led to the suggestion that transalkylation occurs through 

1,1-diarylalkane intermediates/"'’"" Proof was provided by Streitwieser and Reif/" 

They observed that in the transalkylation of [oc-^H-l-'''C]-ethylbenzene catalyzed by 

HBr-GaBr^, the rates of deuterium scrambling, and racemization and the loss of ra¬ 

dioactivity were almost the same. This requires a mechanism in which all three 

processes have the same rate-determining step, that is, the formation of the 1- 

phenylethyl cation. In the transalkylation path, carbocation 35 reacts with a second 

molecule of alkylbenzene to form the 1,1-diarylalkane intermediate [Eq. (5.58)]. 

This then readily undergoes cleavage to produce benzene and a dialkylbenzene. The 

initial cation initiating the reaction might arise from some impurity present in the 
reaction mixture. 

(5.58) 

Consistent with this mechanism is the observed very low reactivity of methylben- 

zenes due to the necessary involvement of the primary benzyl cations. At the same 

time 1,1-diarylalkanes undergo cleavage with great ease. 

The transalkylation of tert-alkylbenzenes follows a different route, since they 

have no abstractable benzylic hydrogen. They were shown to transalkylate by a 

dealkylation-transalkylation mechanism with the involvement of free tert-a\ky\ 

cations.^"*’"^ 

The exceptional ability of tert-a\ky\ groups to undergo transalkylation led to the 

extensive utilization of these groups, especially the tert-buiy\ group, as positional 

protective groups in organic synthesis pioneered by Tashiro."^ Nafion-H was also 

found to be a very convenient, highly active catalyst for the trans-tert-butylation of 

terf-butylalkylbenzenes in excellent yields/" 



176 ALKYLATION 

Me 

tert- Bu 

Nafion-H 

hydrogen acceptor, 12 h 

toluene, reflux 
biphenyl, 130-135 °C 

100% 
80% 

(5.59) 

Dealkylation of alkylbenzenes^^^ [Eq. (5.57)] was first studied systematically by 

Ipatieff and coworkers.^'' Alkylbenzenes heated with AlCl^ in the presence of a hy¬ 

drogen donor (cyclohexane, decalin) yielded benzene and the corresponding alkanes 

with the observed reactivity tert-huty\ > 5cc-butyl > isopropyl. Primary alkylben¬ 

zenes did not undergo dealkylation. Later studies confirmed these observations^’ 

and led to the finding that dealkylation is a facile reaction even without added hy¬ 

drogen donors, suggesting that the side chains themselves may be a sacrificial hy¬ 

dride source. Reaction conditions to induce dealkylation are sufficiently severe to 

bring about other transformations usually occurring under Friedel-Crafts alkylation 

conditions. Dealkylation of 5cc-butylbenzene, for example, produced significant 

amounts of isobutane early in the reaction, which indicates that fast isomerization of 

the side chain precedes dealkylation.’” 

The reactivity of aromatic side chains to undergo dealkylation is in line with the 

stability of the corresponding carbocations. This indicates the possible involvement 

of carbocations in dealkylation, which was proved to be the case. The intermediacy 

of the tert-butyl cation in superacid solution was shown by direct spectroscopic ob¬ 

servation.Additional proof was provided by trapping the tert-butyl cation with 
carbon monoxide during dealkylation:”" 

Me 

BF3-H2O 

/L A CO (36 atm), ^ MegCCOOH + 
tert-Bu Me 25°C,2h 

89.5% 

93% conversion 

5.2. BASE-CATALYZED ALKYLATION 

In contrast to acid-catalyzed alkylation of arenes where alkylation of the aromatic 

nucleus occurs, the base-catalyzed reaction of alkylarenes leads to alkylation of the 

side chain.”' Alkenes (straight-chain 1-alkenes, isobutylene), conjugated dienes 

(1,3-butadiene, isoprene), and styrene and its derivatives can react with alkylarenes 

possessing a benzylic hydrogen. In contrast, arylalkanes that do not have reactive 
benzylic hydrogens yield only ring alkylated products in very low yields. 

Sodium and potassium are the two most frequently used alkali metals in side- 

chain alkylation. Sodium usually requires a promoter (o-chlorotoluene, anthracene) 
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to form an organosodium intermediate that is the true catalyst of the reaction. A tem¬ 

perature range of 150-250°C is usually required for alkylation with monoolefins, 
whereas dienes and styrenes are reactive at lower temperatures. 

The reaction of alkylbenzenes with ethylene in the presence of sodium occurs 

with successive replacement of one or two benzylic hydrogens to produce mono- 

and diethylated compounds.Propylene reacts to form isomeric products with the 

preponderance of the branched isomer^^^ [Eq. 5.61)]. When potassium is used as cat¬ 
alyst, indan derivatives can also be formed^’ [Eq. (5.62)]. 

/CH3 

-f- CH3CH=CH2 (5.61) 

59% yield 

CH3CHCH 3 

+ CH2=CH2 

9H3 

(5.62) 

Alkylnaphthalenes are more reactive than alkylbenzenes and react at tempera¬ 

tures as low as 90°C. Sodium is a selective catalyst for side-chain monoalkylation. 

More elevated temperature and prolonged reaction time allow the replacement in 

ethylation of all a hydrogen atoms of alkylnaphthalenes with high selectivity.^^** 

1,3-Dienes react quite readily with alkylbenzenes to form monoalkenylbenzenes 

under controlled experimental conditions.^^*'^^' Sodium and potassium deposited on 

calcium oxide were found to be very suitable catalysts for these alkenylation reac¬ 

tions.^" Naphthalene-sodium in tetrahydrofuran is a very effective catalyst even at 
room temperature.^'*^ 

Styrene reacts with arylalkanes to yield mono- and diadducts with the concomi¬ 

tant formation of polymeric byproducts.^"** a -Methylstyrene and P-methylstyrene, in 

turn, give monoadducts in high yields. 

The nature of the catalyst and certain experimental observations, such as product 

distribution [Eq. (5.61)], indicate a carbanionic reaction mechanism. A benzylic car- 

banion formed through proton abstraction by an organoalkali metal compound [Eq. 

(5.63)] initiates the transformation.^*^ The next step, the attack of anion 36 on the 

alkene [Eq. (5.64)], is the rate-determining step since it results in the transformation 

of a resonance-stabilized anion (36) into anions (37 and 38) which are not stabilized. 

Transmetalation of 37 and 38 forms the end products and restores the benzylic car- 

banion [Eqs (5.65) and (5.66)]. 
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PhCHaR + B‘ PhCHR'M-" + BH 

36 

7 7 - 
36+ R'CH=CH2=^PhCH-CHCH 2 M-" + PhCH-CH2CHR'M’ 

37 38 

R R' 
PhCH2R I I 

37 -► PhCHCHCH 3 + 36 

PhCH2R I 
38 -^—► PhCHCH2CH2R' + 36 

(5.63) 

(5.64) 

(5.65) 

(5.66) 

The higher stability of primary anion 37 as compared to secondary anion 38 ex¬ 

plains the predominant formation of branched isomers. The high reactivity of conju¬ 

gated dienes and styrenes compared with that of monoolefms is accounted for by the 

formation of new resonance-stabilized anions (39 and 40). Base-catalyzed alkylation 

with conjugated dienes may be accompanied by telomerization. The reason for this 

is that the addition of a second molecule of diene to the 39 monoadduct anion com¬ 

petes with transmetalation, especially at lower temperatures.^^^ 

PhCH2-CH 2-CH-CH -CH 2 

39 

PhCH2-CH2-CH-Ph 

40 

5.3. ALKYLATION THROUGH ORGANOMETALLICS 

Hydrocarbons with suitably acidic (allylic, benzylic, propargylic, acetylenic) hydro¬ 

gens can be transformed to organometallic derivatives, which then can react with 

alkylating agents to yield alkylated products. 

Alkali metal alkyls, particularly n-butyl lithium, are the most frequently used 

reagents to form metalated intermediates.^'*®'^'’’ In certain cases (di- and triphenyl- 

methane, acetylene and 1-alkynes, cyclopentadiene) alkali metals can be directly ap¬ 

plied. Grignard reagents are used to form magnesium acetylides and cyclopenta- 

dienyl complexes.’'"* Organolithium compounds with a bulky alkoxide, most notably 

n-BuLi-tert-BuOK in THF/hexane mixture, known as the Lochmann-Schlosser 

reagent or LICKOR superbase, are more active and versatile reagents.’'"’ ’’’ 

Trimethylsilylmethyl potassium (Me^SiCH^K) is likewise a very good reagent in al¬ 

lylic and benzylic metalations.’” Strongly coordinating solvents, such as THF and 

A,A,AW’-tetramethylethylenediamine (TMEDA) make these reagents even more 

active. Alkyl halides are the most frequently used alkylating agents. 

The reactivity of different hydrogens to participate in metalation decreases in the 

order primary > secondary > tertiary. The subsequent alkylation step, however, can 

be controlled to give isomeric compounds with high selectivity. When Grignard 

reagents are formed they usually undergo alkylation with the shift of the double 
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bond [Eq. (5.67)], whereas alkali metal compounds in THE give predominantly the 
unrearranged producE^’'^^'* [Eq. (5.68)]. 

(5.67) 

(5.68) 

Stereoselective alkylations can be carried out by using appropriate metals and re¬ 

action conditions. Isomeric 2-alkenes react to give stereoisomeric metalated prod¬ 

ucts, which can retain their original configuration. The two intermediates, however, 

are in equilibrium. In the case of the isomeric 2-butenes, lithium and magnesium 

reagents give a roughly 1 : 1 mixture of the corresponding endo (41) and exo (42) 

derivatives^^''^^'* (Scheme 5.6). Sodium, potassium, and cesium derivatives, in turn, 

are increasingly more stable in the sterically hindered endo form attributed to the 

formation of intramolecular hydrogen bond.“^ 

H H 

M 

H 

41 

CHo 

I 
.CH 

M 

H 

Scheme 5.6 

H CH. 

HoC H 

H,C 

M 

M 

C 
H 

42 

H 

Taking advantage of this favorable equilibrium, 2-methyl-2-heptene was trans¬ 

formed to (Z)-3-methyl-3-octene with good selectivity 

H CHgSec-BuLi. ^ CHgK H .CHg H CH3 
\ / ferTBuOK \_/ f_ \=/ _^§1-\=/ 
>=\ hexane, 48T[ ^THf^-78°C, 

H9C4 CH3 H9C4 CH3 H9C4 CHgK RTSOmin H9C4 CH2CH3 

45% (5.69) 

Alkylation of isoprene at the methyl group was achieved through the reaction 

of the corresponding metal derivative (tert-BuOK—lithium tetramethylpiperi- 

dine, THE) with 1-bromoheptane (60% yield)^”-. Regioselective monoalkylation 

of isopropenylacetylene can be performed in high yields through the dilithium 

derivativeE^* 
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CH3 

I 
HC=CC=CH 

i. n-BuLi, te/TBuOK, 
THF^ hexane,-80 °C I 
---^ LiG^CC—CH 2 

2 ii. LiBr,THB20°C 

CH2R 
i. RBr I 
-► HC=C C=CH 2 

ii. H2O 

\ 

R= n-CgHn. n-CgH 13, cyclohexyl 
70-83% yield 

(5.70) 

Alkylation of aromatics at benzylic positions can also be performed. MejSiCH^K 

is a highly selective reagent for this process:^” 

i. Me3SiCH2K, 

THb -48° C 
-» 

ii. Mel 

(5.71) 

46% yield 
99% selectivity 

Dialkyl-substituted aromatics can be alkylated at both alkyl groups under appro¬ 

priate conditions. m-Xylene and 1,3-dimethylnaphthalene were transformed into the 

corresponding a,a'-dianions with n-pentylsodium in the presence of catalytic 

amount of A,A,A^’,A^’-tetramethylethylenediamine in quantitative yield.^^^ The dian¬ 

ions were subsequently alkylated with methyl iodide to yield m-diethylbenzene and 

1,3-diethylnaphthalene, respectively. p-Xylene and 1,4-dimethylnaphthalene, how¬ 

ever, could not be alkylated. This was explained to result from the very low reactiv¬ 

ity of the corresponding monoanions to participate in a second metalation due to the 

accumulation of the negative charge at the para position of the ring.^ Even p- 

xylene could be dialkylated, however, when metalation was carried out with the 

M-BuLi-/err-BuOK reagent followed by reaction with dimethyl sulfate. 

Unsymmetric dialkylation was achieved by stepwise alkylation.^' p-Xylene was 

first monomethylated to yield p-ethyltoluene, which, in turn, underwent ethylation 

to give p-propylethylbenzene in 74% combined yield. The reaction of dianions with 

a,co-dihalides afforded the synthesis of cyclophanes in low yields.^'"' 

In addition to mentioned alkylations at activated positions, powerful metalating 

agents permit the removal of protons from olefmic carbons or aromatic ring carbons. 

As a result, alkylation at vinylic position or at the aromatic ring is also possible, n- 

BuK^“ or the LICKOR superbase when used in pentane^^^-^'^^ are nonselective 

reagents in the alkylation of aromatics, producing a mixture of products methylated 

at both the benzylic position and the ring. The combinations of different alkyllithi- 

ums and potassium alcoholates proved to be somewhat more selective.^“ However, 

when the LICKOR reagent is applied in THE, subsequent methylation gives ring- 

methylated products with high selectivityEven better (95%) selectivities in ring 
methylation were achieved with «-pentylsodium.^^^ 

Selective ring monoalkylation of phenylacetylene^''^^''’ was achieved through 

dimetal compound 43 [Eq. (5.72)], which does not lead to alkylation of the 

acetylenic carbon even when excess alkylating agents are used, provided the reac- 
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tion is carried out below 0°C. o-Allylation was carried out via the corresponding 
Grignard compound.^^ 

R = Me, n-Bu 51-88% 

The easy metalation of the acetylenic hydrogen and the subsequent reaction of 

the formed alkali metal and alkylmagnesium acetylides allow the alkylation of 

alkynes at the triple bond.^®* Such alkylations are valuable methods for the synthesis 

of alkynes, although there are limitations. Only primary alkyl halides unbranched in 

the P position give satisfactory yields when alkali metal acetylides are used since 

other halides undergo elimination under the basic conditions used. Magnesium 

acetylides, in turn, react only with activated (allylic, benzylic) halides. 

When an excess of a strong base is used, 1-alkynes can be transformed to the 

corresponding 1,3-dianion. This can be either monoalkylated at the propargylic 

position^’^" or dialkylated at both the propargylic and acetylenic carbons^** 

(Scheme 5.7). 

H3CC=CH 

2.5 equiv n-BuLi 

[pH C=cY' » LOH2O-O.J ether, 

TMEDA, 0°C 

4 WHCI 
C4H9CH2CSC: ► C4H9CH2C=CH 

i. n-BuBr, HMPT -20 ° C 39% 
ii. H2O 

C4H9CH2CSCC4H9 30% 

Scheme 5.7 

5.4. MISCELLANEOUS ALKYLATIONS 

A unique example of alkane-alkene reaction is the homologation of olefins with 

methane in a stepwise manner over transition-metal catalysts.^^ First methane is ad¬ 

sorbed dissociatively on rhodium or cobalt at 327—527 C, then an alkene (ethylene 

or propylene) is coadsorbed at lower temperature (27-127°C). On hydrogenation, 

carbon-carbon bond formation occurs. The mechanism appears to be related to that 

occurring in the Fischer-Tropsch reaction. 
There is increasing interest in studying the alkylation of methylbenzenes in the 

side chain with methyl alcohol over zeolite catalysts.^™ These reactions may lead to 

new nontraditional technologies in the synthesis of styrene from toluene and that of 

p-methylstyrene from p-xylene. A one-step route from toluene or p-xylene to the 
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corresponding styrenes would be of great practical importance compared with the 

presently practiced two-step syntheses (alkylation followed by dehydrogenation). 

Side-chain alkylation with methyl alcohol can be catalyzed by X and Y zeolites 

exchanged with alkali cations. Recent observations indicate that both acidic and 

basic sites are necessary to achieve alkylation in the side chain.^’’ A mechanism™ in¬ 

volving formaldehyde as the alkylating agent formed by the dehydrogenation of 

methyl alcohol appears to be operative. Among other observations, it is supported 

by the finding that both methyl alcohol and formaldehyde as alkylating agents give 

very similar results. The hydrogen generated may affect selectivities by hydrogenat¬ 
ing the styrene formed. 

In several studies Rb^ and Cs^-impregnated X zeolites were found to exhibit the 

highest activity and selectivity in these transformations.™"™ A CsX zeolite treated 

with boric acid, for example, gave better than 50% overall selectivity in the forma¬ 

tion of styrene and ethylbenzene (410°C, 60% conversion).™ Treatment of these 

catalysts with copper or silver nitrate resulted in further improvements in catalyst 

performance.™ The promoting role of these metals was suggested to be their in¬ 
volvement in dehydrogenation of methyl alcohol. 

The favored side-chain alkylation over ring alkylation is interpreted by the geo¬ 

metric constraints exerted by the large rubidium and cesium cations within the zeo¬ 

lite supercage.™™ These result in steric restriction of the formation of transition 
states that would lead to ring alkylation products. 

5.5. PRACTICAL APPLICATIONS 

5.5.1. Isoalkane-Alkene Alkylation 

The development of alkylation processes during World War II was spurred by the 

need for high-octane aviation gasoline.™-'“° Part of the success of the Royal Air 

Force in the Battle of Britain is credited to the performance of high-octane fuels sent 

to England in the summer of 1940 by the United States, which allowed the British 

fighter planes to outperform their German opponents. The first commercial plants 

came into production in 1938 (H^SO^ catalyst) and 1942 (HF catalyst). Commercial 

alkylation technologies are still based on the use of sulfuric acid or hydrogen fluo¬ 

ride catalysts.’’^'"-™ The main advantages of protic acids over other Friedel-Crafts 

catalysts are more easy handling, fewer side reactions, and longer catalyst lifetime. 

Over the years numerous technologies applying different reactors have been devel- 

oped.'™'^»^^«^ Because of their rapidly declining activity, zeolites have not reached 

commercial application in alkane—alkene alkylation.’ Because of regulations con¬ 

cerning transportation, fuel-quality (lowering olefin and aromatics content, lowering 

volatility) alkylation (in addition to isomerization and oxygenate production) is the 
most important process in the manufacture of reformulated gasoline.™ 

Alkylation processes usually combine isobutane with an alkene or with mixed 

alkene streams (C^-C^ olefins from FCC units). The best octane ratings are attained 

when isobutane is alkylated with butylenes. Alkylation of higher-molecular-weight 

hydrocarbons (C5<) is less economic because of increased probability of side reac- 
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tions. Phillips developed a technology that combines its triolefm process (metathesis 

of propylene to produce ethylene and 2-butenes) with alkylation since 2-butenes 

yield better alkylate than does propylene.^^° Since ethylene cannot be readily used in 

protic acid-catalyzed alkylations, a process employing AlCl^ promoted by water 
was also developed. 

In all alkylation processes high isobutane : olefin ratios are applied. It is neces¬ 

sary to achieve sufficiently high isobutane concentration in the acid phase to sup¬ 

press side reactions and to minimize polymerization of alkenes. The two processes 

employing H^SO^ or HF catalysts operate at different temperatures under the neces¬ 

sary pressure to keep the reactants in the liquid phase. Both acids are diluted during 

alkylation as a result of formation of polyunsaturated hydrocarbons. As a result, cat¬ 

alyst activity decreases and polymerization increases markedly. Catalyst activity 

must be maintained by adding fresh acid to the system. Optimal catalyst concentra¬ 

tions are 88-95% for sulfuric acid and 80-95% for hydrogen fluoride. Of the spent 
catalysts, only hydrogen fluoride is regenerated by distillation. 

There are also other notable differences between the two alkylation processes. 

The quality of alkylates in terms of octane number formed by using sulfuric acid 

from the isomeric butenes follows the order 2-butene (96-98) > 1-butene 

(95.7-97.7) > isobutylene (91-92).™ In the process catalyzed by HF the order is 2- 

butene (96-98) > isobutylene (93-95) > 1-butene (87-89). Isobutylene gives a lower- 

quality alkylate in alkylation with H^SO^, due to substantial oligomerization.™ 
C,2-C2,) carbocations thus formed undergo fragmentation to produce C,-C^ carbocat- 

ions and alkenes. Subsequent hydride transfer results in the formation of C^-C^ 

isoalkanes mostly dimethylhexanes. Such processes have less significance with n- 
butenes that oligomerize less readily. 

The best product quality in the process catalyzed by sulfuric acid can be achieved 

by running the alkylation at the temperature range 0-10°C. Since solubility of isobu¬ 

tane in the catalyst phase is very low, effective mixing of the two-phase system is 

necessary. Isobutane : olefin ratios of 5-8 : 1 and contact times of 20-30 min are 

usually applied. Since the rate of double-bond migration under such conditions is 

comparable to that of alkylation, high-quality alkylate may be manufactured from 1- 

butene. Substantial oligomerization of isobutylene giving acid-soluble oils and 

sludges and the high cost of refrigeration are the main drawbacks of the sulfuric 

acid-catalyzed process. High acid consumption is usually experienced, too, when 

alkenes other than butenes are used. 

Hydrocarbon solubilities in HF are more favorable than in H2SO^, which allows 

the use of shorter contact times and higher reaction temperatures (10-40°C), but re¬ 

quires higher isobutane : alkene ratios (10-15 ; 1). Alkylation in the presence of hy¬ 

drogen fluoride is fast compared with double-bond migration, resulting in the forma¬ 

tion of higher amounts of undesirable dimethylhexanes from 1-butene. Alkylation of 

isobutane with 2-butenes, therefore, gives the best results in this case. HF technolo¬ 

gies do not tolerate much water since it deactivates the catalyst. Hence, hydrocarbon 

streams must be dried before use. 

It is advantageous to pretreat butene feeds before alkylation.^^"^™ 1,3-Butadiene is 

usually hydrogenated (to butenes or butane) since it causes increased acid consump- 
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tion. The additional benefit of this process is that under hydrogenation conditions 

alkene isomerization (hydroisomerization) takes place, too. Isomerization, or the 

transformation of 1-butene to 2-butenes, is really attractive for HF alkylation since 

2-butenes give better alkylate (higher octane^ number) in HF-catalyzed alkylation. 

Excessive 1,3-butadiene conversion, therefore, ensuring 70-80% isomerization, is 

carried out for HF alkylation. In contrast, approximately 20% isomerization is re¬ 

quired at lower butadiene conversion for alkylation with H^SO^. 

Further improvements in alkylation can be achieved when an MTBE unit (acid- 

catalyzed addition of methanol to isobutylene to form tert-butyl methyl ether) is 

added before the alkylation unit.^^^ The MTBE unit removes the lowest-octane- 

producing isomer, isobutylene, from the stream (and produces a very high octane 

number component, MTBE). The H^SO^ alkylation unit then can be operated under 

better conditions to produce an alkylate with a somewhat increased octane number 

(0.75-1). Higher acid consumption, however, may be experienced as a result of 

methanol, MTBE, and dimethyl ether impurities in the olefin feed. The combination 
of MTBE with HF alkylation offers no apparent advantages. 

Anhydrous HF is volatile [boiling point (bp) 19.6°C)], and when accidentally re¬ 

leased into the atmosphere, forms toxic aerosol clouds. A number of industrial acci¬ 

dents showed that the use of anhydrous HF represents a significant environmental 

hazard, hence the need to either replace HF or find a remedy for the problem.^”'^“ 

Olah^'” found that /i-donor bases (pyridine, alkylamines, etc.) form with HF remark¬ 

ably stable liquid onium poly(hydrogen fluoride) complexes capable of effecting the 

isoalkane-alkene alkylation similarly to HF itself At the same time these complexes 

are substantially less volatile than hydrogen fluoride itself and when accidentally re¬ 

leased, can be readily diluted with water and neutralized with caustic treatment with¬ 

out causing the problems associated with anhydrous HF. Additionally, because of 

their lower vapor pressure, the operating pressure in the alkylation process is de¬ 

creased. The environmentally safe modified HF alkylation process is commercial¬ 
ized (Texaco-UOP).^'“ 

Over the years H^SO^, alkylation capacity has declined relative to HF alkyla- 
tion7'H-3<H Reasons for this trend are a significantly lower acid consumption, overall 

lower operation costs, and less expensive regeneration plant cost and operating ex¬ 

penses of the HF alkylation process. Because of the mentioned environmenta^haz- 

ard associated with anhydrous HF and the need for further improvement of alkylate 

quality, improved technologies for sulfuric acid alkylation emerged, although it is 
improbable that there will be a major turnback to sulfuric acid alkylation. 

A two-step (two-reactor) process^^^'^”'^®'^^ may be operated at lower operating 

costs (lower ratios of isobutane to n-butenes, lower levels of agitation and acid con¬ 

sumption). More importantly it affords alkylates of higher quality (99-101 octane 

number). In the first step i'ec-butyl sulfate is produced using a limited amount of 

acid. This then is used to alkylate isobutane with additional acid added. The two- 

step alkylation can be carried out in the temperature range of -20 to 0°C with the 
second reactor usually operated at lower temperature. 

In the long run solid catalysts are expected to be used, which would reduce the 

safety problems of liquid-phase alkylations. However, much further work is needed 
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to develop such processes/ and their introduction will be costly. The startup of a 

pilot plant to demostrate a solid acid catalyst alkylation technology jointly devel¬ 
oped by Catalytica, Conoco, and Neste Oy has been announced.^”’ 

5.5.2. Ethylbenzene 

Alkylation of benzene with ethylene gives ethylbenzene,which is the major 

source of styrene produced by catalytic dehydrogenation. High benzene : ethylene 

ratios are applied in all industrial processes to minimize polyethylation. Polyethyl¬ 

benzenes formed are recycled and transalkylated with benzene. Yields better than 

98% are usually attained. Reactants free of sulfur impurities and water must be used. 

The oldest of the industrial processes (Dow, and a similar process developed by 

Union Carbide) employs aluminum chloride catalyst.'”‘5* In the original process a 

small amount of HCl (or ethyl chloride) is added to the feed (on reacting with ben¬ 

zene, ethyl chloride supplies the promoter hydrogen chloride). AlCl^ concentration 

in the reactors can reach 25%. Most of the AlCl^ serves as the counterion (AlCl^- or 

Al^Cl,-) for the ethylbenzene-AlClj-HCl a complex or higher ethylated complexes 

(including the heptaethylbenzenium ion), which with hydrocarbons form a separate 

lower “red oil.” Makeup fresh AlCl^ is regularly added to maintain catalytic activity. 

The process is run at about 100°C and at slightly above atmospheric pressure. A 

modification of this technology developed by Monsanto^'"'^" is a more economic 

liquid-phase homogeneous process. It employs a small amount of AlCl^ dissolved in 

benzene with ethyl chloride or anhydrous hydrogen chloride promoters. Under prop¬ 

er operating conditions (160-180°C, 1 atm) the reaction is virtually instantaneous 

and complete. Transalkylation of polyethylbenzenes is carried out in a separate unit. 

A gas-phase alkylation over an alumina-supported BF^ catalyst developed by 

UOP (Alkar process)^'^’^'^ reduces the corrosion problems associated with liquid- 

phase alkylation processes. An advantage of this technology is that it utilizes very 

dilute (8-10%) ethylene streams, such as refinery fuel gases (cracked gas streams). 

At the same time, to properly support BF^ is difficult. 

A more recent development in ethylbenzene technology is the Mobil-Badger 

process,which employs a solid acid catalyst in the heterogeneous vapor-phase 

(400-450°C, 15-30 atm) reaction. A modified H-ZSM5 catalyst that is regenerable 

greatly eliminates the common problems associated with Friedel-Crafts catalysts 

(corrosion, continuous catalyst makeup). Although it gives a broader spectrum of 

alkylated products, recycling and transalkylation ensure high ethylbenzene yields. 

Steamed ZSM-5 and chrysozeolite ZSM-5 were shown by Union Carbide to afford 

ethylbenzene with high selectivity in the alkylation of benzene with ethanol.^’’ 

Monsanto disclosed the manufacture of ethylbenzene through a different ap¬ 

proach by the methylation of toluene in the side chain.^"* A cesium-exchanged fauja- 

site promoted by boron or phosphorus is used as the catalyst. Toluene and methanol 

(5:1) reacting at 400-475°C produces an ethylbenzene-styrene mixture at very 

high toluene conversion. About 50% of the methanol is converted to carbon monox¬ 

ide and hydrogen, which is a disadvantage since such a plant should operate in con¬ 

junction with a methanol-synthesis plant. 
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5.5.3. Cumene ^ 

Cumene is manufactured by the alkylation of benzene with propylene^*^'^*^'”-^ in ei¬ 

ther the liquid or the gas phase. Most of the cumene produced is used in the produc¬ 

tion of phenol and acetone via its hydroperoVide. High benzene : propylene ratios 

are used to minimize polyalkylation. The main byproducts (n-propylbenzene, di- 

and triisopropylbenzenes, and butylbenzenes if the propylene stream contains 

butenes) are separated by distillation. 
Lewis and protic acids, usually AICI3 and H^SO^, are used in the liquid phase at 

temperatures of 40-70°C and at pressures of 5-15 atm. Phosphoric acid on kieselguhr 

promoted with BF^ (UOP process)^®'’^*'' is used in gas-phase alkylation (175-225°C, 

30-40 atm). In addition to the large excess of benzene, propane as diluent is also used 

to ensure high (better than 94%) propylene conversion. This solid phosphoric acid 

technology accounts for 80-90% of the world’s cumene production. 

Three companies (Lummus,^“ Mobil-Badger,^^' Dow Chemical”^^^’) have recent¬ 

ly announced new zeolite-based cumene technologies. Improved selectivity with 

lower benzene : propylene ratio, higher yields, and decreased production costs are 

the main characteristics of these processes. A dealuminated three-dimensional mor- 

denite (3-DDM) is the catalyst in the Dow process. The dealumination of mordenite 

is carried out in a way to transform two-dimensional tubular pores into a controlled 

three-dimensional structure.^^^ The catalyst exhibits low coking and high shape se¬ 

lectivity, allowing highly selective formation of cumene and p-diisopropylbenzene. 

The latter and minor amount of m-diisopropylbenzene are transalkylated with ben¬ 
zene to form more cumene. 

5.5.4. Xylenes 

Toluene disproportionation and transalkylation are important industrial processes in 

the manufacture of p-xylene. Toluene disproportionation [Eq. (5.73)] transforms 

toluene into benzene and an equilibrium mixture of isomeric xylenes. The theoreti¬ 
cal conversion of toluene is 55%. 

(5.73) 

(5.74) 

Commercial operations are usually run to attain 42^8% conversions. In conven¬ 

tional processes^™’"^'^^'''^^’ alumina-supported noble metal or rare-earth catalysts are 
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used in the presence of hydrogen (350-530°C, 10-50 atm). Xylene : benzene ratios 

of 1-10 may be obtained. Metal catalysts were later replaced by zeolites.^'“’^"’^^^^“ 

The most recent development is the Mobil selective toluene disproportionation 

process,which takes advantage of the high para shape selectivity of a zeolite cata¬ 

lyst.^"’ The catalyst activated by a novel procedure ensures a p-xylene content of up 

to 95%. After the successful commercialization at an Enichem refinery in Italy,the 
process is now licensed.”" 

The catalysts and technologies applied in toluene disproportionation may be also 

used for transalkylation”'*””” [Eq. (5.74)]. In this case the feed is a mixture of 

toluene and higher aromatics, preferably trimethylbenzenes. Disproportionation and 

transalkylation occur simultaneously, permitting the manufacture of benzene and 
xylenes. 

5.5.5. p-Ethyltoluene 

jo-Ethyltoluene is made for subsequent dehydrogenation to p-methylstyrene (p- 

vinyltoluene) monomer. Poly(p-rhethylstyrene) has improved characteristics over 

polystyrene. Commercial methylstyrene polymer is produced by the polymerization 

of vinyltoluene. Vinyltoluene used in the latter polymerization is a 65% ; 35% mix¬ 

ture of m- and p-vinyltoluene. It is produced by dehydrogenation of a mixture of eth- 

yltoluenes, which, in turn, are manufactured by a method similar to that of ethylben¬ 

zene”^ (alkylation of toluene with ethylene in the presence of HCl-AlCl^). The 

search for a selective synthesis of p-methylstyrene has led to the development of a 

process to manufacture p-ethyltoluene through the shape-selective alkylation of 

toluene with ethylene by Mobil.’’””^ 

Mobil ZSM-5 zeolite catalysts can be modified to reduce the effective pore and 

channel dimensions. These modified zeolites allow discrimination between mole¬ 

cules of slightly different dimensions. Because of this shape-selective action p- 

ethyltoluene is able to diffuse out of the catalyst pores at a rate about three orders of 

magnitude greater than the two regioisomers. As a result, p-ethyltoluene is formed 

with very high (97%) selectivity.™ 
Ethanol instead of ethylene can also be used in alkylation of toluene™ with para 

selectivities up to 90%. Anhydrous ethanol was shown to undergo dehydration to 

ethylene, which, in turn, alkylated the aromatic hydrocarbon. The alkylation step 

was suggested to take place inside the zeolite channels to yield the para isomer 

while isomerization of the latter toward the thermodynamic equilibrium mixture 

proceeds on the external surface of the catalyst. Steam-treated ZSM-5 was found to 

be selective catalyst when an aqueous (10%) solution of ethanol produced by fer¬ 

mentation was used in alkylation.”^ Thus, costly separation, concentration, or purifi¬ 

cation of fermentation broth is not necessary. 

5.5.6. Detergent Alkylates 

Detergent alkylates are long-chain monoalkyIbenzenes.””"”™ The first commercial 

process used propylene tetramer to alkylate benzene. The formed product dodecyl- 

benzenes underwent sulfonation followed by neutralization with NaOH to give the 
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alkylbenzene sulfonate detergent. Propylene tetramer is a mixture of highly 

branched isomeric alkenes. These detergents, however, were found to be non- 

biodegradable because of side-chain branching, which contributed to serious envi¬ 

ronmental pollution. ' ^ 
Linear side chains, in turn, are highly biodegradable, and technologies to produce 

linear alkylbenzenes were developed accordingly. Linear alkyl halides, linear 

alkenes”*^ produced by dehydrogenation, wax cracking, or dehydrochlorination of 

alkyl halides, and 1-alkenes (ethylene oligomers) can be used as alkylating agents. 

Since alkenes undergo isomerization (double-bond migration) during alkylation, the 

linear alkylbenzenes manufactured from different alkene sources (internal alkenes 

or 1-alkenes) have similar characteristics. HF, HF-BF^, or AlCl^ catalysts are used in 

the liquid-phase (40-70°C) alkylation. 

A technology developed by combines UOP’s Molex and Pacol 

processes to produce linear alkenes. The former process separates long-chain 

(Cjj-Cjj) n-alkanes from other homologs, isoparaffins, and cycloalkanes by selective 

absorption employing molecular sieves. The alkane mixture thus produced under¬ 

goes dehydrogenation (Pacol process; see Section 2.3.3) to yield monoalkenes with 

an internal double bond randomly distributed along the chain. This alkene mixture is 

used as the alkylating agent in alkylation of benzene catalyzed by hydrogen fluo¬ 

ride.”’A mixture of alkylbenzenes with almost no 2-phenyl isomer is formed, 
which gives a high-quality detergent after sulfonation. 

In other technologies”"’^' a mixture of n-alkyl chlorides formed by the chlorina¬ 

tion of n-alkanes is used directly in alkylation with aluminum chloride. 
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ADDITION 

Numerous compounds can add to carbon-carbon multiple bonds by electrophilic ad¬ 

dition mechanism. These include halogens, interhalogens, pseudohalogens, H-X 

compounds (water, inorganic and organic acids, alcohols, thiols, ammonia and 

amines), Hlg-X reagents (hypohalous acids and hypohalites, electrophilic sulfur, se¬ 

lenium and tellurium compounds, inorganic and organic acyl halides), metal hy¬ 

drides, metal halides, and organometallics. Of these reactions only those having 

great chemical and practical significance are discussed here. A short discussion 

about cycloaddition is also included. Electrophilic oxygenation of alkenes (epoxida- 

tion by peroxyacids), in turn, is treated in Chapter 8. 

Other additions, such as addition of alkyl halides and carbonyl compounds, are 

discussed in Chapter 5, whereas Chapter 7 covers addition reactions involving car¬ 

bon monoxide (hydroformylation, carboxylations). Hydrogen addition is discussed 

in Chapter 10. The nucleophilic addition of organometallics to multiple bonds is of 

great significance in the anionic polymerization of alkenes and dienes and is treated 

in Chapter 12. 

6.1. HYDRATION 

Addition of water to unsaturated hydrocarbons (hydration) and the related addition 

of alcohols are important processes from both practical and chemical points of view. 

Alcohols and ethers are manufactured in industry by the addition of water and alco¬ 

hols to alkenes. Hydration of acetylene to produce acetaldehyde, a once important 

process, has lost its practical importance. 

199 
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6.1.1. Alkenes and Dienes 

Strong inorganic acids (H^SO^, H3PO^, HCIOJ can be used to catalyze the addition 

of water to alkenes.''^ The reaction is a reversible, exothermic process [Eq. (6.1)] fa¬ 

vored by lower temperature and elevated pressure. General acid catalysis with rate¬ 

determining proton transfer to the alkene, the so-called A—8^2 mechanism, is well 

established'^ (for a definition of A-S^ reactions, see Ref 5). Hydration is regioselec- 

tive and follows the Markovnikov rule. The involvement of carbocationic intermedi¬ 

ate can result in rearrangements. 

H 
Si- 

'cr-H 
/ 

(6.1) 

Since reactivity of alkenes increases with increasing alkyl substitution hydration is 

best applied in the synthesis of tertiary alcohols. Of the isomeric alkenes, cis com¬ 

pounds are usually more reactive than the corresponding trans isomers, but strained 

cyclic isomeric olefins may exhibit opposite behavior. Thus, for example, trans- 

cyclooctene is hydrated 2500 times faster than c/i’-cyclooctene.* Similar large reactivi¬ 

ty differences were observed in the addition of alcohols to strained trans cycloalkenes 

compared with the cis isomers. franj'-Cycloheptene, an extremely unstable compound, 

for instance, reacts with methanol 10^ faster at -78°C than the cis compound.' 

When alkenes react with concentrated sulfuric acid, the corresponding sulfate es¬ 

ters (alkyl hydrogen sulfate, dialkyl sulfate) are formed. Depending on the alkene 

structure and the acid concentration, ester formation is accompanied by polymer for¬ 

mation (see Section 12.1.1). The hydrolysis of the sulfate esters allows the synthesis 

of alcohols. The reaction, called indirect hydration, is applied in the manufacture of 
ethanol and 2-propanol (see Section 6.1.3). 

In addition to mineral acids, other acidic reagents may also catalyze hydration 

and related additions. Heteropoly acids are used mainly in industry.“ Ion-exchange 

resins applied primarily in industrial processes were studied in hydration** and in the 

addition of alcohols to alkenes.'® " Studies on the use of proton-exchanged zeolites 

have also been conducted." '"' Since tert-huty\ alcohol and tert-buty\ methyl ether 

(MTBE) are important gasoline octane enhancers, their synthesis by the addition of 

water and methanol to isobutylene attracted special attention. Among other proc¬ 
esses, clay-catalyzed additions have been studied.'^ 

Solid superacidic Nafion-H was also found to be effective in the hydration of 

acyclic alkenes.'" Isopropyl alcohol was produced with 97% selectivity in hydrating 

propylene" at 150°C, whereas isobutylene yielded tert-butyl alcohol"* with 84% se¬ 
lectivity at 96°C. 

Acid-catalyzed photohydration of styrenes'" and additions to cyclohexenes'® lead¬ 

ing exclusively to the Markovnikov products are also possible. Sensitized photoad¬ 

dition, in contrast, results in products from anti-Markovnikov addition. The process 

is a photoinduced electron transfer" taking place usually in polar solvents."" 

Enantiodifferentiating addition in nonpolar solvents has been recently reported." 
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The addition of MeOH could be carried out in a stereoselective manner to achieve 
solvent-dependent product distributions:^’ 

benzene, 1 h 24:76 91% yield 
MeCN, 2 h 79 : 21 89% yield 

Montmorillonites containing interlamellar water associated with cations (Cu^^ 

Fe’^ AP*) react under mild conditions with terminal alkenes to give the correspond¬ 

ing di-j'ec-alkyl ethersP® The alkene-water reaction is a stoichiometric process, 

whereas the reaction of the second molecule of alkene with the intermediate 2-alka- 
nol is catalytic. 

Very few data are available concerning the stereochemistry of these additions. 

Hydration of 1,2-dimethylcyclohexene was found to be nonstereoselective.^^ In con¬ 

trast, predominant or exclusive exo-syn addition was shown to take place in the re¬ 

action of 2,3-dideuteronorbornene with water and alcohols:^** 

Hydration of allene, mono-, and disubstituted allenes leads to ketones through the 

rearrangement of the intermediate enols.^'' Further details of the mechanism are not 

known, but protonation of the terminal carbon in monosubstituted allenes is proba¬ 

ble. Although the formation of isomeric ketones may be expected, only ketones pos¬ 

sessing the keto function on the central carbon of the allene bond system were found 

to form.” When alcohols add to allenes, enol ethers of the corresponding ketones are 

usually the products. They may further react to form acetals. Hg^"^ salts may be used 

as catalysts.’' 

The few data available on conjugated dienes indicate that 1,3-cycloalkadienes 

undergo 1,2-addition” and that acyclic dienes yield isomeric allylic alcohols result¬ 

ing from 1,2- and 1,4-addition.” 

6.1.2. Alkynes 

Both acid and metal catalysis are usually required to accomplish hydration of 

alkynes to yield carbonyl compounds.” The addition is usually regioselective, al¬ 

lowing conversion of terminal alkynes to ketones. Hydration of acetylene to produce 

acetaldehyde used to be an industrially significant process but was replaced by the 

Wacker synthesis. 
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The generally accepted pathway for the hydration of alkyhes is the generation 

and subsequent tautomerization of an intermediate enol. The use of fairly concen¬ 

trated acids, usually H^SO^, is necessary to achieve suitable reaction rates. Addition 

of catalytic amounts of metal salts, h6wever,\greatly accelerates product formation. 

In most cases mercury(II) salts are used. Mercury impregnated Nafion-H [with 25% 

of the protons exchanged for Hg(II)] is a very convenient reagent for hydration^’ 

[Eq. (6.4)]. Other cations (Cu^% Pd^^ Ru^*, Ni^\ Rh^^ incorporated into Nafion-H 

have recently been found to promote hydration.^* Other metals that catalyze hydra¬ 

tion of alkynes include gold(III),” rutheniumCIII),^* and platinum(II) (Zeise’s salt”'“ 

and halides'"). p-Methoxybenzenetellurinic acid is very effective in the hydration of 

terminal alkynes.'" 

_ , Hg(ll)/Nafion-H 

EtOH or AcOH, RX 90 min 

R = H, Me, n-Pr, n-Bu, Ph, 
n-CsH^i, cyclohexyl 

R' = H, Ph 

R-C-CHp-R' 
II 
O 

65-94% 

(6.4) 

Similar to the hydration of alkenes, photochemical acid-catalyzed hydration of 

alkynes is possible [Eq. (6.5)]. Since photoexcitation greatly enhances the reactivity 

of acetylenes, formation of the enol intermediate becomes faster than its rearrange¬ 

ment to ketone. As a result, the intermediate acetophenone enol in the hydration of 

phenylacetylene could be directly observed.''^ 

_ hv, H+ HgO 
Ph^-H -► Ph-^ —Ph—\ 

-H^ 
Ph 

,CH. 

(6.5) 

OH O 

Enol ethers and acetals are formed when alcohols add to alkynes. The reaction of 

alcohols may be catalyzed by mercury(II) salts.'*^'” Hg(OAc)j with or without 

TosOH allows the synthesis of enol ethers, acetals, or ketones under appropriate re¬ 

action conditions."" Recently Au^^ was found to be an effective catalyst in the synthe¬ 
sis of acetals;” 

R..— R. NaAuCU 

MeOH, reflux, 1-10 h 

R= n-CeHi3,n-CioH2i, Ph 
R' = H. n-CgHia 

OMe 
I 

R-C-CH2-R' 

OMe 

85-96% 

(6.6) 

6.1.3. Practical Applications 

Production of Alcohols by Hydration of Alkenes. Several alcohols (ethyl 

alcohol, isopropyl alcohol, j'ec-butyl alcohol, tert-butyl alcohol) are manufactured 
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commercially by the hydration of the corresponding olefins.^''^''® Ethanol an 

industrial solvent and a component of alcohol-gasoline blends, and isopropyl 

alcohol a solvent and antiknock additive—are the most important compounds. 

Isopropyl alcohol is often regarded as the first modern synthetic petrochemical since 
it was produced on a large scale in the United States in the 1920s. 

Indirect hydration, the traditional process, is still used in many factories.'*’-^" 

Counterflows of sulfuric acid and alkene react at elevated temperature and under 

pressure to form sulfate esters. The more reactive propylene requires milder reaction 

conditions than ethylene (70-85% H^SO^, 40-60°C, 20-30 atm, vs. 95-98% H^SO^, 

65-85°C, 10-35 atm). The rate of absorption of alkenes is increased by agitation of 

the liquid. In the second step sulfate esters are hydrolyzed to alcohol [Eq. (6.7)]. In 

the manufacture of ethanol, for instance, it is done in two stages at 70°C and 100°C, 

respectively, with added water to get a final concentration of H^SO^ of about 

40-50%. This technology is designed to suppress ether formation the principal side 
reaction. 

CH, I 
R-CH=CH2 + H2S04-^ RCHCH3 + (RCH0)2S02 H2I04 R-CHCHg (6.7) 

OSO5OH OH 

The costly reconcentration of sulfuric acid recovered after hydrolysis and its cor¬ 

rosive nature led to the search for more economic alternatives. These are catalytic 

hydration processes.The Veba process^' is a gas-phase hydration using phosphor¬ 

ic acid supported on silica gel, alumina, or diatomaceous earth. Ethylene and water 

in a molar ratio up to 1 ; 0.8 react at temperatures of 170-190°C and at pressures of 

25^5 atm. Because of equilibrium limitations only 4-6% ethylene conversion per 

pass is achieved. Diethyl ether the main byproduct is formed up to 2%. Acid loss 

from the support requires continuous replenishment of the catalyst by adding small 

amounts of H^PO^ to the stream. Higher temperature and pressure was applied in the 

process with a catalyst composed of tungsten oxide on silica promoted by zinc oxide 

and other oxides. 

Cation exchange resins are used as catalysts in a mixed gas-liquid-phase hydra¬ 

tion of propylene.’^ The reaction is most effective at 130-150°C and at pressures of 

60-100 atm. The use of excess water allows more favorable equilibrium conditions, 

and as a result, much higher conversion levels, about 75% per pass, are attained. 

Several percents of diisopropyl ether byproduct are formed. When Nafion-H, a solid 

superacid, is used as catalyst at 170°C, diisopropyl ether can become the major 

product. 
Another catalytic process developed by Tokuyama Soda applies heteropoly- 

tungstic acid in the liquid phase at high temperature and pressure (240-290°C, 

150-300 atm).^^-^"' Long catalyst lifetime, high conversion levels (60-70% per pass), 

and high selectivity (over 99%) are the very attractive features of the process. 

alcohols (sec- and tert-huty\ alcohol) can be manufactured by the sulfuric acid 

process.'*’”-” According to the Markovnikov rule, all three n-butenes give ^•ec-butyl 
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alcohol by using 75-80% H^SO^. Isobutylene, which is more reactive, may be hydrat¬ 

ed with more dilute sulfuric acid. The difference in reactivity may be applied for the 

separation of isobutylene from the line^ isomers. The mixture of alkenes is first 

reacted at 0°C by 50-60% H^SO^ to form tert-'butyl hydrogen sulfate. n-Butenes are 

then separated and transformed with 75-80% H^SO^ at 40-50°C to 5ec-butyl hydro¬ 

gen sulfate. Finally, both esters are hydrolyzed to the corresponding alcohols. 

Hydration of isobutylene is often carried out with the aim of separating it from 

butenes. In this case the product tert-buXyX alcohol is readily transformed back to 

isobutylene by dehydration. The direct hydration of alkenes is also practiced in¬ 

dustrially. Cation exchange resins are used in the production of i'ec-butyl alcohol.^* ” 

Production of Octane-Enhancing Oxygenates. Because of legislative 

actions to improve gasoline quality, alkenes and aromatics content of motor gasoline 

will be limited, requiring additional sources of octane enhancing components.*®*' 

Besides alkylation and isomerization to yield highly - branched (high-octane) 

hydrocarbons, oxygenate additives are the most important way to satisfy these 

requirements.*^“*^ 
tert-Butyl methyl ether (MTBE), an important gasoline octane enhancer,**^’ is 

manufactured by the acid-catalyzed addition of methanol to isobutylene.*®*® The 

main source of isobutylene is FCC cuts, a mixture of isomeric butylenes. 

Isobutylene can originate from dehydration of tert-hutyl alcohol a major byproduct 

of propylene oxide manufacture™ and from dehydrogenation of isobutane^' (see 

Section 2.3.3). The addition of methanol to isobutylene is catalyzed by an acidic 

ion-exchange resin. Preheated methanol and an isobutylene-containing fraction 

freed from 1,3-butadiene are fed to a reactor at a pressure of 20 atm. The tempera¬ 

ture is kept below 120°C. Since the reaction is exothermic, this may require cooling 

depending on the initial isobutylene concentration in the feed. An acidic ion- 

exchange resin catalyst is used. Single- or two-stage processes are employed, with 

the latter allowing isobutylene conversions better than 99%. Since linear butene iso¬ 

mers are unreactive under these operating conditions, high selectivities are achieved. 

Over the years several technological variations were introduced to make the 

process more economical (particularly the separation of methyl alcohol from MTBE 

forming an azeotropic mixture)Other ethers such as tert-butyl ethyl ether 

(ETBE) and tert-amy\ methyl ether (TAME) are manufactured similarly from 

ethanol and isobutylene, and methanol and isoamylenes, respectively.’”'-’’ 

Etherification of the entire light FCC gasoline (C^-C^ branched olefins) was also 

suggested.’® Octane numbers of higher ethers decrease more steeply than do those of 

the corresponding alkenes, and thus the gain in octane numbers is not significant. 

Such a process, however, improves gasoline quality by decreasing olefin content 
and vapor pressure. 

A new catalyst to transform branched alkenes in FCC naphtha fraction to a mix¬ 

ture of methyl ethers has been introduced by Erdolchemie’® and BP (Etherol 

process).®" A palladium-on-cation-exchange resin catalyst promotes double-bond mi¬ 

gration (isomerization of terminal alkenes to trisubstituted olefins) and hydrogenates 

dienes to monoolefms. Finally, it catalyzes addition of methanol to the alkenes. 
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Besides being used as gasoline additives, the formed ethers may also have other 

uses. Etherification of refinery streams is carried out to separate butylenes, a diffi¬ 

cult problem because of azeotrope formation. Cracking of MTBE in the gas phase 

over solid acid catalysts yields pure isobutylene*' *^ used in polymer synthesis and to 

produce methyl methacrylate through direct oxidation (see Section 8.5.2). A similar 

separation was also developed through the formation and cracking of tert-butyl 

phenyl ether.** These methods are more attractive than other, traditional separation 

techniques, especially sulfuric acid extraction. An MTBE unit may be incorporated 

ahead of an alkylation unit to improve alkylate characteristics and alkylation reac¬ 

tion conditions (see Section 5.5.1) through the selective removal of isobutylene from 
butylene mixtures.*^** 

Acetaldehyde. The industrial production of acetaldehyde by the hydration of 

acetylene has lost its importance with the introduction of more economical 

petrochemical processes (dehydrogenation of ethanol, oxidation of ethylene; see 

Section 8.5.2). At present it is practiced only in a few European countries where 

relatively cheap acetylene is still available.*®^* 

In the original German process acetylene is injected into an aqueous solution of 

mercuric sulfate acidified with sulfuric acid at 90-95°C and about 1-2 atm. As a re¬ 

sult of side reactions, the catalytically active mercury(II) ions are reduced to mer¬ 

cury. To prevent this process ferric sulfate is continuously added to the reactor. 

Since ferric ions are reduced to ferrous ions, the catalyst solution requires reactivat¬ 

ing, which is effected by hot nitric acid and air. Excess acetylene and acetaldehyde 

formed are removed, cooled, absorbed in water then separated by distillation. Excess 

acetylene is recycled. Conversion per pass is about 55%. The Montecatini process*'' 

operates at 85°C and provides 95% overall yield. A modification'"’ allows lower op¬ 

erating temperature (70°C) without excess acetylene. Since side reactions are less 

important under these conditions, higher yields may be achieved. 

6.2. HX ADDITION 

6.2.1. Hydrohalogenation 

Hydrogen halides add to carbon-carbon double and triple bonds to yield halogenat- 

ed hydrocarbons. The reactivity of the four hydrogen halides in the addition is in the 

order HI > HBr > HCl > HE. HI and HBr, the two most reactive compounds, add 

readily at room temperature to unsaturated hydrocarbons. HCl requires heating or 

catalyst, while HE often exhibits irregular behavior. Most studies of hydrohalogena- 

tions have focused on the use of HCl and HBr. 

Alkenes. The reaction of hydrogen halides with alkenes is generally an 

electrophilic addition. It occurs by a variety of mechanisms and involves a 

carbocation intermediate in many cases. As a result, rearrangements may be 

observed, and solvent incorporation may occur. The regioselectivity of the addition 

to unsymmetric double bounds is in accord with the Markovnikov rule; specifically. 
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the hydrogen adds to the site with the highest electron density. Electrophilic addition 

of hydrogen halides to alkenes may be syn or anti stereoselective. The reaction 

conditions, the nature of the solvent aqd the structure of the reacting alkene affect 

the stereochemical outcome of the reaction. 

In contrast to HCl and HBr addition, there are no such systematic studies con¬ 

cerning the addition of HE and HI to alkenes. Aqueous HE exhibits rather low reac¬ 

tivity toward alkenes, and anhydrous liquid HE is used instead to effect hydrofluori- 

nation.^'^^ Because of its low boiling point, high toxicity, and corrosive nature, 

alternative reagents were developed. The combination of HE with organic bases 

gives more suitable reagents.” They react with alkenes in typical Markovnikov-type 

addition. Of these pyridinium poly (hydrogen fluoride)“‘^*® (PPHF) and melamine-HE 

solution” are used most frequently. An effective solid fluorinating agent, a polymer- 

supported HE reagent, is prepared from poly-4-vinylpyridine and anhydrous HE. 

Easy handling and convenient workup make polyvinylpyridinium poly(hydrogen 
fluoride)”'” (PVPHF) an attractive reagent: 

PVPHF 

CH2CI2, 0°C, 1 h 
(6.8) 

80% 

Concentrated HI in water or acetic acid is usually applied in hydroiodination of 

alkenes. Markovnikov products are exclusively formed and rearrangements may be 
observed. 

Detailed wide-ranging studies are available on the addition of HCl and HBr to 

alkenes.The most useful procedure is to react dry HCl gas and the alkene neat 

or in an inert organic solvent. Water or acetic acid may also be used. Alkenes yield¬ 

ing tertiary or benzylic alkyl chlorides react most readily. Styrene, however, adds 

HCl only at -80°C to give a-chloroethylbenzene without polymerization.*'” At more 

elevated (room) temperature polymerization prevails. HBr adds to alkenes in an 

exothermic process more rapidly than does HCl. Rearrangements may occur during 

addition indicating the involvement of a carbocation intermediate: 

neat 50 50 
CH3NO2 17 83 

A similar conclusion can be drawn from the higher reactivity of 1,1-dialky 1- 

alkenes compared with 1,2-dialkylalkenes. Norbornene and related bicyclic olefins 

were shown to react with HCl via the classical norbornyl cations prior to full equili¬ 

bration.The stereochemistry of addition may be syn or anti. Product distribu¬ 
tions can be strongly affected by the solvent used:*'’^ 
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(6.10) 

Acenaphthylene, indene, and cis- and tran5-1-phenylpropene, all possessing the 

double bond in conjugation with an aromatic system, were found to react with hy¬ 

drogen halides in nonpolar solvents to give predominantly the products of syn addi¬ 

tion.This stereochemistry is consistent with an Adj,2 mechanism in which the 

undissociated hydrogen halide reacts with the alkene (Scheme 6.1). An ion pair (1) 

is first formed in which the halide ion is retained on the same side of the alkene as 

the hydrogen. Collapse of 1 gives exclusively the syn product. If the ion pair has a 

long enough lifetime, the halide ion may migrate to the opposite side of the planar 

carbocation to give ion pair 2. Collapse of the latter leads to the anti product. A sim¬ 

ilar ion-pair mechanism is operative in the hydrochlorination of 3,3-dimethylbutene 

and styrene in acetic acid."” 

HHIg 
H Hlg- 

'5'/.. 1 

H 
1 
c-c 

^ HIg ^ 
2 

HIg 

Scheme 6.1 

In contrast, kinetic studies indicate that a different mechanism may also be opera¬ 

tive. It was found that the rate law for the addition of HCl and HBr to alkenes in 

nonprotic solvents (hydrocarbons, diethyl ether, nitromethane) is typically overall 

third-order^'"” '“ '“ or even higher."” "" It is usually first-order in alkene and second- 

order in hydrogen halide. A slow irreversible proton transfer from the nondissociat- 

ed molecule to the alkene was shown to be rate-determining. The second molecule 

of HHlg assists this proton transfer by bonding to the developing halide ion. This is 

a typical Adg3 mechanism: 

slow + . fast . 
RCH=CH2 + 2 HHIg -►RCHCHa + HHIgg -►RCHCHg + HHIg (6.11) 

HIg 

A more detailed picture could be obtained from the results of stereochemical 

studies.^ '" Since 1,2-dimethylcyclohexene, 1,6-dimethylcyclohexene, and 2-methyl- 
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methylenecyclohexane give different proportions of cis- and rran5-l,2-dimethylbro- 

mocyclohexanes, simultaneous formation of the C—H and the C—Br bonds was 

suggested."^ A similar conclusion was arrived at on the basis of the stereoselective, 

predominantly anti addition of HCl and HBr to 1,2-dimethylcyclopentene in pen¬ 

tane.''^ 
The addition of DBr in AcOD to cyclopentene yields deuterocyclopentyl bro¬ 

mide and deuterocyclopentyl acetate, both formed with better than 96% anti stereo¬ 

selectivity.A concerted anti Ad^S transition state (3) is consistent with these and 

other experimental observations. A similar but syn transition state (4) was evoked to 

explain the somewhat decreased degree of anti addition (84-85%) in the hydrohalo- 

genation of linear isomeric alkenes."'* The reaction of [l,3,3-^Hj]-cyclohexene‘” and 

1,2-dimethylcyclohexene"® with HCl in AcOH was shown to form the correspond¬ 

ing chlorides resulting from both syn and anti additions. In these cases an Adg2 

mechanism competes with a concerted anti Adg3 process. High HCl concentration 

and addition of chloride salts such as Me NCI favor the Ad 3 mechanism. 
4 E 

r 5' 1 [5+ 5‘ 1 
E-'-Nu .H"--Hlg 

^ c ...c—c' 
5+ 
E----NU 1

-
 

•5
^ 

3 4 

Exceptions to the Markovnikov rule when hydrogen bromide reacts with unsym- 

metric alkenes have long been known."’"" The reaction for this anti-Markovnikov 

addition was explained as being a chain reaction with the involvement of bromine 

atoms influenced by the presence of peroxides.""-'” Both added peroxides and per¬ 
oxides formed by the action of oxygen (air) on the alkene are effective. 

The chain reaction is initiated by the interaction of a free radical [formed accord¬ 

ing to Eq. (6.12)] with hydrogen bromide to form a bromine atom [Eq. (6.13)], 

which, after reacting with the alkene, yields a bromoalkyl radical [Eq. (6.14)]. The 

reaction of this radical with HBr yields the alkyl bromide and regenerates the 
bromine atom [Eq. (6.15)]. 

ROOM -► RO • + HO- 

RO- + HBr -► ROH + Br- 

R-CH=CH2+ Br- -►R-CHCHa-Br 

R-CHCHg-Br + HBr-►R-CHgCHg-Br + Br- 

(6.12) 

(6.13) 

(6.14) 

(6.15) 

Anti-Markovnikov free-radical-induced addition of HBr to alkenes can be pre¬ 
vented by carrying out the reaction in the presence of small amounts of antioxidants 
that inhibit the reaction of oxygen with the alkene to form peroxides. 

It is significant that no other hydrogen halides add to alkenes, contrary to the 

Markovnikov rule, even in the presence of free radicals. This appears to be due to 
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the difficulty with which other halogen atoms, particularly fluorine and chlorine, are 

produced by reaction of the hydrogen halides with radicals [Eq. (6.16)]. It is only in 

the case of bromine that the equilibrium in this reaction is in the direction of the for¬ 
mation of the halogen atom. 

RO- + H-HIg - - ROM + HIg- .,gj 

Addition of HBr in nonpolar solvents to terminal alkenes was found to give anti- 

Markovnikov products even under nonradical conditions.Products formed in both 

the normal and abnormal additions may be obtained in near-quantitative yields by 

changing the temperature and the reagent: reactant ratio'^^ [Eq. (6.17)]. On the basis 

of theoretical calculations and spectroscopic evidence a molecular mechanism with 

the formation of HBr-alkene complexes was suggested. A 2 : 1 HBr-alkene com¬ 

plex forms the product of the normal addition. A 1 : 2 complex, in contrast, accounts 
for the anti-Markovnikov product. 

HBr 
^■^6Hi3CH=CH2 hexane, -78°C* ^ -CeHi3CH2CH2Br +n -CeHiaCHCH 3 (6.17) 

Br 

HBr/1-octene = 0.125 100 

HBr/1-octene = 15 2 98 

Special reagents introduced more recently allow significant improvements in hy- 

drohalogenation of alkenes. ElCl, HBr, and HI in aqueous-organic two-phase sys¬ 

tems under phase transfer conditions readily add to alkenes affording halides in 

nearly quantitative yields.Appropriately prepared silica and alumina have been 

found to mediate the addition of HCl, HBr, and HI to alkenes.’^'* The method is very 

convenient since it uses hydrogen halides prepared in situ'^’ [Eq. (6.18)].'^“' 

Competing radical addition in hydrobromination is not observed. It is suggested that 

surface-bound hydrogen halides with greatly increased acidity through polarization 

of the hydrogen-halogen bond protonate the double bond. A rapid transfer of the 

halide ion from the surface follows, affording predominantly the syn addition prod¬ 

ucts. Highly acidic solid catalysts (KIO montmorillonite, ZE520 zeolite) were found 

to yield the Markovnikov addition product with high selectivity when methylcyclo- 

hexene was reacted with SOCl^ as the HCl precursor. 

n-C6Hi3CH=CH2 
CH2CI2, 25°C 

n-CgHiaCHCH 3 

HIg 

(C0CI)2,Al203, 1 h 98% 
HBr, SiOg, 0.7 h 96% 
Me38!I, Si02, 1 h 98% 

(6.18) 

Dienes. Reaction of allenes with HCl and HBr was mostly studied.^^'^ Depending 

on the reagent, reaction conditions, and the structure of the reacting molecule, 

markedly different product distributions may be obtained.^'* Monoalkyl-substituted 
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allenes give predominantly the corresponding 2-halo-2-alkenes. Phenylallene, in 

contrast, is converted exclusively to cynnamyl chloride'^ [Eq. (6.19)]. Mechanistic 

studies established the formation of carbocation intermediate 5 stabilized by the 

conjugation with the phenyl ring. 

PhCH=C=CH2 
HCI 

AcOH, RX 2 days 
[PhCH-CH=CH2] 

5 

PhCH=CH-CH2-CI (6.19) 

95% 

Mixtures of isomeric allylic chlorides are formed when 1,1-disubstituted allenes 

react with HCI. 1,3-Disubstituted allenes yield products of both central and terminal 

carbon attacks. In contrast, selective transformations occur with HBr. The gas- 

phase, photocatalytic addition of HBr gives selectively vinylic bromides'^* [Eq. 

(6.20) ], while hydrobromination in solution phase yields allylic bromides'^® [Eq. 

(6.21) ]. 

Mes^ 

X=C=CH2 
Me 

HBr 

HBr 

Et20, RX 5 days 

Me^ yBr 

Me Me 

97% 

Mev^ 
^C=CH-CH2Br 

Me 
80% 

(6.20) 

(6.21) 

Similar differences may be observed in hydrobromination of tetrasubstituted al¬ 

lenes. Ring size and reaction conditions determine the outcome of hydrobromination 

of cyclic allenes.’^ 
In gas-phase hydrobromination where a radical mechanism is operative, the 

bromine atom always adds to the central carbon atom of the allenic system. As a re¬ 

sult, vinylic bromides are formed through the stable allylic radical. In the solution 

phase under ionic addition conditions, either the vinylic or the allylic cation may be 

the intermediate resulting in nonselective hydrobromination. Allylic rearrangement 

or free radical processes may also affect product distributions. 

Conjugated dienes may yield mixtures of products of 1,2- or 1,4-addition. 

Product of 1,4-addition may be initial product or may actually be formed by 1,2- 

addition followed by isomerization. In any event, however, formation of the 1,4- 

product involves isomerization of a carbocation. 

Addition of HCI to 1,3-butadiene in the gas phase was shown to be a surface cat¬ 

alyzed reaction occurring at the walls between a multilayer of adsorbed HCI and 

gaseous or weakly adsorbed 1,3-butadiene.”' The initial proton transfer to the termi¬ 

nal carbon and the chloride attack occur almost simultaneously. Chloride attack to 

C-2 or C-4 has equal probability, thus producing equal amounts of 1,2- and 1,4- 
addition. 

The addition of one mole of HCI or HBr to isoprene yields the corresponding pri¬ 

mary halide produced through the rearrangement of the initially formed tertiary 
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halide^^ [Eq. (6.22)]. The addition of a second molecule of hydrogen halide gives the 
1,3-dihalo compounds in good yields.'^^ 

Addition of DBr to 1,3-cyclohexadiene occurs by a \,2-anti and \A-syn 

process,''' a conclusion also predicted by molecular-orbital calculations."" 

Stereospecific allylic rearrangement of the \,2-trans product, however, eventually 
produces a reaction mixture containing predominantly cis products. 

A single chloro compound, tranj'-l-phenyl-3-chloro-l-butene (7), is formed in 

hydrochlorination of isomeric 1-phenyl-1,3-butadienes in AcOH'" (Scheme 6.2). 

The observation is interpreted by the formation of different isomeric allylic carboca- 

tions (6c and 6t). Rapid rotation of 6c to 6t before captured by the chloride ion en¬ 
sures selective formation of 7. 

HCI 

AcOH, 18°C 

HCI 

AcOH, 18°C 

Scheme 6.2 

Alkynes. Because of their less nucleophilic character alkynes react less readily 

with hydrogen halides than do alkenes and often require the use of a metal halide 

catalyst. Vinyl halides are formed in the reaction with one equivalent of HHlg. They 

may react further in an excess of the reagent to yield geminal dihalides. High yields 

of these compounds can be achieved. The addition of HCI to acetylene was studied 

in detail because of the practical importance of the product vinyl chloride (see 

Section 6.2.4). 

In accordance with the Markovnikov rule, terminal alkynes are converted to 2- 

halo-1-alkenes. The reagents prepared in the reaction of anhydrous HE with organic 

bases and used in hydrofluorination of alkenes can add to the carbon-carbon triple 

bond producing Markovnikov products.However, 1-bromo-l-alkenes and 

1,2-dibromoalkanes are formed when hydrobromination is carried out in the pres¬ 

ence of peroxides."*"’ Reactions with reagents or reactants labeled appropriately 

with deuterium indicate that the products are formed in nonselective additions."" '"' 

The mercury(II)-catalyzed addition of HCI and HBr to propyne, however, takes 

place with anti stereoselectivity."* 

Dialkyl- and alkylarylacetylenes react in a stereoselective manner yielding anti 

and syn products, respectively3-Hexyne, for instance, gives mainly trans-3- 
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chloro-3-hexene in hydrochlorination through an anti Ad^S transition state (8). In 

contrast, formation of (£)-l-phenyl-1-chloropropene (9), the syn product in hy¬ 

drochlorination of 1-phenylpropyne in AcOH^[Eq. (6.23)], involves an lon-pair in¬ 

termediate'^* (12). The two mechanisms compete, and reaction conditions can affect 

selectivities.'^* For example, stereoisomeric compound 10 is formed through the anti 

Adg3 transition state 13 in the presence of a large amount of Me^NCl. Since the pos¬ 

itive charge in this transition state is not stabilized by the phenyl group as in 12, an 

increased amount of the regioisomeric 11 is also formed through transition state 14. 

Ph-=-Me 
0.75 M HCI 

AcOH, 25°C 

without Me4NCI 
with ^M Me4NCI 

(6.23) 

'Et .HCr Cl u 
\ + o

 
ill 
(j Ph—C=C^ y. 

pi Et Me 

..Hcr 

\ 
Me 

Ph 

>: 
CIH 

.Cl 

:C' 

\ 
Me 

8 12 13 14 

The surface-mediated addition of HCI, HBr, and HI to 1-phenylpropyne in the 

presence of silica or alumina yields initially the corresponding £-isomer as a result 

of syn addition.''" Rapid isomerization in excess reagents allows the formation of the 

thermodynamically more stable Z-isomers. 

6.2.2. Hypohalous Acids and Hypohalites 

Hypohalous acids either preformed or prepared in situ readily add to carbon-carbon 

multiple bonds.'''^ '''^ The addition is an electrophilic reaction with the positive halo¬ 

gen attaching itself predominantly to the less substituted carbon. The Markovnikov 

rule, therefore, is followed in most cases. The addition of the elements of hypo¬ 

halous acids may be carried out by the use of reagents serving as positive halogen 

sources in the presence of water. Most of the data published concern additions to 

monoolefms, and very little is known about the transformations of dienes and 

alkynes. The addition of hypochlorous acid to alkenes was an important industrial 

reaction to manufacture chlorohydrins (see Section 6.2.4), which were then trans¬ 

formed to oxiranes. The so-called chlorohydrination process once accounted for 

about 50% of the U.S. production of oxiranes but has largely been replaced by direct 
epoxidation processes. 

Limited data are available on hypofluorous acid, which is a very reactive, explo¬ 

sive reagent.'''^ Exceptionally among hypohalous acids it is polarized in the sense 

HO^*-F®. It converts alkenes into fluoroalkanols with regioselectivites opposite to 

other hypohalous acids [Eq. (6.24)]. The large amount of HF present may affect the 
actual mechanism of addition. 
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(6.24) 

Hypochlorous acid and hypobromous acid react with acyclic alkenes to give 

Markovnikov products. In striking contrast, exclusive anti-Markovnikov orientation 

was observed in the transformation of methylenecycloalkanes with HOBr, and mix¬ 

tures of chlorohydrins were formed with HOCP'^ [Eq. (6.25)]. This was attributed to 

the fact that the open tertiary carbocation leading to Markovnikov products are unfa¬ 
vorable in these ring systems. 

(CHgln C=CH2 
HOHIg 

HoO, below 15°C 

CHgOHIg 

OH (6.25) 

n =3-6 
HIg = Cl 35-67 
Hlg = Br 100 

33-65 63-91% yield 
61-87% yield 

A convenient synthesis of chlorohydrins is based on the use of chlorine T 

(TosNClNa) as the positive chlorine source in water-acetone.''*’ It adds to a variety 

of alkenes to form Markovnikov and anti-Markovnikov products in a ratio of 4 : 1. 

Since the reaction of I^ -i- H^O with alkenes is an equilibrium process, the use of 

oxidizing agents allows one to shift the equilibrium by oxidizing the T formed.'‘** ‘‘*'' 

Substituted cyclohexenes can be converted to iodohydrins in regioselective and 

stereoselective manner with I^ and pyridinium dichromate.''"' High yields of iodohy¬ 

drins may be achieved by reacting alkenes with iodine in the presence of moist 

tetramethylene sulfone-CHCl^.'® 

Alkyl and acyl hypohalites, when adding to carbon-carbon double bond, afford 

halohydrin ethers and esters, respectively.'^' Regioselective and syn stereoselective 

addition of CF^OF, CF^CF^OF, and CF^COOF to stilbenes was reported.The 

stereochemistry was explained to originate from the formation and immediate col¬ 

lapse of the tight ion pair 15, which might exist in equilibrium with the phenonium 

ion 16 [Eq. (6.26), where Rp stands for perfluoroalkyl groups]. 

15 16 

Other alkyl hypohalites usually add to carbon-carbon multiple bonds in a free- 

radical process.'”-'^" Ionic additions may be promoted by oxygen, BF^, or 
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While the BF^-catalyzed reaction of alkyl hypochlorites and hypo- 

bromites gives mainly halofluorides,'^^ haloethers are formed in good yields but non- 

stereoselectively under other ionic conditions.In contrast, tert-EuOl reacts 

with alkenes in the presence of a catalytic amount of BF^ to produce 2-iodoethers.'®' 

Since the addition is stereoselective, this suggests the participation of a symmetric 

iodonium ion intermediate without the involvement of carbocationic intermediates. 

1,2-Halohydrin derivatives may also be formed when the cationic intermediates 

in any electrophilic halogenations are intercepted by appropriate oxygen nucle¬ 

ophiles.''” In alcohol and carboxylic acid solvents, halohydrin ethers and esters, re¬ 

spectively may be formed. Such solvent incorporated products often observed in 

halogenations provide valuable mechanistic information. 

Halogenation with elemental hahdes, however, requires proper adjustment of reaction 

conditions to achieve satisfactory yields and selectivities. Chemoselectivity—the proba¬ 

bility of the attack of different nucleophiles (BF versus MeOH) present—was shown to 

depend on charge distribution on the two carbon atoms in the cychc bromonium ion inter¬ 

mediate.'® A recent study of bromination of acycUc olefins in MeOH revealed that gemi- 

nal dialkylsubstituted and trisubstituted alkenes give the best selectivities of the 2-bro- 

momethoxy product.'® Other positive halogen sources, such as fe/t-BuOHlg,''” 

I(pyridine)2BuF^,'®'' '® and A-bromosuccinimide,'“ may afford better selectivities. 

6.2.3. Hydrogen Cyanide 

Because of its low acidity, hydrogen cyanide seldom adds to nonactivated multiple 

bonds. Catalytic processes, however, may be applied to achieve such additions. 

Metal catalysts, mainly nickel and palladium complexes, and [Co(CO)J^ are used to 

catalyze the addition of HCN to alkenes, known as hydrocyanation.^^'’-™ Most stud¬ 

ies usually apply nickel triarylphosphites with a Lewis acid promoter. The mecha¬ 

nism involves the insertion of the alkene into the Ni—H bond of a hydrido nickel 

cyanide complex to form a a-alkylnickel complex.'"^'"* (Scheme 6.3). The addition 

of DCN to deuterium-labeled compound 17 was shown to take place with dominant 

(> 90%) syn addition.'"’ The a-nickel complex 18 is known to be formed in a syn 

process. The overall syn addition requires reductive elimination to occur with reten¬ 
tion of configuration. 

Scheme 6.3 
18 
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Hydrocyanation of alkenes usually gives anti-Markovnikov products. Interest¬ 
ingly, however, addition of HCN to styrene yields mostly the branched, (Markov- 

nikov) adduct. It was suggested to result from stabilization of the branched alkyl- 

nickel cyanide intermediate by interaction of nickel with the aromatic ring.’^® 

Hydrocyanation of dienes, a process of industrial importance (see Section 6.2.4), 

yields 1,4-addition products when conjugated dienes are reacted. The addition involves 

ri’-allyl intermediates (19) [Eq. (6.27)]. The stereochemistry of hydrocyanation of 1,3- 

cyclohexadiene was shown to occur with syn stereoselectivity, indicating that cis mi¬ 

gration of the cyanide anion follows the formation of the 7i-allylnickel complex.'” 

Ni[P(OPh)3]4^ 

P(OPh)3, MeC^ 

60°C 

CN 

(6.27) 

Nonconjugated dienes (1,4-pentadiene, 1,5-hexadiene) are transformed mainly to 

products originating from conjugated dienes formed by isomerization.”* In contrast, 

1,7-octadiene in which the double bonds are separated by four methylene groups, 

preventing isomerization to conjugated dienes, yields mainly isomeric mononitriles. 

HCN adds more readily to alkynes than to alkenes.'” The addition of HCN to 

acetylene catalyzed by Cu* ions was once a major industrial process in manufacture 

of acrylonitrile carried out in the presence of copper(I) chloride, NH^Cl, and HC1'*“ 

(see Section 6.2.4). Zerovalent Ni and Pd complexes are effective catalysts in hydro¬ 

cyanation of alkynes as well.'** Diphenylacetylene gives excellent yields in produc¬ 

ing the syn addition products'*' [Eq. (6.28)]. Much lower yields are achieved when 

terminal alkynes react with HCN. Terminal nitriles formed primarily as a result of 

steric factors are the main products. Regio- and stereoselectivities similar to those in 

hydrocyanation of alkenes indicate a very similar mechanism. 

Ph-=-Ph + HCN 
Ni[P(OPh)3]4^ 

P(OPh)3 

benzene, 120°C 93% 
toluene, ZnCI 2, 60°C 82% 

(6.28) 

6.2.4. Practical Applications 

Ethyl Chloride. Hydrochlorination of ethylene with HCl is carried out in either 

vapor or liquid phase, in the presence of a catalyst.'*^'*^ Ethyl chloride or 1,2- 

dichloroethane containing less than 1% AICI3 is the reaction medium in the liquid- 

phase process operating under mild conditions (3()-90°C, 3-5 atm). In new plants 

supported AlCl^ or ZnCl^ is used in the vapor phase. Equimolar amounts of the dry 

reagents are reacted in a fluid- or fixed-bed reactor at elevated temperature and 

pressure (250-400°C, 5-15 atm). Both processes provide ethyl chloride with high 

(98-99%) selectivity. 
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A highly economical production of ethyl chloride combines radical ethane chlori¬ 

nation and ethylene hydrochlorination.Called the Shell integrated process, it 

uses the hydrogen chloride produced in the first reaction to carry out the second ad¬ 

dition step [Eq. (6.29)]. Ethyl chloride was used in the manufacture of the antiknock 

agent tetraethyllead, which is, however, phased out. 

CH2=CH2 
CH3CH3 + CI2—► CH3CH2CI + HCI -►CH3CH2CI (6.29) 

Hydrochlorination of 1,3-Butadiene. A historic process for the synthesis of 

adiponitrile was the transformation of 1,3-butadiene through l,4-dichlorobutene.‘*’ 

Addition of HCl was carried out in the vapor phase (125-230°C) in an excess of 1,3- 

butadiene. A mixture of isomeric dichlorobutenes (3,4-dichloro-l-butene, cis- and 

tran^-1,4-dichloro-2-butene) was formed. They underwent further transformations 

to form the dicyanides then, after hydrogenation, to give adiponitrile. 

Vinyl Chloride. Vinyl chloride is an important monomer in the manufacture of 

polyvinyl chloride and vinyl polymers. Two basic transformations are in commercial 

use.'8«->^o The catalytic hydrochlorination of acetylene, once an important industrial 

route, is now of limited use. Because of the high energy requirements of acetylene 

production, this process has been largely replaced by the ethylene chlorination- 
oxychlorination reaction (see Section 6.3.4). 

The catalytic hydrochlorination of acetylene'**'™ demands high-quality reactants. 

Acetylene must be free of catalyst poisons (S, P, As), and HCl must not contain 

chlorine. Since water reacts with the product vinyl chloride to give acetaldehyde and 

HCl, the reactants must be dry. In the more widely used vapor-phase synthesis, the 

premixed reactants with a slight excess of HCl are fed into a multitube fixed-bed re¬ 

actor kept at about 200°C. The catalyst is almost invariably the superior mercury(II) 

chloride supported on active carbon. Certain additives (Ce, Th, and Cu chlorides) 

are used to suppress the loss of the volatile HgCl^. High conversion (near 100%) and 

high selectivity (98%) are achieved. The addition of a second molecule of HCl to 

vinyl chloride may produce 1,1-dichloroethane, the only significant byproduct. 

Ethylene Chiorohydrin. Two industrial processes were used in the synthesis of 

ethylene chiorohydrin,'*^'"" which, in turn, was transformed to ethylene oxide. Since 

the direct oxidation of ethylene to ethylene oxide is more economical, these 
technologies are being abondened. 

Ethylene was reacted with chlorine water, or with a mixture of hydrated lime and 

chlorine. In the latter case the Ca(OCl)2 formed decomposes to yield HOCl. The 

aqueous opening of the intermediate chloronium ion leads to the formation of the 

product. Ethylene chiorohydrin then was cyclized to ethylene oxide by addition of 
calcium hydroxide. 

Propylene Chiorohydrin. Propylene chiorohydrin is synthesized with the aim of 

producing propylene oxide. Although the latter is manufactured commercially mainly 

by the direct oxidation of propylene, the chlorohydrination process is still in limited use. 
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In an older version of the synthesis propylene and chlorine react in an aqueous solu¬ 

tion to form propylene chlorohydrin.'^^"'^'' The slightly exothermic reaction maintains 

the 30-40°C reaction temperature to yield isomeric propylene chlorohydrins (1-chloro- 

2-propanol/2-chloro-l-propanol = 9 : 1). The main byproduct is 1,2-dichloropropane 

formed in amounts up to 10%. The product propylene chlorohydrin then undergoes 

saponification to propylene oxide with calcium hydroxide or sodium hydroxide. 

Because of technological difficulties of this second step (large amount of waste 

water, concentration of the NaCl solution before electrolysis to produce chlorine) a 

modified synthesis was developed by Lummus.'” Instead of HOCl, tert-butyl 

hypochlorite generated by reacting tert-butyl alcohol and chlorine in sodium hy¬ 

droxide solution is used for the chlorohydrination step. An organic phase containing 

the reagent reacts with propylene and water to produce propylene chlorohydrin and 

tert-hnXyX alcohol. The latter is recycled to the first stage to regenerate the reagent. 

Adiponitrile. Adiponitrile is an important intermediate in polyamide manufacture. 

1,6-Hexamethylenediamine formed by the hydrogenation of adiponitrile is used in 

the production of nylon-6,6, one of the most important polyamides in commercial 

production. 
Among other nonaddition processes, adiponitrile may be manufactured by the di¬ 

rect hydrocyanation of 1,3-butadiene (DuPont process).A homogeneous 

Ni(0) complex catalyzes both steps of addition of HCN to the olefinic bonds 

(Scheme 6.4). The isomeric monocyano butenes (20 and 21) are first formed in a 

ratio of approximately 1 ; 2. All subsequent steps, the isomerization of 20 to the de¬ 

sired 1,4-addition product (21), a further isomerization step (double-bond migra¬ 

tion), and the addition of the second molecule of HCN, are promoted by Lewis acids 

(ZnCl^ or SnCy. Without Lewis acids the last step is much slower then the addition 

of the first molecule of HCN. Reaction temperatures below 150°C are employed. 

CH2=CHCH =CH2 

Ni(0) I HCN 

CH3CH=CHCH2“CN 

CH2=CHCH 2CH 2-CN NC-CH 2CH 2CH 2CH 2-CN 

Scheme 6.4 

Acrylonitrile. Acrylonitrile an important monomer in numerous polymerization 

processes is produced mainly from propylene by ammoxidation (see Section 8.5.3). 

In the traditional process, the major industrial route in the 1950s and 1960s, an 

aqueous solution of copper(I) chloride, NH^Cl and HCl was reacted with acetylene 

and hydrogen cyanide'*” '” [Eq. (6.30)]. Coordination of the metal ion activates the 

carbon-carbon triple bond toward nucleophilic attack to yield a a-vinyl complex 

(22), which is a characteristic pathway of metal-catalyzed additions to the acetylenic 

bond. Protolysis of 22 gives the end product. 
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CuCI, NH4CI, HCI 
HC=CH + HCN-:-;-►HC5CH 

H2O, 80-90° C. 
1-3 atm 

Cu^ /H 
.C=C. 

CN 

Ht 
CH2=CH-C=N 

22 
(6.30) 

6.3. HALOGEN ADDITION 

6.3.1. Alkenes 

Elemental fluorine is rarely used in addition to multiple bonds. This is due mainly to 

its extreme reactivity resulting in violent reactions and difficult handling.Since 

it readily undergoes homolytic dissociation, radical processes may interfere with 

ionic processes, resulting in nonselective transformations. This is probably why 

early observations indicated that addition of fluorine to .alkenes, although it gave 

predominantly products of syn addition, was nonstereoselective.“' “^ However, it has 

recently been shown^“ that good results can be achieved by working with a very di¬ 

lute stream of fluorine (1%) in an inert gas, in the presence of a proton donor in so¬ 

lution, at low temperatures. This method permits the addition of fluorine to alkenes 

with high stereoselectivity in a controlled manner. 

In contrast with other halogens, the addition of fluorine is predominantly syn. 

This is compatible with the formation and rapid collapse of a 2-fluorocarbocation- 

fluoride tight ion pair [Eq. (6.31)]. Extra stabilization for the 2-fluorocarbocation, 

as in stilbene, decreases stereoselectivity. This mechanism also accounts for the 

forjnation of 1,1,2-trifluoro compounds [Eq. (6.32)] and solvent incorporation. A 

four-center molecular syn addition ([2 + 2]-cycloaddition) is also consistent with 

experimental observations.Molecular-orbital calculations and experimental ob¬ 

servations by NMR (nuclear magnetic resonance) spectroscopy in superacidic sys¬ 

tems rule out the existence of the bridged fluoronium ion.^'^^^ 

RCH=CH2+ F2 

F' 
+ 

RCH-CH2 
1 

L F J -► 
-HF 

RCjH-(j)H2 

F F 

RCH=CHF -^RCH-CH 
F2 I I 

F F 

(6.31) 

(6.32) 

Xenon fluorides may add to alkenes in the presence of HF or CF^COOH as cata- 
lyst 207-209 addition, though, taking place via predominant anti attack, is not stereo- 

selective.^'“ The formation of trifluoro and trifluoromethyl derivatives via radical 

intermediates, and trifluoroacetate incorporation were also observed.^"’^'^ 

Chlorination, bromination, and iodination of alkenes with the corresponding ele¬ 

mental halogens to give vicinal dihalides take place in any solvent that does not 

react with halogens. Skeletal rearrangements and solvent incorporation sometimes 

accompany addition. A stepwise electrophilic addition with the involvement of a 

halogen—alkene complex and a cationic intermediate are the general aspects of the 

mechanism.^’'™'^'^'"''* The addition is usually anti stereoselective. This and other evi- 
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dence indicate a bridged halonium ion intermediate. Under certain conditions a free- 

radical mechanism may occur. Besides the general features mentioned above there 

exist, however, some characteristic differences in the addition of differing halogens. 

The rate law for the addition of chlorine across a carbon-carbon double bond is 

first-order in both alkene and chlorine independently on the polarity of solvent 

used.^’^’^'* Strong acceleration of the reaction rate is brought about by increasing 

alkyl substitution about the double bond.^” An Adg2 mechanism involving a molec¬ 

ular (donor-acceptor) complex^'* or an ionic intermediate is operative.^” The pre¬ 

dominant anti stereoselectivity of addition is compatible with a cyclic chloronium 

ion intermediate.'" This is also supported by the observation that the position of 

alkyl substituents does not affect the rate.^'^ Thus, the reactivities of isobutylene and 

2-butenes are almost identical. This indicates that the positive charge in the rate¬ 

determining transition state is distributed over both carbon atoms in a bridged struc¬ 

ture. Quantum-mechanical calculations^'^ and direct experimental observations of 

chloronium ions by NMR spectroscopy^"^^''*'"'’ are further proof of the bridged struc¬ 

ture of this intermediate. 
Other reagents to synthesize 1,2-dichloro compounds include NCl^, which en¬ 

sures better yields than SO^Cl^, PCl^, or chlorine.^““' In contrast to the usual pre¬ 

dominant anti addition in chlorination using chlorine, dominant syn addition can be 

accomplished with SbCl^,^^ MoCl^,^” or tetrabutylammonium octamolybdate.^^'' The 

lack of selectivity in the chlorination with CuCl^ in polar solvents (AcOH, alcohols, 

nitromethane) is indicative of an open ionic intermediate.^^’ 

The addition of bromine to alkenes is a rapid, exothermic reaction taking place 

usually at room temperature. In contrast with chlorination, the rate law in bromina- 

tion depends on the solvent used. On passing from hydroxylic to nonpolar aprotic 

solvents, the overall second-order changes to a rate law that is first-order in alkene 

and second-order in bromine.^“ Alkene-bromine complexes with varying composi¬ 

tions were shown to form under reaction conditions’'^'*'^^^^* (Scheme 6.5). At low 

bromine concentration in protic solvents the reaction proceeds via a 1 : 1 complex 

(23). A 1 : 2 alkene-bromine complex (25) is involved at high bromine concentra¬ 

tion in nonprotic solvents. The ionic intermediates (24, 26) were shown to exist as 

contact ion pairs, solvent-separated ions, or dissociated ions. 

\ / 
C 

II 

26 25 

Scheme 6.5 



220 ADDITION 

The formation of the ionic intermediates, long considered to be irreversible, 

has been recently shown to be reversible.^''-^^* The 1 : 1 complex (23) dominat¬ 

ing in protic solvents may be converted to 24 in a solvent-assisted process. 

The ionic intermediate was first postulated as a cyclic bromonium cation by 

Roberts and Kimball.”" This was later supported by stereochemical results indi¬ 

cating near exclusive anti addition stereochemistry,"' by kinetic studies, and 

recently by calculations.”^”* Cyclic bromonium ions were first prepared by 

Olah and coworkers under superacidic stable ion conditions and studied by 

NMR spectroscopy.”''”®"^' 
The actual mechanism of bromination and the structure of the ionic intermedi¬ 

ate, however, is more complex than Scheme 6.5 indicates.^"""”^ It can involve sev¬ 

eral competing pathways through the 2-bromocarbocation (27) and partially 

bridged intermediates (28). The bridged bromonium ion and the 2-bromocarboca- 

tion can be considered only as extremes in a multipathway scheme.”””* 

Electronic effects and the symmetry of the starting alkenes may affect the struc¬ 

ture of the intermediate.”®'”*”' In nonpolar solvents, as in CCl^, the direct re¬ 

arrangement of a 1 : 2 complex through the 29 nonpolar six-membered ring tran¬ 

sition state was suggested.”* 

5+ 

/r 
,Br 

'/I, 
Br 

Br 

Br 

27 28 29 

Since the alkene structure and solvent affect the mechanism, product distribu¬ 

tion and stereochemistry may change accordingly. Arylalkenes, for example, can 

form stable carbocationic intermediates. The predominating carbocationic struc¬ 

ture results in nonstereoselective, but highly regioselective products. In contrast, 

alkyl-substituted olefins without extra stabilization of the carbocation are trans¬ 

formed through the bridged bromonium ion, ensuring anti stereoselectivity. In 

comparison with chlorine, bromine has better bridging properties. Anti stereose¬ 

lectivity, therefore, is usually more pronounced in bromination. When competi¬ 

tion between the cyclic halonium and open carbocationic intermediates exists, as 

in the bromination of certain arylalkenes, solvent-dependent stereochemistry may 

be observed. 

Certain convenient brominating agents, such as pyridine hydrobromide perbro- 

mide (PyHEr^) and tetramethylammonium tribromide, may be used to transform 

alkenes to vicinal dibromides. They often give better yields than does liquid 

bromine, but may react by different mechanisms. Isomeric 1-phenylpropenes, for 

instance, react nonstereoselectively with bromine, but exhibit near-exclusive anti 

addition with the other reagents*"" [Eq. (6.33)]. Alkenes react with CuBr^ in acetoni¬ 

trile under mild conditions to produce vicinal dibromoalkanes in an exclusive anti 

addition.”* 
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yC=C 

H 

Me 
/ pyridine 

\ CH2CI2,0-5°C 
H 

+ 

25.5 

(6.33) 

Shape-selective bromination of either linear alkenes or branched and cyclic 

alkenes in the presence of zeolites has been reported.^® In the so-called out-of-pore 

bromination, a solution of bromine is added to the preequilibrated mixture of the 

alkenes and zeolite, resulting in selective bromination of r yclic (branched) olefins 

[Eq. (6.34)]. When the solution of alkenes is added to the bromine-zeolite mixture 

(in-pore bromination), linear olefins are brominated preferentially: 

Br2, ZSM-5 

CCI4, -23°C 

without zeolite 39% 61% 
out-of-pore 89% 6% 
in-pore 6% 79% 

(6.34) 

Iodine, the least reactive halogen, adds more slowly to alkenes in an equilibrium 

process. The alkene structure, solvent, and temperature determine the position of 

the equilibrium. The rate law is very complex^ '" with overall fourth order in non¬ 

polar solvents, and third order in other solvents such as AcOH. Electrophilic attack 

by complexing iodine molecules or additional iodine molecules participating in 

iodine-iodine bond breaking in the rate-determining transition state explains the ki¬ 

netics of iodination. Although less documented than in chlorination and bromina¬ 

tion, molecular complexes^’* and bridged iodonium ions^ "' are the general features 

of iodination as well. 

Halogenations may also occur by a free-radical mechanism.Besides taking 

place in the gas phase, halogenation may follow a free-radical pathway in the liquid 

phase in nonpolar solvents. Radical halogenation is initiated by the alkene and fa¬ 

vored by high alkene concentrations. It is usually retarded by oxygen and yields sub¬ 

stitution products, mainly allylic halides. 

Cyclohexene was shown to react partly by a radical mechanism when chlorinated 

in the absence of oxygen even in the dark.^''^ The reaction is slightly less stereoselec¬ 

tive than the ionic process (96% tranj’-l,2-dichlorocyclohexane versus 99%). 

Isomeric butenes under similar conditions give products nonstereoselectively.^'"* 

Branched alkenes are less prone to undergo free-radical halogenation. 

Free-radical bromination was observed to take place in the presence of oxygen on 

illumination.^''^ In a competitive reaction under ionic conditions (CC1_,, room temper¬ 

ature), cyclohexene reacted 5 times faster than styrene. In contrast, the yield of 1,2- 

dibromoethylbenzene was 10 times as high as that of 1,2-dibromocyclohexane when 

bromination was carried out in the presence of light. 
Radical iodination of simple alkenes was found to take place more readily than 
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the ionic process. The addition is anti stereoselective,resulting from an attack of 

iodine atom or molecule on charge-transfer complex between the alkene and an io¬ 

dine molecule or atom. 
Numerous reagents may react with alkerifes to yield mixed 1,2-dihalogenated 

compounds. Interhalogens prepared on mixing two different halides or their stoi¬ 

chiometric equivalents are used in mixed halogenations. 

6.3.2. Dienes 

Relatively few data and no systematic studies of the halogenation of dienes have 

been reported. Monoaddition products are usually formed through the attack on the 

more substituted double bond. Interhalogens add to allenes to give products in 

which the positive part of the reagent is attached to the central allenic carbon. 

Rearrangements, however, may affect product distributions. Ionic mechanisms are 

usually established, but very few details are available. 

An interesting observation of the chlorination of allenes is that besides the addi¬ 

tion products, monochlorinated compounds are also formed.Thus allene gave 

propargyl chloride, and tetramethylallenes gave 3-chloro-2,4-dimethyl-l,3-penta- 

diene. Since the reactions were carried out in the presence of oxygen, that is, under 

ionic conditions, proton loss from the intermediate chloronium ion or 2-chlorocarbo- 
cation explains these results. 

No similar reaction takes place during bromination. Transformation of the optical¬ 

ly active (-)-2,3-pentadiene, the most studied compound, gave a mixture of dibro¬ 

mides in inert solvents through a stereoselective anti addition^” [Eq. (6.35)]. Since 

the products are optically active, this excludes the symmetric, resonance-stabilized 

allylic ion intermediate. The main (trans) product arises from the preferential attack 

of Br on the more stable, less strained, partially bridged 30 intermediate (as com¬ 

pared to 31). Similar conclusions were drawn from the results of the iodination and 

haloiodination of 2,3-pentadiene^^® and from bromination of l,2-cycloalkadienes.“^ 

M( 

H 

H Br 

83 17 

Br 
Me 
/ 

Br 

/ ■.+,,s\Me 

H—C + ,A\Me 

H 

H 
Me— Br 

H Br 
30 31 

A comparative study of addition of halogens to phenylallene revealed that isomer 

distributions depend strongly on the halogen and temperature.^'* In bromination, for 
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example, the 1,2-dibromide, formed initially at low temperature, was found to re¬ 

arrange completely to the 2,3-addition product at higher temperature: 

Br2 
Ph-CH=C=CH2 »• Ph-CH-C=CH2 + Ph-CH=(j^-(j:H2 (6.36) 

Br Br Br Br 

-70°C 25 75 
0°C <2 >9^ 

Analogous to the addition of hydrogen halides, conjugated dienes may be con¬ 

verted through 1,2- and 1,4-addition in halogenation. Since bridged and partially 

bridged halonium ions and open carbocations may all be involved, each permitting 

different stereochemical outcome, very complex product distributions may result. 

Isomerization of products and the involvement of radical processes may further 

complicate halogenations. These and the lack of sufficient data do not allow one to 

arrive at unambiguous conclusions in most cases. 

1,3-Butadiene reacts with chlorine under radical and ionic conditions to give both 

1,2- and 1,4-addition products.^^ The predominant formation of the trans isomer in 

radical 1,4 addition [Eq. (6.37)] was explained to result from the predominant tran- 

soid form of the starting compound and the configurational stability of the reso¬ 

nance-stabilized allylic radical intermediate. 

CI2 ^ 

cci 4, -9°C ^ ^ 
^CH2C1 

Cl 
illumination under N 2 22 78 

in the presence of O 2 55 45 

Ionic chlorination was found to be insensitive to solvent polarityIn contrast, signifi¬ 

cant changes in product distributions were reported in bromination in different solvents:^® 

Br2 ^^.^.CH2Br sBr 

- 10°C Brl-l2C 

Br 

in n -pentane 69 31 
in nitrometane 26 74 

(6.38) 

Comparative studies“®-^“ with other acyclic and cyclic conjugated dienes re¬ 

vealed a predominantly syn stereochemistry in 1,4-addition. Chlorination, however, 

is generally less stereoselective than bromination. In 1,2-addition, in turn, both 

reagents are usually nonstereoselective. A striking difference between chlorination 

and bromination of 1,3-cycloalkadienes is that chlorination produces appreciable 

syn 1,2-addition products, whereas bromination does not give detectable syn prod- 

ucts.“^ The differences in the addition of the two halogens were interpreted as result¬ 

ing from different degrees of charge delocalization in the intermediate chloronium 

and bromonium ions. 
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Since the reactivity of double bonds in electrophilic bromination increases drasti¬ 

cally with increasing alkyl substitution, selective monoaddition to the more substi¬ 

tuted double bond in nonconjugated dienes can be accomplished with pyridin 

hydrobromide perbromide.^ Chlorination^^ and bromination^ of cis,cis-l,5- cyclo- 

octadiene lead to the expected dihalogen and tetrahalogen derivatives. lodination, 

surprisingly, differs profoundly to give isomeric diiodo compounds by transannular 

cyclization:^ 

(6.39) 

6.3.3. Alkynes 

Alkynes are usually much less reactive in halogenation than alkenes.^®’ Relative 

reactivities (k „ /k ,^ ) in the range 10^-10^ were found in comparative studies of 

chlorination and bromination in acetic acid.^’’ 1,2-Monoaddition products are 

usually formed except in fluorination, which yields tetrafluoro and solvent incor¬ 

porated derivatives. In fluorination and chlorination the open p-halovinyl carbo- 

cations were calculated to be more stable than the corresponding cyclic halonium 

ions.^"* The formation of nonstereoselective 1,2-dichloroalkenes and regioselec- 

tive (Markovnikov) solvent incorporated products are in agreement with these 

calculations. 

The rate law of bromination of acetylenes is complicated and depends strongly 

on reaction conditions.““ Both reaction conditions and alkyne structure affect stereo¬ 

chemistry. Bromination of alkylacetylenes is a stereoselective anti addition process 

occurring through the cyclic bromonium ion. Phenylacetylenes, in contrast, react ac¬ 

cording to an Adg2 mechanism via a vinyl cation intermediate in a nonstereoselec¬ 

tive process. Added bromide ions bring about a new, selective bromide ion-cat¬ 

alyzed process. It proceeds through transition state 32 and results in stereoselective 

anti addition.^'** Much higher steroselectivites can be achieved by bromination with 
CuBr^.'«'' 

Ph. .Br""Br 

R 

32 

In contrast with the reversible reaction of iodine with alkenes, iodination of 

alkynes yields stable 1,2-diiodoalkenes formed in anti addition.™-^^' Very good yields 

were achieved when iodination was carried out in the presence of y-alumina.'^^ 
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6.3.4. Practical Applications 

Vinyl chloride. The present-day most important process in the industrial 

maufacture of vinyl chloride is the chlorination-oxychlorination of ethylene. 188-190.272-275 

It consists of three basic steps: direct chlorination of ethylene to form 1,2- 

dichloroethane [Eq. (6.40)], cracking of 1,2-dichloroethane to vinyl chloride and HCl 

[Eq. (6.41)], and oxychlorination of ethylene with HCl [Eq., (6.42)] formed in the 

second step. The net reaction is the oxychlorination of ethylene to vinyl chloride [Eq. 

(6.43)]. This so-called balanced oxychlorination vinyl chloride production is the most 
economical commercial process for the manufacture of vinyl chloride. 

CH2=CH2 + CI2 CH2CH2 
I I 

Cl Cl 

2 CH2CH2 ► 2CH2=CH + 2 HCl 
I I I 

Cl Cl ni 

CH2=CH2 + 2 HCl + 0.5 O2-► CH2CH2 + H2O 

Cl Cl 

AH = -50 kcal/mol (6.40) 

AH =17 kcal/mol (6.41) 

AH = -57 kcal/mol (6.42) 

2 CH2=CH2 + CI2 -H 0.5 O2 -2 CH2=CH + H 2O 

Cl 

(6.43) 

The first addition step, specifically, the direct catalytic chlorination of ethylene 

[Eq. (6.40)], is almost always conducted in the liquid phase.'*"”'*'^’^™ 1,2- 

Dichloroethane is used as solvent with ferric chloride, an efficient and selective cat¬ 

alyst. Ionic addition predominates at temperatures about 50-70°C. The conversion is 

usually 100% with 1,2-dichloroethane selectivity higher than 99%. The primary 

byproduct is 1,1,2-trichloroethane, believed to be formed by subsequent radical 

chlorination of 1,2-dichloroethane. A low amount of oxygen (below 1%), therefore, 

is added to the chlorine feed to suppress radical side reactions. 

Thermal dehydrochlorination of 1,2-dichloroethane'**'”^™’^^^ takes place at tem¬ 

peratures above 450°C and at pressures about 25-30 atm. A gas-phase free-radical 

chain reaction with chlorine radical as the chain transfer agent is operative. Careful 

purification of 1,2-dichloroethane is required to get high purity vinyl chloride. 

Numerous byproducts and coke are produced in the process. The amount of these in¬ 

creases with increasing conversion and temperature. Conversion levels, therefore, 

are kept at about 50-60%. Vinyl chloride selectivities in the range of 93-96% are 

usually achieved. 

The third most crucial stage in the balanced process is the oxychlorination 

step.'** ’'"’’^’^™ In this reaction ethylene and HCl are converted to 1,2-dichloroethane 

in an oxidative, catalytic process. The reaction proceeds at temperatures of 

225-325°C and at pressures between 1 and 15 atm. Pure oxygen or air is used as ox¬ 

idant.”*^™ Numerous, somewhat different industrial processes were independently 

developed.^’^ ™ However, the reaction is generally carried out in the vapor phase, in 

fixed-bed or fluidized-bed reactors. 
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Copper chloride is universally applied as catalyst.^’^'"^' Known as the modified 

Deacon catalyst, CuCl^ is supported on alumina and contains KCl. Under operating 

conditions a CuCl^-Cu^Clj-KCl ternary mixture, possibly in the molten state, is the 

active catalyst. CuCl^ is believed to be the active chlorinating agent producing 1,2- 

dichloroethane directly without the involvement of elemental chlorine [Eq. (6.44)]. 

The coupled oxidoreduction steps are indicated in Eqs. (6.45) and (6.46). 

CH2-CH2 + 2CUCI2 - ^ CH2CH2 + - CU2d2 (6.44) 

Cl Cl 

CUCI2 + 0.5 O2 —^ CuO.CuCI 2 (6.45) 

CuO.CuCU + 2 HCl ^ 2 CuCI 2 H2O (6.46) 

A recently modified vinyl chloride process^^ combines Monsanto’s direct chlori¬ 

nation, cracking, and purification technologies^*^ and Kellog’s proprietary technolo¬ 

gy for oxidation of HCl to Cl^. In this process the inefficient hazardous oxychlorina- 

tion step is eliminated. Instead, chlorine is recovered after the oxidation of HCl and 

used again in the direct chlorination of ethylene. This improved technology is more 

economical and less polluting and yields high purity vinyl chloride. 

Chlorination of 1,3-Butadiene. Gas-phase chlorination of 1,3-butadiene is the 

first step of a commercial synthesis of chloroprene.^^^ At elevated temperature 

(290-330°C) excess 1,3-butadiene is reacted with chlorine to yield a near¬ 

equilibrium mixture of the three isomeric dichlorobutenes [Eq. (6.47)]. At low 

conversions (10-25%) high yields can be achieved (85-95%). 1,4-Dichloro-2- 

butenes formed may be used in the manufacture of other products or isomerized to 

give the desired 3,4-dichloro-l-butene. It is done in the presence of a catalytic 

amount of CuCl^ with the equilibrium shifted to the formation of 3,4-dichloro-l- 

butene by distilling it off the reaction mixture. Finally, 3,4-dichloro-l-butene 

undergoes alkaline dehydrochlorination to produce chloroprene (5-15% NaOH, 
80-110°C). 

CH2=CHCH =CH2 + Cl2-► CH2CHCH =CH2+CH2CH=CHCH 2 (6.47) 

Cl Cl Cl Cl 

6.4. AMMONIA AND AMINE ADDITION 

The addition of ammonia and amines to unsaturated hydrocarbons, called hy- 

droamination, is a desirable but difficult reaction. Only activated multiple bonds 

react readily in hydroamination to yield amines in an equilibrium reaction. It is 

necessary, therefore, to use catalysts in the transformation of nonactivated 
compounds. 
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6.4.1. Alkenes 

One possible way to promote hydroamination is to activate the reacting ammonia or 

amine."**-^''’ Alkali metals were found to be useful catalysts. Even in the catalyzed 

addition of ammonia to simple alkenes, however, drastic reaction conditions are re¬ 

quired and a mixture of amines is formed. Ethylene, for instance, reacts with ammo¬ 

nia at 175-200°C and 800-1000 atm to yield ethylamines.^^^ Alkali metals reacting 

with ammonia form the amide ion, which is believed to promote addition^^' [Eq. 

(6.48)]. The reactivity of alkenes decreases with increasing alkyl substitution, with 

ethylene exhibiting the highest activity. The addition to terminal alkenes follows the 

Markovnikov rule. Formation of high-molecular-weight nitrogen-containing com¬ 

pounds complicates the hydroamination of higher alkenes.“^’^” Because of its lower 
acidity, however, aniline participates only in monoaddition.^” 

HpN: + CH2=CH2 
f 

- NH, 
H2N-CH2-CH2~r^ H2N-CH2-CH3 (6.48) 

The addition is more effective, allowing less severe reaction conditions if the 

metal amides are preformed,^’''' or generated in situ from alkyllithium and the amine 

in the presence of A^,MA^’,A^’-tetramethylethylenediamine.^” Styrenes react under 
very mild conditions^®® [Eq. (6.48)]. 

sec-BuLi 
Ph-CH=CH2 + Et2NH cyclohexane, 50°C, 23 h Et2NCH2CH2Ph (6.49) 

57% 

The feasibility of acid-catalyzed direct hydroamination has recently been demon¬ 

strated. Acidic zeolites afford, at low conversions, highly selective formation of eth- 

ylamine,^®’’^®* isopropylamine,^®* and te/t-butylamine,^®*-^*" in the reaction of ammonia 

with ethylene, propylene, and isobutylene, respectively. Amine formation is ex¬ 

plained as a reaction of surface carbocation intermediates with adsorbed or gas- 

phase ammonia.^®*’^®® 

A few examples are known using homogeneous transition-metal-catalyzed addi¬ 

tions. Rhodium(ni) and iridium(III) salts catalyze the addition of dialkylamines to 

ethylene.^® These complexes are believed to activate the alkene, thus promoting hy¬ 

droamination. A cationic iridium(I) complex, in turn, catalyzes the addition of ani¬ 

line to norbornene through the activation of the H—N bond.”^ For the sake of com¬ 

parison it is of interest to note that dimethylamino derivatives of Nb, Ta, and Zr can 

be used to promote the reaction of dialkylamines with terminal alkenes.In this 

case, however, C-alkylation instead of A-alkylation occurs. 

There is a rich patent literature about the use of transition metal complexes in 

photochemical hydroamination, and the application of heterogeneous catalysts and 

the ammonium ion as catalyst.^®® 
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6.4.2. Dienes 

Base-catalyzed addition of secondary amines to conjugated dienes usually give, 

under mild conditions, unsaturated amines formed by 1,4 addition.^^' Alkali met¬ 

als,^”’ metal amides,^* and alkali naphthalenides^* are used as catalysts. 

The reaction of 1,3-butadiene with dialkylamines initiated by n-BuLi gives selec¬ 

tively l-dialkylamino-cj5-2-butenes“^ when the reagents are applied in a ratio of 3 : 1 

[Eq. (6.50)]. A 2 : 1 dialkylamine-lithium dialkylamide complex was found to play 

an important role in the addition process. 

n-BuLi / \ 
+ 3 EtpNH -► EtoN-' ' ffi 

cyclohexane, 50°C, 60 min ^ (b.oU) 

50% yield 
98-99% selectivity 

Hydroamination of allenes and 1,3-dienes in the presence of Ni(ll), Pd(n), and 

Rh(III) complexes yields product mixtures composed of simple addition products 

and products formed by addition and telomerization.^** Nickel halides®* and rhodium 

chloride^'® in ethanol [Eq. (6.51)] and Pd(II) diphosphine complexes^® are the most 

selective catalysts in simple hydroamination, whereas phosphine complexes favor 

telomerization.^** Steric effects play a role in determining product distribution since 

substitution of 1,3-butadiene markedly increases selectivity of hydroamination.®* 

(6.51) 

70 30 
85% conversion 

6.4.3. Alkynes 

High temperature, pressure, and catalyst are required to achieve addition of ammo¬ 

nia to alkynes. Acetylene and ammonia yield a complex mixture of heterocyclic ni¬ 

trogen bases.^"’^'^ Ethylideneimines, thought to form through the intermediate enam- 

ines, are the products of the reaction of acetylene with primary alkylamines in the 
presence of catalysts:^'^ 

Cd(OAc), + Zn(OAc)2 

RNH2+HC=CH -=-►[RNHCH=CH2] ^^rnh=chch, 
120-1 40T:, 13-15 atm. 3 

35-74 h 

(6.52) 

Since tautomeric rearrangement is not possible when secondary amines react 

with acetylene, the intermediate enamines can be isolated.^'^-^''' Vinylation with 

acetylene of heterocyclic nitrogen bases, such as pyrrole, indole, carbazole, was 
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achieved in this However, when terminal alkynes react with secondary 

amines, the intermediate enamine reacts further with a second molecule of alkyne^'*’ 
to give compound 33; 

Me 

R2NH+ MeC=CH 

R = Me, Et, n-Bu 

—+Zn(OAc)2 __ _ _ MeC=CH 
- MeCC = 

120°C, 5-39 h 
HVle(p=CH2- 

NR2 

CMe (6.53) 

NRc 33 
71-88% 

Mercury(II) salts^” and Tl(OAcy‘* may be used as catalyst to add aliphatic and 

aromatic amines to alkynes to yield imines or enamines. Selective addition to the 

carbon-carbon triple bond in conjugated enynes was achieved by this reaction:^*'' 

R^-CH=C-C^CH + 

r\ R^ = H, Me 

R^—R^ = (CH2)3- 

(6.54) 

: 2-Me, 3-Me 

6.5. HYDROMETALATION 

The addition of metal-hydrogen bonds across carbon-carbon multiple bonds called 

hydrometalations are very important, versatile transformations in organic synthesis. 

First, they allow the synthesis of new organometallic compounds. The products thus 

formed may be further transformed into other valuable compounds. The two most 

important reactions, hydroboration and hydrosilylation, will be treated here in detail, 

whereas other hydrometalation reactions (hydroalanation, hydrozirconation) will be 

discussed only briefly. Hydrostannation, a very important transformation of substi¬ 

tuted unsaturated compounds has no significance in the chemistry of hydrocarbons 

possessing nonactivated multiple bonds. 

6.5.1. Hydroboration 

The addition of borane and organoboranes to multiple bonds to form new organoboranes 

called hydroboration, pioneered and developed mainly by H. C. Brown, is an extremely 

valuable organic transformation. Mono- and dialkylboranes formed may themselves be 

utilized as hydroborating agents. Among other reactions organoboranes may be oxidized 

with and NaOH to form alcohols, diols, and polyols, depending on the structure of 

the starting unsaturated compounds. Hydroboration, therefore, combined with oxidation, 

provides a convenient indirect way of hydration of the carbon-carbon double bond in an 

anti-Markovnikov fashion.Treatment with carboxylic acids converts organoboranes 

to hydrocarbons, which is an indirect way of saturating carbon-carbon multiple 
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bonds.^^^^“ Further possibilities to transform organoboranes are abundant. 

These reactions, however, are beyond the scope of the present discussion. 

Many different organoboranes have been developed and are in use at present to 

control selectivities, which makes hydroboration a particularly valuable and flexible 

process. A further important advantage of this method is that a wide range of func¬ 

tional groups tolerate hydroboration. Catalytic hydroboration a recent development 

is a new way of asymmetric hydroborations. Detailed treatment of hydroboration 

can be found in monographs^^'’^^-^^”' and review papers.^“-^“'^^^“^” 

Alkenes. Addition of diborane and organoboranes to carbon-carbon double bonds 

is a rapid, quantitative, and reversible transformation. Reversibility, however, is not 

a severe limitation under the usual reaction conditions, since thermal dissociation of 

organoboranes becomes significant only above 100°C. The addition is syn and 

occurs in an anti-Markovnikov manner, that is, boron adds preferentially to the less 

substituted carbon atom. The attack of the reagent takes place on the less hindered 

side of the reacting alkene molecule. 

Early studies in hydroboration were carried out with in situ prepared dibo¬ 

rane.”®”’ Although gas-phase addition of diborane to alkenes is very slow, it was 

found that weak Lewis bases such as ethers and sulfides facilitate the reaction. 

Under such conditions addition is instantaneous and takes place at or below room 

temperature. Solution of diborane in tetrahydrofuran (H^B-THF)”® and the borane- 

dimethyl sulfide complex (H^B-SMe^)”®”^ are now commercially available 

reagents. Borane-amine complexes may also be used in hydroboration, although 

they react only at higher temperatures (above 100°C), where thermal dissociation of 

organoboranes may be a severe limitation. In nonbonded electron pair solvents 

monomeric borane is present. Otherwise it is dimeric. To achieve hydroboration, the 

dimer must dissociate [Eq. (6.55)] or probably only one of the hydrogen bridges 

must open to produce an electron-deficient boron center [Eq. (6.56)]. 

BnH 2^6 2 BH. 

H H H 

/^\ 

H H H 

(6.55) 

(6.56) 

Borane may react sequentially with 3 mol of alkene to form mono-, di-, and tri- 

alkylboranes. Both the alkene structure and reaction conditions affect product distri¬ 

bution. Trialkylboranes are usually formed from terminal olefins [Eq. (6.57)] and 

unhindered disubstituted alkenes such as cyclopentene irrespective of the reactant 

ratio.^'”’ The reaction cannot be stopped at the mono- or dialkylborane stage. In con¬ 

trast, hindered disubstituted olefins (e.g., cyclohexene) and trisubstituted alkenes are 

converted mainly to dialkylboranes [Eq. (6.58)]. Careful control of temperature and 

molar ratio of the reactants may allow selective synthesis of dialkylboranes.^' 

Tetrasubstituted alkenes, in turn, form monoalkylboranes as initial products and 

react further only very slowly”' [Eq. (6.59)].”’ Hindered alkenes, however, may un¬ 

dergo hydroboration at high pressure and may even yield trialkylboranes.”^ 
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3R-CH=CH2 + 
. ether solvent 

BH3 -► (R-CH2-CH2)3B (6.57) 

(6.58) 

(6.59) 

It is clear from these representative results that regioselectivity in hydroboration 

is controlled by steric effects. As a result, nonsymmetric internal olefins usually 

yield a mixture of regioisomeric alkylboranes when they react with borane. Several 

hindered mono- and diakylboranes with sterically demanding alkyl groups, howev¬ 

er, have been developed for use in selective hydroboration. Disiamylborane [bis(3- 

methyl-2-butyl)borane, 34], thexylborane (2,3-dimethyl-2-butylborane, 35), and 9- 

BBN (9-borabicyclo[3.3.1]nonane) are the most frequently used reagents.”’’^^''’^'*^ 

Improvements of regioselectivities in hydroboration of both terminal and internal 

alkenes can be achieved with such hindered dialkylboranes.^'^’^'^ Disiamylborane 

shifts the selectivity to the formation of the regioisomer substituted at the less hin¬ 

dered olefinic carbon:^ 

isoPr H 
\ / I. diglyme, 25°C 

ii. oxidation 
H Me 

isoPrCHCHjMe + isoPrCH2CHMe 
I I 

OH OH 

(6.60) 

1 h BH3 

34.12 h 

43 

5 

57 

95 

Thexylborane (35) is one of the most useful monoalkylboranes.”^’^"^ It reacts with 

1-alkenes to form dialkylthexylboranes, or yields monoalkyIthexylboranes with di- 

or trisubstituted olefins.”’ Mixed trialkylboranes may also be available with this 

reagent in stepwise hydroboration, provided the more hindered alkene is hydroborat- 

ed in the first step’'^ [Eq. (6.61)].”’ Since thexylborane reacts about 100 times faster 

with Z-alkenes than with the corresponding E-isomers, it may also be used to sepa¬ 

rate isomeric mixture.”* 

(6.61) 

The stereochemical outcome of hydroboration, syn stereoselectivity, was origi¬ 

nally based on the stereochemistry of alcohols isolated after hydroboration-oxida- 
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tion.^”=“ Thus, for example, (+)-a-pinene yields (-)-isopinocampheol after the oxi¬ 

dation of (-)-diisopinocampheylborane (36) [Eq. (6.62)]. The syn stereoselectivity 

was based on the assumption that the oxidation step—the transformation of the car¬ 

bon-boron bond to carbon-oxygen bond—took place with retention of configura¬ 

tion. Recent NMR studies of alkylboranes formed in hydroborating labeled alkenes 

indeed confirmed the validity of the earlier conclusion.”’ 

(6.62) 

Hydroboration of a-pinene [Eq. (6.62)] is an excellent example to demonstrate 

that the addition takes place on the less hindered side of the double bond. Similarly 

norbornene, when it undergoes hydroboration with 9-BBN, gives 2-eTo-norbornanol 

with 99.5% selectivity,”^ whereas the gem-dimethyl group in 7,7-dimethylnor- 

bornene brings about the reversal of the side of attack to yield the corresponding 

endo alcohol with 97% selectivity.”^ Furthermore, even in the hydroboration of such 

sensitive compounds as a-pinene and norbornene, no skeletal rearrangement has 

ever been observed during hydroboration. 

The characteristic features of hydroboration of alkenes, namely, regioselectivity, 

stereoselectivity, syn addition, and lack of rearrangement, led to the postulation of a 

concerted [2 + 2]-cycloaddition of borane”^’^” via four-center transition state 37. 

Kinetic studies, solvent effects, and molecular-orbital calculations are consistent with 

this model. As four-center transition states are unfavorable, however, the initial inter¬ 

action of borane [or the above-mentioned monobridged dimer, Eq. (6.56)] with the 

alkene probably involves an initial two-electron three-center interaction”’-^^ (38, 39). 

A, 5+ 5- 
. H H2B.(' ^ 

7 * ■■■ 6-i,.J. 8''' -f 

37 38 39 

On the basis of overall second-order kinetics of hydroboration with disiamyl- 

borane, a two-step mechanism was suggested involving the interaction between the 

nondissociated reagent and alkene in the rate-determining first step’””’ to produce a 

mixed diborane-monomeric 34 [Eq. (6.63)]. The latter then reacts with the alkene in 
a fast reaction. 

34 

fast 
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An overall second-order rate law is also operative in hydroboration with 9-BBN 

of terminal alkenes/^"® but a slow rate-determining dissociation of the dimer [Eq. 

(6.64)] precedes the addition step [Eq. (6.65)]. Since more substituted alkenes are 

less reactive, the now much slower addition becomes rate-determining and a much 
more complicated rate law is operative. 

slow 
(9-BBN) 2 2 9-BBN 

^ . .. l3St 
9-BBN + 1-alkene-►product (6.65) 

Among the many hydroborating agents developed over the years^^’ catecholbo- 

rane, a boric ester derivative, exhibits decreased reactivity.^''' It has recently been ob¬ 

served, however, that the addition can be greatly accelerated by transition-metal 

complexes.Most of the studies focused on Rh(I) catalysts.'*' 

Terminal alkenes react almost instantaneously in rhodium-catalyzed hydrobora¬ 

tion, whereas disubstituted alkenes require the use of excess reagent and increased 

amounts of catalyst (2-5%).'“ Other alkenes are unreactive. High regioselectivities 
can be achieved.'*' '*^ 

A multistep pathway analogous to the mechanism of alkene hydrogenation has 

been shown to be operative in the rhodium-catalyzed hydroboration of alkenes.'*' 

Deuterium labeling studies furnished evidence that the reversibility of the elemen¬ 

tary steps is strongly substrate-dependent. The key step is hydride rather than boron 
migration to the rhodium-bound alkene. 

Dienes. The bifunctionality of dienes makes their hydroboration more complex 

than that of simple alkenes. Competing hydroboration of the two double bonds may 

lead to mixtures of products arising from mono- or diaddition. Additionally, cyclic 

or polymeric organoboranes may be formed. Differences in the reactivity of the two 

double bonds and the use of appropriate hydroborating agents, however, may allow 
selective hydroboration.'^''"® 

Conjugated dienes and a,co -dienes usually undergo dihydroboration with borane. 

1,3-Butadiene, for instance, yields a mixture of 1,3- and 1,4-butanediol when the 

organoborane intermediates formed through inter- and intramolecular hydroboration 

are oxidized.This product distribution points to the formation of regioisomers 

in the first hydroboration steps. The data also indicate that the isolated double bond 

formed after the addition of 1 mol of borane is more reactive than the starting diene. 

Conjugated dienes exhibit a marked decrease in reactivity toward 9-BBN relative 

to alkenes and nonconjugated dienes. Structurally different double bonds, however, 

may allow clean monohydroboration.'** Homoallylic boranes are usually formed, but 

certain dienes yield allylic boranes. 

A characteristic transformation of nonconjugated dienes is their hydroboration to 

form boraheterocycles.'*'' The favored hydroborating agent 9-BBN, for example, is 

synthesized in such cyclization reaction'™"' (Scheme 6.6). An approximately 1 : 3 

mixture of 1,4- and 1,5-addition products is formed in a second, intramolecular hy¬ 

droboration step. The 1,4-addition product (40), however, can be readily isomerized 
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under mild conditions (65°C, 1 h) through a dehydroboration-hydroboration step to 

yield pure 9-BBN. 

• \ 

Alkynes. The selectivity of hydroboration of alkynes depends on the 

hydroborating reagents. Diborane usually forms complex mixtures of 

organoboranes, including polymers.^’^”^ Other reagents, however, may be applied to 

perform selective transformations. 
Terminal alkynes undergo clean monohydroboration with disiamylborane”^ and 

thexylborane^’'' to yield vinylboranes. The addition of a second molecule of dialkyl- 

borane to form gem-diboryl compounds is usually much slower. The less hindered 

9-BBN, in turn, produces monoaddition products only when the reaction is carried 

out in excess alkyne.^’^ Mono- versus dihydroboration, however, can be controlled 

by temperature with increasing selectivity of monohydroboration brought about by 

decreasing temperature.^’® Boron is placed almost exclusively at the terminal carbon 

of the triple bond. Recently the thexylborane-dimethyl sulfide complex was shown 

to afford clean monoboration with exceptional regioselectivity (>97%).”’ Direct 

spectroscopic evidence was presented to show selective syn addition.”*”'' 

The same reagents may be used to conduct monohydroboration of internal 

acetylenes as well. Unsymmetrically disubstituted compounds usually produce a 

mixture of regioisomers. The best reagent for the regioselective hydroboration of 

alkynes is dimesitylborane. It gives, for example, 90% selectivity of boron attack at 

C-2 in the hydroboration of 2-hexyne.^*° Competitive steric and electronic effects 

control the selectivities in the hydroboration of phenyl-substituted alkynes”®*^*® 

6.5.2. Hydroalanation 

Aluminum hydrides add across carbon-carbon multiple bonds to form 

organoalanes^*'-**® (hydroalanation), which are usually further reacted with suitable 

electrophiles. The addition is thermal or may be catalyzed by metals, mainly titani¬ 
um and zirconium compounds.**®’^*’ 

Hydroalanation was first carried out by Ziegler and coworkers by reacting alkenes 

with activated aluminum in the presence of hydrogen.3** Preformed AlH was also 

shown to add to alkenes.^*^'^'*’ Dialkylaluminum hydrides in alkane solvents and 
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LiAlH^ in diethyl ether are more convenient and the most frequently applied reagents. 

An interesting application is, however, the use of triisobutylaluminum.^^’ Since hy- 

droalumination of alkenes is a reversible reaction, isoBu^Al, when heated above 

100°C, dissociates to form isobutylene and isoBu^AlH; the latter then adds to alkenes. 

Many of the characteristic features of hydroalanation of alkenes (reactivities, selec- 

tivities) are very similar to those of hydrosilylation. Terminal alkenes react readily in 

hydroalumination, whereas internal alkenes are much less reactive. Aluminum usually 

adds selectively to the terminal carbon. Hydroalumination of styrene, however, leads 

to a mixture of regioisomers.^^^ When hydroalumination of alkenes is followed by pro¬ 

tolysis, saturated hydrocarbons are formed, that is, net hydrogenation of the 

carbon-carbon double bond may be achieved. The difference in reactivity of different 

double bonds allows selective hydroalumination of the less hindered bond in dienes:^" 

(6.66) 

Alkynes are more reactive in hydroalumination than alkenes. Hence, unlike inter¬ 

nal alkenes, internal acetylenes readily undergo hydroalumination. Side reactions, 

however, may occur. Proton-aluminum exchange in terminal alkynes, for instance, 

leads to substituted products, and geminal dialuminum derivatives are formed as a 

result of double hydroalumination. In addition, nonsymmetric alkynes usually give 

mixtures of regioisomers. Appropriate reaction conditions, however, allow selective 

hydroalumination. Thus, the addition of isoBu^AlH to alkynes is a selective syn 

process^^'' [Eq. (6.67)].^" In contrast, LiAlH^ and its derivatives add to alkynes in a 

selective anti fashion”^ [Eq. (6.68)].”' Note that regioselectivities are identical with 

the two reagents. The formation of aluminum hydrides (deuterides), followed by 

protolysis (deuterolysis) of the intermediate vinylalanes, allows the synthesis of se¬ 

lectively labeled alkenes 

'“'l H,0 /’" 
Ph-^-Ue + isoBUjAIH >—( ->- /—V (6.67) 

isoBu2AI H H H 

Ph-=-Me + LiAIH4 
(6.68) 

>99% selectivity 

6.5.3. Hydrosilylation 

Hydrosilylation, the addition of silicon-hydrogen bond to multiple bonds, is a valu¬ 

able laboratory and industrial process in the synthesis of organosilicon compounds. 
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The addition to carbon-carbon multiple bonds can be accomplished as a radical 

process initiated by ultraviolet (UV) light, y-irradiation, or peroxides. Since the dis¬ 

covery in the 1950s that chloroplatinic acid is a good catalyst to promote the addi¬ 

tion, metal-catalyzed transformations have become the commonly used hydrosilyla- 

tion process. Numerous reviews give detailed coverage of the field. 
Hydrosilylation finds practical application as the curing (crosslinking) process in the 

manufacture of silicone rubbers.'^’ 
Radical hydrosilylation takes place according to a usual free-radical mechanism 

with silyl radicals as chain carriers. Products are formed predominantly through the 

most stable radical intermediate. Even highly hindered alkenes undergo radical hy¬ 

drosilylation. This process, however, is not stereoselective, and alkenes that are 

prone to free-radical polymerization may form polymers. 

None of these difficulties arise when hydrosilylation is promoted by metal cata¬ 

lysts. The mechanism of the addition of silicon-hydrogen bond across a carbon- 

carbon multiple bond proposed by Chalk and Harrod‘““‘^ includes two basic steps: 

the oxidative addition of hydrosilane to the metal center, and the cis insertion of the 

metal-bound alkene into the metal-hydrogen bond to form an alkylmetal complex 

(Scheme 6.7). Interaction with another alkene molecule induces the formation of the 

carbon-silicon bond. This rate-determining reductive elimination completes the cat¬ 

alytic cycle. The addition proceeds with retention of configuration.An alternative 

mechanism, the insertion of alkene into the metal-silicon bond, was later suggested 

to account for some side reactions (alkene reduction, vinyl substitution).'"'^''* 

/C ^ 

\ / \ / I 
SIS, j}_l 

/^\HI I 

iR. 

X I !/ 
^H-C—M— 

* / I 

\ I 
^H-CjJ-SiRa 

Scheme 6.7 

Detailed studies concerning the active species in hydrosilylation catalyzed by 

chloroplatinic acid have pointed to the involvement of several oxidation states. It 

was observed, for instance, that Pt(rV) undergoes partial reduction to Pt(n) in the 

solution, which is used in most cases.'"’"® Oxygen strongly af- 
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fects the reaction, but its effect remains largely unclear.'^'"” '''’^’^ An induction peri¬ 

od is usually observed, and carefully purified reactants and H^PtCl^ react only very 

slowlyFormation of colloidal platinum and rhodium on the action of hydrosilanes 

was observed, and the intermediacy of Pt and Rh in hydrosilylation has recently 
been suggested.'"''^^' 

Alkenes. Most Group VIII metals, metal salts, and complexes may be used as 

catalyst in hydrosilylation of alkenes. Platinum and its derivatives show the highest 

activity. Rhodium, nickel, and palladium complexes, although less active, may 

exhibit unique selectivities. The addition is exothermic and is usually performed 

without a solvent. Transition-metal complexes with chiral ligands may be employed 

in asymmetric hydrosilylation.'*”®'*^^ 

Chloroplatinic acid, used as a solution in 2-propanol and referred to as Speier’s 

catalyst,is a unique and very active catalyst for hydrosilylation. It catalyzes the 

addition of chloro- and alkylhydrosilanes to terminal alkenes to form almost exclu¬ 

sively the corresponding terminally silylated products in high yields (anti- 

Markovnikov addition). Alkylsilanes are much less reactive hydrosilylating 

reagents. The addition of di- and trihydroalkyIsilanes to form tetraalkylsilanes, how¬ 

ever, was found to be highly accelerated by oxygen.'*'^'*'* 

Internal alkenes and cycloalkenes react much more slowly. If double-bond mi¬ 

gration, however, can lead to an isomeric terminal olefin, slow transformation to the 

terminally substituted alkylsilane is possible.'*”''*^^^“ All three isomeric ethylcyclo- 

hexenes, for example, form 2-cyclohexylethyltrichlorosilane as the sole product:'*^® 

* ^^SICl3 relluxjSeV <^^CH,CH3Sia3 (6.69) 

74-88% yield 
>95% selectivity 

Alkene isomerization is common during hydrosilylation. At partial conversion in 

the reaction of ethylcyclohexenes the recovered olefin contained all possible iso¬ 

mers except vinylcyclohexane.'*^® Even in the transformation of the most reactive ter¬ 

minal alkenes the recovered unreacted olefin is a mixture of isomers.'*^’'*^’ 

Isomerization thus may prevent complete conversion of 1-alkenes. Similar double¬ 

bond migration is not observed in free-radical addition:'*^* 

+ HSiClg reflux, 9 h 

(AcO)2 

SiCU 

85 15 
100% yield 

(6.70) 

The regioselectivity of hydrosilylation of arylalkenes strongly depends on the 

catalyst. Hydrosilylation of styrene catalyzed by H^PtCl^ is not selective and pro¬ 

duces a mixture of regioisomers.'*^’* Cocatalysts, such as PPh^, however, increase the 
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selectivity of the formation of the anti-Markovnikov product [Eq. (6.71)]. Nickel 

catalysts, in contrast, bring about the formation of the Markovnikov adduct*^” [Eq. 

(6.72)].''® In addition to the formation ofregioispmers, vinyl substitution and hydro¬ 

genation also take place in the presence of rhodium catalysts.'"^ 

PhCH=CH2 + HSiCl2Me 

H2PtCl6, PPha 
-»■ 

80°C, 2 h 

Ni(CO)4 
-*> 

reflux, 4 h 

PhCH2CH2SiCl2Me 

99% yield 

PhCj^HCH 3 

SiCl2Me 88% yield 

(6.71) 

(6.72) 

More substituted alkenes are usually unreactive in metal-catalyzed hydrosilyla- 

tion. AlClj, however, promotes the addition of dialkyIsilanes to tetrasubstituted 

alkenes under mild conditions.^^' 

Dienes. Hydrosilylation of conjugated dienes often leads to a complex mixture of 

products composed of regio- and stereoisomers of 1 : 1- and 1 : 2-addition products 

and oligomers. Dihydrosilanes may form silacycloalkanes as well. In contrast with 

its lack of activity in catalyzing the addition of hydrosilanes to alkenes, palladium 

exhibits excellent activity in the hydrosilylation of conjugated dienes with 

chlorosilanes. The reaction gives syn 1,4-addition products in high yields with high 

selectivity'*^^"'^ [Eq. (6.73)].“'^^ The addition presumably takes place via a 7i-allyl 
intermediate.'*” 

(PhCN)2PdCl2 + PPh3 

eo-sox, 6 h 

R3SiH = Cl3SiH, MeCl2SiH, 
Me2CISiH 

quantitative 

(6.73) 

Nickel catalysts exhibit similar activity, but they are usually less selective than 

palladium.''”"’” In addition to chlorosilanes, however, alkylsilanes also add in the 

presence of nickel catalysts. Nickel vapor showed an exceptionally high activity and 

selectivity in hydrosilylation.'’” The photocatalytic hydrosilylation of 1,3-dienes 

with a chromium(O) complex occurs at room temperature to afford regioisomeric 
1,4-adducts in quantitative yield.'’® 

Alkynes. Hydrosilanes react with acetylene to form vinylsilanes, and 

subsequently, l,2-disilylethane.‘«'* Product distribution can be affected by catalyst 
composition and temperature.'*'*'”' 

Hydrosilylation of terminal alkynes may yield three isomeric vinylsilanes [Eq. 

(6.74)]. The ratio of the three products depends on the reacting silane and alkyne, 

the catalyst, and the reaction conditions. Platinum catalysts afford the anti- 
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Markovnikov adduct as main product formed via syn addition.^^ Rhodium usually 
is a nonselective catalyst*'" and generally forms products of anti addition.‘'*'’"51 

amounts of the Markovnikov adduct may be detected. Complete reversal of stereo¬ 

selectivity has recently been observed.^’ [Rh(COD)Cl]^-catalyzed hydrosilylation 

with Et^SiH of 1-hexyne is highly selective for the formation of the Z-vinylsilane in 

EtOH or DMF (94-97%). In contrast, the £-vinylsilane is formed with similar selec¬ 
tivity in the presence of [Rh(COD)Cl]-PPhj in nitrile solvents. 

R'oSiH R .SiR'a 
R = H-► \=/ + ^ ^ V 

SiRa R^Si 

R = n-Bu, HSiCIa, HaPtClg, 5°C 95 5 
R = n-Bu, HSiMeaEt, [RhCI(PPha)a], 40°C 81 19 
R = Ph, HSiCI 3, [RhCI(PPh3)3], 100°C 14 55 28 

Hydrosilanes add slowly to disubstituted alkynes.*'^^ Exclusive syn addition oc¬ 

curs in the platinum-catalyzed process, usually with low regioselectivity.''*'^''^'* 

Rhodium, in contrast, affords anti addition products.''^' These were suggested to 

form through radical intermediates"’*'^' or via isomerization of the initial syn 
adducts.*"*"" 

Group III and IV halides enhance the activity of chloroplatinic acid in hydrosily¬ 

lation of phenylacetylene,*'55 whereas aluminum halides alone promote the addition 
of hydrosilanes to terminal acetylenes.*'^® 

6.5.4. Hydrozirconation 

Of other main-group and transition-metal hydrides, until now only the addition of 

bis(cyclopentadienyl)zirconium(IV) hydridochloride [Cp^ZrHCl]—that is, hydrozir¬ 

conation, a relatively new process—is of wider importance.*'®’"" This is mainly be¬ 

cause both [Cp^ZrHCl] and the organozirconum intermediates formed in hydrozir¬ 

conation are relatively stable compounds. Other suitable metal hydride reagents are 

not readily available, and few organometallics are stable enough to apply in organic 

synthesis. Organozirconium compounds, in turn, are useful intermediates and can be 

transformed in subsequent reactions to other valuable products (protolysis, deuterol- 

ysis, transmetalations, additions, coupling reactions).*'5*'*'5" 

Hydrozirconation usually takes place readily at or slightly above room tempera¬ 

ture, in benzene or toluene. The reactivity pattern of alkenes in hydrozirconation is 

the same as in hydroboration, except that tetrasubstituted alkenes are unreactive.*'®’"'’ 

A unique feature of hydrozirconation of alkenes is that, with some exceptions, ter¬ 

minally zirconated addition products are formed exclusively. Since isomeric alkenes 

cannot be isolated; zirconium moves rapidly along the chain without dissociation. 

Tertiary zirconium intermediates seem to be so unstable that the isopropylidene 

group never undergoes hydrozirconation [Eq. (6.75)]*'“, and hence, 1-methylcyclo- 

hexene fails to react.*'®® The reason is apparently steric, since the alkene must fit into 

the somewhat bent sandwich structure of the reagent (41). 
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41 

Exceptions are cycloalkenes, which do form secondary zirconium derivatives,'^ 

as well as arylalkenes'^' [Eq. (6.76)] and conjugated dienes.In the latter cases, 

steric and electronic factors facilitate the formation of small amounts of secondary 

substituted products. 

Ph' + [CpsZrHCI] 
benzene, 25°C Ph 

Me 

, ZrCICp2 (6.76) 
ZrCICp2 

85 15 

Terminal vinylzirconium products are formed in the addition of [CpjZrHCl] to 

terminal alkynes. Since zirconium migration does not occur in these organozirconi- 

um derivatives, internal alkynes give stable internal vinylzirconium regioisomers. 

Product distributions are controlled by steric effects; specifically, zirconium attaches 

itself to the carbon bearing the less bulky group'**'’ [Eq. (6.77)]. The kinetic product 

distribution can be further shifted in excess reagent to obtain organozirconium de¬ 

rivatives with high regioselectivity. Even subtle steric differences such as in 2-pen- 

tyne ensure high selectivity [Eq. (6.77), a)]. As Eq. 6.77 demonstrates, hydrozir- 
conation of alkynes is an exclusive syn process. 

R^^R' + [Cp2ZrHCI] 
benzene, RX 2 h 

CpgCIZr 
W. 

H H ZrCICp2 

(6.77) 

initial 

a R = Me, R'= Et 55 : 45 
b R = Me, R'= isoPr 84:16 
c R = H, R‘= tert-Bu >98 : 2 

in excess 
reagent 

89:11 
>98: 2 

6.6. HALOMETALATION 

Reactive metal halides are known to add to unsaturated compounds to form 1,2 

halometal compounds. Addition of boron and aluminum halides is of particular 
interest. 

Boron trihalides, particularly BBr^, add to alkenes in a reaction (halobora- 

tion) that is usually more complicated than hydroboration.'**^ Several com¬ 

pounds can be isolated as a result of secondary transformation of the primary 
addition product:'*** 
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_ 
50-60°C, 7 h, 

then 20'C, 24 h 

aBr 

(6.78) 

BClj reacts only with more reactive alkenes. Norbornadiene gives a mixture of 

isomeric (6-chloro-2-nortricyclyl)dichloroboranes, whereas cycloheptatriene and 

cyclooctatetraene yield the rearranged products benzyldichloroborane and trans-^- 

styryIdichloroborane, respect! vely 

Addition of haloboranes to alkynes leads to the formation of halovinylbo- 

ranes.'^*^™ The difference in reactivity between BBr^ and BCl^ can also be observed 

in this addition: BCl^ reacts with phenylacetylene, but does not add to dipehylacety- 

lene.'^’* The addition follows the Markovnikov rule, and when BCl^ and BBr^ add to 

substituted acetylenes, Z-compounds are formed"^ (the halogen and boron sub¬ 

stituents are in cis position) [Eq. 6.79)].'’™ With increasing reactivity of the boron 

halide, however, trans addition can also be observed: BI^ yields a 1 : 1 mixture of Z- 

and E-compounds in the addition to phenylacetylene.'^'' However, the trans isomer is 

formed when BBr^ adds to acetylene.''®* 

^^”^3 dichloromethan 
e-78°C, 2 h 

R = n-Bu, n-C0H-|3, /^C3H-|7, 

cyciohexyi, Ph 

^c=c^ 
Br BBfg 

(6.79) 

95-99% selectivity 

E-Bromo and 5-iodo-9-borabicyclo[3.3.1]nonane add similarly in a cis fashion to 

terminal triple bonds."” They do not react, however, with alkenes and internal 

acetylenic bonds. In contrast to the results mentioned above, phenyl-substituted 

chloroboranes (PhBCl^, Ph^BCl) do not participate in haloboration. Instead, the C— 

B bond adds across the multiple bond to form phenylalkyl- (alkenyl-) boranes."®®"®* 

Tetrahalodiboranes, B^Hlg^, react with alkenes to form 1,2-bisdihaloboron deriv¬ 

atives (diboration)."” The first example was the addition of B^Cl^ to ethylene to yield 

the stable liquid product l,2-bis(dichloroboryl)ethane"” [Eq. (6.80)]. Further studies 

with other alkenes and cycloalkenes proved the general nature of the reaction."”"’® 

B F is less reactive but forms more stable products."’" 
2 4 

CH,=CHp + BpCI.-►CI2BCH2CH2BCI2 (6.80) 
2 2-^24 .8o°C, 16h 2 ^ ^ 4 

95% 

B Cl^ can add to dienes (1,3-butadiene, 1,3- and 1,4-cyclohexadienes) to yield ei¬ 

ther mono- or diadducts depending on the reagent : reactant ratio."’"”” 1,3- 

Cyclohexadiene, for example, forms the unstable l,2,3,4-tetrakis(dichloroboryl)cy- 

clohexane with high selectivity when it reacts with a threefold excess of B^Cl^. 

Naphthalene yields a similar diadduct."’®"” 
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Acetylene reacts rapidly with B^Cl^ to form 1 : 1 and 1 : 2 addition products/’* 

The transformation of phenylacetylene is much slower and only the monoaddition 

product is formed/’'' 2-Butyne, however, unc|ergoes trimerization to give hexa- 

methylbenzene when less than a stoichiometric amount of the reagent is used,'”’ but 

reacts with an equimolar amount of B^Cl^ to yield the monoadduct.**® 

The addition of B^Cl^ to multiple bonds was shown to be stereoselective. The ini¬ 

tial diborane products isolated after the addition of B^Cl^ to cis- and trans-l-huXent 

were oxidized to yield meso- and racemic-2,3-butanediols, respectively.*’***® A simi¬ 

lar treatment of the addition product of cyclohexene resulted in cw-l,2-cyclohexane- 

diol.**° These observations are consistent with syn addition and the involvement of 

four-center transition state 42. Similar studies with addition products of acetylenes**® 

as well as spectroscopic evidence*’* also support stereoselective syn addition to the 
triple bond. 

Hlg^'?.?'^HIg 

42 

Aluminum subhalides, (AlCy^ and (AlBr^)^, formed in the reaction between 

AlClj (AlBr^) and aluminum add to ethylene in their dimeric form. The reaction was 

first studied by Hall and Nash, and recently by Olah et al. Hall and Nash observed 

the formation of ethylaluminum sesquichloride (Et^AlCl.EtAlCl^) when AlCl, Al, 

ethylene, and hydrogen were heated at 155°C under pressure (60 atm).**' Olah et al. 

found that, besides ethylaluminum chlorides, addition products [1,1- and l,2-bis(di- 

haloaluminio)ethane], were also formed**’**^ [Eq. (6.81)]. Compound 43 was shown 

to quantitatively isomerize to the more stable isomer 44. Similar results were ob¬ 

tained when the reaction was carried out with preformed (AlCl^)^. The treatment of 

cyclohexene with a reagent prepared from AlBr^ and potassium gave a product that 

on Dp quench gave a 11% yield of [ 1,2-’HJ-cyclohexane indicative of the forma¬ 
tion of bis(dihaloaluminio)cyclohexane.**^ 

CH2=CH2 
AlHIg 3 + Al or K 

r>hexane, 65°C, 3 atm, or 
methylcyclohexane, 95T;j 

■►Hlg2AICH2CH2AIHIg 

43 

(Hlg2AI)2CHCH3 

44 

(6.81) 

6.7. SOLVOMETALATION 

Certain metal salts can react with unsaturated compounds with the concomitant ad¬ 

dition of a solvent molecule or other nucleophile to yield P-substituted metal deriva¬ 

tives. These reactions, called solvometalations or oxymetalations, have a number of 

applications in organic synthesis. A short treatment of certain classic and important 
reactions is given here. 
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6.7.1, Solvomercuration 

Solvomercuration*or the addition of mercury(n) salts, is a convenient route 

to organomercurials. On the other hand, replacement of mercury with hydrogen al¬ 

lows Markovnikov functionalization of alkenes/"* A method called mercuration- 

demercuration, for instance, has been developed for the Markovnikov hydration of 
alkenes under mild conditions'**" [Eq. (6.82)'*"°]: 

Me 

+ Hg(OAc)2 
EtsO, HgO, 
RT 30 min 

Hg(OAc)j and Hg(OOCCF3)^ ^he reagents that are used most frequently. Water 

and alcohols are the most common nucleophiles, and these processes are termed 

oxymercuration. Other additions are aminomercuration and peroxymercuration. 

Alkenes participate readily in oxymercuration with increasing alkyl-substitution 

resulting in decreasing reactivity.^*"’^"*’^” The oxymercuration of alkenes is usually an 

anti process'*"^^"^ [Eq. (6.82)]. Exceptions are strained bicyclic olefins, such as nor- 

bornene'*”'*"* [Eq. (6.83)],'*"^ and tranj'-cyclooctene and tranj'-cyclononene.'*"'* The 

anti addition as well as the lack of rearrangements are compatible with a mechanism 

with the involvement of the cyclic mercurinium ion.'*”'*"^ Mercurinium ions are 
known to exist, for example, in superacidic media.'*"* 

+ Hg(OAc)2 (6.83) 

Surprisingly, the stereochemistry of addition to 7,7-dimethylnorbornene does not 

change compared with that of norbornene (i.e., oxymercuration yields the exo prod¬ 

uct from both compounds),'*"’ although it always happens in additions taking place via 

cyclic intermediates.^’’ This was taken as evidence against the formation of the mer¬ 

curinium ion in these systems. Rather, the formation of a 2-mercury-substituted car- 

bocation was suggested."*"’ It reacts rapidly with the solvent from the cis side if the 

trans side of the molecule is hindered. Since much of the positive charge is retained 

on mercury, this mechanism is also consistent with the lack of carbocationic re¬ 

arrangements. Other possibilities, such as a concerted process, were also suggested."*"" 

Only scattered information is available on oxymercuration of alkynes. 

Alkylphenylacetylenes were found to undergo stereoselective anti addition.’* 

Diphenylacetylene, in contrast, gives only syn adducts.’”' 



244 ADDITION 

6.7.2. Oxythallation 

Oxythallation is another important solvometalation process/” The intermediate 

organothallium compounds formed during addition, however, are seldom isolable, 

and tend to undergo spontaneous rapid decomposition to form oxidation products. 

Some examples are discussed in Sections 8.3 and 8.4.1. 

6.8. CARBOMETALATION 

Organometallics may add to carbon-carbon multiple bonds to form new 

organometallic compounds. These reactions are called carbometalations since the 

carbon-metal bond adds across the multiple bond. In most cases the newly formed 

organometallics are further transformed to produce other valuable organic com¬ 

pounds. Carbometalations, when carried out in a controlled manner, therefore, are 

extremely useful selective transformations in syntheses. Because of the versatility of 

organometallics in subsequent reactions, carbometalation is a burgeoning field in the 

synthesis of organic compounds. Detailed treatment of the topic can be found in re- 

views,^*''^*'*'^*’™^^” and only a few of the most widely used characteristic examples 

are mentioned here. 
When ethylene reacts with triethyl- or tripropylaluminum, multiple carbometala¬ 

tion takes place, resulting in the formation of oligomers.^” Oxidation of the products 

followed by hydrolysis yields alcohols, whereas displacement reaction produces ter¬ 

minal alkenes that are of commercial importance.^'® Transition-metal compounds 

promote the addition to form polymers (Ziegler-Natta polymerization; see Section 
12.2.4). 

The addition of trialkylaluminums to acetylenes is a slow, nonselective 

process.^*^'^**^'^®^’®" Zirconium compounds, however, catalyze the addition to produce 

the corresponding vinylalanes in highly regio- and stereoselective manner.^*^^*''-^" 

The addition is syn, and aluminum attaches itself to the terminal carbon. Deuterium- 

labeled alkenes may be formed after deuterolysis of the organoaluminum intermedi¬ 

ates^'^ (Scheme 6.8). A more important use of the organoalanes is the substitution of 

aluminum with carbon electrophiles to synthesize trisubstituted alkenes. 

Trimethylaluminum seems to be the best reagent for carboalumination since higher 
homologues react less selectively. 

Ph^^H + MegAI 

i. n-BuLi 
ii. DgO 

Cp 2ZrCl2, 
1,2-dichloroethane, 
RT24h 

Ph — D + Me3AI 

96% selectivity 

Me AIMe2 Me H 

>98% selectivity 

Scheme 6.8 
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Addition of the Grignard reagent to the carbon-carbon double bond requires 

severe reaction conditions.^®*'’'^ Zirconium-based compounds, in contrast, catalyze 

carbomagnesation of 1-alkenes to occur selectively under mild conditions. 

[NiCl^(PPhj)J is the best catalyst to promote syn addition to disubstituted 
acetylenes, although usually in low yields 

Ph—=— Ph + MeMgBr 
[NiCIglPPhglg] 

Et^, reflux, 50 iT 

65% yield 

Carbocupration is one of the most useful carbometalations.^'^“« Organocopper 

and organocuprate reagents add to carbon—carbon triple bond to form new copper 

derivatives with usually high regio- and stereoselectivity (syn addition in the 

Markovnikov fashion)''^'^'^ [Eq. (6.85)].='’ The best copper reagents are 

RCu.MgHlg^ and R^Cu.MgHlg derived from Grignard reagents, and R^CuLi (R = 

primary alkyl). Acetylene is the most reactive alkyne,=‘= whereas internal acetylenes 
do not react. 

n-Bu H 

n-Bu~^^H + EtCu.MgBr2 Et20, 
-10°C, 1 h Et 

H DoO 
n-Bu H 

Cu.MgBr 
H (6.85) 

Et D 

95% D content 

Acetylene may undergo two subsequent additions to form conjugated (Z,Z)- 

dienylcuprates.=‘=='* High yields are achieved when acetylene reacts with a-substitut- 

ed vinylcuprates.^"* The addition is faster in tetrahydrofuran than in diethyl ether, 

and even secondary and tertiary alkylcopper reagents participate in addition.^'" 
Regioisomers, though, may be formed in some cases. 

When the CuBr-SMe^ complex is used in preparing the organocopper reagent, 

and Me^S is a cosolvent in the addition, higher yields may be achieved. Under such 

conditions even the otherwise unreactive methylcopper adds to terminal alkynes to 

generate 2-methyl-susbtituted alkenylcopper derivatives.”" 

6.9 CYCLOADDITION 

The Diels-Alder reaction is one of the most important carbon-carbon bond forming 

reactions,”'”’ which is particularly useful in the synthesis of natural products. 

Examples of practical significance of the cycloaddition of hydrocarbons, however, 

are also known. Discovered in 1928 by Diels and Alder,”’ it is a reaction between a 

conjugated diene and a dienophile (alkene, alkyne) to form a six-membered carbo- 

cyclic ring. The Diels-Alder reaction is a reversible, thermally allowed pericyclic 

transformation or, according to the Woodward-Hoffmann nomenclature,”^ a [4 -i- 2]- 
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cycloaddition. The prototype reaction is the transformation between 1,3-butadiene 

and ethylene to give cyclohexene: 

20% 

This and other similar cycloadditions, however, when unactivated hydrocarbons 

without heteroatom substituents participate in Diels-Alder reaction, are rarely effi¬ 

cient, thus requiring forcing conditions (high temperature, high pressure, prolonged 

reaction time) and giving the addition product in low yield. Diels-Alder reactions 

work well if electron-poor dienophiles (a,P-unsaturated carbonyl compounds, es¬ 

ters, nitriles, nitro compounds, etc.) react with electron-rich dienes. For example, 

compared to the reaction in Eq. (6.86), 1,3-butadiene reacts with acrolein at 100°C 

to give formyl-3-cyclohexene in 100% yield. 
According to the frontier-orbital theory,’^’ electron-withdrawing substituents 

lower the energies of the lowest unoccupied molecular orbital (LUMO) of the 

dienophile, thereby decreasing the highest occupied molecular orbital 

(HOMO)-LUMO energy difference and the activation energy of the reaction. 1,3- 

Butadiene itself is sufficiently electron-rich to participate in cycloaddition. Other 

frequently used dienes are methyl-substituted butadienes, cyclopentadiene, 1,3- 

cyclohexadiene, and 1,2-dimethylenecyclohexane. 

Reaction conditions markedly affect the Diels-Alder reaction.First observed 

by Yates and Eaton,”® AlCl^ accelerates cycloadditions. Other Lewis acids as well as 

acidic solids (clays, zeolites) were later shown to exhibit similar effects attributed to 

the coordination of the catalyst with the dienophile. High pressure”'®^ and 

water”' ”^'”^ were also found to show beneficial effects. Reaction conditions also en¬ 
hance selectivities of the Diels-Alder reaction. 

More than one mechanisms can account for the experimental observation of the 

Diels-Alder reaction.”' ®””* However, most thermal [4 + 2]-cycloadditions are sym¬ 

metry-allowed, one step concerted (but not necessarily synchronous) process with a 

highly ordered six-membered transition state.®” Two-step mechanisms with the in¬ 
volvement of biradical or zwitterion intermediate can also be operative.®”®” 

In [4 -I- 2]-cycloadditions the diene reacts in the cisoid conformation,®®" which is 

essential for p-orbital overlapping in the diene and the dienophile and to form the 

new double bond in the six-membered ring. Diels-Alder reactions are regioselec- 

tive. Of the two possible isomers formed in the cycloaddition of nonsymmmetrically 

substituted reactants [Eq. (6.87)], usually one predominates, depending on the struc¬ 
ture of the reacting molecules and reaction conditions. 
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As a consequence of the concerted mechanism, the Diels-Alder reaction is also 

stereoselective, implying that the relative configuration of the groups of the reac¬ 

tants is retained. Besides the numerous examples of heterosubstituted com- 

pounds,^^’’^^^ this was also proved by deuterium labeled 1,3-butadiene and ethyl¬ 
ene:’^' 

r' 

□2 

'k 185°C, 129atm, 36h 
D 

D2 

(6.88) 

/-' 1 185°C, 129 atm, 36 h ' 

D2 

D2 

(6.89) 

Moreover, of the two possible parallel approaches of the reacting molecules 

[endo or exo approach; Eqs. (6.90), and (6.91)], the endo approach usually prevails. 

Known as the “endo rule,” it was first formulated by Alder and Stein”"”^ and ex¬ 

plained as the maximum accumulation of double bonds. Now endo selectivity is 

considered to be the result of stabilizing secondary orbital interactions.’” The endo 

rule, however, strictly applies only for cyclic dienophiles. 

(6.90) 

(6.91) 

The above-mentioned rate acceleration and selectivity enhancement brought 

about by catalysts are particularly marked when unactivated dienes and dienophiles 

are involved. Two molecules of 1,3-butadiene can react in a Diels-Alder reaction, 

one acting as diene and the other as dienophile to produce 4-vinylcyclohexene (in 

0.1% yield at 250°C in the absence of a catalyst). Cs*-, Cu"^- and tri valent transition- 

metal exchanged montmorillonites”^ as well as large-pore sodium zeolites 

(Na-ZSM-20, NaY) and carbon molecular sieves,”’ result in 20-35% yields with 

95% selectivity. Large rate enhancement was observed when 1,3-cyclohexadiene 

underwent a similar cycloaddition”® in the presence of KIO montmorillonite doped 

with Fe”: 
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K10-FeP+ montmorillonite, 
4-fe/tbutylphenol, CH 2CI2, 0°C, 1 h 4 1 77% yield 

(6.92) 

Cycloadditions can also be catalyzed by cation radicals generated from aminium 

salts.”’-”’ In fact, these are cation-radical-chain reactions mimicking Diels-Alder re¬ 

action. Interestingly, 2,4-dimethyl-1,3-pentadiene undergoes either a Brpnsted acid 

catalyzed cycloaddition [Eq. (6.93)] or cation-radical-catalyzed cycloaddition [Eq. 

(6.94)] to yield different addition products.”’ 

Ar:,Nt 

CH2Cl2.0°C 

Ari^Nf, 2,6-di-fe/tbutylpyridine 

or photosensitized 
electron transfer 

(6.93) 

(6.94) 

Transition metals can also catalyze Diels-Alder reaction of norbornadiene,^-^' 

and acetylenes can also serve as dienophiles.^'*’ 
Much less information is available about [2 -l- 2]-cycloadditions. These allow the 

formation of cyclobutane derivatives in the reaction between two alkenes, or that of 

cyclobutenes from alkenes and alkynes. The reaction can be achieved thermally via 

biradical intermediates^"'^ or by photoreaction”"*, and there are also examples for tran¬ 

sition-metal-catalyzed transformations. A recent excellent example is a ruthenium- 

catalyzed reaction between norbomenes and alkynes to form cyclobutenes with exo 

structure:^’ 

// . rc^CR' .[CsMesRuCKCOD)] 

80°C 

R, R' = Me, n-CgHn, Ph 
40-91% 

(6.95) 

As was mentioned, cycloaddition of unactivated hydrocarbons, namely, that of cy- 

clopentadiene, has practical significance. 5-Vinyl-2-norbornene is produced by the cy- 
cloaddiUon of cyclopentadiene and l,3-butadiene^^547 (6.96)] under conditions 

where side reactions (polymerization, formation of tetrahydroindene) are minimal. The 

product is then isomerized to 5-ethylidene-2-norbornene, which is a widely used 

comonomer in the manufacture of an EPDM (ethylene-propylene-diene-monomer) 
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copolymer (see Section 12.2.6). The reaction of cyclopentadiene (or dicyclopentadiene, 
its precursor) with ethylene leads to norbomene^^^-*’ [Eq. (6.97)].Among others, it 

can be used in ring opening metathesis polymerization to produce polynorbomene, the 

oldest polyalkenamer (see section 11.3). Cycloaddition of cyclopentadiene and acety¬ 
lene to produce norbomadiene can be carried out similarly.”' 

(6.96) 

(6.97) 

Finally, the valence isomerization (an intramolecular [2 + 2]-cycloaddition) of 

norbomadiene to quadricyclane [Eq. (6.98)] has a potential as a solar-energy-storage 

system.”^ Photocyclization of norbomadiene takes place in high yields to give 

quadricyclane,”^ which is a sufficiently stable compound in the absence of metals 

and their ions. The process is accompanied by a large enthalpy change, and when the 

reverse process is effected by metal catalysis, the stored chemical energy is liberated 

producing a large amount of heat. A disadvantage of the system is that norborna- 

diene itself absorbs only in the ultraviolet light range. Recent research efforts, there¬ 

fore, focused on the development of substituted derivatives that undergo valence 

isomerization by visible light and the use of sensitizers”'* and catalysts.”’ Of these, 

copper(I) compounds were found to exhibit promising properties.”®"”* 

hv 

metal catalyst 
A/7 = -26 kcal/mol 
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7 
CARBONYLATION 

7.1. HYDROFORMYLATION 

During a study of the origin of oxygenates in Fischer-Tropsch synthesis in the pres¬ 

ence of a cobalt catalyst, Roelen observed the formation of propanal and 3-pen- 

tanone when ethylene was added to the feed.' The process, now termed hydroformy- 

lation or oxo reaction, is the metal-catalyzed transformation of alkenes with carbon 

monoxide and hydrogen to form aldehydes [Eq. (7.1)]. Ketone formation, as in the 

original Roelen experiment, is siginificant only with ethylene. Hydroformylation 

gained substantial industrial importance in the manufacture of n-butyraldehyde and 

certain alcohols (see Section 7.1.3). Because of its practical significance, commer¬ 

cial applications were followed by substantial research efforts^ '* resulting in a good 

understanding of the chemistry of the reaction. 

(7.1) 

pressure 

All Group VIII metals, as well as Mn, Cr, and Cu, exhibit some activity in hydro¬ 

formylation.*" Cobalt, the catalyst in the original discovery, is still used mainly in 

industry; and rhodium, introduced later, are the most active and studied catalysts. 

The metal catalysts may be applied as homogeneous soluble complexes, heteroge- 
nized metal complexes, or'supported metals. 

[CoH(CO)J formed in situ when cobalt metal or cobalt(II) salts are reacted with 

synthesis gas at elevated temperature under pressure is the active species in the 
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cobalt-catalyzed reaction.*''”'** It is also capable of stoichiometric hydroformyla- 

tion.®'*'* *’ Since [CoH(CO)J is quite unstable and readily decomposes by CO dissoci¬ 

ation, the cobalt-catalyzed hydroformylation requires high CO partial pressure. It 

was observed later that phosphine ligands improve both the stability of the catalyst 
and the selectivity of the transformation. 

The activity of rhodium complexes with phosphine or phosphite ligands is about 

three to four orders of magnitude higher than that of cobalt catalysts.^'-^^ 

[RhH(CO)(PPh3)3] preformed or prepared in situ is proved to be the active species 

when triphenylphosphine is used as ligand. Despite the high cost of rhodium, the 

mild reaction conditions and high selectivities make rhodium complexes the catalyst 
of choice in hydroformylation. 

Of other Group VIII metal complexes, ruthenium was studied quite extensive¬ 
ly 11.12,23,24 Platinum salts and complexes show negligible activity in hydroformyla¬ 

tion. Highly active and selective catalysts are formed, however, by adding Group 

rVB halides to platinum compounds.**^” The preferred catalyst composition, 

[PtCl^CPPhj^ and SnCl^, for example, forms [PtH(SnCl3)(CO)(PPh3)J as the active 
species.“ 

The use of cobalt carbonyls, modified cobalt catalysts, and ligand-modified 

rhodium complexes, the three most important types of catalysts in hydroformyla¬ 
tion, is discussed here. 

7.1.1. Alkenes 

In 1961 Heck and Breslow presented a multistep reaction pathway to interpret basic 

observations in the cobalt-catalyzed hydroformylation.**** Later modifications and re¬ 

finements aimed at including alternative routes and interpreting side reactions.** 

Although not all the fine details of hydroformylation are equally well understood, 

the Heck-Breslow mechanism is still the generally accepted basic mechanism of hy¬ 

droformylation.®'*''*'® Whereas differences in mechanisms using different metal cata¬ 

lysts do exist,® all basic steps are essentially the same in the phosphine-modified 

cobalt and rhodium-catalyzed transformations as well. 

Studies of stoichiometric hydroformylation, spectroscopic identification, isola¬ 

tion, and transformation of intermediates provided valuable information of the un¬ 

derstanding of the catalytic reaction. Despite the complexity of the process, impor¬ 

tant conclusions were also drawn from kinetic studies. 

Evidence was presented that cobalt precursors under the reaction conditions are 

transformed into cobalt carbonyls.^' Additives such as Lewis bases accelerate the 

formation of the catalyst.” [CoH(CO)J, the key catalytic species, was shown by in¬ 

frared (IR) spectroscopy to be formed under hydroformylation conditions® and was 

isolated in the reaction of [Co(CO)j2 and hydrogen.® [CoH(CO)J dissociates car¬ 

bon monoxide to create [CoH(CO)3] [Eq. (7.2)], which is capable of olefin complex- 

ation beause of a ligand vacancy. 

[C02(CO)4]2 + H2 2 [CoH(CO)4] 2[CoH(CO)3] + 2CO (7.2) 
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The first basic step in a simplified version of the hydroformylation mechanism is 

alkene coordination to the cobalt center [Eq. (7.3)]. The TC complex 1 has not been 

isolated or observed directly but its involvement is strongly supported by indirect 

evidence. In the second step the alkene inserts into the cobalt-hydrogen bond to 

yield an alkylcobalt complex (2), which is transformed via the migratory insertion of 

CO into a coordinatively unsaturated acylcobalt complex (3). 

H 
I 

[CoH(CO)3] + RCH=CH2 —OC = 

CO CH 
1 \ 

R 

=:^[RCH2CH2Co(CO)4]^ [RCH2CH2CCo(CO)3] =[RCH2CH2CCo(CO)4] (7 3) 

CO 
[RCH2CH2Co(CO)3] == 

2 

The last, product-forming, step is the only reaction that is not an equilibrium re¬ 

action. It involves oxidative addition followed by reductive elimination, and may 

take place with the participation of [CoH(CO)J [Eq. (7.4)] or hydrogen [Eq. (7.5)]. 

Product formation with the involvement of [CoH(CO)J was shown to be the pre¬ 

dominant route in the catalytic reaction.^'' 

[CoH(CO)4] 
3 -► RCH2CH2CHO + [C02(CO)7] 

-CO CO 

4 
H2 
-►RCH2CH2CHO + [CoH(CO)4] 

(7.4) 

(7.5) 

Modification of cobalt carbonyls by substituting phosphine ligand for carbon 

monoxide increases the stability of the complex. Tributyl phosphine proved to be 

the best ligand. The increased stability is attributed to the increased electron density 

of cobalt, giving rise to a stronger bonding between the metal and CO. IR studies 

proved the existence of complex multistep equilibria in these systems,^^” and 

[CoH(CO)3(PBUj)] was shown to be the major species in hydroformylation of cyclo- 

hexene.^^ Hydroformylation with modified cobalt catalysts can be performed under 

milder conditions (lower CO partial pressure), although these complexes exhibit 

lower catalytic activity 

The basic steps in the hydroformylation mechanism do not change in the pres¬ 

ence of ligand-modified cobalt, but the kinetics of the reaction is affected.^® First- 

order dependence of the rate on hydrogen partial pressure and an inverse first-order 

dependence on CO partial pressure were observed in the unmodified system.^® At 

high CO pressures the rate is first order in both alkene and cobalt concentrations. 

The last, product-forming, step—the cleavage of the acylcobalt complex—was 

found to be rate-determining in most observations.'^ In the modified system the rate¬ 

determining step depends on the ligand and the alkene. Since the increased electron 
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density of cobalt brings about an increase in the rate of the last step, and the pres¬ 

ence of a bulky phosphine on cobalt hinders olefin complexation, this latter step [Eq. 

(7.3), formation of 1] becomes rate-determining in most cases. 

Two important observations concerning cobalt-catalyzed hydroformylations not 

reconcilable with the Heck-Breslow mechanism are worth mentioning. On the basis 

of deuterium labeling studies Pino concluded^*“ that (at least at low temperature and 

pressure) [CoH(CO)J is an unlikely intermediate and suggested the involvement of 

more reactive Co complexes such as [Co3H(CO)J. Recent results of NMR studies 

carried out under the conditions of usual industrial processes (100-180°C, 370 atm) 

have indicated the presence of thermally generated Co(CO)_, radicals.^® This inter¬ 

mediate, not considered in the conventional Heck-Breslow mechanism, is also sug¬ 

gested to play a role in hydroformylation. 

Despite some differences, the mechanism of rhodium-catalyzed hydroformyla¬ 

tion is very similar to that of the cobalt-catalyzed process.^^^® Scheme 7.1 depicts the 

so-called associative route which is operative when the ligand is in excess. Rhodium 

metal and many Rh(I) compounds serve as precursor to form^' “—in the presence of 

triphenylphosphine CO and —the active species [RhH(CO)(PPhj)J (5). At high 

CO partial pressure and low catalyst concentration without added PPh^, the 

[RhH(CO)2(PPh3)] monotriphenylphosphine complex instead of 6 coordinates the 

alkene and participates in the so-called dissociative route.^'” 

H H 

PhgP///. 

PhgP 

5 

^F^h-PPh3 — 

CO 

H//, ..svNPPhg RCH=CH2^^3P//J^_CH2_^ 

3 PhgP^ ^CO PhgP 

7 

Rh-ll ^ 
^ I CH 

CO 

PhaP//,,. >CH2CH2R CO Ph3P//>-. ,,ACCH2CH2R H2 

OC^ PPhg 

8 

OC^ PPhg 

H 
PhsP//,, I .,xx\H 

PhaP’ 

10 

'CCH 2CH2R 
CO II 

O 

RCH2CH2CHO + 6 

Scheme 7.1 

The kinetics of hydroformylation by phosphine- or phosphite-modified complex¬ 

es is even more complex than that of the cobalt-catalyzed reaction. Depending on 

the reaction conditions, either alkene complexation (Scheme 7.1, 6-7) or oxidative 

addition of hydrogen (Scheme 7.1, 9-10) may be rate-determining. 
Straight-chain terminal olefins react most readily in hydroformylation. Internal 
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alkenes exhibit decreased reactivity, whereas branched olefins are the least reac¬ 

tive.®"'” Rhodium modified with phosphite ligands, however, was shown to catalyze 

hydroformylation of relatively less reactive olefins (2-methyl-1-hexene, limonene, 

cyclohexene) under mild conditions (90 C, 10 atm).'*^ Styrene possessing electron 

deficient carbons is the most reactive alkene.'” 
Of the isomeric aldehydes indicated in Eq. (7.1) the linear aldehyde correspond¬ 

ing to anti-Markovnikov addition is always the main product. The isomeric 

branched aldehyde may arise from an alternative alkene insertion step to produce the 
[RCH(Me)Co(CO)J or [RCH(Me)Rh(CO)(PPh3)J complexes, which are isomeric 

to 2 and 8, respectively. Alternatively, hydroformylation of isomerized internal 

alkenes also give branched aldehydes. The ratio of the linear and branched aldehy¬ 

des, called linearity, may be affected by reaction conditions, and it strongly depends 

on the catalyst used. Unmodified cobalt and rhodium carbonyls yield about 3-5 : 1 

mixtures of the normal and iso products. 
The selectivity of the commercially more valuable normal aldehydes can be in¬ 

creased by ligand modification. The linearity increases up to 7 in the presence of 

alkylphosphine-modified cobalt complexes. This increase is due mainly to the steric 

effect of the bulky phosphine ligand in the metal coordination sphere, which results 

in the preferred formation of the less congested n-alkylcobalt complex. Electronic 

effects of the ligands also contribute to regioselectivity. The partial charge of the 

metal affected by the ligands stabilizes the charge developing on the olefinic carbon 

during the insertion step thus affecting regioselectivity. 

Even higher linearities are characteristic of modified rhodium catalysts. The ef¬ 

fect is most pronounced when hydroformylation is carried out in molten triphenyl- 

phosphine^^ resulting in linearities as high as 9. The active catalytic species with two 

phosphine ligands (6) ensures the increased selectivity through steric effects. 

Platinum complexes with bidentate ligands exhibit the highest linearity to form lin¬ 
ear aldehydes with 99% selectivity.^’ 

Steric effects in the alkene structure also affect linearity. As a result, quaternary 

carbon atoms are rarely formed in hydroformylation.''^ In contrast, electronic effects 

in hydroformylation of arylalkenes often result in the predominant formation of the 

branched aldehyde.®’^*'” ''''^ Styrene has a marked tendency to form 2-phenylpropanal 

when hydroformylated in the presence of rhodium catalysts. Recently rhodium com¬ 

plexes modified by biphosphine'*’ or mixed amino phosphine oxide ligands'"* were 

shown to give the branched aldehyde with high reactivity and selectivity (iso to nor¬ 
mal ratios up to 61.5). 

A number of side reactions may be observed during hydroformylation. Double¬ 

bond migration'"' resulting in the formation of more than two aldehydes may be sig¬ 

nificant [Eq. (7.6)]. Hydroformylation of 2-pentene, for instance, yields predomi¬ 

nantly hexanal.®" In some cases, isomeric alkenes form identical product mixtures. 

EtCH=CHMe 

[Co(CO) 4] 2 

80 atm H2, 93 atm CO 

benzene, 100°C 

tyle p 

C5CHO + PrCHCHO + EtCHCHO (7.6) 

76 19 5 
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In the hydroformylation of optically active alkenes all aldehydes were shown to 

be formed with predominant retention of configuration.^' ^^ This was interpreted to 

prove, in accordance with the transformation of deuterium labeled alkenesthat 

stereoselective hydrogen shifts of the coordinated olefins occur without dissociation 
of the isomeric alkenes.^® 

Hydrogenation of the starting alkene and the product aldehydes may take place 

during hydroformylation. Phosphine-modified cobalt complexes are the most ac¬ 

tive in these hydrogenations. This activity is attributed to the increased hydridic 

character of hydrogen in [CoH(CO)3(PBu3)] compared to [CoH(CO)J.'" The in¬ 

crease in hydridic character enhances migratory insertion via hydride transfer in the 

intermediate complexes.The lower CO partial pressure employed in the case of 

modified cobalt complexes also leads to increased alcohol formation, since the in¬ 

creased ; CO ratio prefers hydrogenation. Other secondary reactions involve al- 
dolization, acetal formation and the Tishchenko reaction. 

The few data available on the stereochemistry^^ indicate predominant syn attach¬ 

ment of hydrogen and the formyl group [Eq. (7.7)]. This stereochemistry results 

from syn metal hydride addition and CO insertion with retention of configuration; 
thus, the net syn addition is not the result of double anti addition.” 

CO.Hg, RhgOg 

100 °C, 50 atm 

a Me 

CHO 

(7.7) 

85% 1.5% 

Asymmetric hydroformylation, a process with high potential in the synthesis of 

biologically active molecules, allows the transformation of prochiral alkenes to chi¬ 

ral aldehydes.” Generally, however, the severe reaction conditions, the multistep na¬ 

ture of transformation, and the racemization of the product chiral aldehyde through 

enolization do not enable such high optical yields as in other asymmetric syntheses. 

Since branched aldehyde formation from styrene is prevalent, many studies were 

carried out with this substrate.Chelating chiral diphosphine ligands give the 

best results,”” but even with these, enantiomeric excesses could not exceed 50% 

with rhodium catalysts.” Exceptionally high (70-80%) enantiomeric excesses were, 

however, achieved with platinum complexes with diphosphine-substituted chiral 

pyrrolidine ligands”“ and benzophosphindole ligands®' in the presence of SnCl^. 

Even these reactions suffer from the disadvantage of limited scope, rather slow 

rates, low iso : normal ratio, competitive hydrogenation, and racemization. A recent 

report, however, described highly enantioselective hydroformylation of styrene 

[94% ee (enantiomeric excess)], p-methylstyrene (95% ee), and 1-hexene (75% ee) 

in the presence of phosphinephosphite-Rh(I) complexes derived from l,r-binaph- 

thalene-2,2’-diols.®^ The same catalyst promoted asymmetric hydroformylation of 

internal alkenes®'' with enantiomeric excesses up to 97%. 
Asymmetric hydroformylation of the three isomeric straight-chain butenes provid¬ 

ed evidence that asymmetric induction in both the rhodium- and platinum-catalyzed 

reactions occurs during and before the formation of the alkylmetal intermediate.®^®’ 
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7.1.2. Dienes and Alkynes 

As a result of extensive isomerization, nonconjugated cyclic dienes give complex 

product mixtures" when subjected to hydroformylation in the presence of 

[Co(CO) ] . In contrast, hydroformylation at the less hindered double bond usually 

takes place in the presence of rhodium catalysts to give unsaturated aldehydes*" 

[Eq. (7.8)]/^ Unsubstituted a,tD-dienes, in turn, form dialdehydes.* 

[Rh(COD)OAc], P(OC6H40-Ph) 

benzene, 80°C, 10 atm 
Hg:CO = 2:1 

(7.8) 

Since conjugated dienes form stable 7i-allyl complexes with [Co(CO)Jj, they under¬ 

go hydroformylation very slowly to give saturated monoaldehydes in low yields.* 

Mixtures of mono- and dialdehydes are usually formed in rhodium-catalyzed hydro- 

formylations."™ Saturated monoaldehydes were isolated, however, when 1,3-butadiene 

and 1,3-pentadiene were hydroformylatedin the the presence of rhodium dioxide.* 

Few studies have been conducted on the hydroformylation of alkynes. Terminal 

acetylenes give saturated isomeric aldehydes supposedly through the initially 

formed alkenes." Conclusive evidence was obtained that internal alkynes, in con¬ 

trast, first undergo hydroformylation to yield a,p-unsaturated aldehydes, which are 

subsequently hydrogenated to give the saturated aldehyde end products.^" 

7.1.3. Synthesis of Aldehydes and Alcohols by the Oxo Reaction 

Aldehydes in the range are produced by commercial oxo processesLarge 

quantities of linear “oxo” alcohols are produced and used in manufacture of plasticiz¬ 

ers, detergents, and lubricants.”’^® These oxo alcohols are produced by the hydrogena¬ 

tion of aldehydes formed in hydroformylation. They also include 1,3-diols and alco¬ 

hols prepared by the base-catalyzed aldol condensation of aldehydes followed by 

hydrogenation or dehydration and hydrogenation, respectively. The most important of 

these compounds is n-butyraldehyde. It is a starting material in the manufacture of 2- 

ethylhexanol through aldol condensation followed by hydrogenation. 2-Ethylhexanol, 

in turn, is used primarily in the production of plasticizers. n-Butyraldehyde may also 

be transformed to 1-butanol, which is used as solvent and esterification agent. 

In the industrial synthesis of n-butyraldehyde, propylene and synthesis gas react 

at high temperature and pressure in the presence of a homogeneous catalyst, in the 

liquid phase."’" Three traditional processes use nonmodified cobalt catalyst. In the 

original Ruhrchemie process”’*' equimolar amounts of CO and with [Co(CO)J2 

as catalyst are used, whereas the Kuhlmann*'^ and the BASF process***^ employ pre¬ 

formed [CoH(CO)J. Operating at high temperature and pressure (130-190°C, 

200-300 atm), these catalysts exhibit low linearity, producing n-aldehydes with se- 
lectivities of about 70-75%. 

Shell developed a process utilizing the more stable though less active ligand- 

modified [CoH(CO)jPBuJ complex."’”’"’*" The strong hydrogenation ability associ- 
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ated with the lower operating pressures (50-100 atm), and increased linearity result 

in relatively high selectivity for linear alcohols. Since this process is operated to pro¬ 

duce alcohols excess hydrogen is used (the : CO ratio is 2 : 1). Hydrogenation of 

the starting alkenes, however, may not be significant. Because of the sensitivity of 

the catalyst to oxygen and sulfur poisoning, careful purification of the reactants is 

necessary. The Shell hydroformylation process is an integral part of the SHOP unit 

(Shell higher olefin process) to manufacture higher linear oxo alcohols.*^ Linear ter¬ 

minal alkenes produced in ethylene oligomerization undergo isomerization and dis¬ 

proportionation to yield detergent-range internal alkenes used as feedstock in hydro¬ 

formylation. Since the catalyst system rapidly isomerizes internal alkenes into 

terminal alkenes and exhibits strong hydrogenation ability, linear detergent alcohols 
are produced.*® 

2-Ethylhexanol is usually produced by subsequent aldolization of n-butyralde- 

hyde produced in the oxo reaction followed by hydrogenation of the intermediate 

unsaturated aldehyde.*’ In Esso’s Aldox process, however, in situ aldol condensation 

is effected by suitable promoters." Magnesium ethoxide and soluble zinc com¬ 

pounds are recommended to promote controlled aldolization during the oxo reac¬ 

tion. The Shell variant uses potassium hydroxide. Serious disadvantages (mixed al¬ 

dolization with the branched aldehyde, problems associated with recycling of the 

additives), however, prevented wider use of the Aldox process. 

Union Carbide invented the industrial use of highly active ligand-modified rhodi¬ 

um complexes.**■“' [RhH(CO)(PPhj)3], the most widely used catalyst, operates under 

mild reaction conditions (90-120°C, 10-50 atm). This process, therefore, is also 

called the low-pressure oxo process. Important features of the rhodium-catalyzed 

hydroformylation are the high selectivity to n-aldehydes (about 92%) and the forma¬ 

tion of very low amounts of alcohols and alkanes. Purification of the reactants, how¬ 

ever, is necessary because of low catalyst concentrations. 

The latest development in industrial alkene hydroformylation is the introduction 

by Ruhrchemie of water-soluble sulfonated triphenylphosphine ligands.^’ Hydro¬ 

formylation is carried out in an aqueous biphasic system in the presence of Rh(I) and 

the trisodium salt of tris(m-sulfophenyl)phosphine. High n-butyraldehyde selectivity 

(95%) and simple product separation make this process more economical than previ¬ 

ous technologies. 
Mitsubishi Kasei introduced a process to manufacture isononyl acohol, an impor¬ 

tant PVC (polyvinyl chloride) plasticizer, via the hydroformylation of octenes (a mix¬ 

ture of isomers produced by dimerization of the cut of naphtha cracker or FCC 

processes).''^ Eirst a nonmodified rhodium complex exhibiting high activity and selec¬ 

tivity in the formation of the branched aldehyde is used. After the oxo reaction, before 

separation of the catalyst, triphenylphosphine is added to the reaction mixture and the 

recovered rhodium-triphenylphosphine is oxidized under controlled conditions. The 

resulting rhodium-triphenylphosphine oxide with an activity and selectivity similar to 

those of the original complex is recycled and used again to produce isononanal. 

A key economic problem in all industrial oxo processes is the recovery of the ho¬ 

mogeneous catalysts. It is important in the case of both the original, relatively unsta¬ 

ble cobalt and the very expensive rhodium complexes. A number of special proce¬ 

dures were developed for catalyst recovery and recycling.’*” 
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7.2. CARBOXYLATION 

Unsaturated hydrocarbons (alkenes, dienes) react with carbon monoxide and a pro¬ 

ton source (Hp, alcohols, amines, acids) under strong acidic conditions to form car¬ 

boxylic acids or carboxylic acid derivatives. Since a carbocationic mechanism is op¬ 

erative, not only alkenes but also other compounds that can serve as the carbocation 

source (alcohols, saturated hydrocarbons) can be carboxylated. Metal catalysts can 

also effect the carboxylation of alkenes, dienes, alkynes, and alcohols. 

7.2.1. Koch Reaction 

Strong mineral acids under forcing reaction conditions catalyze the addition of car¬ 

bon monoxide and water to alkenes to form carboxylic acids’”'*^ [Eq. (7.9)]. The re¬ 

action is also called hydrocarboxylation. According to a later modification, the 

alkene first reacts with carbon monoxide in the presence of the acid to form an acyl 

cation, which then is hydrolyzed with water to give the carboxylic acid.^^ The advan¬ 

tage of this two-step synthesis is that it requires only medium pressure (100 atm). 

Aqueous HF (85-95%) gave good results in the carboxylation of alkenes and cy- 

cloalkenes.''® Phosphoric acid is also effective in the carboxylation of terminal 

alkenes and isobutylene, but it causes substantial oligomerization as well.^^'** 

Neocarboxylic acids are manufactured industrially with this process (see Section 

7.2.4). The addition may also be performed with formic acid as the source of CO 
(Koch-Haaf reaction).^'™ 

+ CO + HgO 
100-350° C, 

500-1000 atm 
COOH 

(7.9) 

The mechanism involves carbocation formation via protonation of the alkene’^'®' 

[Eq. (7.10)]. It then reacts with carbon monoxide to form an acyl cation (11) [Eq. 
(7.11)], which is subsequently quenched with water [Eq. (7.12)]. 

+ 

R-CH=CH2-► R-CH-Me 

Me 
+ I 

R-CH-Me + CO — ~ R-CH-CO'^ 

11 

Me Me 
1 -H-" I 

11 + HgO R-CH-COOHs^ R-CH-COOH 

A further development includes the use of Cu(I) or Ag(I) catalysis in concentrat¬ 

ed sulfuric acid,'”‘“ or BF3 mixed with H^SO^, H3PO^, or organic 

acids,'"" allowing synthesis at atmospheric pressure. The advantageous effect of 

these ions is due to the formation of Cu(CO)3" ions ensuring an in- 

(7.10) 

(7.11) 
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creased concentration of CO in the liquid phase. Since carbocations are involved ex¬ 

tensive rearrangements occur resulting in the formation of tertiary (neo)carboxylic 
acids 

+ CO + H2O 
CUgO, cone. H2SO4 

20-50° C, 1 atm, 1-2 h 

Me 

COOH 

63% 

(7.13) 

Superacid systems such as HF-BF3 and CF3SO3H allow further improvement of 

the Koch reaction.'®’ Triflic acid proved to be superior to 95% Fl^SO^ at atmos¬ 

pheric pressure.'®" This was attributed to the higher acidity of triflic acid and the high¬ 

er solubility of CO in this acid. FS03H-SbFj combined with Cu(I) is also effective.'®^ 

Alcohols instead of olefins can also be used in these reactions. Although sec¬ 

ondary and tertiary alcohols react preferentially in the presence of H^SO^,"® SbCl^- 

SO3,'" and acids with Cu(I) or Ag(I) ions,'®^ '®^ '®®"’ even methanol was shown under 

superacidic conditions to give acetic acid."^ 

The preparation of acetic acid represents a special case. Olah and coworkers as 

well as Hogeveen and colleagues have demonstrated that CO can react with methane 

under superacidic conditions giving the acetyl cation and by subsequent quenching 

acetic acid or its derivatives (see Section 7.2.3). Monosubstituted methanes, first of 

all methyl alcohol (or dimethyl ether), can be carbonylated to acetic acid."^ 

Similarly, methyl halides undergo acid-catalyzed carbonylation."^"'' Whereas the 

acid-catalyzed reactions can be considered as analogs of the Koch reaction, an effi¬ 

cient Rh-catalyzed carbonylation of methyl alcohol in the presence of iodine (thus in 

situ forming methyl iodide) was developed by Monsanto and became the dominant 

industrial process (see Section 7.2.4). 

7.2.2. Carboxylation Catalyzed by Transition Metals 

The transformation of alkenes in the presence of Group VIII metal catalysts affords 

carboxylic acids or carboxylic acid derivatives depending on the protic reagent 

used'® '''"'®’^"" '’' [Eq. (7.14)]. A similar addition to alkynes results in the formation of 

the corresponding unsaturated acids and derivatives.''’’^ '"’ '’’ Cobalt, nickel, and iron 

carbonyls, as well as palladium complexes, are the most often used catalysts.''' 

+ CO + HX 
metal catalyst 

(7.14) 

HX = H20, R'OH, R' 2NH, 
R'COOH, HCI 

The synthesis of carboxylic acids and esters are much studied processes. Since 

the first examples of carboxylation in the presence of metal carbonyls were reported 

by Reppe, these reactions are sometimes referred to as the Reppe reactions. In his 

pioneering work'”-'” stoichiometric or catalytic amounts of [Ni(CO)J and ethylene 



278 CARBONYLATION 

or acetylene were reacted in the presence of water or alcohols to form saturated and 

unsaturated acids and esters. Commercial processes are practiced in the manufacture 

of propionic acid, acrylic acid and acrylates (s^e Section 7.2.4). 

Alkenes and Dienes. Alkenes exhibit lower reactivity in metal-catalyzed 

carboxylation than in hydroformylation. The general reactivity pattern of different 

alkenes, however, is the same; terminal linear alkenes are the most reactive 

substrates. Cycloalkenes are the least reactive, but strained compounds may react 

under very mild conditions'^ [Eq. (7.15)]. This transformation also indicates that 

carboxylation is a net syn process. The same was proved for the palladium-catalyzed 

reaction as well.'^^ 

[Ni(CO)4] 

DgO, EtOD, AcOD,*^ 
reflux, 8 h 

(7.15) 

[Ni(CO)J may be used in stoichiometric carboxylations under mild conditions. 

Hydrogen halides"^ or UV irradiation'^* promotes the addition that usually leads to 

branched carboxylic acids. Catalytic reactions, however, require more severe reac¬ 

tion conditions (250°C, 200 atm).'^" 
Cobalt carbonyls, in turn, are more effective catalysts, and usually give more lin¬ 

ear product. Linear acids are also formed from 2-alkenes via double-bond migra¬ 

tion.'^" The activity and selectivity may be substantially increased by adding pyri¬ 

dine or other nitrogen bases to the reaction mixture.'^ 

Palladium complexes exhibit even higher catalytic activity and produce branched 

acids preferentially.'^"'*' The selectivity, however, can be shifted to the formation of 

linear acids by increasing the phosphine concentration.'*^ Temperature, catalyst con¬ 

centration, and solvent may also affect the isomer ratio.'** Marked increase in selec¬ 

tivity was achieved by the addition of Group IVB metal halides to palladium'*^ and 

platinum complexes.'** Linear acids may be prepared with selectivities up to 99% in 

this way. The formic acid-Pd(OAc)^-l,4-bis(diphenylphosphino)butane system has 

recently been found to exhibit similar regioselectivities.'** Significant enhancements 

of catalytic activity of palladium complexes in carbomethoxylation by use of per- 

fluoroalkanesulfonic acid resin cocatalysts was reported.'** '** 

The formation of branched acids from 1- and 2-alkenes in a palladium-catalyzed 

carboxylation was found to be completely regioselective, when the reaction was car¬ 

ried out in the presence of CuCl^, oxygen, and limited amounts of water and hy¬ 
drochloric acid, under remarkably mild conditions:'*" 

R-CH=CH-R' + CO + HgO 
PdCl2, CuClg, HCI 

O2, RT 1 atm, 4-18 h 

l^€ 

R = isoPr, n-CyHis, n-CaH^y, p-MeC@H4 
R' = H, Me 

R"-CH-COOMe 

52-100% yield 

(7.16) 
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Styrene characteristically yields the branched acid in the presence of palladium 

and monodentate phosphine ligands'^® '"^ and in the [Fe(CO)J-promoted process. 

Palladium with certain bidentate phosphines, in turn, produces more linear acid.''”’ 

Asymmetric hydrocarboxylations with palladium complexes and chiral ligands 
with enantiomeric excesses up to 84% have been reported. 

Carboxylation of dienes and trienes, which takes place in a stepwise fashion, 

affords mono- or dicarboxylated products.''”' Cobalt carbonyl,'''^ palladium chlo¬ 

ride,””’'''^ and palladium complexes''”* were used. 1,4-Addition to 1,3-butadiene 

gives the corresponding unsaturated trans ester (methyl rran^-S-pentenoate) in 

the presence of [Co(CO)Jj and a pyridine base.'''’ The second carboxylation step 

requires higher temperature than the first one to yield dimethyl adipate. In a di¬ 

rect synthesis (110°C, 500 atm, then 200°C, 530 atm) 51% selectivity was 

achieved.''” 

Concerning the mechanism of metal-catalyzed carboxylations, two basic path¬ 

ways—the metal hydride and the metal carboxylate mechanisms—gained general 

acceptance.''' '*"*"^''^'’''”’ The actual mechanism depends on the catalyst used and the 

reaction conditions, particularly in the presence of additives (acids, bases). It seems 

reasonable to assume that both mechanisms may be operative under appropriate 

conditions. 
The metal hydride mechanism was first described for the cobalt carbonyl 

catalyzed ester formation by analogy with hydroformylation.'’” It was later adapted 

to carboxylation processes catalyzed by palladium'’'''’' '’^ and platinum complexes.'” 

As in the hydroformylation mechanism, the olefin inserts itself into the metal- 

hydrogen bond, and only the final step of the catalytic cycle is different in that the 

acylmetal complex is cleaved by reacting with the protic reagent [Eq. (7.17)]. The 

beneficial effect of hydrogen halides in nickel-catalyzed carboxylations was also ex¬ 

plained as forming a hydridonickel complex the true catalyst.'” 

[RCH2CH2CCo(CO)4] + R'OH -►RCH 2CH2COOR' + [CoH(CO)4] 

O 
4 

(7.17) 

Despite less direct evidence, the metal carboxylate mechanism has also been 

widely proposed'^'’'"” [Eq. (7.18)]. According to this mechanism, olefin insertion 

takes place into the initially formed carboxylate complex. 

r. R /P I 
M—C + RCH=CH2 -► M-CHCH2COOR- (7.18) 

OR' 

AlkynBS. Alkynes tend to undergo a number of transformations when reacted 

under carboxylation conditions. Varied ring-closure products (hydroquinones, 

ketones, unsaturated lactones) may be formed.'^'” Under appropriate reaction 

conditions, however, clear carboxylations to give unsaturated acids or esters can be 

performed. 
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Acetylene forms acrylic acid or esters in excellent yield in the presence of 

[Ni(CO) The reaction can be catalytic or require the use of a stoichiometric 

amount of [Ni(CO)J under mild reaction condi^tions. 
Substituted acetylenes react more slowly than acetylene. The Markovnikov rule 

is usually followed; that is, terminal acetylenes form 2-substituted acrylic 

acids’“'“’^'' [Eq. (7.19)].'* In contrast, when palladium is combined with SnCl^, lin¬ 

ear products are formed with high selectivity.’* The addition of hydrogen and the 

carboxylic group usually takes place in a syn manner.'^^'* 

95H11 

CO, MeOH ^ + / 

1^11 *^5 ^ isobutyl methyl ^2^ COOMe 
ketone 

[PdCIslPPhglg], 80“C, 240 atm CO 81 19 

[PdCl2{P(C6H4p-MeO)3}2]-SnCl2, 3 97 
22°C, 1 atm CO 

Acetylene and substituted acetylenes may form dicarboxylated products in the 

presence of [Co(CO)j2. The product distribution is highly dependent on the solvent, 

with the highest succinic acid selectivities observed in tetrahydrofuran.'^^ 

Alcohols. Similar to acids, metals can also catalyze the transformation of alcohols 

to produce carboxylic acids. Cobalt, rhodium, and iridium were studied 

most"’'"’"""''* because of their practical importance in the transformation of methyl 

alcohol to acetic acid (see Section 7.2.4). Iodine compounds were shown to play an 

important role in this reaction to transform methyl alcohol to the more reactive 

methyl iodide. [Rh(CO)2lJ' proved to be the active species in the rhodium-catalyzed 
reaction. 

When methanol is reacted with CO in the presence of oxygen and copper salts, 

oxidative carbonylation takes place, resulting in the formation of dimethyl carbon¬ 

ate."'^ Since dimethyl carbonate is a good methylating and carbonylating agent, it 

can substitute the highly toxic dimethyl sulfate and phosgene in industrial applica¬ 

tions. The process was commercialized by EniChem (see Section 7.2.4, subsection 
on dimethyl carbonate). 

7.2.3. Carboxylation of Saturated Hydrocarbons 

It follows from the carbocationic mechanism discussed before that saturated hydro¬ 

carbons can also be carboxylated provided appropriate reaction conditions are ap¬ 

plied to generate carbocations. In early studies Cj-C^ alkanes were shown to react 

with carbon monoxide in the presence of HCl and stoichiometric amount of AlCl at 

2{>-150°C in the pressure range of 100-150 atm.'* '®’ HF-SbF^ was recently found to 

be very effective at O-SO^C under atmospheric CO pressure.'®* Branched alkanes 

with six or less carbon atoms react readily to preferentially form secondary (a- 

branched) carboxylic acids. Exclusive (3 scission results in the formation of acids of 

XOOMe 

(7.19) 
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lower molecular weight when and higher alkanes are treated under identical reac¬ 

tion conditions. Methylcycloalkanes, in turn, yield tertiary carboxylic acids as well 
as ketones.'®^ 

The carboxylation can be facilitated by caiTying out the reaction in the presence 

of alkenes or alcohols. Since these additives form carbocations more readily, subse¬ 

quent hydride transfer from the alkane yields the corresponding cations. The usual 

acidic reaction conditions anhydrous HF,”^ acids in the presence of 
Cu(I) or Ag(I) ions'”’'“ '’^] can be applied. 

Even methane, the least reactive alkane was shown to undergo carboxylation 

under superacidic conditions.'” ”'’ The formation of carboxylated products (acetic 

acid and methyl acetate) from methane was first observed by Hogeveen and cowork- 

ers by trapping methyl cation formed in SbF^ (60°C, 50 atm CO pressure) followed 

by quenching with H^O or MeOH. The intermediate methylcarboxonium ion 

(CHjCO^) and CHjCH^CO^ formed in a similar reaction of ethane were identified by 
NMR spectroscopy. 

A different approach, the direct conversion of methane to acetic acid, has recent¬ 

ly been revealed.The process is an oxidative carboxylation in the presence of 

RhClj in an aqueous medium under mild conditions (100°C). 

7.2.4. Practical Applications 

Neocarboxylic Acids. The acid-catalyzed carboxylation of alkenes with carbon 

monoxide in the presence of water is used commercially to produce neocarboxylic 

acids.*” Pivalic acid from isobutylene is the most important product. A number of 

technologies were developed*”'^*-”'' applying a mixed Brpnsted and Lewis acid 

catalysts (H^SO^, H^PO^, HF and SbF^, BF^) under varying experimental conditions 

(20-80°C, 20-100 atm) to achieve high selectivities (80-100%).*“ Because of the 

highly corrosive nature of these catalyst systems and the environmental hazards 

associated with the use of HF, as well as the complicated workup of the reaction 

mixture (hydrolysis and costly separation), solid catalysts have recently been 

developed by BASF.'*" Pentasil zeolites doped with transition metals (copper and 

cobalt) were tested and shown to be active catalysts in the production of pivalic acid, 

although under high pressure (300-450 atm). 

Hydrocarboxymethylation of Long-Chain Aikenes. An industrial process to 

carry out hydrocarboxymethylation of olefins to produce methyl esters particularly 

in the range for the use as surfactant feedstock was developed by Huels.'*' A 

promoted cobalt catalyst in the form of fatty acid salts (preferably those formed in 

the reaction) is used. With high promoter to catalyst ratio (5 : 1-15 : 1) at 180-190°C 

and pressure 150-200 atm, the rate of alkene isomerization (double-bond migration) 

exceeds the rate of hydrocarboxymethylation. As a result, even internal olefins give 

linear products (the yield of normal products is about 75% at 50-80% conversion). 

Secondary transformations of aldehydes (product of olefin hydroformylation) lead to 

byproducts (ethers and esters) in small amounts. 
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Propionic acid. The Reppe reaction is used to transform ethylene, carbon 

monoxide and water to propionic acid.*® [Ni(CO)J is formed in situ from nickel salts 

under reaction conditions (270-320°C, 20(T-2^0 atm). The addition of halogens and 

phosphine ligands allows milder reaction conditions (Halcon process, 170-225°C, 

10-35 atm). Propionic acid yields are around 95%. 

Acrylic Acid and Acrylates. Acrylic acid and acrylates may be produced 

commercially by the Reppe reaction of acetylene.^'*'^"'*^ However, the industrial 

significance of these processes has diminished since acetylene is no longer a viable 

source and was replaced by ethylene. Acrylic acid and acrylates are now produced 

by propylene oxidation (see Section 8.5.2). 

The industrial catalytic Reppe process is usually applied in the production of 

acrylic acid. The catalyst is NiBr^ promoted by copper halides used under forcing 

conditions. The BASF process, for example, is operated at 225°C and 100 atm in 

tetrahydrofuran solvent.'**® Careful control of reaction conditions is required to avoid 

the formation of propionic acid, the main byproduct, which is difficult to separate. 

Small amounts of acetaldehyde are also formed. Acrylates can be produced by the 

stoichiometric process [Eq. (7.20)], which is run under milder conditions (30-50 °C, 
1-7 atm). The byproduct NiCl^ is recycled. 

4 CH s CH + 4 ROH + [Ni(CO)4] + 2 HCl —►4 CH 2=CHCOOR + + NiCI 2 (7.20) 

Acetic Acid. Carbonylation of methanol is the most important reaction in the 

production of acetic acid.'*’ ’"® BASF developed a process applying Col^ in the liquid 

phase under extreme reaction conditions (250°C, 650 atm).'^® ''" The Monsanto low- 

pressure process, in contrast, uses a more active catalyst combining a rhodium 

compound, a phosphine, and an iodine compound (in the form of HI, Mel, or 
120,192-194 Methanol diluted with water to suppress the formation of methyl acetate is 

reacted under mild conditions (150-200°C, 33-65 atm) to produce acetic acid with 
99% selectivity at 100% conversion. 

Dimethyl Carbonate. An industrial process to manufacture dimethyl carbonate 

through the oxidative carbonylation of methanol catalyzed by cuprous chloride has 

been developed and commercialized by EniChem."'® ''^ The reaction occurs in two 

steps. Cupric methoxy chloride is formed in the first oxidation step [Eq. (7.21)], 

which is then reduced to yield dimethyl carbonate and regenerate cuprous chloride 

[Eq. (7.22)]. A continuous slurry process operated at moderate temperature and 

pressure (< 100°C, 10-20 atm) gives dimethyl carbonate with better than 98% 
selectivity. 

2MeOH + O.5O2 + 2CUCI -► 2Cu(OMe)CI + HgO (7.21) 

2Cu(OMe)C! + CO (MeO)2CO + 2CuCI (7.22) 
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7.3. AMINOMETHYLATION 

Formation of amines from alkenes, carbon monoxide, water, and a nitrogen base 

was discovered by Reppe who used [Fe(CO)j] to catalyze the process to form 
amines in low yields:'” '” 

+ CO + H2O + h-nC^ __[Fe(CO)5]^ 
(7.23) 

Rhodium oxide,'"* cobalt carbonyl,'” rhodium and ruthenium carbonyls,"'” and 

rhodium compounds"'”""" were later found to be effective catalysts. A three-step 

mechanism with hydroformylation of the alkene to yield an aldehyde in the first step 

can be written [Eq. (7.24)]. Condensation to form an imine [Eq. (7.25)] (or enamine) 

and hydrogenation of this intermediate leads to the product amine. The hydrogen 

necessary in steps 1 and 3 is produced by the water gas shift reaction. Hydrogen in¬ 
stead of water may also be used with similar results."'’" "'” 

+ 2 CO + HgO 

H 

RCH2CH2CHO+ h-n'^ TTT?' 
\ -M2U 

catalyst 
---► RCH2CH2CHO 
-CO 2 

H2 
RCH2CH2CH=N— —►RCH2CH2CH2N 

H 
/ 

\ 

(7.24) 

(7.25) 

When ammonia or primary amines are used, the product amines may participate 

in further aminomethylation, resulting in the formation of a mixture of amines. 

Other byproducts (aldehydes, alcohols, carboxamides) may also be formed. The re¬ 

action to produce tertiary amines from secondary amines, however, is fairly selec¬ 

tive. Aminomethylation of ethylene with piperidine was recently reported to form N- 

propylpiperidine with 75% yield when the reaction was carried out in the presence 

of [Fe(CO)J and water without an external source of CO (170°C, 14 h)."'’^ 
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OXIDATION-OXYGENATION 

We are, in general, continuing the practice to call oxidation of hydrocarbons those 

processes in which hydrocarbons are transformed to oxygen-containing (oxygen¬ 

ated, oxyfunctionalized) products. It should be noted, however, that these processes 

more properly should be called oxygenation or oxyfunctionalization. The term oxi¬ 

dation, in its proper (literal) use, refers to the increase of the oxidation number of an 

element to a more positive value. Thus dehydrogenation of alkanes to alkenes is ox¬ 

idation but not oxyfunctionalization (oxygenation). The differentiation was suggest¬ 

ed' and is indeed used, but still to only a limited degree. We discuss oxidation of hy¬ 

drocarbons to oxygenated products with this caveat. 

8.1. OXIDATION OF ALKANES 

8.1.1. Oxidation to Alcohols and Carbonyl Compounds 

Autoxidation of Alkanes. The slow oxidation of alkanes with ground-state 

(triplet) molecular oxygen in the liquid phase under mild conditions, called 

autoxidation, affords organic hydroperoxides as primary products through a free- 

radical chain reaction.^”^ The oxidation requires initiation by a radical (/’) [Eq. 

(8.1)]. This may be formed by the thermal decomposition of suitable organic 

compounds (azoalkanes, organic peroxides) added to the reaction mixture. 

Propagation, or addition of the alkyl radical to oxygen, is usually a rapid, diffusion- 

controlled reaction that leads to alkylperoxy radicals [Eq. (8.2)]. A slow, in most 

cases rate-determining, hydrogen abstraction follows to yield alkyl hydroperoxides 

[Eq. (8.3)]. 
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ROO-+ R-H -► ROOH + R- (8.3) 

Equations (8.4) and (8.5) illustrate termination reactions. Depending on the struc¬ 

ture of the alkyl group, disproportionation to alcohols and carbonyl compounds may 

take place. 

R- + ROO--► ROOR (8.4) 

2 ROO- -►RO4R -► molecular products + O2 (8.5) 

Autoxidation without added initiator may also occur.-This process is generally 

characterized by an induction period and a much lower reaction rate since forma¬ 

tion of alkyl radicals according to Eq. (8.6) is thermodynamically and kinetically 

unfavorable. 

R-H + O2 -► R- + HOO- (8.6) 

The reactivity of different C—H bonds in autoxidation changes in the order ter¬ 

tiary > secondary > primary. As a result, alkanes possessing tertiary hydrogen atoms 

may be selectively oxidized in the liquid phase to the corresponding tert-alkyl hy¬ 

droperoxides.*^ This selectivity difference may also be attributed to the significantly 

higher rate of termination of primary and secondary alkylperoxy radicals, resulting 

in a rather slow rate of autoxidation. The best example is the oxidation of isobutane 

to tert-BuOOH, which is a much studied process due to the commercial importance 

of the product.''”'^ tert-BuOOH is used as an initiator in radical polymerizations and 

as an oxidizing agent in metal-catalyzed epoxidations (see Section 8.2.1). 

Autoxidation of isobutane is usually initiated by the addition of di-tert-butyl perox¬ 

ide or by tert-BuOOH itself. The reaction is carried out in the liquid phase, in the 

temperature range 100-140°C. Selectivities higher than 90% can be achieved at low 

conversions. HBr was also found to be a powerful agent'^ acting as both a coinitiator 
[Eq. (8.7)] and a chain-transfer agent [Eq. (8.8)]. 

HBr + O2-► HOO- + Br- ^ 

HBr 
MegC- +O2-► MegCOO- -► MegCOOH + Br- (8.8) 

At elevated temperature alkyl hydroperoxides undergo thermal decomposition 

to alcohols [Eqs. (8.9)-(8.11)]. This decomposition serves as a major source of free 

radicals in autoxidation. Because of side reactions, such as, p-scission of alkylper¬ 

oxy radicals, this process is difficult to control. Further transformation of the 

alkoxy radical with the substrate or with the solvent eventually also leads to an al- 
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cohol [Eq. (8.12)], or the radical decomposes with P-scission to give a ketone and 
an alkyl radical. 

ROOM -► RO- + HO- (8.9) 

RO- + ROOH -► ROO- + ROH (8.10) 

2 ROO- ^ 2 RO ■ + O 2 (8.11) 

RO- + R—H -► ROH + R- (8.12) 

Selectivity of alcohol formation can be substantially increased by carrying out 

the autoxidation in the presence of a stoichiometric quantity of boric acid that reacts 

with the intermediate hydroperoxide to form alkyl borate. This observation gained 

practical importance in the commercial oxidation of alkanes (see Section 8.5.1). 

Alkanes possessing two tertiary C—H bonds in p or y-position may form dihy¬ 

droperoxides. The product is formed in an intramolecular peroxy radical attack that 

is highly efficient in the transformation of 2,4-dimethylpentane:'^'’® 

(8.13) 

Autoxidation of alkanes may be carried out by metal catalysis.^''*” Although 

metal ions participate in all oxidation steps, their main role in autoxidation is not in 

their ability to generate free radicals directly by one-electron oxidation [Eq. (8.14)] 

but rather their activity to catalyze the homolytic decomposition of the intermediate 

hydroperoxide according to Eqs. (8.15) and (8.16). As a result of this decomposi¬ 

tion, metal ions generate chain-initiating radicals. The overall reaction is given in 

Eq. (8.17). At low metal ion concentration alkanes possessing tertiary C—H bond 

may be selectively converted to tertiary alcohols.^ 

p_l-l + -►R' + + H+ (8.14) 

ROOM + M"-"-►RO-+ + HO- (8.15) 

ROOM + -►ROO- + IVf-" + H+ (8.16) 

2 ROOM ROO- + RO- + HgO (8.17) 

Oxidation of Methane. The direct selective transformation of methane to 

methanol and formaldehyde, two valuable industrial chemicals, is a goal that is 

extremely difficult to accomplish. At present a three-step process is used in industry 

to manufacture formaldehyde from methane [Eq. (8.18)]. It includes the steam re¬ 

forming of methane over a nickel catalyst to synthesis gas followed by the copper- 

catalyzed transformation of the latter to methanol (see Section 3.4.1). Finally, 

formaldehyde is produced by oxidative dehydrogenation of methanol. 
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CH, + H2O -^^CO + 3H2 CH3OH _p^H2C=0 (8.18) 

\ 

One disadvantage of this technology is the large energy requirement of the first, 

highly endothermic, step. The process is also inefficient in the sense that it first 

transforms methane in an oxidative reaction to carbon monoxide, which, in turn, is 

reduced to methanol, and the latter is oxidized again to formaldehyde. The direct 

conversion of methane, therefore, would be a more efficient way in the production 

of methanol and formaldehyde. 
The main problems associated with the direct oxidation of methane are the higher 

reactivity of the products (methanol and formaldehyde) compared to methane, and 

the thermodynamically more favorable complete combustion of methane to carbon 

oxides and water [Eqs. (8.19)-(8.22)]. Therefore, finely tuned reaction conditions to 

achieve high conversion without total oxidation are required. At present, however, 

there is no commercially viable process satisfying these requirements. 

CH3OH AH = -30.4 kcal/mol (8.19) 

02 , H2C=0 + H2O AH = -66.0 kcal/mol (8.20) 

1.5 O2 
CO + 2H2O AH : = -124.1 kcal/mol (8.21) 

2O2 
C02 + 2H20 AH = -191.9 kcal/mol (8.22) 

A number of possibilities exist for the direct one-step oxidation of methane. 

These include homogeneous gas-phase oxidation, heterogeneously initiated homo¬ 

geneous reaction, heterogeneous catalytic oxidation, and photochemical and elec¬ 

trophilic oxidations. Several recent review articles give detailed treatment of the ho¬ 

mogeneous and catalytic oxidations.Some important conclusions are as follows. 

Numerous studies of homogeneous gas-phase oxidation at high temperature es¬ 

tablished an optimum pressure for selective oxidation of methane to methanol.*’’^' It 

was also observed that methanol yields increased with decreasing oxygen concentra¬ 

tion. When natural gas instead of methane was oxidized, much lower temperature 

was required to achieve the same conversion. Ethane and propane present in natural 

gas are considered to sensitize the oxidation of methane presumably by providing 

free radicals through the splitting off their more easily abstractable hydrogen atoms. 

In general, high pressure (30-200 atm), high temperature (200-400°C), and low 

oxygen concentration favor high methanol selectivity. 

The presently best result (75-80% selectivity in methanol formation at 8-10% 

conversion) was recently achieved in a flow system under cool flame conditions 

(450°C, 65 atm, less than 5% content).^ The authors suspect that the glass-lined 

reactor suppressing secondary reactions may account for the result. 

A large number of catalysts have been studied in the catalytic oxidation of 

methane, primarily oxides and mixed oxides.'*’^'’^* Metals were also tested, but they 
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tend to catalyze complete oxidation. Mixed oxides based on M0O3 have been stud¬ 

ied most, and FeMoO^ was found to be the most active.'* Gaseous chlorine is a very 

effective promoter in oxidation over a Cr^O^ on pumice catalyst at low pressure 

(430°C, 1.5 atm), substantially increasing both methane conversion and methanol 

selectivity.'* Significant increase in methane conversion is brought about by organic 

chlorine compounds (CH^Cl^, CCg.'« Hydrocarbon impurities in methane are ben¬ 

eficial in catalytic oxidation as well. ZnO doped with copper and iron^' and boron- 

containing mixed metal oxides^^” have been recently studied. In a 1 ; 2 : 2 Fe-Nb-B 

oxide system FeNbO^ was found to supply reactive lattice oxygen atoms for break¬ 

ing the C—H bonds leading to formaldehyde.” Boron, in turn, improved selectivity 

by suppressing decomposition and further oxidation of formaldehyde. 

There has been recently a high interest in the study of silica-supported M0O3 and 

V3O3 catalysts.^''"” Bare silica itself exhibits a unique activity in oxidation of 

methane to formaldehyde.” ””'” This is attributed to surface sites possessing donor 

properties to activate molecular oxygen. These sites may be Si” ions on structure 

defects created at high temperatures (1000°C).” Molybdena in about one-tenth of a 

monolayer on silica has a strong promoting effect increasing activity by one order 

of magnitude.” In a recent study, however, M0O3 was found to depress the activity 

of precipitated silica.” In contrast, significantly promoted the activity toward 

the formation of formaldehyde^^” with the highest selectivity over catalysts of the 
highest dispersion.” 

According to Lunsford, most of the observations on methane oxidation over 

oxide catalysts may be interpreted in terms of methyl radical chemistry.'*' Most ex¬ 

perimental data support the role of surface O' ions, in the formation of methyl radi¬ 

cals. The latter are transformed by reductive addition to methoxide ions, which de¬ 

compose to formaldehyde or react with water to form methanol. Methyl radicals 

may desorb to the gas phase and participate in free-radical reactions to yield nonse- 

lective oxidation products. 

All these catalytic results, however, were usually achieved at very low (2-3%) 

conversions. The only exception is a recent paper reporting up to 80% selectivity 

at 20% conversion over a MoCl^-R^Sn on silica olefin metathesis catalyst 

(700°C, 1 atm, CH^ : air= 1).'*^ In general, higher temperature and lower—about 

ambient—pressure compared to homogeneous oxidation, and high excess of 

methane are required for the selective formation of formaldehyde in catalytic ox¬ 

idations.'*^ The selectivity, however, decreases dramatically at conversions above 

1%, which is attributed to the decomposition and secondary oxidation of 

formaldehyde.'*^'*^ It is a common observation that about 30% selectivity can be 

achieved at about 1% conversion. 
In order to increase the conversion level of methane to the oxygenated products, 

the concentration of oxygen in the reaction mixture has to be raised. This can be 

done if temperature and pressure are lowered to remain outside the upper explosion 

limit of the methane-oxygen mixture. In a comparative study'*^ the only catalyst that 

allowed substantial temperature decrease compared to the homogeneous gas-phase 

process was SnO^, which, however, readily deactivated. In contrast, considerable re¬ 

duction of reaction temperature in homogeneous oxidation could be achieved by 
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using different sensitizers. High methanol selectivity under such conditions appears 

to be associated with the reduced operating temperature. 
A promising development in methane oxidation'is the use of N^O as an oxidant in 

the presence of MoO^ and on silica,BiPj-SnO^,’’ or heteropoly acids.’^’^^ 

In the presence of water at 600 °C, a 65.8% combined selectivity of methanol and 

formaldehyde at 16.4% conversion was observed over MoO^ on silica."^ An even 

higher selectivity was reported later,'” but at a conversion level of only 3%. Kinetic 

studies indicated that on the same catalyst at temperatures below 540°C, methanol 

and formaldehyde were probably formed in parallel reactions from the same inter¬ 

mediate. Above this temperature, however, consecutive oxidation of methanol is the 

major route to the formation of formaldehyde.'^ The O” ion formed by surface de¬ 

composition of N^O was postulated as the active species initiating the activation 

process via hydrogen abstraction."” The generation of via two-electron oxidation 
accounted for nonselective oxidation. 

An ozone-sensitized oxidative conversion of methane to methanol has recently 

been reported.^"* A double-layered Sr on La^O^, then MoO^ on a silica catalyst bed, 

exhibited significantly higher yields of formaldehyde from a methane-air mixture 
than MoOj on silica alone.” 

The photocatalytic activation of methane to yield oxygen-containing compounds 

is possible by carrying out the reaction in the presence of water.^*-” Addition of oxy¬ 

gen at 100°C enhances the formation of methanol and formaldehyde.” Hydroxyl 

radicals formed by the photolysis of water vapor [Eq. (8.23)] activate methane by 

hydrogen abstraction”” to form methyl radicals [Eq. (8.24)], which react further 

with water in the product-forming step [Eq. (8.25)]. Formation of methyl radicals in 

a different route may be important depending on temperature and methane concen¬ 

tration” [Eq. (8.26)]. A silica-supported MoO^ was also used” in photoinduced oxi¬ 
dation of methane to formaldehyde at 190-220°C. 

H2O »■ H. + HO¬ 

MO- + CH4-► CH3-+ H2O 

CH3- + H2O-►CH3OH + H- 

CHgO- + CH4-► CH3OH + CH3- 

An important problem inherent in all the preceding studies is the reproducibility 

of the experimental results. Besides the widely varying reaction conditions, this re¬ 

sults from the fact that homogeneous and catalytic oxidations may occur simulta¬ 

neously. Gas-phase reactions always interfere with catalytic oxidations, and nomi¬ 

nally inert materials exhibit significant activity or, in turn, may inhibit methane 

activation by quenching gas-phase radicals. It is also concluded that in the complete 

absence of a catalyst it is possible to exceed the yields of oxygenated products in 

catalytic oxidations."” Although gas-phase reactions are more difficult to control, the 

use of catalysts offers only little advantage. It is also realized that reactor design has 
a profound effect on oxygenate selectivity.^*^®® 

(8.23) 

(8.24) 

(8.25) 

(8.26) 
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In contrast with the radical processes described before, high selectivity is charac¬ 

teristic of electrophilic oxidation of methane.®' It reacts, for instance, with in 

superacidic media to give methanol.'“ The reaction is best explained by elec¬ 

trophilic insertion of the hydrogen peroxonium ion (H3O/) into the methane C—H 

bond [Eq. (8.27)]. The formation of protonated methanol (methyloxonium ion) pro¬ 

tected from further oxidation accounts for high selectivity of methanol formation. 

CH, 
+/ 

HO-O^ 
H 

H 
-H„0 H,C-< 

H 

OH 

+ 

CH3OH2 (8.27) 

An electrophilic mechanism was also suggested for the low-temperature 

(80-90°C), solution-phase oxidation of methane. Both Pd(OOCCFj)^ in stoichiomet¬ 

ric amount®^ and the palladium(n)-catalyzed oxidation by peroxytrifluoroacetic 

acid®^ yield methyl trifluoroacetate. The catalytic reaction is run in excess 

(CFpO)p to remove water generated, thereby preventing the hydrolysis of the 

product ester. Stoichiometric and catalytic oxidations of methane to methyl trifluo¬ 

roacetate at 150-180°C with Co(OOCCF3)3 were also reported.®® 

A mercury-catalyzed, high-yield system oxidizes methane by concentrated H^SO^ 

to produce methanol®® [Eq. (8.28)]. The oxidation takes place through the observable 

intermediate 1 to yield methyl bisulfate that may be readily hydrolyzed to methanol. 

At a methane conversion of 50%, 85% selectivity to methyl bisulfate was achieved. 

The second molecule of H^SO^ reoxidizes Hg* to Hg^*, completing the catalytic 

cycle. 

Hg2+ 
CH4 + 2H2SO4 —^CHsHgOSOsH -► CH3OSO 3H + 2 H2O + SO 2 (8-28) 

1 

When methane is reacted with ozone in superacidic media,®' ®’ formaldehyde is di¬ 

rectly formed through a pathway that is considered attack by into a C—H 

bond, followed by cleavage of Hp^ to give very reactive methyloxenium ion (2), 

which instantly rearranges to protonated formaldehyde [Eq. (8.29)]. This study indi¬ 

cates the possibility of selectively converting methane into formaldehyde without 

first going to methanol. 

--^[CHaO^] —»-CH2=0H (8.29) 
n2U 2 

2 

It should be mentioned that superacidic electrophilic oxygenation of methane to 

either methanol (with protonated hydrogen peroxide) or formaldehyde (with proto¬ 

nated ozone) the products formed are, indeed, the protonated products (CHpH/ and 

CH =OT, respectively) which are protected from further electrophilic oxygenation, 

which happens only too readily in conventional oxidations. 

CH4 + -^OgH 
H 

H.C-< 
'O-O-OH 
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Oxidation of Other Saturated Hydrocarbons 

Oxidation with Stoichiometric Oxidants: Gertain peracids reacting with alkanes 

yield alcohols. Peracetic acid/*®'" perbenzoic acid,™ m-CPBA,” ™ and nitroperbenzoic 

acids™"™ may be used. Alcohols™ or an equilibrium mixture of the alcohol and the 

trifluoroacetate™ are formed on the action of pertrifluoroacetic acid. A high degree 

of regioselectivity (better than 97%), specifically, preferential attack at the tertiary 

C-H bonds, is usually observed [Eq. (8.30)]. Regioselectivities of tertiary versus 

secondary attack are in the order 90-500. The oxidation is also stereoselective 

ensuring high degree of retention in the transformation of epimeric cycloalkanes™ ™ 
and optically active acyclic alkanes:™™ 

H 

Et 
p-nitroperfaenzoic acid 

CHCI3, reflux, 30 h 

38% conversion 

(8.30) 

When nonactivated peracids such as peracetic acid or perbenzoic acid are used in 

oxidation of alkanes, the formation of methane and benzene, respectively, as well as 

evolution of CO^ are observed. This indicates a radical mechanism®*™ [Eqs. 

(8.31)-(8.35)]. Since formation of the alcohol is highly stereospecific under such 

conditions as well, a rapid reaction between the alkyl radical and the reagent in the 

product-determining step [Eq. (8.35)] was suggested.™ 

PhCOOOH -► PhCOO- + HO- (8.31) 

PhCOO- C
\J 

0
 

0
 

+ 

CL (8.32) 

> PhH + R- (8.33) 

R-H- 
|phCOO^ PhCOOH + R- (8.34) 

R- + PhCOOOH -► ROH + PhCOO- (8.35) 

Studies with p-nitroperbenzoic acid, a reactive peracid, favor a different mecha¬ 

nism. The high degree of retention observed in oxidation of epimeric cycloalkanes 

and (-)-2,6-dimethyloctane [Eq. (8.30)], as well as substituent and solvent effects, 

agree with a cyclic transition state (3) originally suggested by Bartlett™ to interpret 

epoxidation by peracids. Steric effects, namely, the observation that with the excep¬ 

tion of adamantane, reactions at bridgehead positions are undetectable or much 
slower, also support this mechanism. 

R\5^R 
/C.. 5. H -o 

R’ 3 
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A reagent that gives results very similar to those in oxidation with peracids is flu¬ 

orine passed through wet acetonitrile at -10°C. A relatively stable complex, 

HOF.CH3CN, is presumably formed that participates in highly regioselective and 

stereoselective electrophilic hydroxylations under mild conditions.*® Oxidation of 

CIS- and trans-decaVm, for example, leads to the corresponding 9-hydroxy com¬ 

pounds in yields higher than 80%. 

Two new reactive, very powerful organic peroxides, dimethyldioxirane and 

methyl(trifluoromethyl)dioxirane (4), have recently been introduced.*' ** The latter is 

more reactive and can be used more conveniently.*'’** Acyclic alkanes give a mixture 

of isomeric ketones on oxidation with methyl(trifluoromethyl)dioxirane,*‘'** while 

cyclohexanone is the sole product in the oxidation of cyclohexane (99% selectivity 

at 98% conversion).** With the exception of norbornane, which undergoes oxidation 

at the secondary C-2 position, highly selective tertiary hydroxylations can be carried 

out with regioselectivities in the same order of magnitude as in oxidations by 

peracids**”** A similar mild and selective tertiary hydroxylation by perfluorodialkyl- 

oxaziridines was also reported.** Oxidation with dioxiranes is highly stereoselec¬ 

tive** [Eq. (8.36)]. Selective polyhydroxylation of adamantane is possible.** A con¬ 

certed insertion mechanism closely resembling to the mechanism of ozonation has 

been suggested.** 

Me 

1,1,1-trifluoroacetone, ^ 
CH2CI2, 

4 min, -22°C 98% selectivity 
^97% yield 

(8.36) 

in superacids at -78°C converts simple straight-chain alkanes into primary 

alcohol (ethane), or secondary alcohols and ketones (propane, butane).'***®’® 

Electrophilic hydroxylation of the secondary C—-El bond by the incipient hydroxyl 

cation formed through the protolytic cleavage of hydroperoxonium ion accommo¬ 

dates these observations; 

R 

R 

ho6h2 

-H2O 

; + 

R 

^CHOH 

R 

(8.37) 

Alcohols may also be formed when these alkanes react with equimolar amount of 

ozone in superacidic media (i.e., with ^03H) at -78°C, followed by raising the tem¬ 

perature of the reaction mixture.®' In this case formed in situ in primary ozonol- 

ysis participates in hydroxylation according to Eq. (8.37). Even 2,2-dimethyl- 

propane and 2,2,3,3-tetramethylbutane, which undergo characteristic C—C bond 

cleavage with ozone in superacids, yield small amount of alcohols in Magic 

Acid-SOpF solution at -78°C according to this mechanism.®' 
Ozone^eacts slowly with saturated hydrocarbons usually to give alcohols.®*®* The 
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reactivity of alkanes toward ozone is several orders of magnitude less than that of 

alkenes. Oxidation of saturated hydrocarbons takes place preferentially at the ter¬ 

tiary carbon. In liquid-phase ozonation^ the order of reactivity of the primary, sec¬ 

ondary, and tertiary C—H bonds is 1 : 13 : 110. The formation of tertiary alcohols 

occurs with a high degree (60-94%) of stereoselectivity 

The mechanism of ozonation of the C—H a bond is still controversial. The re- 

gioselectivity points to electrophilic interaction of ozone with the tertiary C—H 

bond. The high degree of configurational retention, in turn, is indicative of an inser¬ 

tion reaction. On reacting with ozone, alkanes presumably form an ozone-hydrocar¬ 

bon complex with partially dissociated C—H bond. Warming, irradiation, or reduc¬ 

ing agents bring about the decomposition of the complex to yield the product tertiary 

alcohol.*®’®’ An insertion mechanism with a transition state possessing radical charac¬ 

ter was suggested.®"* Thermochemical calculations of the energy involved in different 

mechanistic possibilities led to the suggestion of hydride abstraction,®® specifically, 

the possible ionic character of the transition state.®’®*®* A free-radical mechanism 
was also postulated.®*®® 

On the basis of recent observations a concerted insertion mechanism with the 

transition state 6 seems to have a high probability**’"” (Scheme 8.1). The transition 

state may have contribution from radical (5) or ionic (7) resonance forms, account¬ 
ing for certain loss of stereoselectivity. 

Scheme 8.1 

A severe limitation of the effective use of ozone in organic synthesis is its low 

solubility in organic solvents. The so-called dry ozonation technique of Mazur 

solves this problem.** Dry silica gel with the preadsorbed organic substrate is satu¬ 

rated with ozone at -78 C. After warming up to room temperature the products are 

eluted in the usual way. Under these conditions ozone exhibits an enhanced reactivi¬ 
ty presumably due to the slightly acidic nature of silica gel:'* 
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Oq on silica gel 

-65 to -45°C, 2 h ^ 
then warmed to RT in 3 h 

(8.38) 

81-84% 

The results of dry ozonation, namely, regioselectivities and stereoselectivities, 
are very similar to those in superacidic liquid-phase ozonation. Tertiary C—H bonds 

in strained systems such as norbornane are inert to dry ozonation.” Such compounds 

are oxidized at the secondary carbon to yield a mixture of alcohols and ketones.”"^ 

Similarly, substituted cyclopropanes exhibit a general preference for the oxidation 
of the secondary C—H bond in the a position to the ring:'®^ 

Oq on silica gel 
|^P>-ch2-r ^^ 

O 

R = Me 95% 
R = Pr 87% 

Branched acyclic alkanes also exhibit a slightly different behavior toward ozone 

on silica gel.’“ Although tertiary alcohols are usually the main products, C—C bond 

cleavage to yield ketones always occurs and may become the predominant reaction. 

Atomic oxygen generated by microwave discharge of a CO/He mixture is a more 

selective reagent in the transformation of these compounds to tertiary alcohols. 

Ozone is quite unreactive toward saturated hydrocarbons under conventional 

ozonation conditions (acting as a dipolar reagent), but its reactivity can be greatly 

increased by carrying out ozonation in superacids (acting as ^O^H, a strong elec¬ 

trophile).'®^ Ethane gives protonated acetaldehyde as the major reaction product, 

while simple unbranched alkanes are oxidized at the secondary carbon atom in 

FSOjH-SbFj-SOjClF solution at-78°C. Propane and butane are transformed mainly 

to the corresponding protonated 2-alkanones, and pentane gives protonated 3- 

pentanone. Protonated cyclolkanones are formed from cyclopentane and cyclohexa¬ 

ne.' The product distribution rules out the formation of carbocations by protolysis 

prior to their ozone quenching. Instead, electrophilic attack by protonated ozone, re¬ 

sulting in ozone insertion into the C—H a bond, occurs [Eq. (8.40)]. Product distri¬ 

butions in weaker acids (HF-BF^-SO^CIF, HF-SO^CIF, FSOjH-SO^ClF, 

H^SO^-SO^CIF) are very similar to those in Magic Acid-SO^CIF solution. This is in¬ 

terpreted as a further proof of the electrophilic insertion mechanism. 

'^CH-H + +OOOH 

R’ 
\ H 

OOOH 
—►/CH-OOOH 
-H-'^R -H202pj-^ 

c =0-H (8.40) 
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In electrophilic oxygenation with ozone in superacidic media or in dry 

ozonation over silica gel, protonated ozone, namely, was suggested to be 

the de facto electrophile. These reactions ar6 fundamentally different from con¬ 

ventional ozonations with O3, which is a highly dipolar molecule. In O3H* the 

dipole is removed by protonation. Recently, Cacace and Speranza were able to 

directly identify *031! in the gas phase and also measure the proton affinity of 

ozone. 
Metallic oxidants, namely, chromic acid and potassium permanganate, may be 

used to oxidize alkanes to alcohols or ketones, but these reagents have only limited 

synthetic value. Alkaline KMnO^ is rather ineffective, mainly because of the insolu¬ 

bility of alkanes in the aqueous solution of the reagent. Oxidations in acidic solu¬ 

tions such as aqueous CF3COOH,‘°* or the use of special reagents such as benzyltri- 

ethylammonium permanganate'*” may give better results. 

Primary C—H bonds are unreactive toward these oxidants."’* '"’ The oxidation of 

secondary C—H bonds leads to the corresponding ketones. The latter, however, 

which are more reactive than the parent hydrocarbon, are further oxidized to car¬ 

boxylic acids by C—C bond breaking."’* The rate of oxidation of straight-chain al¬ 

kanes by CrOj is proportional to the number of CH^ groups in the molecule.'" This 

means that all CH^ groups are equally attacked by the reagent resulting in nonselec- 

tive oxidation.'"* 

In contrast, bridgehead (i.e., tertiary) C—H bonds can be selectively oxidized to 

tertiary alcohols using chromic acid in acetic acid."^ Since the reactivity of these 

compounds depends on the ability of the bridgehead carbon to become j'p^-hybrid- 

ized, norbornane and bicyclooctanes are unreactive at the bridgehead positions. 

Adamantane, bicyclo[3.3.1]nonane, bicyclo[3.2.2]nonane, and bicyclo[3.3.2]dec- 

ane, in turn, afford the corresponding tertiary alcohols in 40-50% yields. 

Chromic acid oxidation of saturated hydrocarbons starts with hydrogen abstrac¬ 

tion to give a caged radical pair."^"'' The collapse of the latter leads to a chromi- 

um(IV) ester that hydrolyzes to the product tertiary alcohol. The postulation of the 

caged pair was necessary to explain the high degree of retention in oxidation of (+)- 
3-methylheptane:' 

NagCrgO^, HCIO4 

91%AcOH, 8°C, 15 min 

70-85% retention 

(8.41) 

Cobaltic and manganic acetate used as catalysts in autoxidation may be em¬ 

ployed as reagents in acetoxylation."’"*' The reactivity of Co(OAc)3 can be enhanced 

by strong organic (AcOH, CF3COOH, MeS03H, PhS03H) or inorganic acids 

(H^SO^, H3P0^, HCIO^) to carry out oxidations at low temperature (40°C). Acetates 

are formed with high selectivity under nitrogen, whereas ketones are the main prod¬ 
ucts in the presence of oxygen."’ 
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Partial anodic oxidation of «-alkanes on a smooth Pt electrode in CF COOH 
gives isomeric sec-alkyX trifluoroacetates in 50-80% yield'"*. 

Oxidstion Catalyzed by Metalloporphyrins. In recent years much attention 

has been devoted to the metal-catalyzed oxidation of unactivated C—H bonds in the 

homogeneous phase. The aim of these studies is to elucidate the molecular 

mechanism of enzyme-catalyzed oxygen atom transfer reactions. Additionally, such 

studies may eventually allow the development of simple catalytic systems useful in 

functionalization of organic compounds, especially in the oxidation of hydro¬ 

carbons. These methods should display high efficiency and specificity under mild 
conditions characteristic of enzymatic oxidations. 

Many of these studies focus on modeling the oxidation by cytochrome P-450. 

Heme-containing monooxygenases known as cytochromes P-450 mediate a number 

of biochemical processes by incorporating one oxygen atom into a substrate. Among 

others they catalyze selective hydroxylation of nonactivated hydrocarbons. The oxy¬ 

gen atom incorporated into the substrate may derive from in the presence of a re¬ 

ducing agent, or may result from single oxygen atom donors. 

Cytochrome P-450, however, is such a powerful oxidant that it can bring about 

self-degradation of its own porphyrin ligands. Because of this disadvantage metal 

complexes of synthetic porphyrin have been designed and used as chemical models 

of this enzyme. Of the different porphyrin complexes, Fe(in) and Mn(III) por¬ 

phyrins exhibit the highest catalytic activity. The single oxygen atom donors most 

frequently used are iodosylbenzene (PhIO)‘"'“'“ and potassium hydrogen persul¬ 

fate.'^’ Data for hydrogen peroxide,'^ alkyl hydroperoxides,hypohalites,'^’ sodium 

chlorate,"^* tertiary amine TV-oxides,'^" '’" and oxaziridine'’' are also available. 

The metalloporphyrin-PhIO system catalyzes the oxidation of alkanes mainly to 

alcohols under mild conditions. High selectivity for the hydroxylation at the tertiary 

carbon is observed.”^ Yields of up to 40% based on the oxidant consumed are ob¬ 

tained. Acyclic alkanes usually exhibit very poor reactivity. A large isotope effect'’'^ 

and retention of configuration in the oxidation of cw-decalin'’^ '” are additional im¬ 

portant characteristics of the process. 

A stepwise radical mechanism developed first for iron porphyrins'^' '’^ and then 

found to be valid for manganese porphyrins'^' '’^'’® as well accommodates the pre¬ 

ceding observations (Scheme 8.2). This mechanism is essentially the same as the 

one proposed for the oxidation of alkanes by cytochrome P-450.The active 

oxidizing species is the 8 oxoiron complex formed on the action of the single oxy¬ 

gen atom donor. The interaction of 8 with the alkane results in hydrogen abstrac¬ 

tion and the formation of caged radical 9. The isotope effect, the high regioselectiv- 

ity, rearrangement of certain alkanes during oxidation,'’'* and the occasional 

decrease in stereoselectivity testify to the radical nature of the mechanism. The re¬ 

verse transfer of the OH to the carbon radical before diffusing out from the cage, 

known as the oxygen rebound mechanism, yields the product alcohol. The exact na¬ 

ture of this recombination step and alcohol formation, however, is not well under¬ 

stood. Multiple fates, including intramolecular electron transfer to form an ion pair, 

have been suggested.'’® 
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(^^^e(lll[^ 
I 
HIg 

PhIO 

R3CH 

•CRo" 
OH 

--N 
r[e(i^ 

- 
1 
HIg -1 

9 

1 ,..-CR 

0’ 

c [Je(IV)^ 

HIg 

R3C-OH 

= porphyrin dianion 

Scheme 8.2 

It appears that oxidation with alkyl hydroperoxides’^^’'" has a different active 

species that does not include the metal. For example, in oxidation with cumyl hy¬ 

droperoxide the cumyloxy radical was proposed to participate in hydrogen abstrac¬ 

tion.’'”’ H^O^, in turn, can serve as a single oxygen atom donor only in oxidation with 

manganese porphyrins because of the activity of iron porphyrins to dismutate hydro¬ 

gen peroxide.’”® Imidazole when used in catalytic amounts was found to be an excel¬ 

lent agent for increasing the activity of the manganese porphyrin-H^O^ system.’'” 

Under these conditions, for instance, adamantane is preferentially converted to 1- 

adamantanol (63% selectivity at 93% conversion). 

Simple tetraphenyl metalloporphyrins are not particularly stable under oxidizing 

conditions. This is due to the oxidative destruction of hemin and the formation of |l- 

oxodimeric species that are not active in oxidation. It was observed, however, that 

electron-withdrawing substituents on the phenyl rings substantially increase stability 

of metalloporphyrins. At the same time improved selectivities of oxidations could 

also be achieved. Compared with iron(III) tetraphenylporphyrin chloride 

[Fe(TPP)Cl], perhalogenated metalloporphyrins, such as iron(III) tetra(perfluo- 

rophenyl)porphyrin chloride [Fe(TPFPP)Cl], are unusually efficient catalysts for 

high-turnover, high-yield alkane hydroxylations’'’^-’"’'’ [Eq. (8.42)].’'’” Iron tetra(o- 

nitrophenyl)porphyrin is such a powerful catalyst that the simplest alkanes, even 

methane and ethane, are converted to the corresponding alcohols.’'” 

^ 

CH2CI2, 22°C, 2-3h 6 (8.42) 

Fe(TPP)CI 5% 

Fe(TPFPP)CI 71% 

Perhalogenation of the pyrrole rings brings about similar increase in catalytic ac¬ 

tivity, also affecting regioselectivity.’'" Remarkable shape selectivity was observed 
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by the use of sterically hindered porphyrins.'‘'’-“'“ The unhindered manganese(ni) 

tetraphenylporphyrin acetate [Mn(TPP)OAc] exhibits the usual regioselectivity to 

yield mainly the corresponding secondary alcohol from 2,2-dimethylbutane''” '''** [Eq. 

(8.43)]. The extremely hindered manganese(in) tetra(2,4,6-triphenylphenyl)por- 

phyrin acetate [Mn(TTPPP)OAc], in contrast, gives the less hindered 3,3- 

dimethylbutane-l-ol with exceptionally high selectivity. Hindered metallopor- 

phyrins also exhibit an increasing reactivity in the oxidation of the (O-l CH^ site in 
straight-chain alkanes. 

_PhIO 

benzene, 25°C, 7 h*^ 

Mn(TPP)OAc 91 9 
Mn(TTPPP)OAc 25 6 

(8.43) 

Certain manganese porphyrins adsorbed on silica or alumina, or intercalated in 

different mineral matrices such as montmorillonite, are also very efficient in alkane 

hydroxylation.'^® '^’ Alcohol yields and alcohol : ketone ratios are remarkably higher 

than those obtained with the corresponding soluble manganese porphyrins. 

Manganese tetra(4-A-methylpyridiniumyl)porphyrin supported on montmorillonite, 

for instance, is efficient in the hydroxylation of compounds of low reactivity such as 

«-pentane and n-heptane.‘^' 

Molecular oxygen may also serve as the oxygen source if applied in the pres¬ 

ence of a reducing agent [Eq. (8.44)]. In different models for cytochrome P-450, 

Zn,‘^^ Zn amalgam,'” and sodium ascorbate'^"' are used as the reductant. In contrast 

with all the preceding metal complex-catalyzed oxidations the Mn(TPP)Cl-ascor- 

bate system oxidizes alkanes with predominant formation of ketones.'^"' Certain 

complexes, however, such as iron tetra(pentafluorophenyl)porphyrins,‘” perhalo- 

porphyrin complexes,'* and Cr(III), Fe(III), and Mn(III) porphyrins possessing 

azide as axial ligand,'* hydroxylate propane and isobutane under mild conditions 

without added coreductant. 

O2 + 2 0- + 2H-^ -►© + H2O (8-44) 

Other Homogeneous Metal-Catalyzed Oxidations. Investigations on the 

functionalization of nonactivated alkanes using nonporphyrinic catalysts led to the 

discovery of efficient catalytic systems. Known as the “Gif’ and “Gif-Orsay” 

systems, they operate under oxygen or air under mild conditions.'”'* The Gif 

system, discovered by Barton and coworkers at Gif-sur-Yvette, comprises hydrogen 

sulfide and iron powder in wet pyridine containing a proton source (CH^COOH).'” 

Hydrogen sulfide serving to catalyze the dissolution of iron powder is not necessary 

in reactions at 40°C. A crystalline complex, the Fe(II)Fe(in)0(0Ac)^(pyridine)35 

cluster (10), was isolated and used to develop a catalytic system.'^ In the GiF 

system metallic zinc serves as the reductant.'^' In the electrochemical modification 

of the Gif-Orsay system a cathode replaces zinc as the electron source.'® 
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The Gif and Gif-Orsay system exhibit some unusual characteristics. Most impor¬ 

tantly, they oxidize secondary carbon preferentially and ketones not alcohols are the 

main products'"" [Eq. (8.45)]. It is interesting to note that in a somewhat similar cat¬ 

alytic system consisting of iron powder, acetic acid, and heptanal, aerobic oxidation 

of adamantane gave 1-adamantanol with high selectivity, while cycloalkanes were 

transformed to ketones as the main products.'"^ 

OH 

(8.45) 

It was found that radicals are not involved in ketone^ formation in Gif oxida- 
tion.'64.'65 a minor route, in contrast, tertiary alcohols are formed through carbon 

radicals. Key intermediates'"^ are the Fe(V)=0 species 11, formed from a |i-oxoiron 

dimer that inserts into the C—H bond, and the alkoxy-iron species 12 [Eq. (8.46)]. 

Alcohols are not intermediates in the formation of ketones. 

/ 
Fe(V)=0 

Fe(lll) 

11 

\ r 1^1 n 
Fe(V)-CH 

< ^ 
Fe(lll) 

/ 
Fe(V)-CH 

/ \ 

Fe(lll) 

/ 
^Fe(lll)-0-CH^ 

\ 
Fe(V)=0 

^Fe(lll)-0^ ^ 

A 
Fe(lll)—O 

/ 
^Fe(lll)—O-CH^ 

Q 

Fe(lll) 

12 

0=0 
/ 
\ 

(8.46) 

A new series, the so-called GoAgg systems, have recently been introduced.'"* '""'"^ 

The most practical member is GoAgg" using iron(III) chloride and H^O^. Alkyl hy¬ 

droperoxides were found to be the intermediates in these oxidations.'"* 

A number of other nonporphyrinic metal catalysts have been developed and test¬ 

ed in alkane oxidation. Most of these are iron-based'*''"”'' or ruthenium-containing 

catalysts,and the first Rh-catalyzed reaction has also been reported.'*' H O is 

the preferred single oxygen atom source, but rerr-BuOOH 169,173,175-177 or oxy¬ 

gen 163,172,178,180 may also be used. RuO^ prepared in situ with NalO^ as the reoxidant,'*^ 

as well as a ruthenium heteropolyanion with the usual oxidants (KHSO^, NalO^, 

PhIO, tert-BuOOH),'*" are also effective. Some of these catalytic systems are very 

efficient in direct ketonization of methylene groups.'™'^*'’" Methane monooxyge¬ 

nase, a nonheme monooxygenase, exhibits catalytic activity for oxygenation of sim¬ 

ple alkanes and is believed to contain binuclear iron. This is the reason why these 

studies include several binuclear iron complexes'"''”'^^ with the aim of mimicking 

methane monooxygenase. 
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MiscGlISHGOUS Oxidstions. Titanium silicalites (TS) are a recently developed new 

type of molecular sieve incorporating titanium in the framework. They are able to 

perform oxygenation of various hydrocarbons under mild conditions by hydrogen 

peroxide. 

TS-1, which is a ZSM-5 isomorph, exhibits high activity in the oxidation of 

straight-chain alkanes.For example, in the oxidation of n-hexane to yield sec¬ 

ondary alcohols and ketones***"*^ [Eq. (8.47)], the efficiency of use is gener¬ 

ally higher than 80%. may be generated in situ on a palladium-containing ti¬ 

tanium silicalite in an oxygen-hydrogen atmosphere.”® TS-2 belonging to a 

different structure group exhibits a similar activity and similar high selectivity in 

oxidation of hexane.”' Branched and cyclic alkanes react much more slow- 
jy 186,187.189 indicating that the oxidation occurs preferentially inside the channels of 

the catalyst structure.'*'' 
Interesting solvent effects have also been observed'*’ [Eq. (8.47)]. Product distribu¬ 

tion at secondary sites in water is almost statistical, and ketones are the main products. 

In acetonitrile, the y position is oxidized with the preferential formation of alcohols. 

TS-1,33 /o H2^ CH3CHC 4H9 + CH3CC 4H9 + C2H5CHC 3H7 + C2H5CC 3H7 
min I II i II 

OH O OH O (8.47) 
55° C, 75—165 min 

H2O 1.5 54.0 8.8 

CH3CN 16.7 12.3 43.8 

35.6 
27.2 

The latest experimental evidence suggests the presence of titanyl groups (Ti—O) 

in the structure'** (Scheme 8.3). is activated via chemisorption on these groups 

with the formation of a surface titanium peroxo complex (13). It may exist in the hy¬ 

drated or open diradical form and initiates hydrogen abstraction. Quick recombina¬ 

tion of the radicals allows the formation of the alcohol and regeneration of the titanyl 

species. Efficiency of use for oxygenation and selectivity strongly depend on 

catalyst structure. TiO^ impurities catalyze the decomposition of Hp^, while residual 

acidity may catalyze secondary reactions thus decreasing selectivity.'** 

II + H2O2 
71 

Hq pOH .H^O 

- 
71 Ti 7l 

13 |r3CH 

HO^ 
or'. 

I 
now 

R3COH 

Scheme 8.3 

Some studies have been conducted on the photochemical oxygenation of al¬ 

kanes, including the low-temperature conversion of ethane and water to ethanol'’^ 

and the hydroxylation of different acyclic and cyclic alkanes using Hp^ or per- 

formic acid.'” In both cases hydroxyl radicals serve as the hydroxylating agent. 
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Photochemical oxidation of cycloalkanes is promoted by ceric ammonium nitrate 

in acetonitrile.""* Conversion of ethane to acetaldehyde on UV irradiation over 

M0O3 on SiOj was observed.'**^ ' 
Cycloalkanes can be oxygenated when irradiated in the presence of nitroben¬ 

zene. **'* A 50% yield of cyclohexanol and cyclohexanone is achieved from cyclo¬ 

hexane. Since the product ratio is independent of reaction time, the alcohol is not an 

intermediate in ketone formation. Isomeric 1,2-dimethylcyclohexanes give an iden¬ 

tical mixture of the isomeric tertiary alcohols, indicative of conformational equili¬ 

bration and the presence of a radical intermediate. 
Partial oxidation of cyclohexane at the cathode of an OyHj fuel cell takes place at 

ambient temperature.'” Catalytic oxidation with 100% selectivity of the formation 

of cyclohexanol and cyclohexanone is achieved. Of the cathode materials compris¬ 

ing a mixture of alkaline-earth or rare-earth metal chlorides and graphite, the one 

containing SmCl^ exhibits the highest activity. 

8.1.2. Oxidations Resulting in Carbon-Carbon Bond Cleavage 

Compounds arising from carbon-carbon bond cleavage may be observed in many 

oxidation reactions as minor byproducts. Cleavage reactions, however, may be the 

major route when certain saturated hydrocarbons are oxidized by some reagents 

under specific reaction conditions. 

Metal Oxidants. When oxidation of alkanes is carried out in the presence of large 

amounts of cobalt salts, direct oxidation to carboxylic acids through carbon-carbon 

bond cleavage can be achieved. Butane, for example, is oxidized at 110°C with 

Co(OAc)3 promoted with 2-butanone to acetic acid with high selectivity (>83% at 

80% conversion)."*** When catalytic amounts of metal salts (cobalt or manganese) are 

employed, temperatures of 170°C and higher are required. 

Oxidation of cyclohexane'*^ and alkyl-substituted cyclohexanes'” under similar 

conditions yields adipic acid directly. Significant amounts of glutaric and succinic 

acid (near 30% at about 90% conversion) are also formed from cyclohexane. 

In contrast with autoxidation tertiary C—H bonds are less reactive under these 

conditions. A reversible electron transfer mechanism to form a radical was suggest¬ 

ed"’ [Eq. (8.48)]. C—H bond breaking was found not to be rate-controlling. 

RH + 
electron 
deficient 
species 

R - + (8.48) 

Co(II) acetate in acetic acid with acetaldehyde also gives good selectivity in the 

formation of adipic acid (73% at 88% conversion at 90°C).'"“ The role of acetalde¬ 

hyde is to promote oxidation of Co(n) to Co(III) and maintain a steady-state concen¬ 

tration of Co(III). Later during the reaction, however, cyclohexanone formed as an 

intermediate in oxidation serves as promoter. Zirconium ions also exhibit a signifi¬ 
cant promoter effect.^' 

The liquid-phase oxidation of butane is utilized in the commercial synthesis of 
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acetic acid (see Section 8.5.1). Despite research efforts, however, there is no com¬ 

mercially viable route to the direct one-step oxidation of cyclohexane to adipic acid. 

Treatment of alkanes with chromic acid under drastic conditions results in oxida¬ 

tion of methylene and methine groups and ultimately in carbon-carbon bond cleav¬ 

age. Methyl groups, however, are inert to oxidation, which allows their quantitative 

determination through the analysis of acetic acid formed. A micro method^“'^“ em¬ 

ploying a mixture of CrO^ and H^SO^ at 120°C was developed by Kuhn and Roth 

based on the titration of AcOH distilled off the reaction mixture. The method under¬ 

went several modifications to improve accuracy and applicabilityThese in¬ 

cluded increased reaction temperature and prolonged reaction time to oxidize natural 

compounds possessing oxidation resistant geminal dimethyl groups.^®* A submi¬ 

croscale operation was developed by the addition of V^Oj and MnSO^ to the acid mix- 

ture.2‘” Spectroscopic methods, however, have replaced this analytical procedure. 

Electrophilic Reagents. Electrophilic oxygenation of alkanes can be carried out 

with hydrogen peroxide or ozone in superacids*’’’® and by using the so-called dry 

ozonation technique. 
HjOj in superacids brings about oxygenation of branched alkanes also involving 

C—C bond cleavage.'“ Isobutane and related isoalkanes are transformed to dialkyl- 

alkylcarboxonium ions in Magic Acid-SO^CIF solution at -78°C. Isobutane, for exam¬ 

ple, gives dimethylmethylcarboxonium ion (15). An electrophilic hydroxylation mech¬ 

anism rationalizes the observations (Scheme 8.4). The insertion of hydroxonium ion 

formed from protonated hydrogen peroxide yields the corresponding tertiary carbo- 

cation (14) in different pathways; 14 then undergoes further transformations to give 15. 

(Vie 

Me—cp—H 

Me 

[Ha02* 

r .H 
Me—C—< 

I OH 
Me 

-HoO 

-I 
Me 

I H'*' 
Me—C—OH Me-C + 

Me 
I 

Me 

14 

H2O2 I H 
-► Me-C-O-OH 

I 

Scheme 8.4 

-HoO 

M 

/ 
Me 

,c=o 

15 

At higher temperatures hydrolysis of the carboxonium ion and Baeyer-Villiger 

oxidation lead to the formation of acetone, methanol, and methyl acetate [Eq. (8.49)]. 

Because of the enhanced nucleophilicity of water formed under reaction conditions, 

these hydrolysis products predominate in weaker acids (FSO3H, HE, H^SO^). 
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15 
HgO^ Me. 

Q=Q + MeOH + MeCOOMe 

Me ' \ 

(8.49) 

Although the carbon-carbon a bond is quite resistant to ozone, C—C bond cleav¬ 

age can occur during dry ozonation of branched alkanes and may become the main 

reaction path in certain cases. In the ozonation of neopentane acetone is the sole 

product.*” Direct insertion of ozone into the C—C bonds through a transition state 

analogous to that postulated by Olah for alkane ozonation in superacids was pro¬ 

posed. The highly reactive dialkyl trioxide thus formed decomposes to give the 

cleavage products. 
The cyclopropane ring is known to exhibit high stability toward ozone, and oxi¬ 

dation of the secondary C—H bond in the a position to the ring takes place.'” In 

contrast, highly strained bicyclo[n. 1.0] alkanes undergo C-—C bond cleavage in the 

cyclopropane ring^” [Eq. (8.50)]. On the basis of deuterium labeling, 1,3-dipolar cy¬ 

cloaddition to the bridge C—C bond to form a cyclic trioxide was suggested. 

Rearrangements similar to those in alkene ozonation yield the products. 

O3 on silica 
-► 
-50 to -30° C 

CHgCOOH + OHC-CH2CH2-CHO 

28.5 71.5 

(8.50) 

Carbon-carbon bond cleavage is also characteristic of branched saturated hydro¬ 

carbons reacting with ozone in superacid media.' Depending on the structure of the 

reacting alkanes, different mechanisms can be operative. 

Isobutane gives dimethylmethylcarboxonium ion (15), and related isoalkanes 

yield the corresponding dialkylalkylcarboxonium ions when treated with ozone in 

superacid®’ (Magic Acid-SO^CIF solution at -78°C). Cyclic carboxonium ions are 

formed from methylcyclopentane and methylcyclohexane.' There is ample evidence 

suggesting that the reaction proceeds via electrophilic attack by protonated ozone 

into the alkane tertiary C—H bond through two-electron three-center bonded penta- 

coordinated carbenium ion (16) [Eq. (8.51)]. Cleavage of from the 17 protonat¬ 

ed trioxide results in product formation. The alternative cleavage pathway giving 

MjC^ and is reversible under superacidic conditions. 

I|l6 

Me—C—H ++0001-1 

Me 

Me—I 
Y® OOOH 

■f H 
Me 

l|l£ 

-H' 
Me-(p-0-0-0H 

H+ 

Me 

16 

nH 
■Me-C-OrO-OH 

I V+ 
Me 

Me Me 
' +/ 

+ H2O2 

Me 

(8.51) 

15 17 
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2,2-Dimethylbutane and 2,3-dimethylbutane in Magic Acid-SO^CIF solution 

at -78°C give the same distribution of products, a roughly 3 ; 2 mixture of di- 

methylisopropylcarboxonium ion (19) and protonated acetone (20)*’ (Scheme 

8.5). This clearly demonstrates that, in contrast to the transformation of the 

above compounds, ozonation in this case proceeds via the intermediate carbo- 
cation 18. 

I'jle (^le 

Me-(p—HjC-Me Me-(j;—H^-Me 

Me Me 

1 
lyie Me i^e lyie ^ 

Me-CH-CH-Me Me-CH-C-Me —♦ 
—H 2 + 

18 

Me l|1e 

Me-CH-C-Me 

^0-0=0 

-Oo 

Me Me 
H,0 ^ ,, \ + / 

CH 
\ 

p-o ► ^c—0 

Me Me Me 
19 20 

\ 

/ 
Me 

Scheme 8.5 

2,2-Dimethylpropane''' (neopentane) is transformed to a mixture of ethyl- 

dimethylcarboxonium ion (21) and dimethylmethylcarboxonium ion (15). At -78°C 

21 is formed exclusively. At temperatures higher than -20°C 15 becomes the pre¬ 

dominant product. Formation of 21 can be best explained by a reaction path that in¬ 

volves insertion of protonated ozone into the C—H a bond, formation of the tert- 

amyl cation through rearrangement, and its quenching by ozone: 

Me 

Me-Cj;—HgC—H + 

Me 

Me 
I 

Me-(j;-H2C-' 

Me 

H 

'O3H 

+• l|le 

:7-;r*-Me-C—CHo 
-H2O3 Y A ^ 

Me-^ 

Me 
I O3 

-Me—C—HgC-Me —► 
+ 

iyi€ 

Me-C^j+igC—Me 

oro=o 
u 

+ Me^ y7H2Me 

(8.52) 
Me 

21 

Equation (8.53) depicts the most probable path of the formation of 15 through 

protolysis of the C—C a bond. Similar mechanisms account for the formation of the 

same products from 2,2,3,3-tetramethylbutane. Besides these predominant path¬ 

ways, alternative reactions such as insertion of protonated ozone into the C—C bond 

and protolysis of the C—H bond may also take place. 
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Me 

Me-i- 
I 

Me 

Me + H+- 

Me 
I 

Me-C 
I 

Me 

Me 

-CH, 

Me 
I 

Me-C + 

rile 

'-^3 \ 

-O2 / 
Me 

+ / 
.C=0 

Me 

(8.53) 

15 

Bis(trimethylsilyl)peroxide-triflic acid was also found to be an efficient elec¬ 

trophilic oxygenating agent™. Adamantane gives 4-oxahonioadaniantane obtained 

through C—C a-bond insertion [Eq. (8.54)]. 1-Adamantanol, the C—H insertion 

product, is formed in a very small amount. 4-Oxahomoadamantane was isolated in a 

similar good yield (84%) when oxygenation was carried out with sodium percarbon- 

ate-triflic acid.^*“ Two isomeric oxahomodiamantanes (C—C insertion) and bridge¬ 

head diamantanols (C—H insertion) are produced from diamantane.™ 

(8.54) 

Oxygenolysis. In the course of electrophilic oxygenation of alkanes with 

hydrogen peroxide or ozone in superacidic media the strong oxygen electrophiles 

and ^O^H, respectively, can insert not only into C-H bonds but also to a lesser 

extent into C—C bonds.' Electrophilic oxygenation of C—C bonds leads to cleavage 

of these bonds (oxygenolysis), similar to related protolysis, hydrogenolysis, 

halogenolysis, nitrolysis, and so on. The relative order of reactivity of single bonds 

in alkanes toward from the products obtained in the reaction is R^C—H > 

RjCH—H > RH^C—H > C—C. This order is similar to that obtained for 

electrophilic insertion of protonated ozone, ^O^H, into single bonds of alkanes. 

Representative is the reaction of neopentane with [Eqs. (8.55) and (8.56)], 

indicating 90% C—H and 10% C—C bond attack.'"' 

Me 
I 

Me-C—HpC-H 
I 

Me 

Me 

3—i —HpC —^ 
■OoH 

isoR^ 

-H2O2 

+/ 
c=o 

Me 

Me Me 

-►CH3O2H+ c=o 
Me 

(8.55) 

(8.56) 

8.2. OXIDATION OF ALKENES 

Depending on the oxidizing agents, reaction conditions, and the structure of the mol¬ 

ecule, alkenes may be oxidized to give products formed through the reaction of the 71 

bond (epoxidation, bis-hydroxylation). Strong oxidizing conditions may afford com- 
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plete cleavage of the double bond to yield two oxygenated molecules (carbonyl 

compounds and carboxylic acids). Special reaction conditions can lead to the cleav¬ 

age of vinylic or allylic C—H bonds to produce vinyl- or allyl-substituted products, 

respectively. The formation of carbonyl compounds and carboxylic acids through 

such bond breaking is also possible. 

8.2.1. Epoxidation 

Direct Oxidation with Stoichiometric Oxidants. Discovered by Prileshajew 

in 1909,^'' the typical epoxidation reaction of alkenes is their oxidation with organic 

peracids.^'^"^^* Of the large number of different peroxycarboxylic acids used in 

epoxidations, commercially available m-chloroperbenzoic acid (/n-CPBA) is the 

most favored, but the water-soluble and more stable magnesium monoperoxy- 

phthalate gained more widespread application recentlyAliphatic peracids 

(peroxyformic, peroxyacetic, peroxytrifluoroacetic acid) generated mostly in situ are 

used preferentially in large scale syntheses. 

A simple generally accepted mechanism known as the “butterfly” mechanism 

first suggested by Bartlett™ and Lynch and Pausackef “ involves the nearly nonpolar 

cyclic transition state 22 [Eq. (8.57)]. It is formed as a result of the nucleophilic at¬ 

tack on the monomeric, intramolecularly hydrogen-bonded peracid by the % elec¬ 

trons of the alkene double bond. 

In support of this mechanism are the higher reactivity of peracids possessing 

electron-withdrawing groups, and that of alkenes with more nucleophilic (more 

substituted) double bonds permitting regioselective oxidation of dienes^^^’ [Eq. 

(8.58)].“® Also in accord with the mechanism is the increasing reaction rate with in¬ 

creasing dielectric constant of the solvent and the complete syn stereoselectivity 

(8.58) 

7.7 

A closely related 1,3-dipolar cycloaddition mechanism with an 1,2-dioxolane in- 

termediate“' could not be experimentally proven.^* Further studies concerning de¬ 

tails of the mechanism including molecular orbital calculations^'^® and solvent ef- 

fects“’““‘' have been carried out leading, among others, to the suggestion of the 
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formation of a nonsymmetric transition state^^° and an electron donor-acceptor 

complex.^^'* 
The more energetic cis double bond in acyclic alkenes is epoxidized faster than 

the trans double bond.^’’ In contrast, opposite reactivity is observed for the 

stereoisomers of cycloalkenes, with the trans isomers being more reactive as a result 

of higher ring strain. This was demonstrated in the selective monoepoxidation of 

cw,tran5-l,5-cyclodecadiene”^ [Eq. (8.59)]. The lack of formation of transannular 

addition products was taken as evidence of the single-step formation of a transition 

state with little or no ionic character. 

85-90% 10-15% 
91% conversion 

(8.59) 

Since peroxy acids have a relatively low steric requirement, steric hindrance 

arises mainly in the epoxidation of bridged cycloalkenes.^^'' Marked difference in 

exo/endo selectivity was observed in the reaction of norbornene and 7,7-dimethyl- 

norbornene with /n-CPBA“* [Eqs. (8.60) and (8.61)]. In competitive epoxidation 

norbornene reacts at a rate approximately 100 times that of 7,7-dimethylnor- 
bornene. 

m-CPBA 
-► 
CH2CI2, 25°C. 1 h (8.60) 

87% yield, 99% selectivity 

(8.61) 

Besides peracids, other carboxylic acid derivatives such as peroxycarboximidic 

acids (23), peroxycarbamoic acids (24), and peroxycarbonic acids (25) also gained 

importance. Usually prepared in situ in the reaction of the corresponding acid 

derivatives with hydrogen peroxide^^^ [Eq. (8.62)], they all have the common gener¬ 

al formula 26, and contain the HOO—moiety in conjugation with a double bond. 

They decompose with ease to transfer oxygen to the double bond. a-Hydroperoxy 

ethers, amines, ketones, acids, and acid derivatives with the general formula 27 have 
properties comparable to those of organic peracids.“*-^'“'^‘" 
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(8.62) 

60-61% 

Further useful stoichiometric oxidizing agents include metal-peroxo complexes 

of Mo(VI) and W(VI)), and high-valent metal-oxo compounds.Cr02(N03)2 in 

aprotic solvents with a basic cosolvent may yield epoxides with high selectivity.^'^ 

The actual oxidizing agent was found to be an oxochromium(V) compound formed 

by one-electron oxidation of solvent. Molybdenum(VI)-oxoperoxo complexes 

MoO(02)2L are more selective oxidizing agents.Epoxidation with these 

reagents proceeds via reversible complexation of the alkene to the metal followed by 

irreversible oxygen transfer to the alkene^'*^^ or through direct oxygen transfer to 

the noncoordinated olefm.^^ An analogous W(VI) complex^” and polymolybdate- 

peroxo^' and polytungstate-peroxo^^ compounds exhibit higher activity. 

Direct oxidation of alkenes with molecular oxygen initiated by free radicals 

to yield epoxides occurs through addition of peroxy radicals to produce the more 

stable p-peroxy alkyl radicals (28)“’ [Eq. (8.63)]. The latter are known to cyclize 

rather readily to give epoxides and alkoxy radicals. 

ROO- + ^^ ROO—I 

28 

Maximum yield of epoxides can be expected with molecules, first 1,1-dimethyl- 

alkenes, which prefer addition to abstraction (allyl hydrogen removal).These 

oxidations are not stereoselective; mixtures of the isomeric oxiranes are formed in 

the reaction of isomeric Ai-octenes.“' This was interpreted as additional evidence of 

the formation of radical intermediate 28 allowing the rotation about the carbon-car¬ 

bon bond. 
In cooxidation of alkenes and aldehydes, and in photosensitized epoxidations, 

acylperoxy radicals are the epoxidizing agents. The mechanism of the former oxida¬ 

tion, on the basis of kinetic measurements and the nonstereospecificity of the reac- 

tion,^^-’*'' involves alkylperoxy radicals formed through the a-bonded radical 29 as 

the intermediate. 

II 5- . I 8+ / 
Rcoo-(|-j:- Rcoo-cj-q^ 

o 
29 30 
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In contrast to the preceding observations, stereoselective epoxidation has been 

described recently.^®’ Internal olefins reacting with a stoichiometric amount of pi- 

valaldehyde yield quantitatively the corresponding epoxides. The higher reactivity 

of the internal double bond permits selective epoxidation of dienes [Eq. (8.64)]. The 

stereoselective nature of the reaction supports the suggestion that epoxidation in this 

case does not occur by acylperoxy radicals but rather by peracids generated from au- 

toxidation of aldehydes. 

Og, MegCHCHO ^ 

CCI4, 40°C, 6h 
(8.64) 

78% 

Photoepoxidation of alkenes with oxygen in the presence of photosensitizers^*"^ 

can be used as a synthetic method. The complete absence of any nucleophile in the 

reaction mixture prevents secondary transformations of the formed oxirane and thus 

allows the preparation of sensitive epoxides. 
The acylperoxy radical was found to epoxidize olefins much faster than peracids 

also formed under reaction conditions. The result ruled out the role of the latter.^^ 

The addition of RCO^* was observed to occur 10’ faster than that of ROO*. The rela¬ 

tive reactivity of alkenes suggests a strongly electrophilic radical forming the polar 

transition state 30. The rotation about the carbon-carbon bond in intermediate 30 is 

fast compared to cyclization. As a result isomeric alkenes are transformed to oxi- 

ranes of the same, predominantly trans stereochemistry. A practical process for the 

epoxidation of a wide range of alkenes was described in the presence of biacetyl as 

sensitizer to yield epoxides in about 90% yield.“* 

There are examples in the literature of the formation of epoxides during ozonoly- 

sis of olefins^'' [Eq. (8.65)]. These epoxides, termed partial cleavage products, are 

formed when the reacting alkenes are sterically hindered.™ 

fert-BuHgQ^ 

F 
tert-BuHgC 

/ 
H 

Og 

\ CHgClg, -78°C 
R 

fert-BuHgO^ H 

fert-BuHgC O r 

R = H 29% 
R = fert-Bu 91% 

(8.65) 

A recent detailed study^’’ on the reaction of 2,3-dimethyl-2-butene with ozone revealed 

that epoxide formation strongly depends on alkene concentration and temperature. Under 

appropiate reaction conditions (neat alkene, 0°C) the corresponding tetramethyloxirane 

was the main product. Dimethyldioxirane formed from energy-rich acetone oxide (a 

cleavage product of the alkene) was postulated to be responsible for epoxidation. 

Several new powerful oxidizing agents have recently been discovered and used 

in alkene epoxidation. Dioxiranes [dimethyldioxirane (31), methyl(trifluo- 

romethyl)dioxirane] react readily with alkenes to give epoxides in high yields.*'-*’ 

Compound 31 was first generated in situ from potassium caroate and acetone and 

was used as such.™ The rate of oxidation of cis dialkylalkenes with 31 was found to 
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be 10 times higher than that of the corresponding trans isomers.^^^ In contrast, aryl- 

substituted alkene isomers exhibited similar reactivity. These observations and the 

exclusive retention of configuration^’'* demonstrated for both cw-stilbene [Eq. (8.66)] 

and tranj’-stilbene testify an electrophilic O transfer and the butterfly transition state 
analogous to epoxidation with peracids. 

31 

The mild neutral reaction conditions permit the transformation of allenes to sensi¬ 

tive spiroepoxides”^ and norbomadiene to exo- monoepoxide or exo,exo-diepoxide:”® 

less than 
stoichiometric 31 97% selectivity 

excess 31 93% yield 

The relatively stable complex HOF.CHjCN generated in the reaction of with 

water and CH^CN can epoxidize various alkenes quickly and efficiently.”’ Because 

of the partial positive charge on oxygen generated by the strongly electronegative 

fluorine, HOF is a strongly electrophilic reagent. This fact and the very high reaction 

rate and the full retention of configuration [Eq. (8.68)] suggest a fast two-step 

process involving formation of the highly unstable p-oxacarbocation 32. 

(8.68) 

Metal-Catalyzed Epoxidation. Hydrogen peroxide is able to convert alkenes to 

epoxides in the presence of metal catalysts. Several metal oxides (M0O3, WO3, SeO^, 

V^Oj) are known to catalyze such epoxidations.’’^®”*™ All these catalysts form 

stable inorganic peracids, and these peracids are supposedly involved in epoxidation 

in a process similar to organic peracids. 
Tungsten(VI) complexes are among the best transition-metal catalysts for epoxi¬ 

dation with H^O^. Pertungstenic acid and pertungstate, which are highly stable in 

aqueous solution, decompose slowly, permitting selective epoxidation under mild 

conditions.’^® Epoxidations under phase-transfer conditions were found to give the 

best results.’*®"’*’ 



318 OXIDATION-OXYGENATION 

The use of heteropoly acids such as H3PM,p^ [M = Mo(VI), W(VI)] with dilute 

H3O3 is of increasing interest in selective synthesis of epoxides. Reactions 
with phase-transfer catalysis again proved to be efficient and synthetically valuable. 

Even the least reactive simple terminal alkenes are converted under mild conditions, 

in short reaction time to epoxides in high yields:^*^ 

\_ {[WO(0 2)2]4P04f' [(CgHulaNMeE 

CICH 2CH2CI, 70°C, 45-60 min 

R=n-C8Hi7 88% 

R =n "C-jQH2‘| 94% 

(8.69) 

The preceding reactions, however, have the disadvantage that is usually em¬ 

ployed in aqueous solution. It is known that water seriously retards epoxidation, and 

it may further transform the product epoxides to the corresponding 1,2-diols. This 

often results in low selectivity, which is the main reason why these reactions do not 

have the same broad synthetic utility as epoxidations with alkyl hydroperoxides. 

The use of alkyl hydroperoxides in the metal-catalyzed epoxidation of alkenes is 

their most important synthetic application. High-valence cP metals such as Mo(VI), 

W(VI), V(V), and Ti(IV) are the most effective catalysts.Used as solu¬ 

ble complexes or as heterogenized supported catalysts, they can give epoxides in 

near-quantitative yields. 

tert-Butyl hydroperoxide, the most stable, commercially available alkyl hy¬ 

droperoxide, is used most frequently.^*’ A key question to ensure high selectivity in 

epoxidation with the ROOH-transition-metal systems is to avoid homolytic cleav¬ 

age of the hydroperoxide since this may lead to nonstereoselective epoxidation and 

allylic oxidation.’^*’'” Arylalkyl hydroperoxides (ethylbenzene hydroperoxide and 

cumene hydroperoxide) with increased electrophilicity satisfy this requirement and 
are used accordingly. 

Comparative studies concerning the activity of different metal catalysts in epoxi¬ 

dation of cyclohexene’** led to the findings that metals in the highest oxidation state 

with strong Lewis acidity and poor oxidizing ability exhibit good catalytic activity 

and high selectivity in epoxidation.’**’** Mo(VI) and W(VI) meet these requirements 

best [Eq. (8.70)]. V(V), a better oxidant, exhibits low selectivity in the oxidation of 

simple nonsubstituted alkenes and is used mainly in the epoxidation of unsaturated 
alcohols, just as Ti(IV).’'^ 

fert-BOOH 

benzene, 90°C 

time (h) % conversion % yield 

Mo(CO) 6 2 98 94 

W(CO) 6 18 95 89 

VO{acac)2 2.5 96 13 

T1(0 n-Bu)4 20 80 66 

(8.70) 
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The best of these catalysts are soluble molybdenum(VI) complexes, of which 

Mo(CO)^ and MoO^(acac)2 the most frequently used, and most thoroughly tested 

and characterized.^''”’* Different molybdenum complexes catalyze the epoxidation 

of a wide variety of alkenes in nonpolar solvents (benzene, polychlorinated hydro¬ 

carbons), at moderate temperature (80-120°C). Of the simplest alkenes, ethylene 

can be transformed with tert-BuOOU + Mo02(8-hydroxyquinoline)2 to ethylene 

oxide in high yield,’*'' and propylene oxide is currently manufactured on a large scale 

by Mo-catalyzed epoxidation (see Section 8.5.2). Many different heterogeneous 

molybdenum catalysts have been used in epoxidations.’^’ The ROOH-transition- 

metal reagents display regularities very similar to those in epoxidation with organic 

peracids. Increasing nucleophilicity of alkenes brings about increasing reactivity to 
allow selective monoepoxidation of dienes:’''® 

Mo(CO)6. 

cumene hydroperoxide 

85°C, 50 min 

11 : 1 90% yield 

(8.71) 

Similar differences in the reactivity of cis and trans alkenes (higher reactivity of 

cis compounds), and similar regio- and stereoselectivities are observed in both sys¬ 

tems, but slight differences may occur’"' [Eq. (8.72); compare to Eq. (8.58)]. One 

important advantage of the use of ROOH-transition-metal reagents over the tradi¬ 

tional organic peracids is that they are particularly useful in the synthesis of acid- 

sensitive epoxides. 

(8.72) 

Mechanistic investigations concerning the Mo(VI)-catalyzed epoxidations with 

alkyl peroxides as oxidants point to the similarities to the V(V)- and Ti(IV)- 

catalyzed processes. Of the numerous suggestions, two mechanisms are consistent 

with most experimental observations.’''^’''^'”* 
Mimoun proposed a mechanism that is general for both stoichiometric epoxida¬ 

tions with peroxo complexes and for catalytic systems employing alkyl hydroperox¬ 

ides.’"’’"'' It involves an alkylperoxidic species with the alkene complexed through 

the metal [Eq. (8.73)]. Insertion to the metal-oxygen bond produces a peroxometal- 

lacycle, which decomposes to give the product epoxide and metal alkoxide. 

-ROM 
(8.73) 
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According to the other mechanism,the intact alkyl hydroperoxide or alkyl 

hydroperoxidic species activated by coordination to the metal through the oxygen 

distal to the alkyl group is involved in the epoxidation step [Eq. (8.74)]. The epoxide 

is produced via the transition state 33 resembling that suggested for epoxidation by 

peroxomolybdenum reagents^” and by organic peroxides. The initially formed epox¬ 

ide is coordinated to the metal. Complexation of the alkene in different orientations 

to the metal, followed by coordination to the peroxide oxygen, was suggested on the 

basis of frontier orbitals.^” 

Nonstereospecific aerobic epoxidations of alkenes in the presence of aldehydes 

catalyzed by nickel(II),^'''* iron(in),^^ and cobalt(n)™ complexes, and clay-supported 

nickel acetylacetonate^°''^“ have recently been reported. A radical mechanism has 

been postulated.^“'^“ The involvement of active copper species and peracids were 

suggested in a similar reaction catalyzed by copper salts.^” 

A unique titanium(IV)-silica catalyst prepared by impregnating silica with TiCl^ 

or organotitanium compounds exhibits excellent properties with selectivities compa¬ 

rable to the best homogeneous molybdenum catalysts.The new zeolite-like cata¬ 

lyst titanium silicalite (TS-1) featuring isomorphous substitution of Si(rV) with 

Ti(IV) is a very efficient heterogeneous catalyst for selective oxidations with 

It exhibits remarkable activities and selectivities in epoxidation of simple 

olefins.Propylene, for instance, was epoxidized^*^ with 97% selectivity at 

90% conversion at 40°C. Shape-selective epoxidation of 1- and 2-hexenes was ob¬ 

served with this system that failed to catalyze the transformation of cyclohexene.^ 

Surface peroxotitanate 13 is suggested to be the active species ‘*^ '*’ ‘** It forms a com¬ 

plex with the alkene to undergo an intramolecular oxygen transfer to the C—C dou¬ 

ble bond.’*** A different, heterolytic peracid-like mechanism was suggested for protic 
solvents with the participation of 34 as the active speciesf®’ 

(8.75) 

Epoxidstion Catalyzed by Metalloporphyrins. Metalloporphyrins, which 

have been thoroughly studied as catalysts in alkane oxygenations, have also been 
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tested as epoxidation catalysts.lodosylbenzene (PhIO), sodium 

hypochlorite, alkyl hydroperoxides, potassium hydrogen persulfate, and molecular 

oxygen are the oxygen sources used most frequently in these oxidations."'^ 

Epoxidation with PhIO in the presence of manganese(III) tetraphenylporphyrine 

chloride [Mn(TPP)Cl] has been studied extensivelyThe main characteristic 

of these reactions is the loss of stereochemistry at the double bond with product dis¬ 

tributions depending on the porphyrin structure:’^ 

PhIO 
-► 
CH2CI2 

Mn(lll) tetraphenylporphyirin chloride 1:1.6 88% 

Mn(lll) tetra{o-tolyl)porphyirin chloride 2.8 : 1 87% 

(8.76) 

Epoxidation of norbomene with PhIO in the presence of H^'^O resulted in the for¬ 

mation of labeled norbomene oxide, indicating the exchange of a labile oxo ligand 

in high-valence manganese-oxo species. The reactive complex 35 has been iso¬ 

lated.These observations can be explained by a stepwise radical transformation 

with the involvement of the manganese-oxo species 36 and radical intermediate 

37.’^ It allows rotation around the carbon-carbon double bond before ring closure, 

resulting in the formation of isomeric oxiranes: 

(8.77) 

Epoxidation with NaOCl is of synthetic interest, although this system is not 

stereoselective, either.^'^’^^ Reactivity and chemo- and stereoselectivity, however, 

are largely increased by added nitrogen bases (pyridine, imidazole),^'”'^" which be¬ 

have as axial ligand of the metalloporphyrin. 
Highly regioselective epoxidation of the less hindered double bond in dienes with 

the sterically hindered manganese(III) tetra(2,4,6-triphenylphenyl)porphyrine ac¬ 

etate [Mn(TTPPP)OAc] catalyst was demonstrated:^" 

+ NaOCl 
_Mn(TTPPP)OAc ^ 

4'-(imidazol-1 -yl)acetophenone 

CH2CI2. 27°C, 15 min 

+ (8.78) 

O 
95 5 
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Dramatic shape selectivities in competitive olefin epoxidation was observed 

with “picnic basket” metalloporphyrins^*^-^” designed to exclude bulky axial lig¬ 

ands on one sterically protected porphyrin face. When oxidized with PhIO in 

acetonitrile in the presence of the rigid p-xylyl-strapped porphyrin c/5-2-octene 

reacted selectively against ci^-cyclooctene or 2-methyl-2-pentene, giving 

>1000 reactivity ratios.^'”''' Some immobilized manganese(III) porphyrins 

proved to be as efficient as their homogeneous equivalents in epoxidation with 
Phio.'5>3i5 

In contrast with manganese(III) porphyrins, stereoselective epoxidation with 

retention of configuration can be achieved with iron(III) porphyrins.The re¬ 

activity of alkenes parallels that observed for other epoxidizing reagents; the rate 

increases with increasing alkyl substitution at the double bond. The reactivity of 

cis alkenes is higher than that of the corresponding trans isomers. A side-on ap¬ 

proach of alkene to the reactive iron(V)-oxo intermediate with the plane of the 

alkene molecule parallel to the porphyrin ring (38) was proposed to interpret the 

experimental observations.^'®'^” In these systems, where several epoxidation 

mechanisms may be operative, intermediate 39 with the oxygen inserted into the 

iron-nitrogen bond is a viable alternative.^'®-^” A metallaoxetane intermediate 

(40) consistent with early results with hindered porphyrins^^®"^^^ was discounted 
later.^^^ 

C2^ 
I 

HIg 
39 

Certain robust manganese porphyrins [e.g., manganese(in) tetra(2’,6’- 

dichlorophenyl)porphyrin chloride] are able to catalyze stereoselective epoxida- 

tions, when applied in the presence of imidazole”"'-’” or other heterocyclic nitrogen 
bases.”® NalO^”"* or even can be used as oxidant. 

Epoxidation with dioxygen is also possible if it is carried out in the presence of 
added reducing agents to transform the second oxygen atom into Since the 

first successful epoxidation with H^—colloidal Pt—A^-methylimidazole catalyzed by 

Mn(TPP)Cl,”'* several other reducing agents have been introduced,'""* but only the 

Mn(TPP)Cl-0-ascorbate'®^ and the Mn(TPP)Cl-Zn-imidazole'®" systems yield 
epoxides exclusively. 

Of other related systems, molybdenum(V) porphyrin exhibits very high stereose¬ 

lectivity with rerr-BuOOH as the oxygen source (97% c/5'-2-hexene oxide and 99% 

tranj'-2-hexene oxide from cis- and trart5'-2-hexene, respectively).’” Nonporphyrin 

complexes of iron were found to be stereoselective in the epoxidation of stilbene 

isomers. Iron cyclam, a nonporphyrin iron complex, gives the corresponding cis and 
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trans epoxides in epoxidation with whereas Fe(acac)3 yields the trans epox¬ 
ide from both stilbene isomers.”' 

Asymmetric Epoxidation. Synthetic asymmetric epoxidation of nonfunctional- 
ized alkenes manifests a great challenge. The most successful method of asymmetric 

epoxidation, developed by Katsuki and Sharpless,employs a Ti(IV) alkoxide 

[usually Ti(OisoPr)J, an optically active dialkyl tartrate, and tert-BuOOH. This 

procedure, however, was designed to convert allylic alcohols to epoxy alcohols, and 

the hydroxyl group plays a decisive role in attaining a high degree of enantiofacial 

selectivity.'” ”" Without such function, the asymmetric epoxidation of simple olefins 
has been only moderately successful:'” 

+ fert-BuOOH -M°(0)2(^oa^)2'W-diisoPr tartrate^ 
CH2CI2, 5-10°C, 80h 

10.2%ee 

(8.79) 

In most cases only very low asymmetric induction was achieved with chiral 

epoxidation reagents (chiral peroxy acids, or tert-BuOOU in the presence of 

chiral catalysts),”®"' or with metal complexes with chiral ligands.”'^”" However, if 

the stereogenic center in the oxidizing agent is close to the reactive oxygen, as in the 

case of chiral sulfanyloxaziridines, enantioface selectivity may be higher (64.7% ee 
in the epoxidation of trans-^ -methylstyrene).'"® 

Chiral metalloporphyrins''''"'-'"' and salen [A^,A^-bis(salicylideneamino)ethane]'""-'"' 

complexes constitute the most enantioselective nonenzymatic olefin epoxidation cata¬ 

lysts, yielding epoxides with 50-80% enantiomeric excess. PhlO,'"'"' '"" iodosylme- 

sitylene,'"' NaOCl'"® [Eq. (8.80)], or + pivalaldehyde®"' are used as oxidants. 

M Ph 
_/ + NaOCI 

Me Ph 

chiral salen Mn(lll) complex \ ^ 

CH2CI2, pH = 11.5, 0°C O 

(2S,3R) 

82% ee, 87% yield 

(8.80) 

Enzymatic epoxidation has proved to be the best method to achieve high enan- 

tioselectivity'"®"'" [Eqs. (8.81) and (8.82)].'®''" The disadvantage of this method is 

that only terminal alkenes give epoxides with high enantiomeric excess. For exam¬ 

ple, in microsomal aerobic epoxidation propene, trans-2-hutene and 2-methyl-2- 

butene are transformed to the corresponding epoxides with 40%, 14% and 0% ee, re¬ 

spectively.”® Chloroperoxidase, however, was recently shown to be very effective in 

the epoxidation of cis alkenes.”' 
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Corynebacterium equi 

30°C, 48 h 

Nocardia corallina 

air, 30 °C, 48-72 h 

n % yield % ee 

3 32 76 

4 55 90 
5 56 88 

(8.81) 

(8.82) 

A one-step, metal-catalyzed direct hydroxyepoxidation [ene reaction under irra¬ 

diation in the presence of triplet oxygen (see Section 8.2.2) and a transition-metal 

catalyst] to produce epoxy alcohols with high diastereoselectivities is a useful syn¬ 

thetic procedure.^^ 

8.2.2. Reactions with Molecular Oxygen 

Autoxidation. The slow oxidation of alkenes with ground-state (triplet) molecular 

oxygen in the liquid phase under mild conditions (autoxidation) affords the 

formation of organic hydroperoxides as primary products through a free-radical 

process^ "’””^® (Scheme 8.6). The ready abstraction of an allylic hydrogen (initiation) 

leads to a resonance-stabilized allylic radical. The latter reacts with oxygen to yield 

the 41 alkenyl peroxy radical. Propagation includes reaction between the alkene and 

41, resulting in the formation of a new radical and the product alkenyl 

hydroperoxide. Besides this reaction the peroxy radical may add to the alkene to 

form a dialkylperoxy radical. The latter may participate in polymerization or epoxide 
formation [see Eq. (8.63)]. 

I / \. I_/ O2 I / 
—(p-C=C,^ -<j)-c=c^ 

H OO- 
41 

I / 
- 

OOH 

Scheme 8.6 

41 + 
I / 

H 

Hydroperoxide formation is characteristic of alkenes possessing tertiary allylic 

hydrogen. Allylic rearrangement resulting in the formation of isomeric products is 
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common. Secondary products (alcohols, carbonyl compounds, carboxylic acids) 

may arise from the decomposition of alkenyl hydroperoxide at higher temperature. 

Reactions with Singiet Oxygen. Singlet oxygen generated by photosensitiza¬ 

tion of ground-state triplet oxygen,^” prepared by chemical methods,”^ ”* or resulting 

from electrical discharge^^'' reacts with unsaturated hydrocarbons to give oxygenated 

products. Depending on the structure of the reacting molecules, allylic 

hydroperoxides, 1,2-dioxetanes, and endoperoxides may be formed. Oxygenations 

with singlet oxygen are attractive synthetic reactions and have been studied 

extensively.^®®-^’'' The main reason for this is that the products formed may be readily 

transformed to functionalized organic compounds. ^®^’^®®”‘'-”’ 

Monoalkenes possessing allylic hydrogen are transformed to give allylic hy¬ 

droperoxides^®®-^®’ [Eq. (8.83)].”" The latter may undergo secondary transformations 
to give epoxides and divinyl ethers."®’ 

(8.83) 

rose bengal 54% 

H2O2 + NaOCI 64% 

The reaction discovered by Schenck”" is analogous to the ene reaction and in¬ 

volves oxygen attack at one of the olefinic carbons, abstraction of an allylic hydro¬ 

gen, and the shift of the double bond. The double-bond shift clearly distinguishes the 

ene reaction from the radical autoxidation of alkenes. Radical autoxidation can yield 

hydroperoxides, too, but it usually gives a complex reaction mixture. In contrast, ox¬ 

idation with singlet oxygen introduces oxygen in a highly selective manner into or¬ 

ganic compounds. 

The reactivity of alkenes toward singlet oxygen strongly depends on the electron 

density of the 7t bond, with increasing alkyl substitution bringing about increasing re¬ 

activity""® [Eq. (8.84)].""' This equation also indicates the findings of early works, that 

reactivity of allylic hydrogens decreases in the order methyl > methylene » methine. 

Later, however, anomalous reactivity of the more crowded site was recognized."*’""*® 

(8.84) 

55% 

Steric effects, however, may alter this reactivity pattern. Bulky groups, for in¬ 

stance, may hinder singlet oxygen from approaching the double bond and the allylic 

hydrogen involved in the ene reaction. In cycloalkenes singlet oxygen prefers to at¬ 

tack from the less hindered face of the alkene double bond. This was demonstrated 



326 OXIDATION-OXYGENATION 

in the transformation of a-pinene [Eq. (8.85)], where the approach occurs exclusive¬ 

ly from the side opposite to the gem-dimethyl group.^*"'^*’ The reaction also features 

high regioselectivity. ’ \ 

Op.hv, methylene blue 

MeOH 

OOH 

.,n\OOH 

93-94% <1% 

(8.85) 

Conformational effects may affect the transformation of both cyclic and acyclic 

alkenes. The unreactivity of the methine hydrogen in the oxidation of 43 was inter¬ 

preted^® as being caused by the unfavorable 44 conformation required for the forma¬ 

tion of the tertiary hydroperoxide 45 (Scheme 8.7). 

Me 

42 
43 

54 
95 

Scheme 8.7 

On the basis of the electronic, steric, and conformational effects a classical one- 

step mechanism with transition state 46 was originally proposed^** [Eq. (8.86)]. 

More and more experimental observations have accumulated, however, indicating 

the involvement of intermediate steps. The conformationally fixed 47 alkene, for ex¬ 

ample, gives products formed on attack at both sides of the K bond, although only 

the equatorial side contains correctly oriented allylic hydrogens required for a con¬ 

certed process’*^ [Eq. (8.87)]. 

f 
? 

- f ? 
A 

46 

(8.86) 
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(8.87) 

Perepoxide (48),'*3.38«9i 1,2-dioxetane (49),diradical (50),and dipolar 

(51)389,391 intermediates each accounting for some experimental observations were 

suggested, but all were excluded on the basis of later studies.^*’^*''’^’'''^’^ The involve¬ 

ment of 48 and 51 was, however, concluded by trapping experiments in special 
cases. 

48 49 50 51 

For example, the ene reaction proceeds stereoselectively in a suprafacial 

manner; specifically, oxygen attack and hydrogen removal take place on the 

same side of the double bond.^*'*’^^^ As a result, neither racemization of optically 

active compounds^*^-^^* nor cis-trans isomerization^^'* occur. Diradical or dipolar 

intermediates are not consistent with these observations. The lack of a 

Markovnikov-type directing effect also rules out dipolar intermediates.^®”^ 

Isotope effects observed in the reaction of different deuterium labeled 2,3- 

dimethyl-2-butenes indicated that not all hydrogens (deuteriums) are equally 

competitive in the transformation.^*^”’ This led to the suggestion of a symmetric 

transition state in which oxygen interacts only with the cis grouped C—H(D) 

bonds. 
Although 1,2-dioxetanes are excluded as intermediates in the formation of allylic 

hydroperoxides, they may be formed as primary products in the reaction of singlet 

oxygen with alkenes not possessing allylic hydrogen***"******-”®”'* [Eq. (8.88)]. 

Formation of 1,2-dioxetanes is usually characteristic of alkenes activated by het¬ 

eroatom in the vinylic position. Most dioxetanes are unstable and decompose with 

concomitant chemiluminescence. The products are carbonyl compounds resulting 

from oxidative cleavage of the double bond. 

chemiluminescence (8.88) 
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Certain hindered alkenes display exceptional behavior. They readily undergo cy¬ 

cloaddition to yield 1,2-dioxetanes despite the presence of allylic hydrogen. The ox¬ 

idation of 2,2’-biadamantylidene was the firsf successful synthesis of the dioxetane 

of an unactivated alkene'"”'^' [Eq. (8.89)]. The product exhibits a remarkable thermal 

stability, decomposing only at its melting point (164-165°C). 7,7’-Binor- 

bornylidene,'*” camphenylideneadamantane,"”^ and, surprisingly, an isolable three- 

ring cyclobutadiene'"^ and 2,5-dimethyl-2,4-hexadiene‘“’ also give relatively stable 

dioxetanes. Dioxetanes can also be isolated in good yields in the low-temperature 
oxidation in polar solvent of alkenylarenes,'*®®'"'' such as indenes. 

0-0 

O2, h\, methylene blue 

or P(0Ph)3-03 

The retention of olefin geometry in the oxidation of cis and trans alkenes^* sug¬ 

gests a one-step concerted [2 + 2]-cycloaddition process, suprafacial in the alkene, and 

antarafacial in singlet oxygen.^" The strong solvent dependence, however, observed in 

many cases, points to a stepwise mechanism involving a perepoxide intermediate.'^^'^ 

The third important reaction of singlet oxygen is 1,4-cycloaddition to conju¬ 

gated dienes, resulting in the formation of endoperoxides.^“‘^'^”'-”^ Acyclic di¬ 

enes give monocyclic endoperoxides that exist in rapidly equilibrating half-chair 
conformations.'"®'*" 

An isolated, less substituted double bond in trienes being less reactive does not 

participate in oxidation allowing selective oxygenation*" [Eq. (8.90)]. This indicates 

that the dienophilic reactivity of singlet oxygen surpasses the other two modes of re¬ 
action (formation of hydroperoxides and 1,2-dioxetanes). 

O2, hv, rose bengal 

CH2CI2, MeOH (8.90) 

79% 

Conjugated cycloalkadienes*"'^" are converted to bicyclic endoperoxides, which 

may undergo thermal or photochemical rearrangement to yield diepoxides."*-"’ 1,3- 

Cyclopentadiene and 1,3-cyclohexadiene give endoperoxides exclusively. The first 
synthesis of the naturally occurring ascaridol (52) was also carried out in this 

way*'**" [Eq. (8.91)]. In contrast, 1,3-cycloheptadiene and 1,3-cyclooctadiene 

whose double bonds are twisted out of coplanarity, are considerably less reactive 
and give endoperoxides in lower yields.*^® 

O^.hv, methylene blue 
---► 

isoPrOH (8.91) 

52 
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Cycloheptatriene represents a challenging substrate for cycloaddition. It can 

react in either a [2 + 4]- or [2 + 6]-cycloaddition to yield isomeric endoperoxides 

53 and 54, respectively (Scheme 8.8). Moreover, it may give a 1,2-dioxetane (55) 

in a [2 + 2] process. Norcaradiene, its valence isomer, may also yield a [2 -i- 4] 

adduct (56). All four products were detected in the transformation of the nonsubsti- 
tuted molecule.'’^’ ''^ 

Scheme 8.8 

Steric and electronic factors operating in valence isomerization equilibria of the 

7-substituted compounds greatly affect product distribution. They react to yield only 

the corresponding compounds 53 and 56. The 56 : 53 ratio increases in the order Me 

< Et < isoPr < tert-B\x < Ph."*” 

Alkenylarenes, such as stilbenes,'*^ indenes,'*^^ vinylnaphthalenes‘'“ [Eq. (8.92)], 

and vinylphenanthrenes,''^’ react with singlet oxygen with the participation of the 

aromatic 7l electrons in the transformation.''^''^^ Singlet oxygen addition to the aro¬ 

matic rings often follows (see Section 8.4.1). 

(8.92) 

Becuse of the considerable resemblance of endoperoxide formation to the 

Diels-Alder reaction, a concerted mechanism with a six-membered ring transition 

state was suggested.^” Substituent effects, namely, the higher reactivity of dienes 

possessing electron-donating substituents toward singlet oxygen, support the pre¬ 

ceding assumption. Since a concerted process requires coplanar cisoid conformation 

of the reacting molecules, highly stereospecific reactions lend additional support to 

the preceding mechanism.^®^'’^®''^*''^’ 
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Certain experimental observations, however, are not in accord with a concert¬ 

ed reaction, but are in favor of a two-step process. Solvent effects, such as large 

differences in rates of gas-phase and'solutiqn-phase reactions,indicate the in¬ 

volvement of some polar intermediates, such as a zwitterion''^^ or a charge-trans¬ 

fer complex."'^® Compounds that are unable to adopt the required cisoid conforma¬ 

tion, such as polysubstituted acyclic l,3-dienes‘‘“‘'^‘ and seven- and eight- 

membered l,3-cycloalkadienes,‘'“ are likely to follow a two-step mechanism. It is 

also unusual that singlet oxygen, unlike many other conventional dienophiles, ex¬ 

hibits only moderate endo selectivity in the transformation of condensed sys- 

tems.'*^^ Energetic factors, unusually weak orbital interactions were found to be 

responsible for the lack of stereochemical control. Theoretical calculations sup¬ 

port a perepoxide intermediate.'*” 

The experimental observations available suggest that the mechanism of endoper- 
oxidation is likely to be substrate dependent.'*^*''” 

8.2.3. Bis-hydroxylation 

KMnO^ and OsO^ have long been used to achieve syn hydroxylation of the car¬ 

bon-carbon double bond. The syn stereoselectivity results from the formation of 

cyclic ester intermediates formed by addition of the reagent from the less hindered 
side of the double bond. 

If used under mild, alkaline conditions to prevent further oxidation of the 1,2- 

diol formed, KMnO^ can be a selective oxidizing agent.'*^'*” However, proper ex¬ 

perimental conditions (extensive stirring in dilute solution,''^ phase-transfer cataly- 
sis437^o) or other permanganate salts'*^' [Eq. (8.93)] are required to achieve high 
yields. 

(8.93) 

n = 2, 4, 8 
65-86% 

The cyclic manganate(V) diester anion 57 formed in a [3 -l- 2]-cycloaddition 

is believed to be the intermediate in the oxidation process''^'* (Schemd 8.9). This 

intermediate may be formed through the rearrangement of oxametallacyclobu- 

tane 58 resulting from a [2 -E 2]-cycloaddition.^^'^3 Recent experimental obser¬ 

vations indicate that the product 1,2-diol is formed as a result of the gradual re¬ 
duction of the cyclic diester to Mn(IV).^-^5 ^he novel idea of the formation of 

soluble, colloidal MnO^via rapid decomposition of 57 by abstraction of a hydro¬ 
gen atom from the solvent‘'"^'^3,446 oxidation seems to be ruled 
Out.^.445 
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OsO^, giving much better yields than KMnO^, is the reagent of choice for syn hy- 

droxylation of alkenes.''”'^^"”^ In the conventional method OsO^isused in a stoichio¬ 

metric amount. Tertiary amines or diamines result in a dramatic rate increase.'”’ A 

catalytic amount of OsO^ has been successfully employed with suitable cooxidants 

that continuously regenerate the reagent. used originally'*®''^* has been replaced 

by terr-BuOOH'*^’'*^*'*® or amine A-oxides'*'"'”*'*^’ such as A-methylmorpholine-A- 

oxide"*® [Eq. (8.94)]. Hexacyanoferrate(ni) ion has recently been found to be very 

effective.'*^'* Since overoxidation often takes place in the catalytic process, stoichio¬ 

metric oxidation generally gives better yields. 

0-0» 
OsO, 

A 
O Me 

acetone, RX overnight rOC°^0 
OH 

89-90% Me 

(8.94) 

An asymmetric osmylation method has been developed by Sharpless and 

coworkers. OsO^ modified by a dihydroquinidine auxiliary (cinchona alkaloid deriv- 

atives)'*'"''*®'”® or chiral diamines'”**'*”^ such as 59 and 60 used in stoichiometric oxi¬ 

dation may yield cis diols with excellent optical purity'*®’ [Eq. (8.95)]. 

59 60 
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1 equiv OSO4, 59 

toluene, -78°C, overnight 

(S,S )-cliol 

96% yield, 100% ee 

(8.95) 

Catalytic asymmetric osmylation can also be carried out in the presence of 

chiral amine ligands. Since the first examples of this ligand-accelerated catalysis 

published by Sharpless/®' steady improvements in selectivities have been 

achieved. Slow addition of alkene,'^^ the successful use of K3[Fe(CN)J as cooxi¬ 

dant,the introduction of 9-0-aromatic dihydroquinidine and dihydroquinine 

ligands,'”^ phthalazine-modified ligands,and the fast osmate ester hydroly¬ 

sis in the presence of organic sulfonamides'^® are the latest important findings. 

The Sharpless AD-mix (asymmetric dihydroxylation) reagents offer high levels 

of enantioselectivity in introducing chiral 1,2-diol functionality into olefinic 

substrates.'*®®^®* 

The mechanism of oxidation with OsO^ is a much studied process. 

Tetrahedral osmium(VI) dimeric monoester'*^*'*®* or monomeric diester'*^^ species 

are the intermediates that yield the product 1,2-diols through reductive or ox¬ 

idative hydrolysis. Amines affect the rate by transforming tetrahedral OsO^ to 

hexacoordinated octahedral Os(VIII) by complexation.'*®^'*™'*^’ Similarly as in 

permanganate oxidation, [2 + 2]-cycloaddition giving oxametallacyclobutane 

has been suggested,'*”'*’^'*^^ but most of the experimental evidence supports di¬ 

rect [3 -I- 2]-cycloaddition‘'™'‘'^'‘"‘' and species such as 61, 62 and 63 (L = amine 

ligand) were identified.'*®®'*®^'"® The results of new mechanistic studies have re¬ 
cently been published. "® '*" 

62 63 

Hydroxylations with catalyzed by tungsten peroxo complexes'*’* or by 

provide 1,2-diols with very good selectivity. In a related procedure devel¬ 
oped by Woodward'**® iodine and silver acetate are used in moist acetic acid. The key 

step determining syn stereochemistry is the Ag"-assisted transformation of the inter¬ 

mediate trattj'-iodoacetate to the l,3-dioxolan-2-ylium ion (see also Scheme 8.10). 

Other reagent combinations such as I-KIO^-KOAc"*' or TlOAc-I ^*2 were intro¬ 
duced later. ^ 

Alkenes may also react with certain oxidizing agents to result in anti hydroxyla- 

tion. Treatment with peroxycarboxylic acids«® leads initially to an epoxide. Ring 

scission of the latter via an S^2 reaction in an anti manner with the corresponding 
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carboxylic acid or water gives the trans monoester or trans diol, respectively. 

Complete anti stereoselectivity and high yields in the oxidation of cycloalkenes are 

achieved with m-chloroperoxybenzoic acid in a one-pot synthesis'**^ [Eq. (8.96)]. 

The same products are formed with sodium perborate, a cheap industrial chemical 
when used in Ac,0 + H SO 

2 2 4 

I. m-CPBA, HgO, 20°C, 0,5 h 

ii. 10% H2SO4, 1 h 

n =1 95% 
n =2 80% 

(8.96) 

The oxidation of alkenes with in the presence of oxide catalysts 

H2WO4,'*** is believed to involve the corresponding inorganic peroxy acids 

as the oxidizing agent and an epoxide intermediate. WO^, the most efficient reagent, 

is used in aqueous medium (for oxidation of water insoluble alkenes), or in acetic 

acid."**^ Oxidations with SeO^ are carried out in alcohols.'*** Polymer-bound phenylse- 

leninic acid catalyzes the oxidation of cyclohexene with H^O^ to rran'i’-l,2-cyclo- 

hexanediol in excellent yield.'**** 

Oxidation with lead tetraacetate is a far less selective process.'***°‘**'* Studied mainly 

in the oxidation of cycloalkenes, it gives stereoisomeric 1,2-diol diacetates, but side 

reactions (allylic acetoxylation, skeletal rearrangement) often occur. A change in re¬ 

action conditions in the oxidation of cyclopentadiene allows the synthesis of differ¬ 

ent isomeric mono- and diesters.'*’^ 

The iodine-silver carboxylate reagent combination modified by Woodward'**'* 

was originally used by Prevost to oxidize alkenes to 1,2-diesters.'*” 

Thallium(I) acetate, mentioned above, as a reagent for syn dihydroxylation can also 

be used for the synthesis of trans-l,2-dio\s. If the reaction is carried out in glacial 

acetic acid, the intermediate l,3-dioxolan-2-ylium ion 64 formed from the iodoac- 

etate undergoes ring opening by attack of the acetate ion to yield the trans diac- 

etate'**^ (Scheme 8.10). In contrast, an aqueous workup affords orthoacetate interme¬ 

diate, which rearranges to give the cis monoacetate. 

AcOH -I 

'"l -H+ HgO 

Scheme 8.10 
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8.2.4. Vinylic Oxidation 

Alkenes can be transformed to carbonyl compounds through the oxidation of the vinylic 

carbon atom. A special case of vinylic oxidation'is acetoxylation of alkenes and dienes. 

Oxidation to Carbonyi Compounds 

Oxidation with Palladium in the Homogeneous Phase. The most thoroughly 

studied reaction concerning the transformation of alkenes to carbonyl compounds is 

their oxidation catalyzed by palladium in homogeneous aqueous media.^^-^'^'*’^’” As 

a rule, ethylene is oxidized to acetaldehyde, and terminal alkenes are converted to 

methyl ketones.^*^™^ 

Although the oxidation of ethylene to acetaldehyde was known for a number of 

years,’’’* its utility depended on the catalytic regeneration of Pd(0) in situ with cop- 

per(II) chloride discovered by Smidt and coworkers.’’"’®* Air oxidation of Cu(I) to 

Cu(II) makes a complete catalytic cycle. This coupled three-step transformation is 

known as the Wacker process [Eqs. (8.97)-(8.99)]. The overall reaction [Eq. 

(8.100)] is the indirect oxidation with oxygen of alkenes to carbonyl compounds. 

CH2=CH2 + PdClg + H2O -► CH3CHO + Pd + 2HCI (8.97) 

Pd + 2CUCI2 -► PdCl2 + 2CuCI (8.98) 

2CuCl + 2HCI + 0.5 O2 -2CUCI2 + H2O (8.99) 

CH2=CH2 + 0.5 O2 -► CH3CHO (8.100) 

Although some details are still debated, there is general agreement about the 

basic steps of the mechanistic scheme. The first two steps are consistent with the ki¬ 

netics of the reaction in that the oxidation is inhibited by Cf and step 3 accounts for 

acid inhibition (Scheme 8.11). Key features of the process are the nucleophilic at¬ 

tack on the 7t-complexed alkene, resulting in its transformation to a a-bonded inter¬ 

mediate (65-66), and P-hydride elimination (66-67). The disagreement is in the na¬ 
ture of nucleophilic attack, called the hydroxypalladation step. 

[PdCl4]2- 

CH2=CH2 
-cr 

Cl^ >1 
CHo 

H2O, -Cl ■ 
H2O. 

Cl 

2'^//. ..vvA'CI H2O,-H + 

P1cH2=^ 
>11 

CH2 

65 

.Pd 
-cr H 

vvx\CI 

CH; ^ \\r 
CHOH 

67 

H20^ oh 
\ / 
;d-CH - 

Cl CH3 

68 

^2% ,,,VN\CI 

Pd'‘ 

Cl^ 'ch2 

CH2OH 
66 

CH3CHO 

Scheme 8.11 
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Scheme 8.11 depicts trans addition of the external nucleophile water resulting in 

a transoid p-hydroxyethylpalladium intermediate (66).^'« Studies with stereoisomer- 

ic DHC=CHD molecules support this view.’*'"'’ Results with Dp, however, indicate 

no deuterium incorporation into the product molecule. This is consistent with an in¬ 

tramolecular cis addition of HO, namely, ethylene insertion into the Pd—O bond 

(70-71, eq. 8.101). This step, yielding a cisoid P-hydroxyethylpalladium intermedi¬ 

ate (71), is preceded by a trans-cis isomerization (69-70).“’'* A series of hydride 

shifts (66—67 and 67—68) eventually leads to the product carbonyl compound. 

“ 

HoO 

Cl^ >1 
CH2 

CHg 
Cl^ >11 

CHj 

c. 
Pd' 

Cl^ 'ch2 

CH2OH 
69 70 71 

Of the other olefins, short-chain terminal alkenes are oxidized to methyl ke¬ 

tones. Propylene gives predominantly acetone with negligible amount of propi- 

onaldehyde. 1-Butene and 2-butenes are converted to 2-butanone in about 90% 

yield. The rate of oxidation decreases in the order ethylene > propylene > butenes, 

which is consistent with the nucleophilic attack on the coordinated alkene. Higher 

homologs are oxidized very slowly and afford some chlorinated products and a 

mixture of isomeric ketones resulting from the palladium-catalyzed isomerization 

of the alkene facilitated by high temperature. Cyclodextrins, however, used in a 

two-phase system, greatly improve the yields and selectivities of the oxidation of 

Cjj-Cjg alkenes.^" The (RCN)pdClj complex in the presence of CuCl, a chloride 

salt in tert-BuOH, was shown to exhibit unusually high selectivity for aldehyde for¬ 

mation (up to 57%). 

An important drawback of the original Wacker process is the highly corrosive na¬ 

ture of the aqueous acidic PdCl^-CuCl^ system. Attempts were made to apply elec¬ 

trochemical reoxidation of palladium^'^-^'“ and to use other oxidants,”^’ such as Fe(in) 
salts, MnO^, quinones,’’““^'* peroxides,^'’’^'* and recently, heteropoly acids.^'^'^'^-^^ 

Successful modifications to improve the oxidation of nonterminal alkenes in¬ 

clude the use of organic solvents. Oxidation in anhydrous’^^”’' or aqueous alco¬ 

hols,A,A-dimethylformamide,”® and sulfolane”’ may convert internal alkenes 

and cycloalkenes into ketones in high yields with high selectivities. 

Cyclohexene, for example, is transformed to cyclohexanone in 95% yield 

(ethanol, 90'’C, 2 h).”’ It was also found that the addition of moderate or large 

amounts of inorganic acids (HCIO^, HNO^, HBF_,) to a chloride-free Pd(II)-p- 

benzoquinone system gave rate enhancements up to a factor of 50 in the oxida¬ 

tion of cycloalkenes.”* 
A multistep catalytic system consisting of Pd(OAc)j, hydroquinone, and an oxy¬ 

gen-activating complex [iron phthalocyanine, Fe(Pc)] in aqueous DMF in the pres¬ 

ence of a small amount of strong acid (HCIO^) has been described.”*”^ In this chlo¬ 

ride free medium the mild and selective oxidation by molecular oxygen of terminal 

olefins to methyl ketones can be achieved. The coupled electron transfer processes 

are indicated in Scheme 8.12. 
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O 

Scheme 8.12 

Pd(n) tert-hvAyX peroxidic complexes of the general formula [RCOOPdOOte/t- 

Bu]^ are very efficient reagents for the selective stoichiometric oxidation of terminal 

alkenes in anhydrous nonbasic organic solvents at ambient temperature.®'* They also 

catalyze the ketonization by /err-BuOOH. Internal olefins are not reactive at all. A 

peroxometallacycle intermediate was suggested. 

Oxidation with Other Reagents. Other metals and other oxidizing systems are 

also active in the transformation of alkenes to carbonyl compounds. Rh(I) 

compounds that form peroxo complexes are able to transfer oxygen to organic 

compounds. Terminal alkenes, when treated with rhodium trichloride®®'''®®^ or 

rhodium complexes®®®"®®® such as [RhClCPPhj)^] in the presence of oxygen, are 

transformed to methyl ketones in good yields. Cu(II) salts may be used but do not 

play a direct role in the oxidation of the alkene.®®® Studies with preformed peroxo 

complexes®®®"®®* combined with ‘*0 labeling experiments led to the finding that water 

is not involved in the oxidation. A direct oxygen transfer®®®"®®® to the organic 

molecule through a peroxometallacycle (72) was suggested®®^®®® [Eq. (8.102)]. On 

the basis of deuterium labeling a P-hydride shift in the decomposition of 72 was 
ruled out.®®" 

RCH=CHc 

.o RCH 
X-Rh \ 

O o HoCt-C crR 
H 

72 

• R-C-Me + X-Rh=0 
II 
O 

73 

(8.102) 

It was found, however, that in the RhCl^-catalyzed reaction a complementary 

Wacker cycle operates as well.®"®®®' ®^ The 73 oxorhodium(III) complex formed in 

the peroxometalation step [Eq. (8.102)] is transformed to a hydroxy species. This 

carries out hydroxymetalation similar to that discussed for palladium [Scheme 8.11, 

Eq. (8.101)] to produce a second molecule of methyl ketone. In phosphine-contain¬ 

ing systems methyl ketone formation takes place with the concomitant oxidation of 
phosphine to phosphine oxide.®®®"®®® 

In one of the few examples known for the oxidation of dienes,®'" ®^® Rh and Ru 

complexes under aerobic conditions, and the corresponding peoroxo complexes 
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transform 1,5-cyclooctadiene selectively to 1,4-cyclooctanedione.^'" The monoke¬ 

tone is not an intermediate in the formation of the diketone end product. 

A Co(II) Schiff-base complex converts 1- and 2-alkenes into methyl ketones and 

the corresponding secondary alcohols in the presence of oxygen or in primary 

alcohol solvent.’'*’ A radical oxidation with cobalt hydroperoxide through the forma¬ 

tion and subsequent decomposition of alkyl hydroperoxide was suggested.’'” An ef¬ 

ficient conversion of alkenylarenes to ketones was achieved by the use of molecular 

oxygen and Et^SiH in the presence of a catalytic amount of Co(II) porphyrin in 2- 

propanol.’^ 

Co(in)-nitro,’^’ Rh(III)-nitro,’'‘® and Pd(II)-nitro’‘" complexes were shown to trans¬ 

fer oxygen to alkenes in stoichiometric’'”’'** or catalytic’'*’’'*’ processes. In some cases 

(Co and certain Rh complexes), when the alkene cannot coordinate to the metal, 

Pd(n) is required, which serves as an alkene activator through coordination.’'*”'** 

Relatively few examples are known for heterogeneous catalytic oxidations. Gas- 

phase’'*'* and liquid-phase’'**' oxidations with a Pd on charcoal catalyst and oxygen, as 

well as with a heterogenized Wacker system [PdCl^ + CuCl^ + Cu(N03)^ supported 

on alumina],”® were studied. A palladium- and copper-exchanged Y-type zeolite cat¬ 

alyzes the oxidation of ethylene to acetaldehyde in exactly the same way as the ho¬ 

mogeneous Wacker system.”' The active center was found to be a partially ammoni- 

ated Pd(II) ion. 
The single-step production of acetone by the catalytic oxidation of propylene in 

the gas phase is a desirable goal, which can be achieved mainly by binary oxides.’” 

Acetone is obtained with better than 90% selectivity at 100-160°C when propylene 

is oxidized with H^O-O^ on SnO^-MoOj.’” Ketone formation proceeds via hydration 

of the carbocation intermediate to form an adsorbed alcoholic species followed by 

oxydehydrogenation’””'* [Eq. (8.103)]. The selectivity of acetone formation on a 

V^Oj-TiO^ catalyst active in the transformation of propylene to acetic acid could be 

enhanced by adding water vapor to the feed.’” 

CH3CH=CH2 
i. H+ 

ii. H2O, -H + 
CHoCHCH 

OH 

0'or02 
--CHgljjCHa 

ads O 

+ H2O (8.103) 

Varied oxidizing agents may be employed in the laboratory synthesis of carbonyl 

compounds. Styrenes undergo oxidative rearrangement when treated with Pb(OAc)^ 

in CF3COOH, but only aldehydes are produced in good yields:”* 

Pb(OAc)4, CF3COOH 

CH2CI2, RT 30 min 

R = H 98% 
R = Me 86% 

(8.104) 

Similar oxidative rearrangements to produce carbonyl compounds have been 

carried out with thallium(III) nitrate’” or peroxytrifluoroacetic acid-BF3.”* The 

Jones reagent (Cr03-H3SO^) in the presence of a catalytic amount of Hg(II) is also 
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effective.”’ Chromyl chloride oxidation, when combined with reductive workup, is 

a simple, convenient one-step method to convert 2,2-disubstituted 1-alkenes to 

aldehydes.^ 
Permanganate oxidations may be used for the direct conversion of olefins to 

a-hydroxy ketones and 1,2-diketones in moderate yields usually under acidic 

conditions.”^’“ 

Vinylic Acetoxyiation. When alkenes are treated with Pd(II) compounds in 

the presence of acetic acid in nonaqueous medium, acetoxyiation takes 

Ethylene is converted to vinyl acetate in high yields and 

with high selectivity with PdCl/“”’ in the presence of added bases (NaOAc,’** 

Na^HPO/®) or with Pd(OAc)/™ [Eq. (8.105)]. The oxidation of 1-alkenes usually 

gives 2-acetoxy-1-alkenes.”'”^ Oxidative acetoxyiation of propylene with 

Pd(OAc) may yield allylic or vinylic acetates depending on reaction conditions”^ 

(see Section 8.2.6). 

CH2=CH2 + 2AcO' + Pd(ll) -► CH2=CH-OAc + AcOH + Pd(0) (8.105) 

The mechanism of vinyl acetate formation is closely related to that of the Wacker 

oxidation (Scheme 8.11); that is, acetoxypalladation-palladium hydride elimination 

takes place.'”* ”’ The coordinated alkene is attacked by the external nucleophile ac¬ 

etate ion, or the attack may occur within the coordination sphere. P-Hydride elimi¬ 

nation followed by dissociation of the coordinated molecule directly yields the vinyl 

acetate end product. 

When reoxidation of Pd(0) with the Cu(II) + system (used in the Wacker 

process) is applied, the process is less selective. Besides vinyl acetate, ethylene 

yields acetaldehyde, ethylidene diacetate, ethylene glycol mono- and diacetate, and 

chlorine-containing compounds as well.”'* A complex reaction mixture consisting of 

isomeric vinylic acetates and allylic acetates, and 1,2-diol monoacetates is usually 

formed from terminal alkenes.'*” Because of the easy formation of palladium 7i-allyl 

complexes through oxidation, higher alkene homologs tend to give allylic acetates 

as the main product. The oxidation of cyclohexene”’ and internal alkenes”' gives al¬ 

lylic acetates nearly exclusively, although the results are somewhat contradictory.*” 

Diacetoxylation of 1,3-butadiene is a process that drew much attention since the 

product l,4-diacetoxy-2-butene may be converted to 1,4-butanediol and tetrahydro- 

furan by further transformations (see Section 8.5.2). The liquid-phase acetoxyiation 

of 1,3-butadiene in a Wacker-type system yields isomeric 1,2- and cis- and trans- 

1,4-diacetoxybutenes [Eq. (8.106)]. 1,3-Cycloalkadienes exhibit a similar behavior. 

Pd(ll) + Cu(ll) 
CH2=CHCH=CH2—(pH2(pHCH=CH2+ CH2CH=CHCjH2 (8.106) 

AcO OAc AcO OAc 

Thorough studies by Backvall and coworkers”’ revealed that the proper choice of 

ligand permits regio- and stereoselective 1,4-difunctionalization. LiCl and LiOAc 
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were found to exhibit a profound effect on the stereoselectivity”^ [Eq. (8.107)]. 

Other conjugated cyclic dienes undergo a similar palladium-catalyzed stereoselec¬ 
tive 1,4-diacetoxylation.”* 

benzoquinone 

AcOH, 25°C 

AcO 

Pd(OAc)2 50 50 
Pd(OAc)2 + LiOAc >90% 

Li2PdCl4 + LiOAc >95% 

(8.107) 

The stereoselectivity is explained by a change in the mode of acetate attack on 

the intermediate 7i-allylpalladium complex. The coordination of acetate to palladium 

is effectively blocked by chloride ions thus hindering cis migration. As a result, path 

c is operative (Scheme 8.13). In the absence of chloride, both cis and trans attacks 

(paths a and b) can occur depending on acetate concentration. 

Palladium-hydroquinone electrochemical 1,4-oxidation,”'' aerobic oxidation via 
the Pd(II)-hydroquinone-metal macrocycle triple catalytic system,”'' and MnO^ as a 
reoxidant”* were also applied in the 1,4-diacetoxylation of 1,3-dienes. 

Heterogeneous systems have been developed for the synthesis of vinyl acetate 

and l,4-diacetoxy-2-butene. A bimetallic catalyst, Pd-Te (10 : 1) on charcoal, yields 

isomeric 1,4-diacetoxy-2-butenes with 89% selectivity in the liquid phase.”” A 

Pd_Sb-V-KOAc multicomponent system when doped with CsCl proved to have 

improved lifetime and selectivity in the gas-phase synthesis of l,4-diacetoxy-2- 

butene.”' A tellurium-promoted palladium catalyst provides good yields of 1,4- 

diacetoxy-2-butene in either liquid-phase or gas-phase acetoxylation.”' See further 

details in Section 8.5.2. 
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8.2.5. Oxidative Cleavage 

Ozonstion. Alkenes react readily with ozone to give oxidized compounds via 

cleavage of the K or the 0,71 bonds.^®^"^’^ Ozonicies, the direct product of the reaction, 

are rarely isolated but transformed in situ into synthetically useful products. 

Depending on the solvent used and the actual workup of the reaction mixture, 

different products may be isolated.^*^-'*^’^” Although its use is inconvenient ozone is 

widely employed in selective syntheses. A classic use of ozone is in the structure 

determination of natural compounds and polymers. 

Mechanism. According to the classic Criegee mechanism^”'^'^ the reaction of 

alkenes with ozone takes place in three steps (Scheme 8.14). An unstable 1,2,3- 

trioxolane (74), also referred to as the initial or primary ozonide, is formed in the 

first step. Compound 74 readily decomposes to give a zwitterionic carbonyl oxide 

(75) and a carbonyl compound. In step 3 recombination of the two cleavage 

products yields the 76 1,2,4-trioxolane (Criegee intermediate, final or normal 

ozonide). Steps 1 and 3 are [2 + 3]-cycloadditions, and step 2 can be regarded as a 

cycloreversion. 

step 1 o n step 2 
-- \ ^ 

74 

/O 

75 

.0- 
O 

I II 
o 

step 3 

75 

..C 
o 
76 

Scheme 8.14 

Criegee did not specify the structure of 75 in his original suggestion. Later, how¬ 

ever, 1,2-diols were isolated after the reduction of a crystalline intermediate, indicat¬ 

ing only partial cleavage of the carbon-carbon double bond in the early stage of the 

reaction.^^^'^^'’ 

The first normal ozonide, the ozonide of 1,2-dimethylcyclopentene, was isolated 

and characterized as early as 1953 by Criegee.^''^ Ozonides were later observed by 
low-temperature IR5«3.598,599 js^jy|j^583,599-6oi spectroscopy and were characterized re¬ 

cently by microwave spectroscopy 

The highly reactive carbonyl oxide could be trapped by added carbonyl com¬ 

pounds to form normal ozonides.^”*^ Isolation of dimeric (77) and polymeric (78) 

peroxides and that of products formed with reactive, participating solvents (79) also 

proved the existence of 75 (Scheme 8.15). Spectroscopic identification of the reac¬ 

tive carbonyl oxide was also done recently.^” 
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/O' 
+0 

75 

Scheme 8.15 

77 

78 

79 

Aldehydes tend to be more reactive toward carbonyl oxide than ketones in the re¬ 

combination reaction (Scheme 8.14, step 3). As a result, tetrasubstituted alkenes 

generally fail to give normal ozonides;^^ rather, 75 undergoes the side reactions in¬ 

dicated above. A new method of ozonation carried out with alkenes adsorbed on 

polyethylene, however, could yield ozonides of tetrasubsituted alkenes, and even 
diozonides of dienes could be isolated.®®^ 

In agreement with the Criegee mechanism, unsymmetric alkenes,“®'“’ such as 2- 

pentene** [Eq. (8.108)] or a pair of symmetric olefins, such as, a mixture of 

CH2=CH2 and CD2=CD2,“* yield three different ozonides, including two symmetric 

cross-ozonation products (80, 81). Since each ozonide exists as a pair of cis-trans 

isomers, six isomeric ozonides can be detected in such cases. 

MeCH=CHEl 
-70°C 

0—0 
/ \ 

MeHC„^ ^CHEt 

0—0 0—0 
+ / \ + / \ 

MeHC\ ^CHMe EtHCv^ ^CHEt 
O O 

80 81 

(8.108) 

Studies in the 1960s and 1970s led to new findings resulting in clarification of 

the details of the mechanism. Ozonation in the presence of "*0-labeled aldehydes 

leads almost exclusively to ether oxygen incorporation of the label, lending addi¬ 

tional support to the validity of the Criegee mechanism.®**^" A number of new 

observations were reported, however, which are not consistent with the original 

mechanism. In the first study concerning the stereochemistry of alkene ozona¬ 

tion, c/j'-di-tert-butylethylene gave a 70 : 30 cis : trans ozonide ratio, whereas the 

trans isomer formed 100% trans ozonide.®'^ Since the stereochemistry is lost in 

step 2 (Scheme 8.14), the cis : trans ratio of the symmetric cross-ozonide would 

also be expected to remain invariant with the olefin geometry, which is not the 

case“’*'^ [Eq. (8.109)].*’'* Also inconsistent with the mechanism is that cis alkenes 

give higher yield of ozonides than the trans isomers. The bulk of alkene susb- 

stituents was also observed to strongly affect the ozonide cis : trans ratio. These 

observations made necessary the incorporation of stereochemistry into the 

Criegee mechanism. 
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isoP 

isoPr 

Me cis ■ trans 66 : 34 
' ratio 

O3 0—0 

49 :51 

0—0 

49 ; 51 

0-0 

Me pentane, jgoPr-^ isoPr Me-^^A- Me isoPr 
> -70°C 0 0 0 

c/s : trans 50 : 50 
ratio 

38:62 48 : 52 

Me 
(8.109) 

In the refined Criegee mechanism*'^®'® that includes orbital symmetry considera¬ 

tions as well,®” all three steps are stereospecific. Ozonation of cis- and trans-[\,2- 

^HJ-ethylene, for instance, gave the exo and endo isomers according to Eqs. (8.110) 

and (8.111) (the cis-exo and cis-endo ozonides from the cis compound, and the trans 

ozonide form the trans isomer).®®^ This indicates no evidence of stereorandomization 

about the carbon-carbon double bond. It means that 74 cleaves in a concerted fash¬ 

ion to yield syn and anti zwitterions produced in different amounts depending on the 

alkene geometry. The stereoisomeric zwitterions remain attached to each other like 

an ion pair and recombine stereoselectively with aldehydes. The subtle nature of 

ozonation, however, may be illustrated by the observation that ozonide formation 

may be nonconcerted under some circumstances.®'*®” 

Synthetic Applications. Ozonolysis, that is, the cleavage of the carbon-carbon 

double bond, is usually carried out in solvents, such as alcohols (methanol or 

ethanol), chlorinated hydrocarbons (CH^Cl^, chloroform), ethyl acetate, and THF, 

preferably at low temperature (at or below The nature of the solvent used 

in ozonolysis has a strong effect on product distribution. In aprotic, 

nonparticipating solvents under anhydrous conditions monomeric ozonide, 

polymeric peroxides, and/or polymeric ozonides may be isolated. In participating 

and usually protic solvents, 0(-alkoxyalkyl hydroperoxides are primarily formed. 

Ozonolysis in water usually yields carboxylic acids. The same products may be 

isolated in the acid-catalyzed decomposition of ozonides. If strong reducing 

agents, such as metal hydrides,®*^^ diborane,®’^ or BH3-SMe^,®" are used, primary 

and/or secondary alcohols can be synthesized depending on the structure of the 
starting alkene.®” 

Intermediate ozonides may undergo hydrolysis to give carbonyl compounds [Eq. 
(8.112)]. To avoid further oxidation of the aldehyde by the byproduct H O formed, 

hydrolysis is usually carried out in the presence of mild reducing agents ®*^®” 

Catalytic hydrogenation, Zn + CH^COOH, and Nal or KI are the most frequently 
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used conventional reductants.™’^''^ Dimethyl sulfide,triphenyl phosphine,and 

thiourea, ^ introduced later, are likewise effective and selective reducing agents. 

(8.112) H i. O3 

HnO 

\ 
2 + >^202 

Despite earlier observations,“‘'“5 ozonolysis of cyclic olefins in MeOH or in 

mixed solvents (ethers or esters and MeOH) followed by isomerization in the pres¬ 

ence of Lindlar Pd and hydrogen does not give directly dicarboxylic acids. Instead, 

mainly the corresponding dialdehydes are formed.®^ The best method of synthesis of 

dicarboxylic acids is ozonolysis of cycloalkenes in a mixture of acetic acid and 
formic acid followed by further oxidation with oxygen:”® 

I. Oa.AcOH-HCOOH (10:1), 10 °C 

ii. O2, 110°C, 8-10 h 
HOOC(CH2)n+2COOH 

n = 1 52% 
n = 2 77% 

(8.113) 

Oxidative hydrolysis transforms the intermediate ozonide into ketone(s) and/or 

carboxylic acid(s) in good yields. in water, in sodium hydroxide solution, or in 

formic acid is the best proven oxidant.®”®*^®^^ Peroxy acids and silver oxide are also 

employed. Rearrangement and overoxidation may be undesirable side reactions. A 

simple two-step ozonation in MeOH yields methyl esters without added oxidizing 

agent.”’ 

Interesting variations in product distributions could be observed when ozonolysis 

was carried out with alkenes adsorbed on silica gel.®’* The low-temperature ozonoly¬ 

sis on dry silica gel of cyclopentene led to the formation of the normal, monomeric 

ozonide in high yield [Eq. (8.114)]. This corresponds to the product formed in apro- 

tic and nonparticipating solvents. In contrast, reaction of cyclopentene on wet silica 

gel resulted in the formation of the corresponding 0x0 acid [Eq. (8.115)]. No cross- 

ozonide was formed from unsymmetric alkenes. The authors theorized®’* that the 

carbonyl oxide zwitterionic species formed on wet silica gel immediately adds water 

followed by rapid decomposition of the intermediate hydroxyalkyl hydroperoxide to 

carboxylic acid and water. It means that water on silica gel acts as participating sol¬ 

vent. In the absence of adsorbed water, rapid recombination of the adsorbed alde¬ 

hyde and carbonyl oxide due to a favorable proximity effect gives normal ozonide. 

The low mobility of adsorbed species on the silica surface accounts for the absence 

of cross-ozonides. 

_2^_. 
anhydrous SiO 2, -78°C 

_2^2_^ 
Si02 (5% H2O), -78°C 

0—0 

>80% n 
// 

HOOC(CH 2)3^ 

(8.114) 

(8.115) 

80% 
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Further variations make ozonolysis a versatile tool in organic synthesis. 

Equations (8.116H8.119) illustrate possibilities of preparing terminally differenti¬ 

ated products from cycloalkenes.^^'''“° ^ 

TsOH 

03 

-► 

AC3O, Et^N^ 

MeOH, 
CH2CI2 

i. TsOH ^ 

ii. AC2O, EtgN 

MeO^ ^ 
/CH(CH2)4Q^ 

MeO H 

MeOOC(CH2)4CHO 

/OMe 

MeOOC(CH 2)4 CH 

OMe 

(8.116) 

68-70% 

65-72% 
(8.117) 

(8.118) 

78-83% 

Dienes and polyenes usually react at all olefmic sites, but special reaction condi¬ 

tions may allow selective stepwise ozonolysis. When monoozonolysis of 1,3- 

cycloalkadienes is followed by reduction with Me^S, unsaturated dialdehydes are the 

primary products.®^' Selective cleavage of one of the double bonds in the presence of 

MeOH leads to two isomeric aldehyde acids isolated in the form of the methyl es- 

ters.“^ Selectivity is determined by the conformationally controlled regioselective 

fragmentation of the primary monoozonide. The lack of selectivity in ozonolysis of 

acyclic dienes*^^“*^‘' lends additional support to the conclusion that regioselectivity in 

ozonolysis of cyclic dienes is controlled by conformational effects. Nonconjugated 

cyclic dienes can also be oxidized through selective monoozonolysis®’ [Eq. 

(8.119)]. Because of the electrophilic nature of ozone, selective ozonolysis of the 

olefmic double bond in enynes occurs.®"* 

^^ 

2 equiv NaOH in H2O, 
^^ 1.5 equiv 30% H 2O 2, 

surfactant, 5°C 
52% 

Other Oxidants. A number of other oxidizing agents are able to cleave the 

carbon—carbon double bond to form ketones and aldehydes or carboxylic acids. 

Since aldehydes formed as a result of the cleavage reaction are prone to undergo 

further oxidation under reaction conditions, only a few reagents are capable of 

producing aldehydes selectively. Among these the permanganate ion, certain Cr(VI) 

and ruthenium compounds, and NalO —OsO^ are the most useful reagents. 

Oxidation with permanganate’**’'''®^” usually requires the use of a suitable sol¬ 

vent mixture, such as aqueous THE,®* which dissolves both permanganate and the 

alkene. Better results may be obtained by phase-transfer agents."*^ Reaction with 

tetraalkylammonium permanganate may allow selective cleavage of a phenyl-sub¬ 
stituted double bond in dienes.®** 

The permanganate ion selectively attacks the double bond according to Scheme 

8.9. In basic medium hydrolysis of 57 yields a 1,2-diol, while further redox reactions 

take place under neutral or acidic conditions®® [Eq. (8.120)]. One-electron reduction 

COOH 

.COOH 
(8.119) 
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by hydrogen abstraction from the solvent leads to 82, which decomposes to diol 

monoanion 83. The latter is oxidatively cleaved to carbonyl compounds with the 
concomitant reduction of manganese. 

Mn 
// \ . 

O O 

57 

+ Mn02 
H-", H2O 
-► 
-Mn02' 

2 II 
O 

83 

(8,120) 

Oxidation with hexavalent chromium usually leads to complex product 

mixtures.*"' However, certain Cr(VI) reagents [CrO^COOCCCy^,*"^ Cr03 supported 

on silica,*"^ bistriphenylsilyl chromate*""] and a Cr(V) complex*"* may be used to 
form carbonyl compounds. 

Alkali periodates (in aqueous solution)*"* and ammonium periodate (in anhydrous 

aprotic solvent),*"’ when applied in the presence of a catalytic amount of OsO^, are 

selective oxidizing agents to form carbonyl compounds. OsO^ apparently transforms 

the alkene to an 1,2-diol that is subsequently cleaved by the periodate to the car¬ 

bonyl compound end products. The periodate also serves to regenerate OsO^. 

According to the patent literature, RuO^ can be used as a stoichiometric oxidant 

in aldehyde formation.*"** RuCl^*"'' and a ruthenium-substituted heteropoly anion 

[SiRu(H30)W,j03/]**‘’**' have recently been found to be a selective catalyst in this 

oxidation. H^O^*"** and NaIO^**°**' as oxidants, or electrochemical oxidation**' have 
been used. 

Less rigorous reaction conditions are required to cleave the double bond to form 

ketones and carboxylic acids. Phase-transfer-assisted permanganate oxidations in 

the presence of quaternary ammonium salts,"*"**’^*" crown ethers,"*" *** or polyethers*** 

usually ensure high yields. Terminal alkenes are transformed to carboxylic acids 

with one carbon atom less than the starting compound.*****" 

Excellent yields of cleavage products (carboxylic acids from acyclic alkenes and 

dicarboxylic acids from cycloalkenes) were obtained by using KMnO^ supported on 

silica gel.*** Carboxylic acids are also formed in good yield when acyclic terminal 

alkenes are reacted with a heterogeneous KMNO^-CuSO^.H^O reagent in the pres¬ 

ence of catalytic amounts of tert-BuOH and H^O.*** KMNO^ adsorbed on moist alu¬ 

mina, in turn, is a good oxidant to transform cycloalkenes to a,co-dialdehydes.**’ 

Oxidation with the mixture of NalO^ and a catalytic amount of KMnO^ known as the 

Lemieux-von Rudloff reagenf^^ is carried out in mixed solvents.*"’ Permanganate ion 

the actual oxidant is regenerated in situ by NalO^. 

The cleavage reaction with RuO^ to produce carboxylic acids requires alkaline or 

acidic conditions.*"’®"***" The oxidation is preferentially carried out with cooxidants 

such as NaOCl"*"’*®' and NalO^**' [Eq. (8.121)]. Addition of CH^CN to the conven¬ 

tional solvent mixture was found to permit a rapid, mild reaction.**' Experimental 

observations were consistent with a one-electron oxidation to form a cyclic Ru(VI) 

diester analogous to that formed in OsO^ oxidation.**’ Because it is less stable, it 

readily decomposes to cleavage products and RuO^. 
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V 

RCH = CHR' 
CHgCN, CCI 4,H20, 25"C * 

RuCl3.(H20)n. Nal04 
R— (8.121) 

R, R' = H, />Bu, n-C3H.|-7 

OH 

75-89% 

R-R' = (CH2)6 

The nitric acid oxidation of cycloalkenes yields, among other products, a,co-di- 

carboxylic acids.“^“^ The reaction is catalyzed by vanadium(V) ion.“^*“ Oxidations 

with PhIO,*™ or KHSOj^" catalyzed by heteropoly acids^*^““ or tungstic 

acid“^ were recently described. 

8.2.6. Allylic Oxidation 

Oxidation of the allylic carbon of alkenes may lead to allylic alcohols and deriva¬ 

tives or a,p-unsaturated carbonyl compounds. Selenium dioxide is the reagent of 

choice to carry out the former transformation. In the latter process, which is more 

difficult to accomplish, Cr(VI) compounds are usually applied. In certain cases, 

mixture of products of both types of oxidation, as well as isomeric compounds re¬ 

sulting from allylic rearrangement, may be formed. Oxidation of 2-alkenes to the 

corresponding a,p-unsaturated carboxylic acids, particularly the oxidation of propy¬ 

lene to acrolein and acrylic acid, as well as ammoxidation to acrylonitrile, has com¬ 

mercial importance (see Sections 8.5.2 and 8.5.3). 

Allylic Hydroxylation and Acyloxylation. Selenium dioxide is a standard, 

commonly used stoichiometric oxidant to convert alkenes to allylic alcohols.In 

aqueous solution it reacts as seleniuos acid (84), whereas in other hydroxylated 

solvents (alcohols, carboxylic acids) the alkyl selenite (85) and the mixed 

anhydride (86), respectively, are the actual reagents. If carried out in acetic acid, the 

oxidation leads to the corresponding allylic acetoxy derivatives. 

OH OH OH 
/ / / 

0=Se 0=Se 
\ \ 

OH OR 

O 
84 85 86 

General observations of allylic oxidation with SeO^ were summarized as early as 

1939.'"^' According to these rules,«” ®’nhe order of reactivity of different allylic car¬ 

bons is CHj > CHj > CH. The oxidation usually takes place at the more substituted 

side of the double bond, and a strong preference of the formation of the correspond¬ 

ing (£:)-allylic alcohols is observed*'^ [Eq. (8.122)].®’" Substituted cycloalkenes usu¬ 

ally react in the ring and not in the side chain. Internal alkenes with CH^ groups in 

both allylic positions yield a mixture of isomers, whereas terminal alkenes give pri¬ 

mary alcohols as a result of allylic rearrangement. Later studies revealed, however, 

that the reactivity depends on both the structure of the alkene and reaction condi- 
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tions.*’''®^^ In alcoholic solutions, for example, racemic products are formed. 

Geminally disubstituted alkenes may exhibit a reactivity sequence CH > CH > 
675,676 2 

/CHg 

C3H7CH2CH=C 

^CHg 

Se02 

EtOH, reflux, 1.5 h 

/CH2OH 

/C=C,^ 

C3H7CH2 CH3 

70% yield 
>98% selectivity 

(8.122) 

Concerning the mechanism of the reaction, a radical process,*’^ and the involve¬ 

ment of allylseleninic acid,'^’*®^ selenium(n) ester,®™ and oxaselenocyclobutane®™ in¬ 

termediates were suggested on the basis of early results. The now generally accepted 

mechanism put forward by Sharpless and coworkers®™®*®®*' constitutes an ene reac¬ 

tion to give, after dehydration, the allylseleninic acid intermediate 87 [Eq. (8.123)]. 

Compound 87 isolated in a trapping experiment®*' undergoes a [2,3] sigmatropic re¬ 

arrangement to yield a selenite ester (88). Hydrolysis of the latter gives the product 
allylic alcohol. 

HOv + 

H- 

OH 
HO^ I 

HO' Se-Q 
HO^ + 

Se—O, 

-H2O 

HO-Se 

(8.123) 

87 88 

This mechanism explains the formation of racemic products under certain reac¬ 

tion conditions, but does not fully account for (£')-allylic alcohol formation [Eq. 

(8.122)]. In fact, it predicts complete regio- and stereoselective formation of allylic 

alcohols, which is not commonly observed. Later, deuterium labeling studies®*^ led 

to the conclusion that another pathway also exists. The preference for (£')-allylic al¬ 

cohol formation is due to the steric effect in a six-membered chair transition state in 

the [2,3] sigmatropic migration in basic solution. In alcoholic solutions, a minor 

stereorandom path through a stepwise ene reaction involving carbocation formation 

explains decreased selectivities. A limited stereoselectivity of the ene reaction on the 

basis of '®C labeling experiments was also suggested.®** 

The use of a catalytic amount of SeO^ with reoxidants such as H^O^®*^ and tert- 

BuOOH®*® is a useful modification of the conventional process producing allylic al¬ 

cohols in yields comparable or better than stoichiometric SeO^ alone. Cyclo- 

alkenes, however, give significant amounts of allylic tert-huiy\ ethers and 

tert-butyl peroxides.®*® 

Copper-catalyzed®*’ ®*" or photochemical®"® reaction of alkenes with peroxyesters, 

usually with tert-h\x\y\ peracetate (or tert-BuOOH in acetic acid), may be used to 

carry out acyloxylation, or, the synthesis of the corresponding allylic esters in good 

yields. In contrast to the oxidation with SeO^, preferential formation without re¬ 

arrangement of the 3-substituted esters takes place from terminal alkenes:®"' 
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fe/TBuOOAc, 

RCH;CH=CHa ehloSSzen.’: RfHCH =CH2 + RCH = CHCH20Ao 

70"C,20h 0^5 V 

84-88 12-16 
88-89% yield 

(8.124) 

R = Et, n-Pr, n-C5H.11 

A number of metal compounds, primarily acetates, including Pb(OAc)^, 

HgCOAc)^, TKOAc)^, and Mn(OAc)3, can bring about the formation of allylic ac¬ 

etates.These reagents, however, with the exception of Hg(OAc)^, are not par¬ 

ticularly selective and have only limited synthetic use. Oxymetalation to yield allyl- 

metal species followed by solvolysis is usually believed to occur.'*’® 

Palladium-catalyzed allylic oxidations, in contrast, are synthetically useful reac¬ 

tions. Palladium compounds are known to give rise to carbonyl compounds or prod¬ 

ucts of vinylic oxidation via nucleophilic attack on a palladium alkene complex fol¬ 

lowed by (3-hydride elimination (Scheme 8.16, path a; see also Section 8.2.4). 

Allylic oxidation, however, can be expected if C—H bond cleavage precedes nucle¬ 

ophilic attack.®’'* A poorly coordinating weak base, for instance, may remove a pro¬ 

ton allowing the formation of a palladium 7C-allyl complex intermediate (89, path 
694-696 Under such conditions, oxidative allylic substitution can compete with 

vinylic oxidation™ [Eq. (8.125)]. 

Scheme 8.16 

Pd(0Ac)2 
CH3CH=CH2^^^^^ CH3C=CH2 + CH3CH=CH0Ac + CH2=CHCH20Ac (8.125) 

OAc 
without NaOAc 96 2 2 
with 0.9 M NaOAc 6 <0.5 94 



OXIDATION OF ALKENES 349 

Pd(II) complexes with strongly electron-withdrawing ligands can insert into the 

allylic C—H bond (path c) to directly form the 7t-allyl complex via oxidative addi- 
tion.502.694,697 pd(OOCCF3)^ in acetic acid, for example, ensures high yields of allylic 

acetoxylated products.®'** The delicate balance between allylic and vinylic acetoxyla- 

tion was observed to depend on substrate structure, too. For simple terminal alkenes 
the latter process seems to be the predominant pathway.”' 

Several Pd-catalyzed oxidations with different reoxidants have been developed 

recently. In these reactions PdCl^ or PdCOAc)^ in acetic acid is usually employed, 

with rerr-BuOOH and TeO^,®'*'* or p-benzoquinone and MnOJ“ [Eq. (8.126)]. Pd-cat¬ 

alyzed aerobic oxidations with hidroquinone-Cu(OAc)3™' and hydroquinone-iron 

phthalocyanine”** were also acheived. On the basis of the transformation of 1,2- 

dideuterocyclohexene, conclusive evidence for the involvement of the 7t-allyl inter¬ 
mediate in the quinone-based system has been reported.™^ 

Pd(OAc)2, p-benzoquinone, Mn02 
-1 

AcOH, 40-60°C, 16-300 h 

AcO 

n=1-3, 6, 8 60-82% 
n = 4 35% 

Palladium(II) and nitrate ion with oxygen as final oxidant give an excellent yield 

of cyclohexenyl acetate from cyclohexene (92% at 50°C).™* The catalyst reoxidation 

sequence includes a palladium nitronitrosyl redox couple. 

Heterogeneous palladium catalysts proved to be active in the conversion of sim¬ 

ple alkenes to the corresponding allylic acetates, carbonyl compounds, and car¬ 

boxylic acids.®'*'*™ Allyl acetate or acrylic acid from propylene was selectively pro¬ 

duced on a palladium on charcoal catalyst depending on catalyst pretreatment and 

reaction conditions.®'*'* 

Allylic oxidation with singlet oxygen to yield allylic hydroperoxides is discussed 

in Section 8.2.2. 

Oxidation to a,fi-Unsaturated Carbonyi Compounds. Chromium(VI) 

reagents are the most valuable oxidants in the allylic oxidation of alkenes to obtain 

a,(3-unsaturated carbonyl compounds.'"*”'™ CrO^ and Na^Cr^O^ in AcOH or Ac^O 

were found to be useful in organic synthesis, although yields are sometimes low and 

isomeric compounds are often formed. Detailed studies with the chromium 

oxide-pyridine complex employed under mild reaction conditions (CH^Cl^, room 

temperature) led to certain generalizations.™ Allylic methyl groups are not readily 

oxidized with this reagent. If more than one allylic methylene group is present in a 

conformationally flexible molecule, mixture of isomeric ketones is formed, whereas 

selectivity is found in conformationally rigid molecules. Rearrangements occur 

when an allylic methine group is present, or with sterically hindered methylene 

systems. The preferential removal of methine hydrogen to form the most stable 

tertiary radical explains product distribution of oxidation of 3-methylcyclohexene 

(Scheme 8.17). 
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Scheme 8.17 

Concerning the mechanism of Cr(VI) oxidations, initial attack of CrOj to form a 

symmetric intermediate was proposed.*’^ Hydrogen atom or hydride abstraction from 

the allylic position leads to resonance-stabilized allylic radical or carbocation, respec¬ 

tively, which is eventually converted to the unsaturated carbonyl compound. An a- 

hydroxy ketone intermediate transformed via dehydration was also suggested."” 

Other chromium(VI) reagents may also be used in similar oxidations.”" ™’ A com¬ 

mon feature of all these processes is that a large excess of reagent is usually neces¬ 

sary. Because of the environmental hazard associated with chromium compounds, 

efforts have recently been made to develop chromium-catalyzed transformations. 

Oxidations with tert-BuOOH catalyzed by CrO^™’ or pyridinium dichromate™* af¬ 

ford rather low yields, whereas an efficient method was described using catalytic 

amounts of chromia pillared clay (Cr-PILC)™. The oxidation of terminal alkenes 

[Eq. (8.127)] and cycloalkenes is selective and gives very good yields but isomeric 

enones are formed from internal alkenes. In contrast with other reagents, selective 
oxidation of methylcyclohexenes can also be achieved. 

_gf-PILC_^ 
CHgClg, 34-38 h, RT 

R = Pr, n-Bu, n-CyHis 
o 

88-91% 

(8.127) 

Some reagents, such as SeO^ (the best oxidant for allylic hydroxylation) and pal- 

ladium(II) (best known for oxidation of alkenes to allylic alcohols and carbonyl 

compounds), can be used in the formation of a,p-unsaturated carbonyl compounds 
under special reaction conditions.”" ””^ 

8.3. OXIDATION OF ALKYNES 

The two major characteristic oxidation processes of alkynes are their transformation 

to 1,2-dicarbonyl compounds and their cleavage reaction to carboxylic acids."” The 
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Structure of the starting compounds has a decisive effect on the selectivity of oxida¬ 

tion. Since 1,2-dicarbonyl compounds proved to be intermediates in further oxida¬ 

tions carefully controlled reaction conditions are often necessary to achieve selec¬ 

tive synthesis. Certain oxidizing agents such as peroxyacids and ozone are 
nonselective oxidants. 

8.3.1 Oxidation to Carbonyl Compounds 

Several oxidizing agents, such as RuO^,^" PhIO with ruthenium catalysts,’'^ 

Tl(NOj)j,’'® NBS-DMS,^’’ OsO^^'* in the presence of tertiary amines, 

and SeO^ in the presence of a catalytic amount of H^SO^,’''* can be applied to trans¬ 

form alkynes to 1,2-dicarbonyl compounds. Most of these reagents can be used only 

to convert internal alkynes to the corresponding 1,2-diketones, since terminal 

alkynes usually undergo cleavage to carboxylic acids. Because of the facile oxida¬ 

tion of 1,2-dicarbonyl compounds, the oxidation with KMnO^ requires a careful con¬ 

trol of pH to obtain good yields. The best results are achieved if oxidation is carried 

out in CHjClj in the presence of phase transfer agents^'^ [Eq. (8.128)]. By varying the 

amount of the reagents, iodine in DMSO™ or [bis(trifluoroacetoxy)iodo]benzene’^' 

selectively oxidizes one or both triple bonds in aromatic diynes. 

_ ^ KMn04, Adogen 464 

R C C R Qi-|2Cl2,AcOH, reflux, 4-6 h 

R, R' = Pr, n-Bu, n-Ce H13. n-CyHis, Ph 

R-C-C-R’ 
II II 
O O 

41-93% 

(8.128) 

In contrast to the preceding reagents, oxidation with catalyzed by molyb¬ 

date and tungstate salts or HgCOAc)^,™™ and the HgCOAc^^-promoted oxidation 

with a molybdenum peroxo complex™ can be applied to transform acetylene and 

terminal acetylenes to glyoxal and a-ketoaldehydes, respectively, in fair to good 

yields. 
Other, less characteristic transformations include a-monohydroxylation of termi¬ 

nal and a,a'-dihydroxylation of internal alkynes with tert-BuOOH + SeO^,™ and a- 

oxidation with the CrOj-pyridine complex to yield conjugated ynones.™'™A novel 

oxidation with catalyzed by peroxotungstophophates gives a,P-epoxy ketones 

as well as minor amounts of a,P-unsaturated ketones:™ 

tris(cetylpyridinium) 

HoOo, CHCI3, reflux, 24h J| A 
R’ 

(8.129) 
12'-'2 

R, R' = Me, Et, n-Pr, n-Bu 

O 

40-62% 

O 

2-15% 

a,P-Unsaturated ketones may be the main product in the oxidation of dialkyl- 

acetylenes with dioxiranes.™ In contrast, phenylacetylene and diphenylacetylene are 

converted to benzaldehyde and benzophenone, respectively. Oxirene 90, suggested 

to be the intermediate in all oxidations of acetylenes with peroxide compounds, is 



352 OXIDATION-OXYGENATION 

supposed to participate in a rearrangement and to yield carbonyl compounds with 

the loss of one carbon atom:™ 

Ph-CSC-R 

Me 

FaC XT 
0"C, 6-7 min A- 

Ph R 

90 

Ph 

>3=0=0 
[O] 

Ph. 

-CO. 
>=0 (8.130) 

R = H >96% 
R = Ph 60% 

Tl(NO ) is a versatile oxidant since it converts diarylacetylenes to 1,2-diketones 

and dialkylacetylenes to a-hydroxy ketones’'* [Eq. (8.131)]. The mixed arylalkyl- 

acetylenes, in turn, undergo a smooth oxidative rearrangement in MeOH to yield 

disubstituted methyl acetates [Eq. (8.132)]. As in all oxidations with TKNOj)^, 

oxythallation is the first step of the reactions. 

TI(NO 3)3 

RCsCR --RC=CR 
H.,0+ I 1 

HO Tl— 
R = Et, n-Pr 1 

R-C-CHR 

4 ],- 
H0O+ 

R-C-CH-R 

(!!) OH 

70-90% 

(8.131) 

ti(N03)3 
PhCsCR Phi.P=Q-R 

MeOH, /^ \ I'A 
reflux, 2h f MeO Tl-^ 

\. I 
MeOH 

MeO 

MeO 

H3O-' 
■ CHCOOMe 

-MeOH / 
R R 

65-83% 

(8.132) 

R = Me, Et, n -Pr, n -Bu, 

PhCH2, PhCHsCHa 

8.3.2. Oxidative Cleavage 

Terminal alkynes are prone to undergo facile oxidative cleavage to yield carboxylic 

acids with loss of the terminal carbon atom. In fact, most of the oxidizing agents that 

can be used in the selective oxidation of internal alkynes to 1,2-diketones [RuO^,’" 

PhIO with Ru catalysts,’” KMnOJ'\ Tl(NOj)j,’'* OsOJ'*] convert terminal alkynes to 

carboxylic acids. 

Besides the possibilities described above, KMnO^’” in aqueous solution, [bis(tri- 

fluoroacetoxy)iodo]pentafluorobenzene,’^‘' and in the presence of Mo(VI) or 

W(VI) polyoxometalates”' cleave the triple bond in internal alkynes. A Cr(V) com¬ 

plex seems to be the only reagent capable of transforming phenylacetylene and 

diphenylacetylene to benzaldehyde.*^* 

Compared to ozonation of alkenes, much less is known about the ozonation of 

alkynes,”" which yields 1,2-dicarbonyl compounds, carboxylic acids, and anhy¬ 

drides. 1,2,3-Trioxolene (91), analogous to 74 in alkene ozonation mechanism 

(Scheme 8.14), and zwitterionic intermediates (92) were formulated on the basis of 

IR studies’” and trapping experiments:’^^’” 
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Ph-CsC-Ph 
O. P 

Ph Ph 
91 

r A' +
 

0
 \
 

/? 
0 
\ 

O' 
/ 

,c—c ^ 0
 

II 0 f 

/ '' 
IPh Ph Ph Ph 

92 

(8.133) 

Oxidation with peroxy acids gives a variety of products,^'’”" some of which are 

indicated in Scheme 8.18. All the compounds formed could be interpreted via fur¬ 
ther transformation of the 93 intermediate oxirene.’^* ”’ 

[O] 

PhC=CPh 
RCO3H 

A 

93 

o o 
II II 

Ph-C-C-Ph ■ 
[O] 

O O 
II II 

Ph-COOC -Ph 

PhaCCOOH 
I 

OH 

PhaCHCOOH 

Ph2C=0 

Scheme 8.18 

Unsaturated ketones, ring-contracted ketones, and bicyclic ketones resulting from 

transannular insertion are the main products isolated in the oxidation of cyclo- 

alkynes.^^* Product distribution was interpreted in terms of an oxirene-oc-ketocar- 
bene equilibrium. 

8.4. OXIDATION OF AROMATICS 

8.4.1. Ring Oxygenation 

Depending on the oxidation conditions, benzene and its substituted derivatives, and 

polycyclic aromatic hydrocarbons may be converted to phenols and quinones. 

Alkoxylation and acyloxylation are also possible. Addition reactions may afford di- 

hydrodiols, epoxides, and endoperoxides. 

Oxidation to Phenois. Direct hydroxylation of benzene to phenol can be 

achieved in a free-radical process with or as oxidants.”’"^'^ Metal ions 

[Fe(II), Cu(II), Ti(III)] may be used to catalyze oxidation with H^O^. Of these 

reactions, the so-called Fenton-type oxidation is the most studied process.’'*^ 

Oxidation in the presence of iron(II) sulfate was reported in early studies to yield 

phenol. Since phenol exhibits higher reactivity than benzene, varying amounts of 

isomeric dihydroxybenzenes were also formed. 

Hydroxy radicals produced in an aqueous medium [Eq. (8.134)] readily attack 

benzene to form the 94 hydroxycyclohexadienyl radical (Scheme 8.19). It is then 
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oxidized to afford phenol through cation 95. The pH of the reaction medium has a 

strong effect on conversion and product distribution since 94 may participate in an 

acid-catalyzed competitive dehydration to yield a radical cation (96). The cation 96 

may be reduced to the starting material. If there is no other oxidant present dimeriza¬ 

tion may also occur. This is the case when benzene undergoes radiolysis in aqueous 

solution 

H2O2 + Fe^-" ^ Fe^-" + HO' + HO- (8.134) 

96 

Scheme 8.19 

The same radical cation is believed to be the intermediate when oxidation of aro¬ 

matics is carried out with peroxydisulfate^^’-^''^ or peroxydiphosphate.'''^ In the pres¬ 

ence of suitable oxidants such as Cu(II), phenolic products are formed with high se¬ 

lectivity. This supports the suggestion that initial attack on the aromatic ring gives 

rise to 96, which, in turn, reacts rapidly with water to yield the hydroxycyclohexa- 

dienyl radical [Eq. (8.135)]. Depending on the pH and whether HO- or SO^“- is the 

oxidant, substantially different product distributions may be observed. 

Similar systems studied are the Udenfriend reagent’''^ (Fe^"^ + EDTA + ascorbic 

acid + Oj or H^O^) and the Hamilton reagent’'** (Fe** + catechol + H^O^). The 

Undenfriend reagent attracted special interest because it resembles the enzymatic hy- 

droxylation of aromatic compounds. Copper(I)-catalyzed oxidations with dioxygen 

were studied, too, mainly to model the copper-containing monooxygenase tyrosi- 

nase.’'*'* Hydroxy radicals formed according to Eqs. (8.136) and (8.137) attack ben¬ 

zene as depicted in Scheme 8.19. In the presence of oxygen, however, intermediate 

94 may further react to form a peroxy radical (97), which is oxidized to hydro- 

quinone’'*''’^*’ (Scheme 8.20). Each intermediate may be transformed to phenol as well. 



OXIDATION OF AROMATICS 355 

O2 + 2 Cu'*' + 2 H'*' -► H2O2 + 2 Cu^'*' 

H2O2 + Cu'*' + H'*' ► HO' + H2O + Cu^'*' 

(8.136) 

(8.137) 

Scheme 8.20 

OH 

Selective formation of either phenol or hydroquinone was achieved by running 

the oxidation at proper pH (phenol : hydroquinone = 71 : 29 at pH = 1.3, and 14:86 

at pH = 3.5).™ A direct route to hydroquinone was-also recognized when the oxida¬ 

tion of benzene was performed in a H^SO^-CH^CN-H^O solution.’’’ 

On the basis of differences in the product distributions in oxidations by the 

Fenton reagent, and by the Udenfriend reagent a different mechanism for the latter 

was suggested. In aprotic solvents, however, the Fenton reagent, gives results simi¬ 

lar to those in enzymatic hydroxylations. It was observed that the hydrogen dis¬ 

placed by the hydroxy function in enzymatic aromatic hydroxylation migrates to an 

adjacent carbon atom in the ring™™ [Eq. (8.138)]. This hydroxylation-induced in¬ 

tramolecular migration, known as the NIH shift, was explained by the involvement 

of arene oxides formed by the attack of electrophilic oxoiron(V) porphyrin on the 

aromatic ring.’” Intermediate 98 was also suggested to be formed in hydroxylation 

by the Fenton and related reagents in aprotic media after initial oxidation with an 

oxoiron(V) complex followed by electron transfer.’'’^’” 

98 

Many variations in the conventional oxidizing systems have been made, and new 

reagent combinations have been introduced with the aim of improving conversion 

and selectivity. Ascorbic acid, for instance, can be replaced by other hydrogen 

donors in the Udenfriend system,’'’^ and Fe’+ may be replaced by metallic copper.’” 
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'V- 

Platinum”^ and iron”^ complexes, as well as vanadium(V) peroxo complexes, 

were also tested in the oxidation of benzene. Many of these reagents were studied in 

order to find a viable one-step oxidation of ber\zene to phenol to replace the now ex¬ 

isting industrial synthesis of phenol by the cumene process. Of the heterogeneous 

systems studied,’^^-’“ titanium silicalites (TS), new synthetic zeolites, are effective 

and selective for the oxidation with of several classes of organic compounds. 

Although selectivities in the hydroxylation of benzene vary with the formation of 

hydroquionone, selective monohydroxylation of alkylbenzenes can be achieved 

under appropriate reaction conditions’®'”’'^^ or by carrying out the reaction over a pal¬ 

ladium-containing titanium silicalite."''’ New catalysts, titanium-containing hexago¬ 

nal mesoporous molecular sieves, have recently been found to exhibit even higher 

activity and selectivity in hydroxylation of benzene.’®^ Gas-phase oxidation of ben¬ 

zene over Pd-Cu on silica catalysts in the presence of water yields phenol with more 

than 90% selectivity, although at very low (less than 0.1%) conversion.’®® 

One-step electrophilic hydroxylation of aromatic compounds using various perox¬ 

ide reagents in the presence of acid catalysts has been achieved. The systems studied 

include hydrogen peroxide in the presence of sulfuric acid,’®® hydrogen fluoride,’®’ 

Lewis acids,’®*'’®" and pyridinium poly(hydrogen fluoride).’”’ Lewis acid-promoted 

electrophilic hydroxylation with peracids,”'”’ di-terf-butyl peroxide,’” and diiso¬ 

propyl peroxydicarbonate”''”® were also described. A common feature of these 

reagents is the formation of monohydroxylated compounds in low yields. 

Electrophilic hydroxylation of aromatics with hydrogen peroxide in superacid 

medium has been reported by Olah and coworkers.”®””* Phenols formed in these sys¬ 

tems are protonated by the superacid and are thus deactivated against further elec¬ 

trophilic attack, usually resulting in >50% yields. Benzene and alkylbenzenes are ef¬ 

fectively hydroxylated with 98% in HSO3F-SO2CIF or Magic Acid,”® or with 

30% H3O3 in HF-BFj.’” Similar good yields were achieved in the hydroxylation of 

benzene and alkylbenzenes with sodium perborate-triflic acid at -10°C,”" whereas 

sodium percarbonate proved to be a less effective hydroxylating agent.”® In these re¬ 

actions is assumed to be the electrophilic hydroxylating agent: 

Ar-H + H3O2 -► Ar-OH 
-HgO^ 

(8.139) 

Uniquely regioselective hydroxylation of naphthalene was also achieved in acidic 

systems.”* Regioselectivity was found to depend markedly on the acidity of the sys¬ 
tem and the solvent used: 

HR -10 to 0°C, or 
7:3 HF-pyridine, 0 to 20°C, 98.4 1.6 
in HR S0 2CIForCH2Cl2 

HF-SbFs, -78‘’C, 1.8 98.2 

(8.140) 
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In hydroxylation of alkylbenzenes in Magic Acid and that of naphthalene in hy¬ 

drogen fluoride or HF-solvent systems, the actual electrophilic hydroxylating agent 

is the hydroperoxonium ion (H3O/). It attacks the aromatic ring and results in prod¬ 

uct formation by the usual aromatic electrophilic substitution mechanism. 2- 

Naphthol formation in superacids (HF-BF3, HF-SbF^, HF-TaF^, HSO F, 

HS03F-SbF3), in contrast, results from the attack of hydrogen peroxide on proton- 
ated naphthalene:’’* 

(8.141) 

Ring Acyioxyiation. Soluble and supported palladium catalysts are suitable 

reagents to achieve ring acyioxyiation of aromatic compounds.Reaction 

conditions, however, are critical since coupling and side-chain substitution also 

occur. 

PdCOAc)^ catalyzes the formation of aryl acetates in the presence of strong oxi- 

dants’“’*‘ such as Cr^O’”, S^O’“, MnO”, and NO'. Added alkali acetates inhibit cou¬ 

pling but bring about increasing side-chain substitution of alkyl-substituted ben¬ 

zenes. Electrophilic substitution to form arylpalladium(II) acetate, which is oxidized 

to an arylpalladium(IV) intermediate followed by decomposition, was invoked to in¬ 

terpret ring acetoxylation.’*’ In contrast, an intermediate formed by eleetrophilic ad¬ 

dition was suggested to account for the characteristic meta selectivity in acetoxyla- 

tion of benzenes substituted with electron-donating substituents.’*^ ’*"' Transformation 

in the presence of S^O’" was explained to occur through a radical cation.’*^ 

Acetoxylation of naphthalene was achieved with stoichiometric amount of 

Pd(OAc) or in a catalytic reaction using the Cu’^ + system for the reoxidation of 

Pd(0):’*®' 

Pd(OAc)2 

CH3COOH, reflux 
+ 

CHaCOONa, 4h 25% 25% 

Cu(OAc) 2, LiOAc, O2, 14 h 39% 

(8.142) 

Highly selective formation of phenyl acetate was observed in the oxidation of 

benzene with palladium promoted by heteropoly acids.®"* Lead tatraacetate, in con¬ 

trast, usually produces acetoxylated aromatics in low yields due to side reac- 
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Electrochemical acetoxylation of benzene and its derivatives™’™* and 

alkoxylation of polycyclic aromatics™’’^ are also possible. 
Thermal or photochemical decomposition qf diacyl peroxides, when earned out 

in the presence of polycyclic aromatic compounds, results in ring acyloxylation.*** 

The less reactive benzene is phenylated when it reacts with benzoyl peroxide.™’ A 

dramatic increase in the yield of acyloxylated products is observed in the presence 

of oxygen™’ [Eq. (8.143)] or other additives, such as iodine™’[Eq. (8.143)] and 

CuClj.™"' Near-quantitative yields of aryl isopropyl carbonates were realized in a 

similar process when diisopropyl peroxydicarbonate was reacted with alkyl-substi¬ 

tuted aromatics.™'* Substitution is effected by a radical entity possessing a consider¬ 

able ionic character. 

(PhCOO) 
■2—► (8.143) 

hv under N 2, 50-60 h 13% 
/?v in 02,50-60 h 58% 
12, 90°C, 20 h 62% 

Oxidation to Quinones. Direct oxidation of arenes to quinones can be 

accomplished by a number of reagents.™’ Very little is known, however, about the 

mechanism of these oxidations. Benzene exhibits very low reactivity, and its alkyl- 

substituted derivatives undergo benzylic oxidation. Electrochemical methods appear 

to be promising in the production of p-benzoquinone.™* In contrast, polynuclear 

aromatic compounds are readily converted to the corresponding quinones. 

Among the many different oxidizing agents, chromium(VI) compounds under 

acidic conditions are the most widely used reagents.*^' ™’ Although these oxidants are 

also effective in side-chain oxidation, selective formation of quinones can be 

achieved under appropriate reaction conditions. Ceric ammonium sulfate in 

HjSO^-CHjCN,™* Cu(N03)j or ZnlNOj)^ supported on silica gel,™ and [RhCKPPhj)^] 

with or tert-BuOOW°° are recently introduced reagents that afford quinones in 

excellent yields under mild conditions [Eq. (8.144)]. The Rh-catalyzed reaction is 

more efficient than the vanadium-catalyzed process or stoichiometric oxidation with 
CrOj, but fails for benzene and naphthalene. 

O 

RhCI(PPh3)3, fert-BuOOH 91% 87% 
VO(acac)2, fert-BuOOH 48% 64% 
Cu{N0 3)2orZn(N03)2 80-82% 68-73% 

(8.144) 
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A unique way to convert arenes to quinones is to form arylthallium(in) trifluo- 

roacetates followed by oxidation with hydrogen peroxide*®' [Eq. (8.145)]. In certain 

cases (tert-butylbenzene, mesitylene) dealkylated products were also isolated. 

R = H, 

(8.145) 

Oxidation to Arena Oxides and Arena Diois. Arene oxides and arene diols 

have been widely studied, particularly concerning the metabolism of polycyclic 

aromatic compounds and their implication as intermediates responsible for the 

carcinogenicity and mutagenicity of polycyclic aromatic hydrocarbons.*®^*®^ 

Some of the reagents used in olefin epoxidation can be applied in the direct oxi¬ 

dation of arenes to arene oxides. Benzene oxide, however, like other arene oxides, 

exists in equilibrium with oxepin its valence tautomer, and has not been isolated. 

Existence of benzene oxides as intermediates can be concluded from observations 

such as the NIH shift discussed above.’^^™ 
Direct oxidation of aromatics with m-CPBA in a two-phase system affords the 

most stable so-called K-region arene oxides in moderate yields.*®^ Careful control of 

pH is necessary to avoid acid-catalyzed rearrangement of the acid-sensitive product 

epoxides. The new powerful oxidants, dioxiranes,*' *^ have also been used to convert 

arenes to arene oxides.*®^ 

Various arene oxides can be prepared in high yield with NaOCl in the presence of 

a phase-transfer agent, under mild conditions, at controlled pH*®* [Eq. (8.146)]. At 

higher pH, very little epoxidation occurs, and at lower pH other oxidation products 

are observed. 

(8.146) 

Polynuclear aromatics that cannot form K-region epoxides such as anthracene 

may be oxidized to the corresponding quinones*"^ by these reagents. Others, such as 

naphthalene and triphenylene, may be converted to polyepoxides under carefully 

controlled reaction conditions and workup procedures.*®’*®* 
OsO^, which is the reagent of choice to convert alkenes to c/5'-l,2-diols, is also 

the most convenient reagent to carry out oxidation of aromatics to cw-dihydrodi- 

ols.*®^ A highly specific and selective method is microbial oxidation. Different mi- 
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croorganisms have been used to convert benzene, and its substituted derivatives and 

polycyclic aromatics to the corresponding cw-dihydrodiols,**'^” usually with high 

enantioselectivity.**^ A mutant strain of Pseudomonas putida has found particularly 

widespread application in the oxidation of substituted benzenes^^ [Eq. (8.147)]. 

Both oxygen atoms in the product proved to originate from atmospheric oxygen.*” 

(8.147) 

R= H, Me, Et, CH=CH2, C=CH 

Oxidation with Singlet Oxygen. Polynuclear aromatic hydrocarbons, namely, 

anthracene and the higher homologs, have long been known to undergo self- 

sensitized photooxygenation to form endoperoxides through 1,4-cycloaddi- 
tion3«'.364,372,373.813,814 j-gq (8.148)]. The main interest originated from the easy reversi¬ 

bility of the reaction using it as a singlet oxygen source. 

^02 (8.148) 

The lower homologs, benzene and naphthalene, as well as phenanthrene are not 

reactive toward singlet oxygen. Similar to other singlet oxygen oxygenations, how¬ 

ever, the reactivity of aromatic hydrocarbons can be enhanced by introducing elec¬ 

tron-donating substituents into the ring.*'’“*‘^ Pentamethyl- and hexamethylbenzene 

do react with singlet oxygen.*'® They form unstable endoperoxides detected by NMR 

spectroscopy that are prone to participate in the ene reaction with a second molecule 

of oxygen. The benzene ring in strained systems such as certain cyclophanes can 

also react to form endoperoxides.*^*^' Similar two-step singlet oxygenations may 

also take place in alkenylarenes‘'^®'*^^*“ [Eq. (8.149)''^*]; 

Methyl-substituted naphthalenes react with singlet oxygen,*'’*'"*^''’*^* but the reac¬ 

tivity depends on the position of the substituents. Whereas 2-methylnaphthalene is 



OXIDATION OF AROMATICS 361 

unreactive, other derivatives exhibit the following reactivity pattern: 1,4-dimethyl > 
1,2-dimethyl > 1-methyl > 1,3-dimethyl.*'^ 

Anthracene and its 9,10-substituted derivatives add singlet oxygen to form the 

9,10-endoperoxide,*^^*^« but strong directing effect is displayed by substituents in the 
1,4 positions:*^ 

R = Me 30 70 

(8.150) 

8.4.2. Oxidative Ring Cleavage 

Sufficiently strong oxidants are able to cleave the carbon-carbon bonds in aromatic 

rings. Ozone, although less reactive toward arenes than alkenes, is effective in such 

ring fission transformations.’*''*^’ Ozonation of o-xylehe gives a 3 : 2 : 1 mixture of 

glyoxal, methylglyoxal, and biacetyl (Scheme 8.21). This product distribution re¬ 
flects a statistical bond cleavage.*’* 

O. 
2 MeCCHO + 

II 
O 

"H 

'H 

o 

o. 
MeC“CMe + 2 

II II 
O O 

1 

‘H 
H 

O 

Scheme 8.21 

Ozonation may afford compounds of different degrees of oxidation depending on 

workup conditions. In the transformation of phenanthrene,*’" for example, the cleavage 

of the 9,10 double bond can lead to dialdehyde, aldehyde acid, or dicarboxylic acid. 

Arenes can also be cleaved with peroxyacetic acid*’" and permanganate.’*® **' RuO^ 

effectively oxidizes arenes to cleavage products with the use of a cooxidant such as 

NalO Violent reaction with benzene**’ and immediate oxidation of several 
4 

other aromatics such as triphenylmethane and tetralin*** take place, but oxidation 

products could not be isolated. Since alkanes are resistant to RuO_, phenylcyclohex- 

ane is oxidized to yield cyclohexanecarboxylic acid.**'' No systematic study is avail¬ 

able in this field. 
By far the most important aromatic cleavage reactions are the conversion on 

vanadia of benzene to maleic anhydride and that of naphthalene to phthalic anhy¬ 

dride. These oxdiations are treated in Section 8.5.4. 
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8.4.3. Benzylic Oxidation 

Oxidation of Methyi-Substituted Aromatics. Autoxidation of alkyl- 

substituted aromatics possessing benzylic hydrogen affords benzylic hydroperoxides 

(100) as the primary product formed with high selectivity according to a free-radical 

mechanism*” (Scheme 8.22). 

Ai^CHg-H 

99 + At-CHg-H 

O2 
Ar-CHg* -Ai-CHg-OO- 

‘ 99 

-► Ar-CHg-OOH 

100 

Scheme 8.22 

The ready formation of benzylic hydroperoxides is used in industrial oxidations, 

as in the synthesis of propylene oxide and phenol (see Sections 8.5.2 and 8.5.4, re¬ 

spectively). In contrast with autoxidation of alkenes, where various secondary 

processes may follow, autoxidation of arenes is less complicated. Chain termination 

of 99 may lead to an alcohol and aldehyde [Eq. (8.151)], and the rapid autoxidation 

of the latter may produce the corresponding carboxylic acid [Eq. (8.152)]. In the 

noncatalyzed autoxidation the further oxidation of the aldehyde is much faster than 

the hydrogen abstraction to form the benzylic radical. As a result, carboxylic acids 
become the main product. 

2Ar-CH2-00- -► Ai-CHj-OH + Ar-CHO + O2 (8.151) 

99 

Ar-CHO + O2 -► Ar-COOH (8.152) 

Metal ions (Co(III), Mn(III), and Cu(n)) have a pronounced effect on the rate and 

product distribution of autoxidation. In the presence of metal ions, secondary trans¬ 

formations become dominant and selectivity in the formation of benzylic hydroper¬ 
oxide 100 decreases. 

Most of the studies of the metal-catalyzed oxidation of methyl-substituted arenes 

focused on the effect of Co(III) acetate*” and Mn(ni) acetate*” on the selectivity of 

the transformation of methylbenzenes to aldehydes. While metal ion catalysis usual¬ 

ly favors the formation of carboxylic acids, aldehyde oxidation becomes the rate¬ 

determining step in the presence of a high concentration of Co(III) ions, resulting in 

the selective oxidation of methylbenzenes to aldehydes.*” The main role of the metal 

is the decomposition of the hydroperoxide [Eqs. (8.153) and (8.154)], but it also cat¬ 
alyzes hydrogen abstraction*”*” [Eq. (8.155)]. 

Co 2+ + Ar-CH2-OOH -► Co^-' + Ar-CH2-0- (8.153) 
100 

Co^* + 100 -► Co 2+ + Ar-CH2-00- + (8.154) 

99 

Co + Ar-CH2-H- —►Ar-CH2- + Co2+ + H+ (8.155) 
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The order of reactivity of different alkyl-substituted benzenes is toluene > ethyl¬ 

benzene > isopropylbenzene, which is opposite to the general reactivity expected 

from the C—H bond energies. This was explained in terms of an initiating electron- 

transfer equilibrium between Co(OAc)j and the arene being the rate-determining 
step.*^® 

Studies of the internal selectivities of oxidation of methyl and ethyl groups in 

the same molecule led to a similar conclusion, suggesting a radical cation inter- 

mediate.*'“ It was observed that selectivities depend on the nature of the metal 
ion: 

H2OH 

Ce(NH3)2(N03)6,Ac0H, 60°C 
Mn(OAc)3, H2S0 4,AcOH, 20°C 

53.4 46.6 

22.4 77.6 
9.2 90.8 

(8.156) 

Strong acids enhance oxidation, and extensive transformation can be achieved at 

room temperature [see Eq. (8.160)]. In the absence of oxygen side-chain acetoxyla- 

tion and hydroxylation take place.*^‘ 

Stoichiometric oxidations may also lead to aldehydes from methyl-substituted 

arenes. Chromyl chloride applied in the classic Etard reaction®^^ forms a 2 : 1 insolu¬ 

ble adduct with the possible structure 101. The aldehyde is isolated after treatment 

with water [Eq. (8.157)]. A free-radical process seems to account for the experimen¬ 

tal observations."®®^® 

CrO 2CI2 

3 CCI4 

OCr(OH)Clj 

OCr(OH)Clj 

101 
90% 

(8.157) 

In a reaction somewhat similar to the CrO^Cl^ oxidation, CrO^ in AcOH in the 

presence of mineral acids produces benzylidene diacetates that can then be hy¬ 

drolyzed to the corresponding aldehydes.Cr(V) and Cr(IV) species were 

shown to be involved in the reaction.™^ Silver(II) in acidic solution,®"^ 

Ce(NH3)^(N03)g,®^® and photooxidation in the presence of TiO^ and Ag^SO^,®^ are also 

used to accomplish aldehyde formation. 
Methyl-substituted aromatics may also be converted to the corresponding car¬ 

boxylic acids. As was mentioned above, a shift in the selectivity of the autoxidation 

of methyl-substituted arenes is brought about by metal ions eventually producing 

carboxylic acids. Carboxylic acids may also be formed by the base-catalyzed autox¬ 

idation of methyl-substituted arenes.*^’ Oxidation with rert-BuOK in HMPA affords 

carboxylic acids in moderate yields with very high selectivities. 
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Oxidation of Other Arenes. Aromatic compounds with longer alkyl side chain 

can be converted to ketones or carboxylic acids. All the previously discussed reagents 

except CrOjClj usually afford the selective^ formation of ketones from alkyl- 

substituted arenes. Oxidation with CrO^Cl^ usually gives a mixture of products. These 

include compounds oxidized in the P-position, presumably formed via an alkene 

intermediate or as a result of the rearrangement of an intermediate epoxide."®™’ 

The permanganate ion is a strong oxidant and tends to cleave aromatic side 

chains. However, when used under phase-transfer conditions,'”*^ it converts ben- 

zylic methine groups into alcohols, and benzylic methylene compounds to ketones. 

Convenient oxidations can be carried out when KMnO^ is applied in Et^N, an organ¬ 

ic solvent (CHCI3), and traces of water at room temperature.*^® 

The Jones reagent*’® and tert-BuOOH in the presence of chromium(VI) complex¬ 

es*’’*’^ were found to be particularly useful in the oxidation of tetralins and indans. 

Oxidation with 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ) occurs with an ex¬ 

ceptional mechanism.*” In contrast with the radical processes observed in other oxi¬ 

dations DDQ generates a carbocation by hydride abstraction that is trapped by water 

to form an alcohol [Eq. (8.158)]. Further oxidation of the latter furnishes the product 
ketone. 

CHCI3, HjO 
65°C, 30 min 

OH 

Selective formation of ketones may be achieved through base-catalyzed oxida¬ 

tions.*"^ Transformation of 9,10-dihydroanthracene catalyzed by benzyltrimethylam- 

monium hydroxide (Triton B)*’" starts with proton abstraction [Eq. (8.159)]. 

Subsequent one-electron transfer and intramolecular hydrogen migration lead to 

radical 102 followed by reaction with to yield hydroperoxide radical 103. Radical 

103 is further oxidized to a dihydroperoxide (104), which decomposes to an- 

thraquinone. Alternatively, 103 may be transformed to a diradical that eventually 

gives anthracene as a byproduct. The ratio of the two products strongly depends on 

the solvent used. The highest yield of anthraquinone (85% at 100% conversion) was 
achieved in 95% aqueous pyridine. 

102 

(8.159) 
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Aromatic carboxylic acids may be formed with the oxidative cleavage of the side 

chain. Oxidation of diarylmethanes, however, usually stops at the ketone stage. Such 

oxidations are usually carried out with permanganate, hexavalent chromium, or ni- 

mc acid. Since CrOj in acidic medium readily attacks the ring in polycyclic aromat¬ 

ics to yield quinones, only alkyl-substituted benzenes and isolated ring systems are 

oxidized exclusively at the benzylic position."''™^™’ Working under neutral condi¬ 

tions, as with aqueous sodium dichromate, can allow one to avoid ring oxidation, 

and selective benzylic oxidation of polynuclear aromatics may occur. The same can 
be applied for permanganate oxidations.*^' 

Benzylic Acetoxylation. The reaction of Mn(OAc)3 i" AcOH with 

methylbenzenes when carried out in the absence of oxygen yields products of side- 
chain acetoxylation and hydroxylation:*^' 

(8.160) 

The oxidation occurs in a one-electron process through a radical cation [Eq. 

(8.161)]. Bromide ions have a catalytic effect with the involvement of radical inter¬ 
mediates*” [Eq. (8.162)]. 

ArCHg 

ArCHa 

Mn(OAc)3,AcOH ^cOH 
. ■ ■ ■ ■■ ArCH3+- -► 

ArCHa- 
AcOH, KBr -Mn^'" 

Mn(OAc)3 
ArCHo- .. » 

^ -Mn(OAc)2 

AcO" 
ArCHoBr -: 

^ -Br 

ArCHaOAc 

ArCHaOAc 

(8.161) 

(8.162) 

Several studies have been reported about Pd(II)-catalyzed acetoxylation. 

Pd(OAc)2, which catalyzes aromatic coupling and nuclear acyloxylation as well 

(see Section 8.4.1), is an efficient catalyst of benzylic acetoxylation in the pres¬ 

ence of alkali acetates. Stoichiometric oxidation in the absence of oxygen*”*” 

and a catalytic method*” are known. A twofold rate increase was observed when 

a mixture of Pd(OAc)j, Sn(OAc)2, and charcoal was employed in acetoxyla¬ 

tion.*” Xylenes are converted to the a,a"-diacetyloxy compounds in high 

yields.*” 
Oxidation with peroxydisulfate in AcOH in the presence of catalytic amounts of 

iron and copper salts gives benzylic acetates in good yields.”’ *® The reaction of lead 

tetraacetate with alkylarenes in AcOH provides benzylacetates in moderate yields.”* 

Most of these oxidations usually involve methyl-substituted benzenes since aromat¬ 

ics with longer chains produce various side products. 
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8.5. PRACTICAL APPLICATIONS 

8.5.1. Oxidation of Alkanes \ 

Acetic Acid. Although presently Monsanto’s Rh-catalyzed methanol 

carbonylation (see Section 7.2.4) is the predominant process in the manufacture of 

acetic acid, providing about 95% of the world’s production, some acetic acid is still 

produced by the air oxidation of n-butane or light naphtha.*®’”*^ n-Butane is used 

mainly in the United States, whereas light naphtha fractions from petroleum refining 

are the main feedstock in Europe. 
Noncatalytic oxidation to produce acetic acid can be carried out in the gas phase 

(350^00°C, 5-10 atm) or in the liquid phase (150-200°C). Liquid-phase catalytic 

oxidations are operated under similar mild conditions. Conditions for the oxidation 

of naphtha are usually more severe than those for «-butane, and the process gives 

more complex product mixtures.*®^*®* Cobalt and other transition-metal salts (Mn, 

Ni, Cr) are used as catalysts, although cobalt acetate is preferred. In the oxidation 

carried out in acetic acid solution at almost total conversion, carbon oxides, car¬ 

boxylic acids and esters, and carbonyl compounds are the major byproducts. Acetic 

acid is produced in moderate yields (40-60%), and the economy of the process de¬ 

pends largely on the sale of the byproducts (propionic acid, 2-butanone). 

A radical chain reaction to yield 5ec-butyl hydroperoxide (105) as intermediate is 

operative’’ *®'' [Eq. (8.163)]. Metal ions play a role in decomposition of the latter by P 

cleavage [Eq. (8.164)]. Acetaldehyde thus formed is oxidized in situ to acetic acid. 

Decomposition may also take place through other pathways. Ethyl alcohol can be an 

important primary product that cooxidizes rapidly.*®’'™ 

n-C4Hio 
O2 n-C4Hio 

CH3CH2CHCH 3 -►CH3CH2CHCH 3-►CH 3CH2CHCH 3 
I -n-C4H9- T 

Mn+ 
105 —-►CH3CH2CHCH3 

-M(n+1)+,-OH‘ I 

O- 

00 • " -(05 OOH 

^HsCHO + CH3CH2 

(8.163) 

(8.164) 

Oxidation of butane and butenes to maleic anhydride is discussed in connection 
with the synthesis of maleic anhydride (see Section 8.5.4.). 

Oxidation of Cyclohexane. The synthesis of cyclohexanol and cyclohexanone 

is the first step in the transformation of cyclohexane to adipic acid, an important 

compound in the manufacture of fibers and plastics. Cyclohexane is oxidized 

industrially by air in the liquid phase to a mixture of cyclohexanol and 

cyclohexanone.*®®*”-*’® Cobalt salts (naphthenate, oleate, stearate) produce mainly 

cyclohexanone at about 100'’C and 10 atm. The conversion is limited to about 10% 

to avoid further oxidation by controlling the oxygen content of the reaction mixture. 

Combined yields of cyclohexanol and cyclohexanone are about 60-70%. 

The cobalt-catalyzed oxidation of cyclohexane takes place through cyclohexyl 

hydroperoxide with the cobalt catalyst acting primarily in the decomposition of the 
hydroperoxide to yield the products:*®’'*’® 
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-Co 
(8.165) 

Oxidation catalyzed with boric acid (160-175°C, 8-10 atm) results in the forma¬ 

tion of cyclohexyl esters.*’’*’* After hydrolysis a product mixture containing mainly 

cyclohexanol is formed.*” Since borate esters are less sensitive to further oxidation, 
better yields are usually achieved (85% at 12% conversion).*” 

Oxidation of Cyciododecane. 1,12-Dodecanedioic acid used in the 

production of polymers is synthesized in two-step process*®*’*^ similar to the 

manufacture of adipic acid. Cyciododecane is first oxidized to a mixture of 

cyclododecanol and cyclododecanone. Both the cobalt-catalyzed and the borate 

processes (Huels) are used. Further oxidation of the product mixture leads to 1,12- 
dodecanedioic acid. 

sec-Alcohois. At present, methods to manufacture detergent-range straight-chain 

(Cjp-C,g) secondary alcohols through the oxidation of «-alkanes*’'’“**’ are practiced in 

Japan and the former Eastern Block countries. Boric acid-modified air oxidation 

(the Bashkirov method***) at low conversion levels (20%) to maintain suitable 

selectivity is applied. An optimal concentration of boric acid is required, since it 

inhibits oxidation in high concentration, but increases alcohol yields. Aromatic 

compounds also act as inhibitors, necessitating the use of high-purity feeds (less than 

0.1% aromatics). It was found, however, that ammonia and amine compound 

cocatalysts exclude inhibition problems and allow higher conversions with the same 

selectivity (Nippon Shokubai process).**^*** The oxidation product is hydrolyzed, and 

unreacted paraffins and recovered boric acid are recycled. Hydrogenation of the 

hydrolysis product (70% alcohols, 20% ketones, 10% carboxylic acids) increases 

yields to better than 90% by converting ketones to alcohols. The alcohol mixture is 

purified by distillation and reacted with ethylene oxide to achieve better 

biodegradability. The product j'ec-alcohol ethoxylates are the main ingredients in 

liquid detergents. 

8.5.2. Oxygenation of Alkenes and Dienes 

Ethyiene Oxide. Essentially all ethylene oxide produced industrially is 

manufactured by the direct oxidation of ethylene catalyzed by silver*^**®-*** [Eq. 

(8.166)]. This oxidation is unique, since only silver is capable of epoxidizing 

ethylene, and silver is active only in the oxidation of ethylene. A low-surface-area 

a-alumina is usually applied to support about 10-15% silver. Organic halides (1,2- 

dichloroethane, ethyl and vinyl chloride) are added as moderators, and additives (Cs, 

Ba) are also used to increase selectivity. At present selectivity in industrial 

oxidations is about 80%. 
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CH2=CH2 + O.5O2 —\ / AW =-25.1 kcal/mol (8.166) 
, O 

\ 

Several processes based on air or oxygen have been developed.**®”*^ Oxidation 

with air (260-280°C) or oxygen (230°C) is carried out at about 15-25 atm at a limit¬ 

ed conversion (about 10-15%) to achieve the highest selectivityHigh-purity, 

sulfur-free ethylene is required to avoid poisoning of the catalyst. Ethylene concen¬ 

tration is about 20-30 vol% or 5 vol% when oxygen or air, respectively, is used as 

oxidant. The main byproducts are CO^ and H^O, and a very small amount of ac¬ 

etaldehyde is formed via isomerization of ethylene oxide. Selectivity to ethylene 

oxide is 65-75% (air process) or 70-80% (O^ process).*** 

Numerous papers and several review articles***®'*"^ deal with adsorption studies 

and discuss the kinetics and mechanism of the silver-catalyzed epoxidation of ethyl¬ 

ene. A simple triangular kinetic scheme of first-order reactions satisfies the experi¬ 

mental observations (Scheme 8.23). On the best industrial catalysts kjk^ is 6, and 

kjk is 2.5. 
2 3 

2 CO2 + 2 H2O 

Scheme 8.23 

Both associative [Eq. (8.167)] and dissociative [Eq. (8.168)] adsorptions of oxy¬ 

gen were found to occur on silver. Dissociative adsorption occurring on four adja¬ 

cent silver atoms was found to be responsible for nonselective oxidation to yield 

COj. An optimum chlorine coverage of about 25% of surface silver atoms effective¬ 

ly blocks dissociative adsorption of oxygen by physical blocking ensuring increased 
selectivity. 

^2 + Ag ► 02ac(s + Ag"^ (8.167) 

O2 + 4Agady -2 + 4Ag%dy f8 1681 

On the basis of IR studies and site-blocking experiments, Sachtler et al. suggest¬ 

ed that diatomic adsorbed oxygen species react selectively with ethylene to yield 

ethylene oxide*^'^’ [Eq. (8.169)]. Atomic oxygen formed, in turn, reacts with ethyl¬ 
ene to result in complete oxidation [Eq. (8.170)]. 

CH2=CH2 + O2 ads 
O 

^ y 5 Dads 

o 

Oads 

2CO2 + 2 H2O 

(8.169) 

CH2 CH2 + Oads (8.170) 
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Steady-state conditions require the combination of Eqs. (8.168) and (8.170), giv¬ 

ing Eq. (8.171). This also indicates the formation of vacant surface sites (□) capable 

of further oxygen adsorption. If certain further assumptions hold, Eq. (8.171) deter¬ 

mines a limiting selectivity of or 85.7%. Selectivities exceeding 90% were, how¬ 

ever, later observed.®™'^®* Bell et al. argued in favor of atomic oxygen as the species 

that forms ethylene oxide in a reaction with gaseous ethylene.®’® Ethylene adsorbed 

on sdver vacancies at low oxygen coverage undergoes total combustion. The role of 

chlorine is to suppress surface silver vacancies, preventing ethylene adsorption and 
C—H activation. 

TCHg CH2 + 6 O2 arfs ^ 6 V" 2 CO2+2 H2O + en (8.171) 

This view, supported by surface science studies, has recently found wide accep¬ 

tance.®** Under working conditions a silver oxide-chlorine surface phase is formed, 

which may contain ionic silver (Ag", Ag^^. Oxygen and chlorine occupy subsurface 

positions and act as electron-withdrawing ligands, allowing the adsorption of elec¬ 

trophilic oxygen atoms. Electrophilic attack of such oxygen on one of the sp^- 

hybridized carbon atoms (106) leads to epoxidation.*** Nonselective oxidation, in 

contrast, is brought about by attack of strongly bound, bridging oxygen to hydrogen 
atoms (107). 

Ag. 
O 

s ah 
A\H 

t" ^c-c> 
^1:18+ 

^Ag Ag 
0 ^ >
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 1 \ 
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106 107 

The unique ability of silver to epoxidize ethylene lies in the fact that it adsorbs 

oxygen dissociatively, and that atomic oxygen formed at high oxygen coverage is 

weakly bound. The low activity of silver to activate C—H bonds is the key factor in 

the selectivity of epoxidation. 

Propylene Oxide. Unlike ethylene, propylene cannot be selectively transformed 

to propylene oxide by silver-catalyzed oxidation. Instead, indirect oxidations (the 

peracid and the hydroperoxide routes) are employed.®" ®’'’ 

In the peracid process (Bayer-Degussa technology®") propionic acid is oxidized 

by hydrogen peroxide in the presence of H^SO^ to yield perpropionic acid, which, in 

turn, is used to oxidize propylene to propylene oxide. The peracetic acid process 

(Daicel technology®’®®’^) employs a mixture of acetaldehyde, ethyl acetate, and com¬ 

pressed air in the presence of a metal ion catalyst to produce the reagent (30-50°C, 

25^0 atm). After separation of the unreacted acetaldehyde a 30% solution of per¬ 

acetic acid in ethyl acetate containing 10-15% acetic acid is used to epoxidize 
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propylene (50-80°C, 9-12 atm). A 90-92% yield of propylene oxide is reached at 

97-98% conversion of peracetic acid. 
About 50% of the current worldwide propylene oxide capacity is based on a 

newer process called hydroperoxide {coproduct or oxirene) route (Halcon-Arco 

technology”*’’”). According to this process hydroperoxides synthesized by the oxi¬ 

dation of certain hydrocarbons, such as ethylbenzene or isobutane, are used for 

epoxidation of propylene in the presence of a transition-metal catalyst [Eq. (8.172)]. 

The additional advantage of this process is the possibility of the utilization of the al¬ 

cohol products. tert-BwOR (and MTBE, its methyl ether) is used as a gasoline addi¬ 

tive. It can be dehydrated to yield isobutylene, which is used to produce high-octane 

alkylates (see Section 5.5.1). 1-Phenylethanol is dehydrated to styrene over TiO^ on 

alumina.”* 

Me 

R-H R—OOH \ / + R-OH (8.172) 

O 

In the coproduct route isobutane is oxidized with oxygen at 130-160°C and 

under pressure to tert-BuOOH, which is then used in epoxidation. In the styrene co¬ 

product process ethylbenzene hydroperoxide is produced at 100-130°C and at lower 

pressure (a few atmospheres) than applied in isobutane oxidation. Epoxidations are 

carried out in high excess of propylene at about 100°C under high pressure (20-70 

atm) in the presence of molybdenum naphthenate catalyst. About 95% epoxide se¬ 

lectivity can be achieved at near-complete hydroperoxide and 10-15% propylene 

conversions. Shell developed an alternative, heterogeneous catalytic system (TiO^ 

on SiOj) that is employed in a styrene coproduct process.”^”* 

Acetaldehyde and Acetone. The direct palladium-catalyzed oxidation of 

ethylene to acetaldehyde*”^*^’”'^’^ is an important industrial processes. The similar 

oxidation of propylene to acetone,”'*’”®’”^ although practiced, is less important,”'’-’^* 

due to other large-scale processes for the manufacture of acetone (dehydrogenation 

of 2-propanol, the cumene oxidation process; see Section 8.5.4). A single-stage 

technology (Hoechst process,for oxidation with oxygen) and a two-stage 

process (Wacker process,”'’’^ for oxidation with air) have been developed. 

The homogeneous oxidation of alkenes in aqueous solution to carbonyl com¬ 

pounds by palladium salts results in the concomitant reduction of Pd(II) to metallic 

palladium. In the catalytic process a suitable oxidant, usually CuCl^, is used to re¬ 

generate Pd(II), and Cu^Cl^ thus formed is reoxidized with oxygen (see Section 

8.2.4). In the single-stage operation the alkene and oxygen are fed into the aqueous 

solution of PdClj containing a large excess of CuCl^. Oxidation of the alkene to the 

carbonyl compound and regeneration of the catalyst system occur in the same reac¬ 

tor (120-130°C, 3 atm). This process requires the use of high-purity ethylene 
(99.7%) and oxygen (99%). 

In the two-stage process the alkene is reacted with the catalyst system 

(100-110°C, 10 atm). The reduced catalyst solution containing Cu^Cl^ is reoxidized 
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with air in a second reactor under the same conditions. In both cases about 95% oxo 

yield is achieved at 95-99% alkene conversion. Because of the explosion hazard of 

mixing ethylene or propylene with pure oxygen, most commercial operations favor 
the less hazardous two-stage process. 

Vinyl Acetate. Two homogeneous liquid-phase processes for the production of 

vinyl acetate have been developed.^'"^"''''"''’ In the ICI process”'’’^^' a suspension of 

PdCl^, KCl, CuIOAc)^, and KOAc in acetic acid is reacted with ethylene at 40—50 

atm and 120 C in the presence of a small amount of oxygen. At 2-3% conversion 

per pass, a significant amount of acetaldehyde is obtained as well, which is oxidized 

to produce the required acetic acid for the process. In the other, two-stage process,^®’ 

stoichiometric oxidation with PdCl^ and CuCl^ is carried out, followed by 

reoxidation with air of the catalyst mixture in a second reactor. Serious drawbacks 

of both processes such as explosion hazard, corrosion problems, and decreased 

selectivity in the presence of CuCl^ resulted in the development of heterogeneous 
gas-phase processes.^'^’^^' ”® 

In the process jointly developed by Bayer and Hoechsf “ a palladium-gold-on- 

silica or alumina catalyst impregnated with KOAc is used. A mixture of ethylene, 

acetic acid, and oxygen is converted at 150-170°C and about 5-10 atm to produce 

vinyl acetate with about 91-92% selectivity at about 10% conversion in a highly 

exothermic reaction. The only major byproduct is CO^. KOAc requires continuous 

replenishment. A similar process was independently developed by U.S.I. 
Chemicals.”'^'” 

1,4-Diacetoxy-2-butene. Mitsubishi commercialized a new process, the 

acetoxylation of 1,3-butadiene, as an alternative to the Reppe (acetylene- 

formaldehyde) process for the production of l,4-diacetoxy-2-butene.”®'''” 1,4- 

Diacetoxy-2-butene is transformed to 1,4-butanediol used in polymer manufacture 

(polyesters, polyurethanes). Additionally, 1,4-butanediol is converted to 

tetrahydrofuran, which is an important solvent and is also used in polymer synthesis. 

The homogeneous palladium-catalyzed process for acetoxylation was never com¬ 

mercialized because of low selectivity and the difficulty of separating the catalyst 

from the reaction mixture. Heterogeneous palladium catalysts applied in the gas 

phase, in turn, quickly lose activity caused by buildup of polybutadiene. The 

Mitsubishi process uses a Pd-Te-on-active carbon catalyst in the liquid phase. 

Tellurium apparently prevents palladium elution to acetic acid. 

The acetoxylation reaction is carried out at 70°C under 70 atm pressure by reacting 

1,3-butadiene and acetic acid in the presence of air and a small amount of polymer¬ 

ization inhibitor. A special three-step activation (reduction-oxidation-reduction), 

also used in regeneration of the used catalyst, ensures high activity and selectivity. 

Regeneration of the catalyst is necessary after about one year of operation. 

Acrolein and Acrylic Acid. Acrolein and acrylic acid are manufactured by the 

direct catalytic air oxidation of propylene. In a related process called ammoxidation, 

heterogeneous oxidation of propylene by oxygen in the presence of ammonia yields 
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acrylonitrile (see Section 8.5.3). Similar catalysts based mainly on metal oxides of 

Mo and Sb are used in all three transformations. A wide array of single-phase 

systems such as bismuth molybdate or uranyl antimonate, and multicomponent 

catalysts, such as iron oxide-antimony oxide or bismuth oxide-molybdenum oxide 

with other metal ions (Ce, Co, Ni), may be employed.”* The first commercial 

process to produce acrolein through the oxidation of propylene, however, was 

developed by Shell applying cuprous oxide on Si-C catalyst in the presence of 

promoter.”'*'”® 
When a mixture of propylene, air, and steam (1 : 8-10 : 2-6) is reacted in the 

vapor phase (300—400°C, 1-3 atm) acrolein is formed in about 85% yield in an 

exothermic process*®’’®“* [Eq. (8.173)]; 5-10% of acrylic acid may also be isolated. 

CH2=CH-CH3 + 02-► CH2=CH-CH0 + H20 ah =-87.8 kcal/mol (8.173) 

Oxidation in the original Sohio process®'*®'®'** was carried out over a bismuth 

molybdate catalyst that was later superseded by bismuth phosphomolybdate with 

various amounts of additional metal ions (Ce, Co, Ni), and multicomponent metal 

oxides based on Mo, Fe, and Bi supported on silica. 

A single-stage or two-stage technology may be used to produce acrylic 

acid.*®^'®*'*'®^^ ®'*^ In the two-stage process multicomponent metal oxides similar to the 

catalysts used in the synthesis of acrolein are used to transform the propylene, air, 

and steam mixture into a mixture of acrolein and acrylic acid. This product mixture 

is further oxidized in a second step under different operating conditions. The Toyo 

Soda technology,®'*^'®'*^ for instance, carries out the two steps slightly above atmos¬ 

pheric pressure, at 330-370°C and 260-300°C, respectively, and achieves a 67% 

overall yield of acrylic acid. Because of the higher yields achieved as a result of the 

use of optimal catalysts and temperatures in each reaction step, the two-stage tech¬ 
nology is preferred. 

Methacrolein and Methacrylic Acid. A two-stage technology, esssentially the 

same as the propylene oxidation process for the manufacture of acrolein and acrylic 

acid, was developed to oxidize isobutylene to methacrolein and methacrylic 

acid.®'**-®^® Two different molybdenum-based multicomponent catalysts are used. In a 

typical procedure®'** isobutylene is reacted with excess steam and air (5 : 30 : 65) at 

about 350°C to produce a mixture of methacrolein and methacrylic acid with 

80—85% selectivity at a conversion of 98%. In the second stage this reaction mixture 

is oxidized at slightly above 300°C to yield methacrylic acid (80% selectivity at 
higher than 90% conversion). 

8.5.3. Ammoxidation 

Acrylonitrile. Ammoxidation of propylene to produce acrylonitrile [Eq. (8.174)] 

is usually carried out in fluid-bed reactors converting a nearly stoichiometric mixture 

of propylene, air, and ammonia at about 400-500°C, slightly above atmospheric 

pressure.®^' ®” Practically complete conversion of propylene and ammonia is 

achieved to produce acrylonitrile in 65-70% yield. Acetonitrile and HCN are the 
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main byproducts. The Sohio process originally used oxides of Bi, Co, and Mo, and 

bismuth and cobalt molybdates.Other catalysts developed later (uranyl 

antimonate, antimony oxide-iron oxide, oxides of Fe, Ce, and Mo, mixed oxides of 

Sb and produce fewer byproducts and ensure higher yields of 
acrylonitrile. 

CH2=CH-CH3 + 1.5 O2 + NH3 —CH2=CH-CN + 3 H2O AH = -123.2 kcal/mol 

(8.174) 

Intense studies on the mechanism of oxidation and ammoxidation have been car¬ 

ried All selective oxidation and ammoxidation catalysts are redox sys¬ 

tems. They are capable of oxidizing propylene with the concomitant reduction of the 

surface active sites. The catalyst subsequently undergoes reoxidation, that is, incor¬ 

poration of molecular oxygen into the lattice takes place. 

It is well established that the first step in the oxidation of propylene is a-hydro- 

gen abstraction in a rate-determining step with the formation of a symmetric 7i-allyl 

intermediate (108) (Scheme 8.24). The active site consists of a bismuth-molybde¬ 

num pair; the surface Bi : Mo ratio is 1. The hydrogen abstraction occurs on propy¬ 

lene adsorbed on a coordinatively unsaturated Mo center by Bi oxygen.^“ A a-0- 

allyl molybdate (109) formed in the next step decomposes to the product acrolein, 

creating an oxygen vacancy. The latter is replenished by gaseous oxygen re-forming 

the original active site. 

109 
Scheme 8.24 

In summary, oxygen associated with Bi is responsible for allylic hydrogen ab¬ 

straction, whereas oxygen polyhedra around Mo are inserted into the allylic interme- 

diate.^*'-''® Nitrogen insertion in ammoxidation takes place in a similar way*"^ on an 

active site containing Mo=NH instead of Mo=0. 
Processes based on propane ammoxidation to manufacture acrylonitrile have also been 

developed,'''"'®*^ and BP has announced commerciahzation.'^’ Dehydrogenation at high re¬ 

action temperature (485-520°C), which is about 100°C higher than that for propylene am¬ 

moxidation, results in the formation of propylene, which subsequently undergoes normal 
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ammoxidation. Despite higher investments and the markedly lower selectivity (30-40%), 

the process can be economical because of the price difference between propylene and 

propane.*’ Better selectivites can be achieved at Iqwer (40-60%) conversions. 

Other Processes. Other similar technologies also exist in the manufacture of less 

important products such as benzonitrile** and isomeric dicyanobenzenes from the 

corresponding methylbenzenes.*^'®’® In the Lummus process to produce 

terephthalonitrile, ammoxidation is carried out without free oxygen. /j-Xylene and 

ammonia are reacted over a V^Oj-on-alumina catalyst at 400-450°C in a fluidized- 

bed reactor. The catalyst is reduced during the process and reoxidized in a separate 

step. The product terephthalonitrile is subsequently hydrolized to terephthalic acid. 

8.5.4. Oxidation of Arenas 

Phenol and Acetone. Cumene oxidation is presently the only commercially 

significant route for the production of phenol.^^-’^®”''^ In a two-step process'"’®’'* 

cumene is first oxidized in an autocatalytic, free-radical reaction to cumene 

hydroperoxide®” [110, Eq. (8.175)]. The oxidation is carried out in the liquid phase, 

at relatively low temperature (90-120°C), pressure (5-7 atm), and conversion 

(20-40%) to achieve high selectivity. Cumene hydroperoxide is concentrated 

(70-85%) and then further converted. This second step includes an acid-catalyzed 

rearrangement and cleavage,®” yielding phenol and acetone [Eq. (8.176)]. 

Byproducts are a-methylstyrene, acetophenone, and cumene. 

OOH 

(8.175) 

(8.176) 

Phenol can also be prepared by the decomposition of benzoic acid prepared by 

the oxidation of toluene.®”®” The process is an oxidative decarboxylation catalyzed 

by copper(II). An interesting feature of this reaction is that the phenolic hydroxyl 

group enters into the position ortho to the carboxyl group, as was proved by "'C la- 
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beling.''"** In the Dow process'*’'' molten benzoic acid is transformed with steam and 

air in the presence of Cu(n) and Mg(II) salts at 230—240°C. A copper oxide catalyst 
is used in a vapor-phase oxidation developed by Lummus.'**® 

BBnzoic Acid. The industrial-scale oxidation of toluene to benzoic acid is carried out 

with cobalt catalysts.''”’''”''®'''*’ The process, a free-radical autoxidation, is significantly 

promoted by bromide ions.®*’ Under these conditions bromine atoms rather than 

alkylperoxy radicals serve as a regenerable source of chain-initiating free radicals. 

Substantial rate increase can be achieved by the addition of manganese(n) ions.''*® 

Liquid-phase oxidation of toluene to benzoic acid (Dow process,Mid- 

Centuiy process"*®) may be carried out in acetic acid or without solvent. Cobalt(n) 

naphthenate or cobalt(n) 2-ethylhexanoate promoted by bromine is used as the cata¬ 

lyst at 140-190°C, at about 8-10 atm pressure. The highly exothermic oxidation is run 

until about 50% conversion. In a process developed by SNIA Viscosa,''*’''** Co(n) hep- 

tanoate or Co(OAc)3 in water is used. Benzaldehyde is always the major byproduct. 

Terephthalic Acid. The oxidation of p-xylene to terephthalic acid is a more 

difficult reaction.*®® Once one of the methyl groups is oxidized, the second methyl 

group in p-toluic acid formed is deactivated by the electron-withdrawing effect of 

the carboxylic group. Bromine-promoted catalytic processes and cooxidation in the 

presence of suitable additives are usually practiced.''®''''”''*'' 

The Mid-Century-Amoco process'**® employs a mixture of Co(OAc)3 and 

Mn(OAc)^ as the catalyst and bromine compound cocatalysts (NH^Br and tetrabro- 

moethane) in acetic acid solvent. Since terephthalic acid is not soluble in acetic acid, 

it crystallizes in high purity during oxidation (220°C, about 20 atm). The oxidation 

is run to almost complete conversion with better than 90% selectivity. Certain or¬ 

ganic compounds, when cooxidized together with p-xylene, promote the formation 

of terephthalic acid. These promoters, such as acetaldehyde (Eastman-Kodak 

process'*""), paraldehyde (Toray process"'*'), and 2-butanone (Mobil process""’""*), 

supply oxygen-containing radicals that regenerate the Co(III) catalyst. 

The Dynamit Nobel-Hercules process""'' produces dimethyl terephthalate in a 

more complex synthesis (Scheme 8.25). To overcome the difficulty in the oxidation 

of the second methyl group, p-xylene and recycled methyl p-toluate formed after es¬ 

terification are cooxidized without solvent at 140-170°C and 4-6 atm. The catalyst 

is a mixture of Co(II) and Mn(n) 2-ethylhexanoate. 

COOMe COOH 

COOH COOH 

(250-280°C, 20-25 aim) 

-1-► 

COOMe 

Scheme 8.25 
COOMe 
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The product mixture consisting mainly of p-toluic acid, monomethyl terephtha- 

late, and some terephthalic acid is esterified, and methyl p-toluate is recycled after 

separation from the end-product dimethyl tei^ephthalate. The special advantage of 

cooxidation is that the peroxy radical (111) formed in the autoxidation of p-xylene 

participates in initiation through hydrogen abstraction from methyl p-toluate, thus 

promoting oxidation of the latter: 

Me Me Me COOMe Me COOMe 

111 

In the manufacture of terephthalic acid by the oxidation of p-xylene, separation 

of the xylene from its isomeric mixture is necessary (see Section 2.5.2). An alterna¬ 

tive process introduced in Japan uses the oxidation of p-tolualdehyde, which is ob¬ 

tained in good regioselectivity by the HF-BF^ catalyzed carbonylation of toluene 

without the necessity of separation of the isomers. 

Maleic Anhydride. Gas-phase catalytic oxidation of benzene or n-butane is the 

principal process for the industrial production of maleic anhydride.®’^'*’"’’* Until the 

1970s commercial production was based predominantly on benzene. Because of its 

more favorable economics, a switch for butane as an alternative feedstock has taken 

place since then.®^^®®*"™' At present almost all new facilities use n-butane as the 

starting material. Smaller quantities of maleic anhydride may be recovered as a 

byproduct of phthalic anhydride manufacture (about 5-6%).'““^'“^ 

The Halcon process, recently modified for ^-butane oxidation, was originally de¬ 

veloped for the oxidation of benzene."^ Preheated air in a large excess to keep the 

composition below the explosion limit is mixed with benzene (1.7 mol%), and the 

mixture is then fed to tubular reactors. The catalyst is and MoO^ on an inert 

support containing promoters. A large amount of heat is produced during the oxida¬ 

tion, which is carried out at 350—400°C and slightly above atmospheric pressure [Eq. 

(8.178)]. More than 70% of benzene is converted to maleic anhydride. 

p +2CO2+2H2O ah =-448.6 kcal/mol (8.178) 

O 

Maleic anhydride is partially condensed, and the remaining quantity is absorbed 

in water to form maleic acid. It is converted to maleic anhydride by azeotropic distil¬ 

lation with o-xylene. Thin-film evaporation under vacuum to avoid isomerization to 
fumaric acid may be used. 
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A large number of studies have been published about the mechanism of oxidation 

of benzene to maleic anhydride and the structure and role of catalysts and pro- 
moters.^^«"»5.'oo6 present hydroquinone formed through a peroxidic adduct is well 

established to be the intermediate in selective oxidation'*' [Eq. (8.179)], whereas 

p-benzoquinone is the intermediate in the nonselective oxidation pathway [Eq. 

(8.180)]. Oxidation of benzene takes place through its interaction with adsorbed O 
molecules. ^ 

(8.179) 

(8.180) 

Fully oxidized vanadia is a poor, nonselective catalyst for benzene oxidation. 

Reduction to lower oxides brings about a large increase in catalytic activity and 

some improvement in selectivity. Substantial enhancement of selectivity can be 

achieved by the addition of molybdena,'** reaching a maximum at a M0O3 content 

of about 30%. Promoters (Ag, Ti, Ni, Co) lead to further improvements. 

In the process based on n-butane feedstock, vanadium phosphorous oxide (VPO) 

catalysts are mainly used.'*"""”' Processes for the oxidation of low-cost fraction 

from naphtha cracker consisting mainly of butenes have also been developed. 

In contrast with benzene oxidation where two carbon atoms are lost in the form of 

ethylene, no carbon is lost in the oxidation of hydrocarbons: 

^4^10 0 + 2 H2O 

S( 
o 

ah = -301.4 kcal/mol (8.181) 

Oxidation of «-butane and butenes requires higher reaction temperatures 

(400-480°C). Since more water is produced in this reaction, most of the product is 

recovered in the form of maleic acid. The currently best process is the Alma 

(Alusuisse) process."”'^"’" Its main features are a fluidized-bed reactor and an anhy¬ 

drous product recovery. Because of the better temperature control, a lower air : hy¬ 

drocarbon ratio can be employed (4 mol% of n-butane). Instead of absorption in 

water, maleic anhydride is recovered from the reactor effluent gas by a high-boiling 

organic solvent. Most commercial processes are operated at 80% conversion, yield¬ 

ing maleic anhydride with about 70% selectivity. 
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V 

The oxidation of «-butane to maleic anhydride is a very complex reaction. 

Because of its industrial importance, however, thorough studies have been carried 
out.89* «''^*'»'* ‘'»« >«w ''>io.io!8 Recent findings indicate^that the active phase of the VPO cata¬ 

lyst is vanadyl phosphate Both activated (O*) and surface lat¬ 

tice oxygens (O^^) play an important role in oxidation''’^ (Scheme 8.26). The former 

participates in the oxidation of the C—H bonds in butane and furan. Lattice oxygen, 

in turn, is responsible for allylic oxidation and ring insertion. Each intermediate may 

be oxidized to carbon oxides. These intermediates, however, are not detectable in 

the gas phase during a normal oxidation process,but could be identified under ex¬ 

treme conditions by spectroscopic methods as surface-bound species. The key factor 

in selective oxidation to maleic anhydride is the fast replenishment of oxygen con¬ 

sumed at the reaction site. If this process is not fast enough, intermediates may des¬ 

orb, resulting in decreased selectivity. 

Scheme 8.26 

In recent industrial procedures catalyst preparation in organic solvents is pre¬ 

ferred, producing a more amorphous precursor with a high density of active 

sites.In addition, phosphorous compounds are usually injected into the feed to 

replenish phosphorous lost through hydrolysis. In this way an appropriate surface 

phosphorous : vanadium ratio is maintained, ensuring prolonged catalytic activity 
and selectivity. 

Phthalic Anhydride. Phthalic anhydride is manufactured by the catalytic vapor- 

phase oxidation of o-xylene [Eq. (8.182)] or naphthalene [Eq. (8.183)]. Both 

oxidations are highly exothermic and carried out almost exclusively in tubular 

reactors cooled by a molten salt.'®” Supported vanadium oxide with additives to 

improve activity, selectivity, and stability usually serves as the catalyst.'^’*''*”'' 

Because of its more favorable stoichiometry (no carbon is lost in oxidation), most 
new plants use o-xylene as the starting material. 

AH =-265.3 kcal/mol (8.182) 

O 

I O + 2 CO 2 + 2 HjO AH = -427.8 kcal/mol (8.183) 

O 
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Compressed air and o-xylene or naphthalene vapor are mixed approximately in a 

20 . 1 ratio and oxidized at about 400 C. The product phthalic anhydride is recov¬ 

ered by condensation and purified by vacuum distillation. Maleic anhydride, a 

byproduct in both oxidations, may be recovered from the waste gases in the form of 
maleic acid after water scrubbing. 

The BASF process'®^’ was developed to use o-xylene exclusively. Most process¬ 

es, however, such as the Wacker-von Heyden process,'®^ '®'' are capable of operating 

on both feedstocks or may use a mixture of the two compounds. Fluidized-bed oper¬ 

ations were developed in the 1960s (Badger process'®“ '®^®) but have been replaced by 

improved, more economical fixed-bed processes. The Alusuisse low-air-ratio (LAR) 

process, for instance, allows the use of a 9.5 : 1 air : o-xylene mixture and achieves 
an increased catalyst productivity.'®^® '®^' 

Detailed mechanistic studies about both oxidations have been carried 
900,1005,1032 Qj^ observed intermediates, a reaction network [Eq. 

(8.184)] was suggested in the oxidation of o-xylene indicating o-tolualdehyde as 
the first intermediate.'®” '®^'* 

(8.184) 

The most stable, active, and selective catalyst in the oxidation of o-xylene is 

supported on TiO^. It is well established that anatase is the suitable support. For ex¬ 

ample, when the vanadia on anatase catalyst is treated above 500°C, anatase is trans¬ 

formed to rutile, and a significant decrease in catalyst performance is observed.'®®^ It 

is speculated that the special nonmicroporous structure of anatase'®” and the spread¬ 

ing of vanadia on the surface of anatase'®” are important features responsible for the 

observed differences. The highest catalyst activity is exhibited by the catalyst that 

contains 2 mol% of vanadia corresponding to the monolayer coverage.'®®^ The active 

center consists of a reducible V=0 bond and an acidic center (oxohydroxy-vanadi- 

um group), forming a monolayer on the surface.'®” The latter catalyzes dehydration 

of noncyclic precursors to five-membered ring compounds. 

A typical reaction network for the oxidation of naphthalene includes naphtho¬ 

quinones as intermediates'®®^ '®” (Scheme 8.27). 
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Oxidation via 1,4-naphthoquinone is the major pathway, but 1,2-naphthoquinone 

may be a significant intermediate."’”'”* Industrial catalysts for the oxidation of 

naphthalene consist of vanadia supported on ^ilica promoted with alkali sulfates."’” 

SOj was found to increase activity and selectivity.'®” 

Anthraquinone. Anthraquinone an important intermediate used extensively in the 

dye industry can be manufactured through the oxidation of anthracene.'®“’"’^' Almost 

all anthraquinone is currently produced by oxidation with CrO^ in the liquid phase 

(5{)-100°C) with selectivity better than 90% at complete conversion. 
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HETEROSUBSTITUTION 

Substitutions such as alkylation (Chapter 5) and oxygenation (Chapter 8) are 

fundamental transformations essential to the chemistry of hydrocarbons. 

Other heterosubstitutions (i.e., formation of carbon-heteroatom bonds), such 

as halogenation, nitration, or sulfuration (sulfonation), are also widely used 

reactions. It is outside the aim of our book to discuss comprehensively the 

wide variety of substitution reactions (for a scope, see, e.g., March’s 

Advanced Organic Chemistry), but it is considered useful to briefly review 

some of the most typical selected heterosubstitutions of hydrocarbons. 

The usual way to achieve heterosubstitution of saturated hydrocarbons is 

by free-radical reactions. Halogenation, sulfochlorination, and nitration are 

among the most important transformations. Recently superacid-catalyzed 
electrophilic substitutions also have been developed. This clearly indicates 

that alkanes, once considered to be highly unreactive compounds (paraffins), 

can be readily functionalized not only by free-radical but also via elec¬ 

trophilic activation. Electrophilic substitution, in turn, is the major transfor¬ 
mation of aromatic hydrocarbons. 

When heterosubstitution is carried out with highly reactive electrophilic 

reagents such as halogens or hydrogen peroxide in the presence of strong 

Lewis acids, ozone in superacids, and nitronium salts, the usual C—H inser¬ 

tion is accompanied by C—C insertion, resulting in C—C bond cleavage and 

the formation of heterosubstituted products of lower molecular weight. A few 

characteristic examples of such reactions (halogenolysis, nitrolysis) are also 
presented. 

414 
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9.1. ELECTROPHILIC (ACID-CATALYZED) SUBSTITUTION 

9.1.1. Substitution of Alkanes 

Halogenation. Fluorination, chlorination, and bromination of alkanes 

catalyzed by superacids have been reported.''^ Reactions may be carried out in 

the liquid phase, or in the gas phase over solid superacids or supported noble 

metal catalysts. High selectivity and relatively mild reaction conditions are 

the main features of these transformations. 

Fluorine^'"' and fluoroxytrifluoromethane^ were found to fluorinate tertiary 

carbon atoms in the liquid phase in halogenated solvents (CH^Cl^, CHCl^, 

CFClj). The reaction with fluorine was shown to occur in a regio- and stereo¬ 

selective fashion.’ Experimental observations were interpreted by invoking 

strongly polarized fluorine species attacked by the electrons of the tertiary 

C—H bond to give the fluorinated product through intermediate 1. 
Chloroform plays a crucial role in the reaction. Among others, its somewhat 

electrophilic hydrogen serves as an acceptor for the fluoride ion. 

F- 

1 

HCCI3 

Electrophilic fluorination of methane itself was effected with good selec¬ 

tivity to methyl fluoride (accompanied by minor amounts of methylene fluo¬ 

ride) by reacting it with NF/SbF^- or N^F'AsF^- in liquid HF or pyridinium 

poly(hydrogen fluoride) solution.® 
Electrophilic chlorination of alkanes’ may be carried out in the presence of 

SbF,, AICI3, and AgSbF^. The Cl-SbF-SO^CIF system is the strongest 

reagent producing electrophilic chlorine (“CF”). With this reagent both car¬ 

bon-hydrogen and carbon-carbon a-bond attacks can occur, resulting in sub¬ 

stitution and carbon-carbon bond cleavage (chlorolysis), respectively 

(Scheme 9.1). Under the conditions used a reversible dialkylchloronium ion 

(2, 3) formation takes place, too. Butane and higher alkanes give alkylcarbo- 

cations as stable ionization products. 
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CH3-CH2-H + CI-Cl-^SbFs 

SO2CIF 

[CH3CH2I 
+ HCI 

CH3CH2CI 

+ H-" 

(CH3CH 2)201^ 2 

' 
' 

" 

/Cl 
+ Cl 

CH3CH ro
 : 

,X
 H3C' "CH3 

[CH3+1 + CH3GI -*^CH3CICH3 

3 

Scheme 9.1 

The weaker electrophile formed in the presence of AlCl^ attacks exclusively the car- 

bon-fiydrogen bond7 Chlorine in the presence of AgSbF^is a weaker and therefore more 

selective chlorinating agent, which reacts only with strained systems (cyclopropane) and 

with alkanes possessing tertiary carbon^iydrogen bonds. AgSbF^ effects the electrophilic 

bromination with bromine in methylene chloride of isoparaffins and cycloalkanes.* 

Electrophilic chlorination and bromination of methane over supported noble metals'^" 

(Pt on AiPj, Pd on BaSO^) and solid superacid catalysts^'* (e.g., TaOF^ on alumina, 

Nafion-H, zeolites, SbF-graphite, sulfated zirconia) have been studied (see Section 

3.4.2). Monosubstitution with selectivities better than 90% are usually achieved. Insertion 

of electrophilic halogen species into the methane carbon-hydrogen bond may be invoked 

to interpret these results.^'' 

Nitration. Electrophilic nitration of alkanes may be brought about by stable nitronium 

salts'* generated by reacting nitric acid or nitrates with Lewis acids (PE^, SbF^) or with HF 

and BFj. NO^^PF^', NO^^SbF^", and NO^^BF^" thus prepared are powerful reagents in 

methylene chloride-sulfolane solution at room temperature.'*'* Their reactivity further 

increases when nitration is carried out in superacid solution (HF, HSO^F). Both 

substitution and nitrolysis (carbon-carbon bond cleavage) take place; the latter is usually 

the dominating process. Tertiary carbon^ydrogen and carbon-carbon bonds are usually 

the most reactive. An insertion mechanism involving two-electron, three-center-bonded 

five-coordinate carbocations as shown in the nitration of ethane gives both nitroethane 

(C—H insertion) [Eq. (9.1)] and nitromethane (C—C insertion) [Eq. (9.2)]. 
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CH3-CH3 -t-NOs^PFe 

H 

H3CH2C' ''no. 

H3CX CH, 

NO. 

CH3CH2NO2 

CH3N02-HCH3F 

(9.1) 

(9.2) 

Sulfurstion. Selective sulfuration of alkanes and cycloalkanes to produce dialkyl 

sulfides has been reported.'^ Two mechanistic paths depicted in Scheme 9.2 may 
account for the product formation. 

R-H 

CF3SO3HI 

? 
\ 
^s—s 
r I 

R-H H 

H 
I 

R-S(^S-(S)5-SH 

R-H -Se 
-H2S 

-H + 

R-S-R 

Sej 

[R-S-(S)6-S^] 

R-h| -R-" 

-H^ St r-s-(S)6-sh 

R = cyclopentyl, 150°C, 12 h 46% yield 
propyl, 125°C, 10 h 29% yield 
isobutyl, 125°C, 10 h 33% yield 

Scheme 9.2 

9.1.2. Substitution of Aromatic Hydrocarbons 

Since numerous monographs and review papers cover in detail nearly all aspects of 

electrophilic aromatic substitutions, only a brief overview of some important reac¬ 

tions resulting in heterosubstitution is given here. Electrophilic alkylation of aromat¬ 

ics, the most important electrophilic substitution with regard to hydrocarbon chem¬ 

istry, including new C—C bond formation, in turn, is discussed in Section 5.1.4. 

Electrophilic substitutions are the most characteristic transformations of aromatic 

hydrocarbons.'*"^* A two-step mechanism is generally accepted to interpret the for¬ 

mation of heterosubstituted aromatics, although with reactive systems an initial sub¬ 

strate-reagent interaction step may also be involved allowing independent substrate 

and positional (regio-) selectivities.^* The attack of an electrophile on the aromatic 
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ring eventually leads to the 4 arenium ion intermediate^^^^® [Eq. (9.3)], called 

Wheland intermediate or o-complex, which undergoes deprotonation to yield the 

substitution product. \ 

4 

Depending on the nature of the reagent and, consequently, the electrophilic char¬ 

acter (degree of ionization) of the reacting electrophile, a great variation of this basic 

mechanism may be observed. Carbon-hydrogen bond breaking is not significant in 

the rate-determining step, and no primary kinetic isotope effects, therefore, are 

found. This is one of the main arguments against a single step mechanism once fa¬ 

vored to conserve aromaticity during the whole reaction. Aromatic electrophilic sub¬ 

stitutions usually require the use of a catalyst to aid the necessary polarization of the 

reagent. Reactive aromatics, such as alkylbenzenes and polynuclear aromatic hydro¬ 

carbons, however, may react with certain reagents without a catalyst. This is because 

not only the electrophilicity of the reagent but also the nucleophilicity of the aromat¬ 

ic reactant affect the reaction. 

Halogenation. Chlorination and bromination of aromatic hydrocarbons are 

usually carried out with chlorine and bromine in the presence of a catalyst.^’ Lewis 

acids, preferentially aluminum chloride, ferric chloride, or bromide, may be used. 

The latter compounds may be formed in situ by using metallic iron. Iodine may also 

be employed as a catalyst. Other effective halogenating agents include HOCl, HOBr, 

and A^-chloro and A^-bromo amides usually in the presence of an acid.^'-^^ Zeolites 

have recently been shown to exert beneficial effects on electrophilic halogenation 

with SO^Clj.^^ The high activity of ZF520 zeolite in such ring chlorinations was 
attributed to its high Brpnsted acidity 

Since alkyl groups are activating and ortho-para directing substituents, alkylben¬ 

zenes exhibit increased reactivity, yielding mixtures of ortho- and para-substituted 

isomers.^®'” Product distribution may be affected by the reagent and reaction condi¬ 

tions. Highly para selective monochlorination was achieved under mild conditions 

with tert-BuOCl catalyzed by a proton-exchanged X zeolite.^* A mixture of thallium 

acetate and bromine was found to be a mild and efficient reagent for almost exclu¬ 

sive para monobromination.^'* An interesting example of halogenation is transfer 

bromination.'”’ It is based on the observation that o- and p-bromotoluene, but not the 

meta isomer, isomerize through intermolecular bromine transfer under 
Friedel-Crafts isomerization conditions (water-promoted AlCl ). 

Alkylbenzenes and other activated aromatics, such as polynuclear compounds, 

may react without a catalyst. Halogenation, in this case, occurs with the involvement 

of molecular halogens.Polarization of chlorine and bromine molecules is 

brought about by their interaction with the aromatic ring. For example, bromination 
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in the presence of acetic acid is suggested to take place through the transition state 5 

leading to the formation of the a-complex. The kinetic order in bromine, which is 

often higher than unity, indicates the involvement of a second molecule of bromine 
in the rate-determining step assisting ionization. 

Iodine, the least reactive halogen, requires the use of strong Lewis acids, such as 

silver ion, often in the presence of sulfuric acid.'*^ lodination is most often performed 

by iodine in the presence of various oxidizing agents that convert iodine to a better 

electrophile. Nitric acid-sulfuric acid, iodic acid, and periodic acid are used most 

frequently.^'''^ In contrast with chlorination and bromination, the rate-determining 

step in iodination usually lies late on the reaction coordinate and, consequently, 

often involves carbon-hydrogen bond breaking. Competitive iodination of poly- 

methylbenzenes with both oxidizing and nonoxidizing reagents led to the conclusion 

that a common intermediate, most likely L ion, is involved in these iodinations.'*^ 

Among the fluorinating agents of practical significance,'^ only fluoroxytrifluo- 

romethane'*^ and A-fluoroperfluoroalkylsulfonimides'“ were shown to fluorinate aro¬ 

matic hydrocarbons by an electrophilic mechanism. 

Nitration. Nitration of aromatic hydrocarbons is a well-studied area covered in 

monograhs and review papers.'""’® Nitration may be accomplished by a number of 

reagents, most commonly by a mixture of nitric acid and sulfuric acid (mixed acid). 

Additional important reagents are dinitrogen tetroxide in the presence of acidic 

catalysts, dinitrogen pentoxide under anhydrous conditions,” alkyl and acyl nitrates, 

and nitronium salts. Metallic nitrates impregnated on KIO montmorillonite were 

shown to nitrate alkylbenzenes to yield p-nitroalkylbenzenes with high 

selectivity.The highest para selectivity was, however, achieved by 9- 

nitroanthracene. The 9-nitroanthracenium ion formed under superacidic catalysis 

(Nafion-H) effects transfer nitration of toluene to give p-nitrotoluene with >95% 

selectivity, although in low yields (<5%).” 

As the use of mixed acid results in spent (diluted) acid causing serious environ¬ 

mental disposal problems in industrial applications, solid acid catalysts such as 

clays’"*” or high acidity resins (Nafion-H“", etc.) are gaining importance. 

Our basic knowledge of electrophilic nitration of aromatic hydrocarbons results 

from the work of Ingold,’"' who established that the nitronium cation is the true reac¬ 

tive electrophile in these reactions.®"*"®^ In the traditional nitration process with the 

mixed acid the nitronium cation is generated according to Eqs. (9.4) and (9.5). In 

mineral acids, in general, these two reactions are fast, rendering the subsequent for¬ 

mation of the a complex [Eq. (9.3)] to be rate-determining. The electrophilic nature 

of nitration is supported by kinetic studies, which give a rate expression first order in 

both nitric acid and the reacting aromatic compound.’'*®'* 
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H2NO3 + HSO4 

NO2 '+ + Hso; 

(9.4) 

v 

HNO3 + H2SO4 

H2N03-" + H2SO4 (9.5) 

Under certain conditions, such as in organic media, the formation of the ion 

[Eqs. (9.6) and (9.7)] becomes rate-determining, resulting in a rate zero-order in the 

aromatic. Substituent effects which indicate increased reactivity of aromatics with 

electron-donating substituents directing the incoming nitro group to the ortho and 

para positions are additional strong evidence for an electrophilic mechanism. The 

ion was also identified and characterized by cryoscopic and spectroscopic 

studies®*** and, subsequently, stable nitronium salts were prepared™ and employed*® 

in electrophilic nitration. 

2HNO3 H2NO3 + NO3 

H2N03'" ,-■- NO2 + H2O 

(9.6) 

(9.7) 

Studies with preformed nitronium salts led eventually to the establishment of a 

modified mechanism necessitating two intermediates. Olah and coworkers studied 

the competitive nitration of benzene and alkylbenzenes with nitronium tetrafluoro- 

borate’'™ and with other nitronium salts.’’™ They observed high positional selectivi- 

ties (high ortho/para substitution with minor amounts of the meta isomer) similar to 

those in nitration with nitric acid-sulfuric acid. Substrate selectivities, namely, rela¬ 

tive rates of nitration of alkylbenzenes versus benzene, were found to be close to 

unity, which is in sharp contrast with the results in the mixed acid. These observa¬ 

tions, specifically, the loss of substrate selectivity and the maintained high position¬ 

al selectivity, were interpreted to indicate that positional and substrate selectivities 

are determined in two separate steps in nitration of these reactive aromatics.^*®™ 
Olah proposed that substrate selectivity is determined in a step leading to the forma¬ 

tion of a Dewar-type K complex.’'* Positional selectivity, in turn, is determined in the 

next step, when the 7i complex is converted into a complexes corresponding to the 

individual regioisomers. The assumption of a step preceding the formation of the a 

complex was also found to be necessary by Schofield and coworkers.*’ ’*-’’ On the 

basis of kinetic studies, the formation of an encounter pair consisting of the aromat¬ 

ic substrate and the NO/ ion held together by a solvent shell was suggested. It was 

reasoned, however, that no 7C-bonded interaction between the aromatic compound 
and the ion exists in this intermediate. 

A further significant mechanistic pathway for aromatic nitration can involve a 

single electron-transfer reaction to an initial radical ion intermediate [Eq. (9.8)]. 

Perrin,’* and subsequently Eberson’* and Kochi*”*’ and others,*^^* carried out exten¬ 

sive studies to probe this mechanism and its scope. Whereas its importance is now 

well recognized, only polycyclic or reactive systems with lower first ionization po¬ 

tential seem to react by this mechanism, but it is not a general case in most nitrations 

such as in the reaction of benzene, toluene, ethylbenzene, and similar compounds. 

Nitrous acid-catalyzed nitrations, in turn, normally occur through the radical cation 
pathway.** 
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ArH -H NO2 —^ArH'^-NOg-] 
+/NO2 

► Ar\ ArN02 
H 

(9.8) 

Sulfonation. The basic sulfonating agent to convert aromatic hydrocarbons to 

arenesulfonic acids is sulfur trioxide and reagents derived from it.*'^''’ The reaction of 

sulfur trioxide with Br0nsted acids such as Hp, HF, HCl, and organic sulfonic acids 

generates acidic sulfonating agents such as sulfuric acid, fluorosulfuric acid, 

chlorosulfuric acid, and pyrosulfonic acids. Since sulfonation is a reversible 

reaction, removal of water or a large excess of the acid may facilitate complete 

conversion when sulfuric acid is used. Good results may be achieved by 

chlorosulfonic acid in a slight excess, at 0-30°C in a solvent. 

Fuming sulfuric acid and sulfur trioxide are more reactive than sulfuric acid, fre¬ 

quently leading to polysulfonation. Formation of addition compounds of sulfur tri¬ 

oxide with suitable Lewis bases (nitromethane, pyridine, 1,4-dioxane), however, 

moderates its reactivity, allowing clean monosulfonation. 

Detailed studies, mainly by Cerfontain and coworkers, have been carried out on 

the mechanism of sulfonation.” ” They found that isomer distributions and relative 

rates of sulfonation of alkylbenzenes versus benzene are strongly dependent on the 

concentration of sulfuric acid. The electrophile involved in sulfonation”-^'* at concen¬ 

trations below 80-85% was shown to be With increasing sulfuric acid con¬ 

centration there is a gradual change in the sulfonating entity”-” from to 

H^Sp.^. The concentration-dependent changeover from one electrophile to the other 

depends on the reacting aromatic substrate. Both species on attacking the aromatic 

ring form the a-complex intermediate 6: 

1^ + H2S2O7 (9.9) 

Product formation in both cases results from deprotonative transformation of the 

a-complex [Eq. (9.10)]. At very high sulfuric acid concentrations (>95%) the prod¬ 

uct sulfonic acid may be formed by the direct removal of the aromatic ring proton” 

[Eq. (9.11)]. 

6 + HSO; 0rH2SO4 (9.11) 
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In fuming sulfuric acid the electrophile may be or, at concentrations 

higher than 104%, (H^SO^ + 3 SO3).’' Sulfur trioxide itself may also act as 

the electrophile in aprotic solvents.'^ On th^ basis of a second-order rate depen¬ 

dence on SO3, the primary sulfonation product was suggested to be an arenepyro- 

sulfonic acid intermediate (7) that is converted in secondary sulfonation steps into 

the product. 

A1-SO2O-SO3H 

7 

9.1.3. Practical Applications 

Chlorobenzene. Chlorobenzene is an important solvent and intermediate in the 

production of chemicals and dyes. Its use in phenol manufacture, however, was 

superseded by the introduction of the cumene process. 
Chlorobenzene is produced by the electrophilic chlorination of benzene in the 

liquid phase''®'®’ catalyzed by FeCl3 at 25-50°C. Because of corrosion problems and 

the deactivation of the catalyst, dry reactants must be used. A few percent of 

dichlorobenzene is formed as byproduct. 

Nitration of Benzene and Toiuene. Nitration of benzene®’'®* can be carried out 

batchwise or continuously using mixed acid of the composition 35% HNO3, 55% 

HjSO^, and 10% H^O. Extensive stirring ensures thorough mixing of the 

heterogeneous reaction mixture and proper heat transfer. At a reaction temperature 

of 50-55°C high selectivity is achieved with the formation of 2-3% of m- 

dinitrobenzene. In continuous operation two to four well-agitated tank reactors 

(nitrators) are used, each operating at a temperature higher than the previous one. A 

highly economical adiabatic process uses the reaction heat generated to 
reconcentrate the spent acid.®® 

Toluene, which is more reactive than benzene, may be nitrated with a more dilute 

mixed acid containing about 23% of water.®’®*'"” Typical isomer compositions are 

57-60% ortho, 31-40% para, and 3-4% meta isomers. Although 97-98% overall 

yields may be achieved with less than 0.5% of dinitrotoluenes, oxidative byproducts, 
mainly dinitrocresols, are formed. 

Nitrobenzene and nitrotoluenes that are manufactured are converted to aniline, 

isocyanates, and other products used in the production of dyes and pharmaceuticals. 

Suifonation of Benzene and Alkyibenzenes. Since the main utilization of 

benzenesulfonic acid was its transformation to phenol, the importance of the 

sulfonation of benzene has diminished. The process, however, is still occasionally 

operated since it is a simple and economical procedure even on a small scale. Excess 

sulfuric acid or oleum is used at 110-150‘'C to produce benzenesulfonic acid.®’''"’ 

Sulfonation of toluene under similar conditions yields a mixture of isomeric 

toluenesulfonic acids rich in the para isomer. This mixture is transformed directly to 
cresols by alkali fusion. 
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More important is the transformation of benzene to l,3"benzenedisuIfonic acid 

utilized in the manufacture of resorcinol.®’ According to an older method, benzene is 

sulfonated in two steps: first by 100% sulfuric acid at 100°C and then by 65% oleum 

at 80-85°C. The Hoechst new continuous one-step process applies sulfur trioxide at 

140—160 C in molten 1,3-benzenedisulfonic acid. m-Diisopropylbenzene, via its di¬ 
hydroperoxide, is, however, displacing this process. 

Sulfonation of detergent alkylates (long-chain linear i'ec-alkylbenzenes) clearly is 

the most important industrial sulfonation process.’" '®^ The product alkylbenzenesul- 

fonic acids produced by using 100% H^SO^ or oleum are used in biodegradable de¬ 

tergents. H^SO^ is used in a large excess to counterbalance its dilution with water 

formed. A smaller excess is satisfactory in sulfonation with oleum. The yield of sul¬ 

fonates is about 85-90%. Batch sulfonation was later replaced by continuous oleum 

sulfonation and subsequently by SO^ sulfonation. Since water is not produced in the 

latter reaction, only a slight excess of SO^ is required to produce high-purity 

(97-99%) alkylarenesulfonic acids. A continuous falling SO3 film sulfonation is 
practiced the most.'®’ 

9.2. FREE-RADICAL SUBSTITUTION 

9.2.1. Halogenation of Alkanes and Arylalkanes 

Free-radical halogenation of hydrocarbons induced thermally or photochemically 

can be performed with all four halogens, each exhibiting certain specificities. 

Because of the thermodynamics of the process, however, only chlorination (and 

bromination) are of practical importance.’' '®®”'®* Fluorination with elemental fluorine 

is also possible. This reaction, as discussed above (see Section 9.1.1), follows an 

electrophilic mechanism in the solution phase.'®®"® Under specific conditions, how¬ 

ever, free-radical fluorination can be performed. 

A general free-radical chain reaction with the thermal or photoinduced dissocia¬ 

tion of halogen as the initiation step is operative in radical halogenation [Eqs. 

(9.12)-(9.14)]. Both propagation steps, hydrogen atom abstraction [Eq. (9.13)] and 

atom transfer [Eq. (9.14)], may significantly affect the outcome of halogenation. 

The chain may be terminated by the coupling of any two radicals. The most impor¬ 

tant termination step in gas-phase halogenation is halogen-atom-coupling. 

HIgg 2 HIg. (9.12) 

R-H -1- HIg- — R- + HHIg (9.13) 

R- HIgs R-HIg + HIg- (9.14) 

Free-radical side-chain chlorination of arylalkanes in the benzylic position can be 

effected by chlorine or SO^Cl^. Phosphorus pentachloride is also capable of effec¬ 

tively catalyzing side-chain chlorination. 
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Chlorination of Alkanes. Free-radical chlorination is the most commonly used 

method for the chlorination of a saturated hydrocarbon.^' '®^'™ ’" "^ Both thermal and 

photochemical processes may be carried out in the liquid or vapor phase. The liquid- 

phase photochemical procedure is preferred for polychlorination; gas-phase 

photochemical reactions can yield either mono- or polychlorinated product. 

Chlorine atoms are highly energetic and reactive species bringing about extreme¬ 

ly long kinetic chain length in free-radical chlorination. Both propagation steps are 

fairly facile, and reversal of hydrogen abstraction is negligible. Hydrogen abstrac¬ 

tion by a chlorine atom from any alkane is exothermic. Since the transition state in 

exothermic chlorination resembles the reactants more than the products, resonance 

stabilization does not play a significant role in the reaction. 

On the basis of their extensive studies Hass, McBee, and coworkers formulated 

some simple general rules of free-radical chlorination.For example, no carbon 

skeleton rearrangements occur during chlorination if catalysts and excessively high 

temperatures are avoided. The relative reactivity of substitution of hydrogens is ter¬ 

tiary > secondary > primary. This is due to the strongly electrophilic character of the 

chlorine atom reacting more readily with hydrogen bonded to a tertiary carbon of 

higher electron density. Activation energies, however, are very similar, and reactivi¬ 

ty differences further diminish with increasing temperature. The relative reactivity 

ratio of 4.4 : 3.3 : 1 at 300°C, for example, approaches 1:1:1 with increasing tem¬ 

perature."^ Because of the high dissociation energy of the C—H bond, methane is 

quite unreactive toward radical attacks compared with other alkanes."'' 

As a result, free-radical chlorination of alkanes is a nonselective process. Except 

when only one type of replaceable hydrogen is present (methane, ethane, neopen¬ 

tane, unsubstituted cycloalkanes), all possible monochlorinated isomers are usually 

formed. Although alkyl chlorides are somewhat less reactive than alkanes, di- and 

polychlorination always occur. The presence of a chlorine atom on a carbon atom 

tends to hinder further substitution at that carbon. The one exception is ethane that 

yields more 1,1-dichloroethane than 1,2-dichloroethane. The reason for this is that 

chlorination of an alkyl chloride occurs extremely slowly on the carbon atom adja¬ 
cent to the one bearing the chlorine atom (vicinal effect)."’ 

During slow thermal chlorination, elimination of HCl from the monochloride 

with the resultant formation of an alkene followed by chlorine addition may be the 

dominant route to yield dichloroalkanes. This mechanism, however, is negligible in 
rapid thermal or photochemical reactions. 

Substantially increased selectivity of monochlorination was observed in certain 

solvents.This is explained as a result of the interaction of the electrophilic 

(i.e., electron-deficient) chlorine atom with solvent molecules of Lewis base charac¬ 

ter. Such complex-forming interaction may decrease the reactivity of chlorine to an 

extent that allows more selective substitution to take place. Relative reactivities of 

the tertiary hydrogen with respect to the primary hydrogen of 2,3-dimethylbutane, 

for instance, may vary between 9 (in chlorobenzene at 25°C) and 225 (in high con¬ 

centration of CSj) compared with 4.2 in neat chlorination.'" Substituents of benzene 

affecting electron density of the aromatic ring may bring about marked changes in 
selectivities.'"'"^® 
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Surprising observations concerning multiple substitution were made in noncom- 

plexing solvents. In CCl^ at low substrate concentration, di- and trichloro com¬ 

pounds are formed in unexpectedly high yields, even at very low conversions.’^'-'” 

These results are attributed to cage effects. The geminate pair Cb/RCl is generated 

during chlorination, which allows a second, in-cage hydrogen abstraction competing 

with the diffusion of Ch out of the cage. The new geminate pair Cl-/R^_^^Cl2 may 

produce a trichloride in a similar way. Participation of CCl^ and Cl^C* in the overall 

process and residual and peroxyl radicals may also contribute to unusual selectiv- 

ities at very low chlorine concentration.'^ 

A uniquely high degree of terminal (methyl) selectivities in photochlorination of 

n-alkanes adsorbed on pentasil zeolites was reported recently.'” Monochlorination 

at the terminal methyl group was found to be a function of conversion, water con¬ 

tent, and Si/Al ratio of the zeolite, and loading of the alkane. 

In addition to molecular halogens numerous other reagents may be used to carry 

out halogenation of alkanes in radical processes. Most of these were discovered in 

the search for more effective reagents. Chlorinating agents operating with less ener¬ 

getic hydrogen atom abstracting radicals can be expected to furnish chloroalkanes 

with higher selectivities. 

Sulfuryl chloride is a convenient reagent'"®"” requiring initiation by heat, light, 

organic peroxides [Eq. (9.15)] or metal chlorides. The transformation involves the 

chlorosulfonyl radical as the hydrogen abstracting species [Eqs. (9.16)-(9.18] ensur¬ 

ing higher selectivity than in chlorination with elemental chlorine.'” The 2-chloro/l- 

chloro ratio in chlorination of 2,3-dimethylbutane, for instance, is 12.0 with sulfuryl 

chloride versus 4.2 in photochlorination. 

(PhCOO)2-► 2Ph- + 2CO2 (9.15) 

(9.16) 

(9.17) 

(9.18) 

Ph- SO2CI2 -^ Ph”CI + -30201 

Ft-H -H -SOaCI -^ R- -h SO2 + HCI 

R- + SO2CI2-^ R-CI -I- -30201 

The chlorosulfonyl radical, however, easily decomposes under reaction conditions 

to yield a chlorine atom [Eq. (9.19)], which also participates in chlorination. Hence, two 

hydrogen abstraction steps are operative, which severely limits the overall selectivity of 

the reaction. This is supported by the observation that there is not much difference in 

the selectivities of the two chlorination processes in aromatic solvents.'” The corre¬ 

sponding selectivity values in benzene, for example, are 53 and 49. Presumably, chlo¬ 

rine atoms are complexed with the solvent in both cases and act as more selective chlo¬ 

rinating agents. The chlorosulfonyl radical generated from SO^ and Cl^ under proper 

conditions is also involved in the chlorosulfonation of alkanes (see Section 9.2.3). 

■SOpCI , — Cl- + SOp (9.19) 

Trichloromethanesulfonyl chloride is a more selective reagent.'"^""* The reaction 

is initiated by light or peroxides and involves hydrogen abstraction by the 

trichloromethanesulfonyl radical: 
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R-H + C13CS0 2- -R- + SO2 + HCCI3 (9-20) 

R- + CI3CSO2CI ^ R~CI f CI3CS02- (9-21) 

The tert-BnO- radical is the hydrogen atom abstracting species in halogenations 

with tert-butyl hypohalites.'^'''^® tert-BuOCl is more selective and less reactive than 

the chlorine atom.'®’ '** 
A^-Chloroamines are fairly selective in chlorination of linear alkanes to form the 

corresponding 2-chloroalkanes.'‘”'^' This so-called co-1 selectivity is attributed to 

steric effects brought about by the bulky amino cation (aminium) radical. This is 

clearly indicated by changes in selectivities when chloroamines of different steric 

demand are used. A^-Chlorodimethylamine and A^-chlorodi-rert-butylamine yield 2- 

chloroheptane with 56% and 64% selectivity, respectively.'^^ 2-Chlorohexane, in 

turn, is produced with 83% selectivity when hexane is chlorinated with A^-chloro- 
2,2,6,6-tetramethylpiperidine.'^^ Even higher selectivities are observed with tertiary 

amine radicals.'^'' Additionally, di- and polychlorinations are usually negligible with 

these reagents, and both bicyclo[2.2.2]octane and adamantane are chlorinated at 

bridgehead positions. 

Fluorination of Alkanes. Fluorination of alkanes is extremely difficult to 

control. The reaction usually results in substantial C—C bond rupture and can 

readily lead to explosion.'^* In the last few decades, however, several methods for 

controlled direct radical fluorination of hydrocarbons were developed. The key and 

obvious observation was that the only reaction sufficiently exothermic to cause 

fragmentation is the termination step between a carbon radical and a fluorine atom. 

Consequently, if the atomic fluorine population and the mobility of hydrocarbon 

radicals are minimized, controlled fluorination becomes feasible. 

The first successful method was developed by Margrave and Lagow (LaMar 

technique) to carry out fluorination with a highly diluted fluorine stream and keep¬ 

ing the organic molecules in the solid state.'^® Reaction conditions were controlled 

by initial high (infinite) fluorine dilution followed by a continuous increase of fluo¬ 

rine concentration and long reaction time. A further development was a cryogenic 

apparatus featuring a reactor filled with high-surface-area fluorinated copper turn¬ 

ings (low-temperature-gradient method).'” Reactants were volatilized into the 

cooled reaction zone, resulting in higher yields. The aerosol technique is the latest 

development.Reactant molecules, in this case, are adsorbed onto airborne NaF 

particles, necessitating much shorter reaction time (1-5 min compared with several 

days). A photochemical reaction stage added after the aerosol fluorination reduces 

the need for excess fluorine and allows to achieve high fluorine efficiency.By 

these methods cyclic compounds (cyclohexane,'^* cyclooctane,'” norbornane'”), 

highly branched hydrocarbons (neopentane,'”'** 2,2,3,3-tetramethylbutane'”), and 

polymers (polyethylene, polystyrene)'”" could be perfluorinated. 

Side-Chain Chlorination of Arylalkanes. Alkyl-substituted aromatic compounds 

can easily be halogenated at the benzylic position with chlorine or bromine.a- 

Monohaloalkylaromatics are usually the main products with both reagents. 
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Toluene is readily transformed to benzyl chloride on illumination. In a thermal 

process below 125°C, benzyl chloride was prepared with 93.6% selectivity.’'^ 

Peroxides and phosphorous chlorides were found to have advantageous effects on 

the reaction. Multiple chlorination takes place in consecutive irreversible steps, and 

selectivity depends only on the total amount of chlorine consumed.In liquid-phase 

chlorination in the presence of PCl^, 70% yields of benzyl chloride or benzal chlo¬ 

ride were achieved, respectively, with 1.1 or 2.1 equiv of chlorine reacted. 

Considering the fact that resonance stabilization does not play a significant role in 

free-radical chlorination with molecular chlorine, unexpectedly high selectivities are 

observed in the chlorination of other alkylaromatics. The a versus p selectivities for 

ethylbenzene and cumene, for instance, are 14.5 and 42.2, respectively.’'^ These are, 

however, apparent selectivities, since the aromatic ring in the reacting molecules acts 

as a complexing agent. The complexed chlorine atom, in turn, displays greater selec¬ 

tivity in hydrogen atom abstraction, as was discussed in the chlorination of alkanes. 

This was proved by diluting the reaction mixture with a noncomplexing solvent (ni¬ 

trobenzene), resulting in substantial drop of selectivities. The corresponding values 

for ethylbenzene and cumene extrapolated for zero substrate concentration are 2.70 

and 3.50. Under certain conditions (low temperature, high chlorine concentration) 

ring chlorination (radical addition) may be competitive with side-chain substitution.’^^ 

Side-chain chlorination of alkylaromatics by SO^Cl^ pioneered by Kharasch and 

Brownmay be initiated by organic peroxides and follows the free-radical chain 

mechanism depicted in Eqs. (9.15)-(9.18). Light,AIBN [azobis(isobutylni- 

trile)],’'"’ and transition-metal complexes’'”'”” were reported to promote the reaction. 

NaX zeolite has recently been shown to effect highly selective chlorination on illu¬ 

mination or heating.”” 

Olah’” and later Messina'” found that PCl^ is a highly effective catalyst for the 

free-radical side-chain chlorination of arylalkanes. Chlorination in hydrocarbon or 

chlorinated solvents or without solvent at room temperature yields a monochlori- 

nated products with high selectivity. Light plays a highly activating role. When the 

reaction was carried out in polar solvents such as nitromethane and nitrobenzene, 

only ring chlorination occurred. 
The ability of PCl^ to act as catalyst for free-radical chlorination results from its 

interaction with chlorine and subsequently the homolysis of the weakened chlorine- 

chlorine bond [Lq. (9.22)]. The formed PCl^- and Cl- radicals subsequently can initi¬ 

ate free-radical chlorination reactions. In contrast, a predominant heterolytic cleav¬ 

age and consequently ionic chlorination takes place in polar solvents. 

PCIg-^ CI2 

Cl 

Cl 

f .Cl 
\ 

/|\ 
Cl 

;ci 
Cl 

PCI4-+ CI2 + Cl • (9.22) 

9.2.2. Allylic Chlorination 

When chlorination or bromination of alkenes is carried out in the gas phase at high 

temperature, addition to the double bond becomes less significant and substitution at 
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the allylic position becomes the dominant reaction.'” ’” In chlorination studied more 

thoroughly a small amount of oxygen and a liquid film enhance substitution, which 

is a radical process in the transformation of lipear alkenes. Branched alkenes such as 

isobutylene behave exceptionally, since they yield allyl-substituted product even at 

low temperature. This reaction, however, is an ionic reaction.'” 

Despite the possibility of significant resonance stabilization of the allyhc radical, the 

reactivity of different hydrogens in alkenes in allylic chlorination is very similar to that of 

alkanes. This is in accordance with the reactivity of benzylic hydrogens in chlorination. 

The selectivity greatly depends on the reaction temperature. Propylene,'” for ex¬ 

ample, gives allyl chloride in 25% yield at 210°C, whereas the yield is 96% at 

400°C. This is explained by the reversibility of radical addition of chlorine to the 

double bond at high temperature, in contrast to radical substitution which is not an 

equilibrium process.'” 

9.2.3. Sulfochlorination 

Alkanesulfonyl chlorides are prepared in good yields by the photoreaction of sulfur 

dioxide and chlorine with saturated hydrocarbons.®"'”'” This sulfochlorination, 

known as the Reed reaction,'^'^ presumably proceeds by a free-radical mecha- 

nism'”"“ [Eqs. (9.23)-(9.25)]. Organic peroxides and azo compounds may be used 
as alternative methods for initiation. 

Cl - + R-H - R- + HCI (9.23) 

R + SO 2 -► R S02- (9.24) 

R'”S02' + GI2 -► RSO2CI + Cl- (9.25) 

The free-radical induced reaction of alkanes with sulfuryl chloride characteristi¬ 

cally results in the chlorination of hydrocarbons. However, when pyridine is added 

to the irradiated reactants, sulfochlorination occurs in quite satisfactory yield. For 

example, the irradiated reaction of cyclohexane and sulfuryl chloride in the presence 

of pyridine resulted in a 54.8% yield of cyclohexanesulfonyl chloride and only 9.4% 
of chlorocyclohexane.'®' 

9.2.4. Nitration 

The nitration of alkanes and that of alkylaromatics at the side chain can be accom¬ 

plished with nitric acid or nitrogen oxides in either the liquid or the vapor phase;'® '” 

the latter process is industrially more important. The two processes yield somewhat 

different products. Radical nitration, however, is not a selective transformation. At 
present only nitration of propane is used as an industrial process. 

At the turn of the century Konovalov observed'” that alkanes undergo nitration in 

the liquid phase by dilute nitric acid (specific gravity 1.075) in a sealed tube 

(120—130 C). Other Russian chemists made additional important basic observations 
of the reaction.'®^'® '®* 
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Hydrogen attached to a tertiary hydrogen is most readily substituted; secondary 

hydrogens are only very slowly replaced, while primary hydrogens are quite unre¬ 

active. Alkylaromatics react preferentially at the benzylic position. The reaction is 

accompanied by oxidation to yield carbonyl compounds, acids, and carbon oxides. 

Other main byproducts are nitrites, alcohols, and large quantities of polynitro 
compounds. 

The mechanism of these nitrations involves free radicals formed by dissociation 

of nitric acid'® [Eqs. (9.26) and (9.27)]. In contrast with the formation of alkyl radi¬ 

cals, the actual nitration step is not a chain reaction but a radical coupling [Eq. 

(9.28)]. The nitration of chiral alkanes producing racemic nitro compounds, and that 

of cis- and trans-decalin, both leading to the formation of tranj'-9-nitrodecalin,'™ 
support the involvement of alkyl radicals. 

HO-NO2 -► HO - -H -NOa 

R-H 

HO- 
-H2O 

-NOp 

-HNO2 

R. 

R- -NO2 -^ R-NO2 

(9.26) 

(9.27) 

(9.28) 

Mononitration generally occurs when a mixture of vapors of an alkane and nitric 

acid is heated at 400-500°C under atmospheric or superatmospheric pressure. 

To overcome the danger of explosion, a molar excess of the hydrocarbon over the 

acid is used. Oxidation accompanies nitration, which occurs at an increased rate 

when the reaction temperature is increased.The principal nitro compounds pro¬ 

duced are those in which the nitro group is on a primary or a secondary carbon”^ 

[Eq. (9.29)]. Extensive carbon-carbon bond breaking takes place, resulting in the 

formation of nitro compounds with fewer carbon atoms than were present in the 

starting alkane, but no skeletal rearrangement occurs'’^ [Eq. (9.29)]. Highly 

branched hydrocarbons are less likely to undergo fission during nitration than are 

less branched compounds. 

HNO3 
CH3CH2CH2CH3 420°C^ CH3NO2 + CH3CH2NO2 + CH3CH2CH2NO2+ 

10.5% 15.8% 5.3% 

CH3CH2CH2CH2NO2 + CH3CH2CHCH3 (9.29) 

24.2% 44.2% 

Much experimental evidence established that the reaction occurs by a free-radical 

mechanism'*^similar to that suggested previously [Eqs. (9.26)-(9.28)] for liquid- 

phase nitration. The nitrous acid produced during the transformation is unstable 

under the reaction conditions and decomposes to yield nitric oxide, which also partic- 
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ipates in nitration, although less effectively. It was found that nitric acid and nitrogen 

dioxide yield identical products but the former gives better yields and higher rates. 

All the nitroalkanes that can be fortned by. replacement of any hydrogen atom or 

alkyl group in the reacting alkane are formed. Although each bond in the alkane is 

subject to cleavage during nitration, only one per molecule actually does. Addition 

of oxygen to the reaction mixture increases the yield of low-molecular-weight nitro 

compounds. This indicates that the mechanism of carbon-carbon bond breaking is 

similar to that of oxidation of hydrocarbons.'’' '’"' Indeed, bond rupture was found to 

occur through alkyloxy radicals formed in the decomposition of alkyl nitrite inter¬ 

mediates'’^ [Eq. (9.30)]. Alkyloxy radicals may also be transformed to carbonyl 

compounds, which are principal byproducts in vapor-phase nitration'’^ [Eq. (9.31)]. 

R-CH2-CH2+ NO2—► R-CH2-CH2-0-N=0__R-CH2-CH2-O• (9.30) 

R-CH2-CH2-0- RCH2CH2ONO 

-RCH2CH2OH 

R-CH2 + CH2O 

RCH2CHO-NO-► RCH2CHO 
^ --NO ^ 

(9.31) 

9.2.5. Practical Applications 

Chlorination of Alkanes. The most direct and economical method for the 

manufacture of chloromethanes is the thermal free-radical chlorination of 

methane.'’®'” Whereas in the 1940s and 1950s photochlorination was practiced in 

some plants, thermal chlorination is the principal industrial process today. The 

product chloromethanes are important solvents and intermediates. 

Commercial operations perform thermal chlorination at about 400-450°C. 

Vapor-phase photochemical chlorination of methane may be accomplished at 

50-60°C. Fast and effective removal of heat associated with thermally induced free- 

radical substitution is a crucial point. Inadequate heat control may lead to explosion 

attributed to the uncontrollable pyrolysis, liberating free carbon and much heat: 

CH4 + 2 CI2 -► c + 4 HCI AH =-70.5 kcal/mol (9.32) 

Thermal chlorination requires high-purity methane and chlorine. The presence of 

higher hydrocarbons forming chlorinated products introduces the difficult problem of 

product purification. Oxygen and sulfur compounds terminating the radical chain must 

also be removed. Removal of water vapor is critical to prevent corrosion problems, as 

well as hydrolysis and decomposition of the product chloromethanes. Inert gases such 

as nitrogen are not tolerated, either, since their concentration builds up with recycling. 

In the manufacture of methyl chloride a mixture of methane and chlorine is 

mixed with recycled gas and fed into a reactor. The CH^: Cl^ ratio is 4-5. The reac¬ 

tor temperature is maintained by regulating the gas feed rate. Yields of 95-96% 

chlorine and 90-92% methane are typical in methane chlorination plants.'’® All four 

chloromethanes are formed with a typical composition of 35 wt% methyl chloride, 

45 wt% methylene dichloride, 20 wt% chloroform, and a small amount of carbon 
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tetrachloride. The reaction, however, may be regulated so that either mono- or 
tetrachlorination predominates.'^’'^®’*® 

Methylene dichloride and chloroform may be produced by modified methods 

using a mixture of chlorine, methane, and methyl chloride as feed. Chlorination is 

run at 350^00°C reactor temperature at slightly above atmospheric pressure. A 2.6 : 

1 chlorine . methane ratio results in an optimal yield of chloroform. Alternatively, 

excess methane is reacted with chlorine at 485-510°C to produce methylene dichlo¬ 

ride as the main product.'*' The predominant method, however, still is the chlorina¬ 

tion of methyl chloride manufactured by the reaction of methyl alcohol and hydro¬ 
gen chloride.'*' 

In the production of carbon tetrachloride, chlorination is carried out in excess 

chlorine. The lower-boiling, partially chlorinated products then enter into a series of 

reactors where they react with added chlorine to achieve almost full chlorination of 

methane. In another process, called chlorinolysis, higher aliphatic hydrocarbons un¬ 

dergo exhaustive chlorination at pyrolytic temperature (above 600°C).'” '*’'*^ Under 

such conditions carbon—carbon bond fission and simultaneous chlorination occur. 

Aliphatic hydrocarbon wastes are the preferred feedstock, as they react with about 
20% excess chlorine. 

The direct chlorination of ethane'*^'*® is used for the manufacture of two ethane 

derivatives, ethyl chloride, and 1,1,1-trichloroethane. Both compounds are impor¬ 

tant solvents and 1,1,1-trichloroethane is also used as a degreasing agent. 

Since free-radical chlorination is a nonselective process, overchlorination may be 

a problem in the manufacture of ethyl chloride. Temperature-induced pyrolysis to 

yield ethylene and hydrogen chloride may occur, too. A fluidized-bed thermal chlo¬ 

rination reactor may be used to overcome these problems. The best selectivity 

achieved in the temperature range of 400-450°C is 95.5% with a chlorine to ethane 

ratio of 1 : 5. 

The so-called integrated ethyl chloride process combines the above-mentioned 

synthesis with an addition reaction. Hydrogen chloride formed in the thermal chlori¬ 

nation process is used in a separate step to add to ethylene, making the manufacture 

of ethyl chloride more economical. 

1,1,1-Trichloroethane is an exceptional product in free-radical chlorination of 

higher hydrocarbons since the same carbon atom is polychlorinated. It is manufac¬ 

tured'*’ by feeding chlorine, ethane, and recycled mono- and dichloroethane into a 

reactor at 37()-400°C. Since product distribution is basically determined by the 

reagent ratio, a higher than twofold excess of chlorine is used. Under such condi¬ 

tions 1,1,1-trichloroethane is formed as the main product. 

Chlorinated alkanes were used in the production of chlorofluoroalkanes 

(CFCs).'** Because of their atmospheric ozone-depleting ability, the use of CFCs is 

being phased out. Hydrochlorofluorocarbons, containing at least one hydrogen atom 

(HCFCs), are introduced as safer alternatives.'*® '®® In the long run, however, hydro¬ 

fluorocarbons (HFCs) will be the ideal substitutes to CFCs.'®® 

Side-Chain Chiorination of Toiuene. Benzyl chloride, used mainly in the 

manufacture of plasticizers, may be prepared by the thermal or photochemical 

chlorination of toluene.'®''®’ In the thermal process chlorine is passed through 
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toluene at 65-100°C. To minimize the formation of benzal chloride and 

benzotrichloride, the conversion is limited to about 50%. Since the density of the 

reaction mixture increases linearly with the formation of benzyl chloride, 

measurement of density is used to monitor the progress of the reaction. The overall 

yield based on toluene is about 90%, and the maximum conversion to benzyl 

chloride is above 70%. Higher yields in photochemical chlorination may be 

achieved. 
A higher than twofold chlorine excess in the preceding reaction results in the for¬ 

mation of benzal chloride in about 70% yield. When the chlorination is carried out at 

higher temperature (100-140°C) with illumination, the synthesis of benzotrichloride 

in 95% yield may be accomplished. 

Allyl Chloride. The manufacture of allyl chloride, commercialized in 1945, was the 

first of several modern high-temperature chlorination technologies applied for 

hydrocarbons. Preheated dry propylene mixed with dry chlorine in a ratio of 4 : 1 is 

reacted at 500-510°C to produce allyl chloride.'”"'” Chlorine reacts quantitatively in 

a few seconds. The main byproducts are isomeric monochloropropenes and dichloro- 

propenes. Allyl chloride is used mainly in the manufacture of allyl alcohol and 
glycerol via epichlorohydrin. 

Sulfochlorination of Alkanes. Sulfochlorination of straight-chain alkane 

mixtures with SO^ and Cl^ under light illumination slightly above ambient 

temperature yields j’ec-alkyl sulfochlorides.'”'” Polysulfochlorination is prevented 

by running the reaction at low conversions (about 30%). The product is hydrolyzed 

to yield sodium alkylsulfonates used in detergents. 

Nitroalkanes. A process was developed and operated for a time for the 

manufacture of e-caprolactam based on the nitration of cyclohexane.'” Nitrocyclo- 

hexane thus prepared was transformed to e-caprolactam via cyclohexanone oxime. 

At present the only industrial process to produce nitroalkanes by direct nitration is 

the manufacture of nitromethane, nitroethane, 1-nitropropane and 2-nitropropane. 

All four compounds are produced by the vapor-phase nitration of propane.'” '” 
Nitroalkanes are important as solvents and intermediates.'” 

The nitration of propane is operated at 370-450°C and at about 10 atm. The use 

of about a fourfold excess of propane, 60-70% nitric acid, and short residence time 

ensures good temperature control.'” The conversion of nitric acid to nitroalkanes is 

less than 50% (the balance is nitrogen oxides). Excess propane is usually recycled to 

achieve about 60—80% yield of nitroalkanes. Under these conditions nitropropanes 
are the main products. 

9.3. AMINATION 

Considering the ample possibilities to generate new carbon—hereoatom bonds, par¬ 

ticularly the wide range of oxygenation reactions, only limited attempts have been 
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made to carry out direct amination of hydrocarbons. A few examples of amination 

of alkanes, alkenes, and aromatics are discussed briefly here. 

Amination of alkanes (cyclohexane, n-heptane, adamantane) was achieved with 

iron and manganese porphyrin catalysts by tosylimidoiodobenzene to yield tosyl- 

amino derivatives.^ Selective 1-substitution of adamantane (56% yield) and 2- 

substitution of «-heptane (66% selectivity) were reported. 

Transition-metal catalyzed allylic amination with phenylhydroxylamine can be 

carried out with high selectivityIron complexes, particularly iron phthalocya- 

nine, exhibit the best properties and alkenes, possessing an aromatic ring in conjuga¬ 

tion with the double bond, give the best yields (up to 60%).^“ The reagent is be¬ 

lieved to be coordinated to the metal in the catalyst, and the C—N bond forming 

step involves an ene reaction between the alkene and the activated reagent. 

The direct one-step amination of aromatics by hydroxylamine derivatives (salts, 

esters), hydrazoic acid and azides is known to give aromatic amines in moderate 

yields.Improvements can be achieved when aryl azides^'^'^’ or A^-arylhydroxyl- 

amines^ are used in the presence of a proton source (phenol, CF3COOH). Phenyl 

azide combined with triflic acid was recently shown to be highly efficient for high 

yield electrophilic phenylamination.^®'' Amination of aromatics to yield arylamines is 

also possible with the trimethylsilyl azide/triflic acid reagent [Eq. (9.33)], which in¬ 

volves the in situ formed aminodiazonium ion (H^NN^*) as the aminating agent.™ 

MegSiNg, CF3SO3H 
-> 

40-55°C, 50 min 
(9.33) 

R = H, Me 93-96% 

9.4. HETEROSUBSTITUTION THROUGH ORGANOMETALLICS 

9.4.1. Transition Metals 

In recent years much effort has been devoted to activate hydrocarbons, particularly 

saturated compounds, through the formation of organometallic compounds and the 

transformation of the latter to substituted derivatives. A number of transition-metal 

complexes have been found to insert into carbon hydrogen bonds leading to stable 

alkyl metal hydrides [Eq. (9.34)]. Such oxidative additions can yield stable 

organometallic intermediates if the sum of the M—H and M—C bond dissociation 

energies are comparable to (or larger) than the dissociation energy of the C—H bond 

of the reacting hydrocarbon (about 100 kcal/mol). Since the typical M—H and M— 

C bond strengths are near 60 and 30 kcal/mol, respectively, metal complexes capa¬ 

ble of reacting with hydrocarbons are the exception rather than the rule.™ 
Predominantly third-row transition metals form stable compounds, but ligands also 

affect the stability of the formed complexes. 

M + R-H ^ R-M-H (9.34) 
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Stoichiometric reactions and catalytic transformations have been reported includ¬ 

ing H/D exchange, and dehydrogenation and carbonylation of alkanes. Review pa¬ 

pers,books^*'^^’* and a collection of papers^'’ give detailed information of these 

reactions. There are also numerous metal-catalyzed oxidations of hydrocarbons with 

the possible involvement of organometallic intermediates (see Chapter 8). The trans¬ 

formation of organometallic derivatives to other heterosubstituted products, howev¬ 

er, is less successful, and only a handful of examples are known. 

Shilov was the first to observe that C^-C^ alkanes react in an aqueous solution of 

H PtCl-PtCl/' at 110-120°C to form monochlorinated derivatives and alcohols.^'*"^^* 

Mechanistic studies with methane revealed an autocatalytic reaction with Pt(IV) as 

the stoichiometric oxidant and Pt(II) as the catalyst and final oxidanf^^ [Eqs 

(9.35)-(9.37)]. The complex [Cl^tCH^]^' was isolated and found to be intermediate. 

The products (methyl chloride and methanol) are formed in parallel reactions most 

likely through the reductive elimination of methyl and neighboring Cl or OH group 
in the coordination sphere. 

Pt(ll) + CH4 -► Pt(ll)-CH3 + 

Pt(ll)—CH3 + Pt(IV) -► Pt(IV)-CH3 + Pt(ll) 

Pt(IV)-CH3 -► CH3CI + CH3OH + Pt(ll) 

(9.35) 

(9.36) 

(9.37) 

Methyl chloride and methanol are similarly formed in oxidation of methane with 

air with the Pt(IV)-Pt(II) pair in the presence of a heteropoly acid (120°C, 60-100 

atm).“3 The reaction is catalytic with respect to both platinum and the heteropoly 

acid. A system composed of K^PtCl^ and H^PtCl^ with HgSO^ as the acceptor was 

described, which is very active in the formation of methyl chloride either in the 
aqueous phase or when supported on silica.^^"' 

Supported diallylrhodium complexes bound to oxide (silica) surface can be trans¬ 

formed to complex 8, which reacts with methane in a stoichiometric reaction to form 

methyl chloride'^'’''”'* [Eq. (9.38)]. Chlorination can also be catalytic: 8, 9 or oxide- 

bound allylrhodium hydride catalyzes the reaction between methane and chlorine to 
yield chlorinated methanes predominantly methyl chloride. 

Cl 
8 

V5- 
[Sil-O-Rh—Cl 

H’’’ ''CH. 
5+ 

■ [Sij-O-RhHj + CH 3CI (9.38) 

The dihydrido complex [RhH^(ri’-C3Me3)(PMe3)] forms C—H insertion products 
when irradiated in the presence of alkanes (ethane, propane).Reaction with CHBr 

leads to bromoalkylrhodium complexes, which on treatment with bromine give ethyl 

bromide or 1-bromopropane in 70-85% yield. The less stable iridium complex formed 

with neopentane could not be converted directly to neopentyl bromide.^’ It gave, how¬ 

ever, a mercury derivative that yielded the bromide after treatment with bromine. 
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Silylation of arenes was reported to take place with rhodium and iridium com¬ 

plexes as the catalyst. The Vaska complex effects the reaction of benzene with pen- 

tamethyldisiloxanewhereas [RhCl(CO)(PMe3)J catalyzes the formation of C—Si 

bonds under irradiation^' [Eq. (9.39)].^^^ Me3SiSiMe3 reacts similarly with benzene 

and toluene to yield the corresponding trimethylsilyl derivatives. The reductive 

elimination of arylsilane from the arylsilylrhodium intermediate was postulated. 

+ EtgSiH 
[RhCI(CO)(PMe3)g],/,v^ 

benzene, RT 16.5 h 
(9.39) 

Gif systems were shown to be effective in the direct conversion of unactivated 

C—H bonds (adamantane, cyclohexane, cyclododecane) into phenylseleno, 
phenylthio, and halogen derivatives.^^ For example, using the Gif" system (iron 

powder, acetic acid, pyridine, H^S, oxygen) and (PhSe)^ as the reagent, adamantane 

is transformed to a roughly 1 : 1 mixture of 1- and 2-phenylselenoadamantane in 

35% yield. Halogenation of cyclohexane with polyhalomethanes (CHCI3, CHBr3, 

CBr^) gives monohalocyclohexanes as the sole product in low yield. Product forma¬ 

tion is interpreted to take place in the reaction of an alkyliron intermediate with the 
reagent. 

9.4.2. Alkali Metals and Magnesium 

Organoalkali compounds, particularly lithium and sodium derivatives^^'''“’ and 

Grignard reagents,^^® are capable of forming the corresponding organometallic inter¬ 

mediates by removing protons from activated (benzylic, allylic, propargylic, 

acetylenic) or nonactivated carbons of hydrocarbons. Mixtures of lithium alkyls 

with alkali alkoxides, particularly the n-BuLi-tert-BuOK combination 

(Lochmann-Schlosser reagent or LICKOR superbase),''^^'”" are the most frequently 

used reagents. Subsequent transformations with suitable electrophiles can lead to 

heterosubstituted products. 

Allylmetal intermediates are readily formed and then transformed to boron and 

silicon derivatives by reacting with FB(OMe)3 and Me3SiCl, respectivelyThe 

structure of the product depends on the organometallics. Organolithium and organo- 

magnesium derivatives of 2-alkenes usually give the corresponding 3-heterosubsti- 

tuted 1-alkenes formed with double-bond shiff'“ [Eq. (9.40)]. Allylpotassium deriv¬ 

atives, in contrast, are transformed preferentially to 1-heterosubstituted 2-alkenes^'"’ 

[Eq. (9.41)]. 

RCH=CHCH3 

FB(OMe)2 

RCH^CHCHgMgBr -► 

,K.. 

RHC;;. ^CH2 

C 
H 

FB(OMe)2 

-► 

B(OMe) 2 

■ RCHCH =CH2 (9.40) 

90% selectivity 

RCH=CHCH2B(OMe)2 (9.41) 

>95% selectivity 
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Allylpotassium derivatives exist in two stereoisomeric {endo or exo) forms 

Although the endo isomer is more stable, the equilibration is sufficiently slow to 

allow the synthesis of stereoisomeric heterosubstituted derivatives [Eqs. (9.42) and 

(9.43)]. On the other hand, even the E-alkenes after appropriate equilibration can be 

transformed to Z-boron compounds 10. 

• K. 
.. FB(OMe)2 

'■ -► 

I endo 

n-BuLi—tert-BuOK 

B(OMe); 

10 

\= 
.. K . FB(OMe)2 „ ^ 

R 
exo 

(9.42) 

(9.43) 

Bromoalkynes, which are important intermediates in coupling reactions,^"" can be 

synthesized through the corresponding metalated alkynesf'"'^''^ 

M R- •Br (9.44) 

M = Li, MgHIg 

Heterosubstitution at nonactivated positions is also possible by using highly reac¬ 

tive metalating agents such as n-pentylsodium. When used in the presence of terl- 

BuOK, it readily and selectively forms vinylsodium derivatives that can subsequent¬ 

ly be converted to organosilicium compounds.^"*^ Norbornadiene and bicyclo[3.2.0] 

hepta-2,6-diene are also readily silylated via the corresponding sodium compounds 

formed in the reaction with n-BuLi-tert-BuONa.^"^ Similar transformations of 

strained polycyclic cyclopropanes were also achieved^'*^ [Eq. (9.45)^''^]: 

60% yield 

(9.45) 

Excellent selectivity was observed in the silylation of 1,3,5-cycloheptatriene giv¬ 

ing l-(trimethylsilyl)-l,3,5-cycloheptatriene as the sole product:^'” 

n-BuLI, tert-BuONa Me3SiCI 
-► (9.46) 

With the extremely efficient metalating agent n-BuLi-tert-BuOK-TMEDA even 

direct metalation of ethylene and the transformation of the intermediate to hetero¬ 
substituted product were accomplished:^ 
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CH2=CH2 

i. n-BuLi, /erf-BuOK, 
TMEDA, -25°C PhSSPh 

ii. LiBr,THF^ -30°C ^ CH2 = CHLi ►CH2=CHSPh 

75% 

(9.47) 

Selective heterosubstitution of phenylacetylene at the acetylenic carbon or at 

ortho position was achieved through different organometallic intermediates^'*^'^'** 
(Scheme 9.3). 

i. n-BuLi 
ii. n-BuLi, ferf-BuOK 

C=CH 
^MeSSMe 

^ -60°C 

78% 

aC—CSiMeg 

60% 

Scheme 9.2 

REFERENCES 

1. G. A. Olah, G. K. S. Prakash, and J. Sommer, Superacids, Wiley-Interscience, New 
York, 1985, Chapter 5, p. 243. 

2. G. A. Olah and G. K. S. Prakash, in The Chemistry of Alkanes and Cycloalkanes, 

S. Patai and Z. Rappoport, eds., Wiley, Chichester, 1992, Chapter 13, p. 624. 

3. D. Alker, D. H. R. Barton, R. H. Hesse, J. Lister-James, R. E. Markwell, M. M. Pechet, 
S. Rozen, T. Takeshita, and H. T. Toh, New J. Chem., 4, 239 (1980). 

4. C. Gal and S. Rozen, Tetrahedron Lett., 25, 449 (1984). 

5. S. Rozen and C. Gal, J. Org. Chem., 52, 2769 (1987). 

6. G. A. Olah, N. Hartz, G. Rasul, Q. Wang, G. K. S. Prakash, J. Casanova, K. D. Christe, 
J. Am. Chem. Soc., 116, 5671 (1994). 

7. G. A. Olah, R. Renner, P. Schilling, and Y. K. Mo, J. Am. Chem. Soc., 95, 7686 (1973). 

8. G. A. Olah and P. Schilling, J. Am. Chem. Soc., 95, 7680 (1973). 

9. G. A. Olah, Acc. Chem. Res., 20, 422 (1987). 

10. G. A. Olah, B. Gupta, M. Farina, J. D. Felberg, W. M. Ip, A. Husain, R. Karpeles, K. 
Lammertsma, A. K. Melhotra, and N. J. Trivedi, J. Am. Chem. Soc., 107, 7097 (1985). 

11. G. A. Olah, U.S. Pat. 4,523,040 (1985). 



438 HETEROSUBSTITUTION 

12. I. Bucsi and G. A. Olah, Catal. Lett., 16, 27 (1992). 

13. P. Batamack, I. Bucsi, A. Molnar, and G. A. Olah, Catal. Lett., 25, 11 (1994). 

14. G. A. Olah, R. Malhotra, and S. C. Narang, Nitration: Methods and Mechanisms,. VCH, 
New York, 1989, Chapter 2, p. 57. 

15. G. A. Olah and H. C. Lin, J. Am. Chem. Soc., 93, 1259 (1971). 

16. G. A. Olah, R. Malhotra, and S. C. Narang, Nitration: Methods and Mechanisms. VCH, 
New York, 1989, Chapter 4, p. 233. 

17. G. A. Olah, Q. Wang, and G. K. S. Prakash, J. Am. Chem. Soc., 112, 3697 (1990). 

18. C. C. Price, Chem. Rev., 29, 37 (1941). 

19. E. Berliner, Prog. Phys. Org. Chem., 2, 253 (1964). 

20. G. A. Olah, ed., Friedel-Crafts and Related Reactions, Vol. 3, Wiley-Interscience, New 
York, 1964. 

21. R. O. C. Norman and R. Taylor, Electrophlic Substitution in Benzenoid Compounds, 

Elsevier, Amsterdam, 1965, Chapter 2, p. 25. 

22. L. M. Stock, Aromatic Substitution Reactions, Prentice-Hall, Englewood Cliffs, 1968, 
Chapter 2, p. 21. 

23. R. Breslow, Organic Reaction Mechanisms, Benjamin, New York, 1969, Chapter 5, p. 147. 

24. C. K. Ingold, Structure and Mechanism in Organic Chemistry, Cornell University 
Press, Ithaca, 1969, Chapter 6, p. 264. 

25. G. A. Olah, Acc. Chem. Res., 4, 240 (1971). 

26. R. Taylor, Chemical Kinetics, 13, 1 (1972). 

27. P. Pfeiffer and R. Wizinger, Justus Liebigs Ann. Chem., 461, 132 (1928). 

28. G. W. Wheland, J. Am. Chem. Soc., 64, 900 (1942). 

29. H. C. Brown and J. D. Brady, J. Am. Chem. Soc., 74, 3570 (1952). 

30. W. V. E. Doering, M. Saunders, H. G. Boyton, H. W. Earhart, E. F. Wadley, W. R. 
Edwards, and G. Laber, Tetrahedron, 4, 178 (1958). 

31. M. Hudlicky and T. Hudlicky, in The Chemistry of Functional Groups, Supplement D: 
The Chemistry of Halides, Pseudo-Halides and Azides, S. Patai and Z. Rappoport, eds., 
Wiley, Chichester, 1983, Chapter 22, p. 1021. 

32. H. P. Braendhn and E. T. McBee, in Friedel-Crafts and Related Reactions, Vol. 3, 
G. A. Olah, ed., Wiley-Interscience, New York, 1964, Chapter 46, p. 1517. 

33. L. Delaude and P. Laszlo, J. Org. Chem., 55, 5260 (1990). 

34. M. Balogh and P. Laszlo, Organic Chemistry Using Clays. Springer, Berhn 1993 
Chapter 1, p. 1. ’ ’ 

35. L. Delaude, P. Laszlo, and K. Smith, Acc. Chem. Res., 26, 607 (1993). 

36. L. M. Stock and H. C. Brown, Adv. Phys. Org. Chem., 1, 35 (1963). 

37. E. Baciocchi and G. Illuminati, Prog. Phys. Org. Chem., 5, 7 (1967). 

38. K. Smith, M. Butters, and B. Nay, Synthesis, 1157 (1985). 

39. A. McKillop, D. Bromley, and E. C. Taylor, J. Org. Chem., 37, 88 (1972). 

40. G. A. Olah and M. W. Meyer, J. Org. Chem., 27, 3464 (1962). 

41. P. D. de la Mare and B. E. Swedlund, in The Chemielry of ,he Carbon-Halogen 
Bond, S, Patai, ed., Wiley, London, 1973, Chapter 7, p. 490. 

42. E. B. Merkushev, Russ. Chem. Rev. (Engl, transl.), 53, 343 (1984); Synthesis 923 (1988). 
43. C. Galli, J. Org. Chem., 56, 3238 (1991). 

44. J. A. Wilkinson, Chem. Rev., 92, 505 (1992). 



REFERENCES 439 

45. M. J. Fifolt, R. T. Olczak, and R. F. Mundhenke, J. Org. Chem., 50, 4576 (1985). 

46. S. Singh, D. D. DesMarteau, S. S. Zuberi, M. Witz, and H.-N. Huang, J. Am Chem 

Soc., 109,7194(1987). 

47. A. V. Topchiev, Nitration of Hydrocarbons and Other Organic Compounds, Pergamon 
Press, New York, 1959, Chapters 1 and 2. 

48. G. A. Olah and S. J. Kuhn, in Friedel-Crafts and Related Reactions, Vol. 3, G. A. Olah, 
ed., Wiley-Interscience, New York, 1964, Chapter 43, p. 1393. 

49. W. M. Weaver, in The Chemistry of the Nitro and Nitroso Groups, Part 2, H. Feuer, ed.. 
Interscience, New York, 1970, Chapter 1, p. 1. 

50. J. H. Ridd, Acc. Chem. Res., 4, 248 (1971); Adv. Phys. Org. Chem., 16, 1 (1978). 

51. J. G. Hoggett, R. B. Moodie, J. R. Penton, and K. Schofield, Nitration and Aromatic 

Reactivity, Cambridge University Press, Cambridge, 1971. 

52. K. Schofield, Aromatic Nitration, Cambridge University Press, Cambridge, 1980. 

53. L. M. Stock, ACS Symp. Ser., 22, 48 (1976). 

54. G. A. Olah, AC5 Symp. Ser., 22, 1 (1976). 

55. G. A. Olah, S. C. Narang, J. A. Olah, and K. Lammertsma, Proc. Natl. Acad. Sci. USA, 

79, 4487 (1982). 

56. G. A. Olah, R. Malhotra, and S. C. Narang, Nitration: Methods and Mechanisms, VCH, 
New York, 1989, Chapter 3, p. 117. 

57. J. W. Fischer, in Nitro Compounds, Recent Advances in Synthesis and Chemistry, 

H. Feuer and A. T. Nielsen, eds., VCH, New York, 1990, Chapter 3, p. 279. 

58. A. Comehs, L. Delaude, A. Gerstmans, and P. Laszlo, Terahedron Lett., 29, 5657 (1988). 

59. G. A. Olah, S. C. Narang, R. Malhotra, and J. A. Olah, J. Am. Chem. Soc., 101, 1805 (1979). 

60. G. A. Olah, P. S. Iyer, and G. K. S. Prakash, Synthesis, 513 (1986). 

61. F. J. Waller, ACS Symp. Ser., 308, 42 (1986). 

62. S. J. Sondheimer, N. J. Bunce, and C. A. Fyfe, J. Macromol. Sci., Rev. Macromol. 

Chem. Phys., C26, 353 (1986). 

63. G. K. S. Prakash and G. A. Olah, in Acid-Base Catalysis, K. Tanabe, H. Hattori, 
T. Yamaguchi, and T. Tanaka, eds., Kodansha, Tokyo, 1989, p. 59. 

64. E. D. Hughes, C. K. Ingold, and R. I. Reed, Nature (London), 158, 448 (1946); J. Chem. 

5oc., 2400 (1950). 

65. E. S. Halberstadt, E. D. Hughes, and C. K. Ingold, J. Chem. Soc., 2441 (1950). 

66. V. Gold, E. D. Hughes, C. K. Ingold, and G. H. Wilhams, J. Chem. Soc., 2452 (1950). 

67. V. Gold, E. D. Hughes, and C.K. Ingold, J. Chem. Soc., 2467 (1950). 

68. R. J. Gillespie, J. Graham, E. D. Hughes, C. K. Ingold, and E. R. A. Peeling, Nature 

(London), 158, 480 (1946); J. Chem. Soc., 2504 (1950). 

69. C. K. Ingold, D. J. Millen, and H. G. Poole, Nature (London), 158,480 (1946); J. Chem. 

5oc., 2576 (1950). 

70. D. R. Goddard, E. D. Hughes, and C. K. Ingold, Nature (London), 158, 480 (1946); 
J. Chem. Soc., 2559 (1950). 

71. G. Olah, S. Kuhn, and A. Mlinko, J. Chem. Soc., 4257 (1956). 

72. G. A. Olah, S. J. Kuhn, and S. H. Flood, J. Am. Chem. Soc., 83, 4571 (1961). 

73. S. J. Kuhn and G. A. Olah, J. Am. Chem. Soc., 83, 4564 (1961). 

74. M. J. S. Dewar, Nature (London), 156, 784 (1946); J. Chem. Soc., Ill (1946). 

75. R. G. Coombes, R. B. Moodie, and K. Schofield, J. Chem. Soc. B, 800 (1968). 



440 HETEROSUBSTITUTION 

76. J. G. Hoggett, R. B. Moodie, and K. Schofield, J. Chem. Soc. B, 1 (1969). 

77. R. B. Moodie, K. Schofield, and J. B. Weston, J. Chem. Soc., Chem Commun., 382 

(1974). ■ \ 

78. C. L. Perrin, J. Am. Chem. Soc., 99, 5516 (1977). 
79. L. Eberson and F. Radner, Acta Chim. Scand., Ser. B, 38, 861 (1984); Acc. Chem. Res., 

20, 53 (1987). 

80. J. K. Kochi, Acta Chim. Scand., 44, 409 (1990). 

81. E. K. Kim, T. M. Bockman, and J. K. Kochi, J. Chem. Soc., Perkin Trans. 2, 1879 

(1992). 
82. J. F. Johnston, J. H. Ridd, and J. P. B. Sandall, J. Chem. Soc., Chem Commun., 244 

(1989). 

83. J. H. Ridd, Chem. Soc. Rev., 20, 149 (1991). 

84. J. P. B. Sandall, J. Chem. Soc., Perkin Trans. 2, 1689 (1992). 

85. A. Boughriet and M. Wartel, J. Chem. Soc., Chem Common., 809 (1989). 

86. K. L. Nelson, in Friedel-Crafts and Related Reactions, Vol. 3, G. A. Olah, ed., Wiley- 
Interscience, New York, 1964, Chapter 42, p. 1355. 

87. E. E. Gilbert, Sulfonation and Related Reactions, Interscience, New York, 1965. 

88. E. E. Gilbert, Synthesis, 3 (1969). 

89. J. Hoyle, in The Chemistry of Sulphonic Acids, Esters and Their Derivatives, S. Patai 
and Z. Rappoport, eds., Wiley, Chichester, 1991, Chapter 10, p. 351. 

90. H. Cerfontain, Reel. Trav. Chim. Pays-Bas, 104, 153 (1985). 

91. H. Cerfontain and C. W. F. Kort, Int. J. Sulfur Chem., Part C, 6, 123 (1971). 

92. H. Cerfontain, Mechanistic Aspects in Aromatic Sulfonation and Desulfonation, 

Interscience, New York, 1968, Chapters 1 and 2. 

93. A. W. Kaandorp, H. Cerfontain, and F. L. J. Sixma, Reel. Trav. Chim. Pays-Bas, 81, 
969 (1962). 

94. A. W. Kaandorp and H. Cerfontain, Reel. Trav. Chim. Pays-Bas, 88, 725 (1969). 

95. C. W. F. Kort and H. Cerfontain, Reel. Trav. Chim. Pays-Bas, 87, 24 (1968). 

96. B. E. Kurtz and E. W. Smalley, in Encyclopedia of Chemical Processing and Design, Vol. 
8, J. J. McKetta and W. A. Cunningham, eds., Marcel Dekker, New York, 1979, p. 117. 

97. K. Weissermel and H.-J. Arpe, Industrial Organic Chemistry, 2nd ed., VCH, 
Weinheim, 1993, Chapter 13, p. 333. 

98. A. A. Guenkel, in Encyclopedia of Chemical Processing and Design, Vol. 31, J. J. 
McKetta and W. A. Cunningham, eds., Marcel Dekker, New York, 1990, p. 165. 

99. A. A. Guenkel, H. C. Prime, and J. M. Rae, Chem. Eng. (N.Y.), 88(16), 50 (1981). 

100. T. K. Wright and R. Hurd, in Toluene, the Xylenes and Their Industrial Derivatives, 

E. G. Hancock, ed., Elsevier, Amsterdam, 1982, Chapter 9, p. 234. 

101. C. Hanson, T. Kaghazchi, and M. W. T. Pratt, ACS Symp. Ser., 22, 132 (1976). 

102. D. McNeil, in Toluene, the Xylenes and Their Industrial Derivatives, E. G. Hancock, 
ed., Elsevier, Amsterdam, 1982, Chapter 8, p. 209. 

103. E. A. Knaggs, M. L. Nussbaum, and A. Shultz, in Kirk-Othmer Encyclopedia of 

Chemical Technology, 3rd ed., Vol. 22, M. Grayson and D. Eckroth, eds., Wiley- 
Interscience, New York, 1983, p. 1. 

104. Hydrocarbon Process., Int. Ed., 70(3), 188 (1991). 



REFERENCES 441 

105. E. A. Knaggs, Chemtech, 22, 436 (1992). 

106. E. S. Huyser, Free-Radical Chain Reactions, Wiley-Interscience, New York, 1970, 
Chapter 5, p. 89. 

107. E. S. Huyser, in The Chemistry of the Carbon-Halogen Bond, S. Patai, ed., Wiley, 
London, 1973, Chapter 8, p. 549. 

108. M. L. Poutsma, in Free Radicals, Vol. 2, J. K. Kochi, ed., Wiley-Interscience, New 
York, 1973, Chapter 15, p. 159. 

109. S. Rozen, Acc. Chem. Res., 21, 307 (1988). 

110. S. Rozen, in Synthetic Fluorine Chemistry, G. A. Olah, R. D. Chambers, and G. K. S. 
Prakash, eds., Wiley, New York, 1992, Chapter 7, p. 143. 

111. A. S. Bratolyubov, Uspekhi Khim., 30, 1391 (1961). 

112. G. Chiltz, P. Goldfinger, G. Huybrechts, G. Martens, and G. Verbeke, Chem. Rev., 63, 
355 (1963). 

113. H. B. Hass, E. T. McBee, and P. Weber, Ind. Eng. Chem., 27, 1190 (1935); 28, 333 (1936). 

114. G. A. Russel, in The Chemistry of Alkanes and Cycloalkanes, S. Patai and Z. Rappoport, 
eds., Wiley, Chichester, 1992, Chapter 21, p. 963. 

115. F. F. Rust and W. E. Vaughan, J. Org. Chem., 6, 479 (1941). 

116. G. A. Russel, J. Am. Chem. Soc., 79, 2977 (1957); 80, 4997 (1958). 

117. G. A. Russel, J. Am. Chem. Soc., 80, 4987 (1958). 

118. C. Walling and M. F. Mayahi, / Am. Chem. Soc., 81, 1485 (1959). 

119. J. M. Tanko and F. E. Anderson, III, J. Am. Chem. Soc., 110, 3525 (1988). 

120. K. D. Raner, J. Lusztyk, and K. U. Ingold, J. Am. Chem. Soc., Ill, 3652 (1989). 

121. P. S. Skell and H. N. Baxter, III, J. Am. Chem. Soc., 107, 2823 (1985). 

122. K. D. Raner, J. Lusztyk, and K. U. Ingold, J. Am. Chem. Soc., 110, 3519 (1988). 

123. K. U. Ingold, J. Lusztyk, and K. D. Raner, Acc. Chem. Res., 23, 219 (1990). 

124. K. D. Raner, J. Lusztyk, and K. U. Ingold, J. Org. Chem., 53, 5220 (1988). 

125. N. J. Turro, J. R. Fehlner, D. P. Hessler, K. M. Welsh, W. Ruderman, D. Fimberg, and 
A. M. Braun, J. Org. Chem., 53, 3731 (1988). 

126. M. S. Kharasch and H. C. Brown, J. Am. Chem. Soc., 61, 2142 (1939). 

127. G. A. Russel, J. Am. Chem. Soc., 80, 5002 (1958). 

128. E. S. Huyser and B. Giddings, J. Org. Chem., 27, 3391 (1962). 

129. C. Walling and B. B. Jacknow, J. Am. Chem. Soc., 82, 6108 (1960). 

130. C. Walling and A. Padwa, J. Org. Chem., 27, 2976 (1962). 

131. F. Minisci, Synthesis, 1 (1973). 

132. R. Bernard!, R. Galli, and F. Minisci, J. Chem. Soc. B, 324 (1968). 

133. N. C. Deno, E. J. Gladfelter, and D. G. Pohl, J. Org. Chem., 44, 3728 (1979). 

134. S. E. Fuller, J. R. L. Smith, R. O. C. Norman, and R. Higgins, J. Chem. Soc., Perkin 

Trans. 2, 545 (1981). 

135. C. V. Smith and W. E. Billups, J. Am. Chem. Soc., 96, 4307 (1974). 

136. R. J. Lagow and J. L. Margrave, Prog. Inorg. Chem., 26, 161 (1979). 

137. N. J. Maraschin, B. D. Catsikis, L. H. Davis, G. Jarvinen, and R. J. Lagow, J. Am. 

Chem. Soc., 97, 513 (1975). 

138. J. L. Adcock, K. Horita, and E. B. Renk, J. Am. Chem. Soc., 103, 6937 (1981). 



442 HETEROSUBSTITUTION 

X 

139. J. L. Adcock and M. L. Cherry, Ind. Eng. Chem. Res., 26, 208 (1987). 

140. J. L. Adcock, in Synthetic Fluorine Chemistry, G. A. Olah, R. D. Chambers, and G. K. 
S. Prakash, eds., Wiley, New York, '1992, Chapter 6, p. 127. 

141. J. L. Margrave and R. J. Lagow, J. Polym. Sci., Polym. Lett. Ed., 12, 177 (1974). 

142. M. S. Kharasch and M. G. Berkman, J. Org. Chem., 6, 810 (1941). 

143. M. S. Kharasch, P. C. White, and F. R. Mayo, J. Org. Chem., 3, 33 (1939). 

144. A. Scipioni, Ann. Chim. (Rome), 41, 491 (1951). 

145. E. Borello and D. Pepori, Ann. Chim. (Rome), 45, 449 (1955). 

146. G. A. Russel, A. Ito, and D. G. Hendry, J. Am. Chem. Soc., 85, 2976 (1963). 

147. M. G. Voronkov, E. P. Popova, E. E. Liepin’, V. A. Pestunovich, L. F. Bulenkova, M. M. 
Kalnin’, and G. G. Konstante, 7. Org. Chem. USSR (Engl, transl.), 8, 1917 (1972). 

148. M. C. Ford and W. A. Waters, J. Chem. Soc., 1851 (1951). 

149. H. Matsumoto, T. Nakano, M. Kato, and Y. Nagai, Chem. Lett., 223 (1978). 

150. R. Davis, J. L. A. Durrant, and C. C. Rowland, J. Organomet. Chem., 315, 119 (1986). 

151. G. A. Olah, P. Schilling, R. Renner, and I. Kerekes, J. Org. Chem., 39, 3472 (1974). 

152. G. Messina, M. D. Moretti, P. Ficcadenti, and G. Cancellieri, J. Org. Chem., 44, 2270 
(1979). 

153. H. P. A. Groll and G. Hearne, Ind. Eng. Chem., 31, 1530 (1939). 

154. J. Burgin, W. Engs, H. P. A. Groll, and G. Hearne, Ind. Eng. Chem., 31, 1413 (1939). 

155. F. F. Rust and W. E. Vaughan, J. Org. Chem., 5, 472 (1940). 

156. M. L. Poutsma, J. Am. Chem. Soc., 87, 2172 (1965). 

157. F. Asinger, W. Schmidt, and F. Ebeneder, Chem. Ber., 75B, 34 (1942). 

158. W. H. Lockwood, Chem. Inds., 62, 760 (1948). 

159. H. Eckoldt, in Methoden der Organischen Chemie (Houben-Weyl), Vol. 9: Schwefel-, 

Selen-, Tellur-Verbindungen, Thieme, Stuttgart, 1955, p. 407. 

160. E. E. Gilbert, Sulfonation and Related Reactions, Interscience, New York, 1965, 
Chapter 3, p. 125. 

161. M. S. Kharasch and A. T. Read, J. Am. Chem. Soc., 61, 3089 (1939). 

162. A. V. Topchiev, Nitration of Hydrocarbons and Other Organic Compounds, Pergamon 
Press, New York, 1959, Chapter 3, p. 144. 

163. O. V. Schickh, H. G. Padeken, and A. Segnitz, in Methoden der Organischen Chemie 

(Houben-Weyl), Vol. 10/1: Stickstoff-Verbindungen. Thieme, Stuttgart, 1971, p. 12. 

164. A.P. Ballod and V.Ya. Shtern, Russ. Chem. Rev. (Engl, transl.), 45, 721 (1976). 

165. G. A. Olah, R. Malhotra, and S. C. Narang, Nitration: Methods and Mechanisms, VCH, 
New York, 1989, Chapter 4, p. 220. 

166. M. Konovalov, Zhur. Russ. Khim. Obshch., 19, 157 (1887); 25, 389, 472, 509 (1893); 
27, 421 (1895); Chem. Ber., 28, 1850, 1852 (1895). 

167. W. Markovnikoff, Justus Liebigs Ann. Chem., 302, 15 (1898); Chem. Ber 33 1905 
1908(1900). 

168. S. Nametkin, Chem. Ber., 42, 1372 (1909). 

169. A. I. Titov, Uspekhi Khim., 21, 881 (1952); Tetrahedron, 19, 557 (1963). 

170. H. Shechter and D. K. Brain, J. Am. Chem. Soc., 85, 1806 (1963). 

Ogata, in Oxidation in Organic Chemistry, Part C, W. S. Trahanovsky, ed.. 
Academic Press, New York, 1978, Chapter 4, p. 298. 



REFERENCES 443 

172. H. B. Hass and H. Shechter, Ind. Eng. Chem., 39, 817 (1947). 

173. G. B. Bachman, L. M. Addison, J. V. Hawett, L. Kohn, and A. Millikan, J. Org Chem 
17, 906 (1952). 

174. G. B. Bachman and M. Pollack, Ind. Eng. Chem., 46, 713 (1954). 

175. C. Matasa and H. B. Hass, Can. J. Chem., 49, 1284 (1971). 

176. E. M. DeForest, in Encyclopedia of Chemical Processing and Design, Vol. 8, J. J. 
McKetta and W. A. Cunningham, eds., Marcel Dekker, New York, 1979, p. 214. 

177. K. Weissermel and H.-J. Arpe, Industrial Organic Chemistry, 2nd ed., VCH, 
Weinheim, 1993, Chapter 2, p. 50. 

178. R. C. Ahlstrom, Jr. and J. M. Steele, in Kirk-Othmer Encyclopedia of Chemical 

Technology, 3rd. ed., Vol. 5, M. Grayson and D. Eckroth, eds., Wiley-Interscience, 
New York, 1979, p. 677. 

179. E. T. McBee, H. B. Hass, C. M. Neher, and H. Strickland, Ind. Eng. Chem., 34,296 (1942). 

180. Hydrocarbon Process., Int. Ed., 58(11), 147 (1979); 60(11), 144 (1981). 

181. T. Anthony, in Kirk-Othmer Encyclopedia of Chemical Technology, 3rd ed., Vol. 5, 
M. Grayson and D. Eckroth, eds., Wiley-Interscience, New York, 1979, p. 686. 

182. D. Rebhan, in Encyclopedia of Chemical Processing and Design, Vol. 8, J. J. McKetta 
and W. A. Cunningham, eds., Marcel Dekker, New York, 1979, p. 206. 

183. Hydrocarbon Process., 56(11), 140 (1977). 

184. R. G. Stirling, in Encyclopedia of Chemical Processing and Design, Vol. 20, J. J. 
McKetta and W. A. Cunningham, eds., Marcel Dekker, New York, 1984, p. 68. 

185. K. Weissermel and H.-J. Arpe, Industrial Organic Chemistry, 2nd ed., VCH, 
Weinheim, 1993, Chapter 8, p. 193. 

186. Hydrocarbon Process., Int. Ed., 70(3), 150 (1991). 

187. J. I. Jordan, Jr., in Encyclopedia of Chemical Processing and Design, Vol. 8, J. J. 
McKetta and W.A. Cunningham, eds., Marcel Dekker, New York, 1979, p. 134. 

188. G. W. Parshall and S. D. Ittel, Homogeneous Catalysis, Wiley-Interscience, New York, 
1992, Chapter 12, p. 297. 

189. L. E. Manzer, Science, 249, 31 (1990). 

190. L. E. Manzer and V. N. M. Rao, Adv. Catal., 39, 329 (1993). 

191. S. Gelfand, in Kirk-Othmer Encyclopedia of Chemical Technology, 3rd ed., Vol. 5, 
M. Grayson and D. Eckroth, eds., Wiley-Interscience, New York, 1979, p. 828. 

192. H. G. Haring, in Toluene, the Xylenes and Their Industrial Derivatives, E. G. Hancock, 
ed., Elsevier, Amsterdam, 1982, Chapter 7, p. 197. 

193. H. H. Beacham, in Kirk-Othmer Encyclopedia of Chemical Technology, 3rd ed., Vol. 2, 
M. Grayson and D. Eckroth, eds., Wiley-Interscience, New York, 1978, p. 97. 

194. A. DeBenedictis, in Kirk-Othmer Encyclopedia of Chemical Technology, 3rd ed., Vol. 
5, M. Grayson and D. Eckroth, eds., Wiley-Interscience, New York, 1979, p. 763. 

195. K. Weissermel and H.-J. Arpe, Industrial Organic Chemistry, 2nd ed., VCH, 
Weinheim, 1993, Chapter 11, p. 291. 

196. K. Weissermel and H.-J. Arpe, Industrial Organic Chemistry, 2nd ed., VCH, 
Weinheim, 1993, Chapter 3, p. 81. 

197. P. J. Baker, Jr. and A. F. Bollmeier, Jr., in Kirk-Othmer Encyclopedia of Chemical 

Technology, 3rd ed., Vol. 15, M. Grayson and D. Eckroth, eds., Wiley-Interscience, 

New York, 1981, p. 969. 



444 HETEROSUBSTITUTION 

198. R. F. Purcell, in Encyclopedia of Chemical Processing and Design, Vol. 31, J. J. 
McKetta and W. A. Cunningham, eds., Marcel Dekker, New York, 1990, p. 267. 

199. S. B. Markofsky and W. G. Grace, in Ullmat\n’s Encyclopedia of Industrial Chemistry, 

5th ed., Vol. A17, B. Elvers, S. Hawkins, and G. Schulz, eds., VCH, Weinheim, 1991, 

p. 401. 

200. J.-P. Mahy, G. Bedi, P. Battioni, and D. Mansuy, New J. Chem., 13, 651 (1989). 

201. A. Srivastava, Y. Ma, R. Pankayatselvan, W. Dinges, and K. M. Nicholas, J. Chem. 

Soc., Chem. Commun., 853 (1992). 

202. M. Johannsen and K. A. Jprgensen, J. Org. Chem., 59, 214 (1994). 

203. P. Kovacic, in Eriedel-Crafts and Related Reactions, Vol. 3, G. A. Olah, ed., Wiley- 
Interscience, New York, 1964, Chapter 44, p. 1493. 

204. K. Nakamura, A. Ohno, and S. Oka, Synthesis, 882 (1974). 

205. H. Takeuchi, K. Takano, and K. Koyama, J. Chem. Soc., Chem. Commun., 1254 (1982). 

206. K. Shudo, T. Ohta, and T. Okamoto, J. Am. Chem. Soc., 103, 645 (1981). 

207. G. A. Olah, P. Ramaiah, Q. Wang, and G. K. S. Prakash, J. Org. Chem., 58, 6900 
(1993). 

208. G. A. Olah and T. D. Ernst, J. Org. Chem., 54, 1203 (1989). 

209. J. F. Liebman and C. D. Hoff, in Selective Hydrocarbon Activation, J. A. Davies, P. L. 
Watson, A. Greenberg, and J. F. Liebman, eds., VCH, New York, 1990, Chapter 6, p. 
149. 

210. E. L. Muetterties, Chem. Soc. Rev., 11, 283 (1982). 

211. R. H. Crabtree, Chem. Rev., 85, 245 (1985). 

212. M. L. H. Green and D. O’Hare, Pure Appl. Chem., 57, 1897 (1985). 

213. J. Halpem, Inorg. Chim. Acta, 100, 41 (1985). 

214. A. E. Shilov, Activation of Saturated Hydrocarbons by Transition Metal Complexes, 

Reidel, Dordrecht, 1984. 

215. C. L. Hill, ed.. Activation and Functionalization of Alkanes, Wiley-Interscience, New 
York, 1989. 

216. J. A. Davies, P. L. Watson, A. Greenberg, and J. F. Liebman, eds.. Selective 

Hydrocarbon Activation, VCH, New York, 1990. 

217. C. L. Hill, Alkane Activation and Functionalization, New J. Chem., 13(10-11), 645-793 
(1989). 

218. N. F. Gol’dshleger, V. V. Es’kova, A. E. Shilov, and A. A. Shteinman, Russ. J. Phys. 

Chem. (Engl, transl.), 46, 785 (1972). 

219. A. E. Shilov, Activation of Saturated Hydrocarbons by Transition Metal Complexes, 

Reidel, Dordrecht, 1984, Chapter 5, p. 163. 

220. A. E. Shilov, in Activation and Functionalization of Alkanes, C. L. Hill, ed., Wiley- 
Interscience, New York, 1989, Chapter 1, p. 1. 

221. W. D. Jones, in Selective Hydrocarbon Activation, J. A. Davies, P. L. Watson, J. F. 
Liebman, and A. Greenberg, eds., VCH, New York, 1990, Chapter 5, p. 113. 

222. L. A. Kushch, V. V. Lavrushko, Yu. S. Misharin, A. P. Moravsky, and A E Shilov 
New J. Chem., 7, 729 (1983). 

223. Yu. V. Geletii and A.E. Shilov, Kinet. Catal. (Engl, transl.), 24, 413 (1983). 

224. V. P. Tretyakov, G. P. Zimtseva, E. S. Rudakov, and A. N. Osetskii, React Kinet 

Catal. Lett., 12, 543 (1979). 



REFERENCES 445 

225. N. Kitajima and J. Schwartz, J. Am. Chem. Soc., 106, 2220 (1984). 

226. J. Schwartz, Acc. Chem. Res., 18, 302 (1985). 

227. R. A. Periana and R. G. Bergman, Organometallics, 3, 508 (1984). 

228. R. G. Bergman, Adv. Chem. Ser., 230, 211 (1992). 

229. A. H. Janowicz and R. G. Bergman, J. Am. Chem. Soc., 105, 3929 (1983). 

230. W. A. Gustavson, P. S. Epstein, and M. D. Curtis, Organometallics, 1, 884 (1982). 

231. M. Tanaka and T. Sakakura, Adv. Chem. Ser., 230, 181 (1992). 

232. T. Sakakura, Y. Tokunaga, T. Sodeyama, and M. Tanaka, Chem. Lett., 2375 (1987). 

233. G. Balavoine, D. H. R. Barton, J. Boivin, P. Lecoupanec, and P. Lelandais, New J. 

Chem., 13, 691 (1989). 

234. J. L. Warded, in Comprehensive Organometallic Chemistry, Vol. 1, G. Wilkinson, F. G. 
A. Stone, and E. W. Abel, eds., Pergamon Press, Oxford, 1982, Chapter 2, p. 54. 

235. J. L. Warded, in The Chemistry of the Metal-Carbon Bond, Vol. 4, F. R. Hartley, ed., 
Wiley, Chichester, 1987, Chapter 1, p. 27. 

236. W. E. Lindsed, in Comprehensive Organometallic Chemistry, Vol. 1, G. Wilkinson, 
F. G. A. Stone, and E. W. Abel, eds., Pergamon Press, Oxford, 1982, Chapter 4, p. 163. 

237. L. Lochmann, J. Pospisil, and D. Lfm, Tetrahedron Lett., 257 (1966). 

238. M. Schlosser, J. Organomet. Chem., 8, 9 (1967). 

239. A. Mordini, Aciv. Carbanion Chem., 1, 1 (1992). 

240. M. Schlosser, Pure Appl. Chem., 60, 1627 (1988). 

241. L. Brandsma, Preparative Acetylenic Chemistry, 2nd ed., Elsevier, Amsterdam, 1988, 
Chapter 10, p. 209. 

242. L. Brandsma and H. D. Verkruijsse, Synthesis, 984 (1990). 

243. M. Schlosser, J. Hartmann, M. Stable, J. Kramar, A. Walde, and A. Mordini, Chimia, 

40, 306(1986). 

244. M. Stable, R. Lehmann, J. Kramar, and M. Schlosser, Chimia, 39, 229 (1985). 

245. J. Hartmann and M. Schlosser, Helv. Chim. Acta, 59, 453 (1976). 

246. L. Brandsma, H. D. Verkruijsse, C. Schade, and P. v. R. Schleyer, J. Chem. Soc., Chem. 

Commun., 260 (1986). 

247. H. Hommes, H. D. Verkruijsse, and L. Brandsma, J. Chem. Soc., Chem. Commun., 366 

(1981). 
248. L. Brandsma, H. Hommes, H. D. Verkruijsse, and R. L. P. de Jong, Reel. Trav. Chim. 

Pays-Bas, 104, 226 (1985). 



REDUCTION- 
HYDROGENATION 

The addition of hydrogen across multiple bonds is one of the most studied of catalyt¬ 

ic reactions. Alkenes and alkynes, as well as di- and polyunsaturated systems can all 

be hydrogenated, provided the suitable experimental conditions are used. Studies on 

the ways in which these compounds react with hydrogen have revealed very com¬ 

plex reaction patterns. Because of their resonance stabilization, carbocyclic aromatic 

hydrocarbons are more difficult to hydrogenate than are other unsaturated com¬ 

pounds. 
Heterogeneous catalytic hydrogenation was discovered at the turn of the century,' 

while a breakthrough in the development of homogeneous or soluble metal complex 

catalyzed hydrogenation came only in the 1960s.^ Catalytic hydrogenation of mul¬ 

tiple bonds is a versatile and most useful technique in organic synthesis. It frequent¬ 

ly gives high yields and is particularly important if chemo-, regio- or stereoselective 

transformations are desirable. Because of their great practical and theoretical impor¬ 

tance, a large number of papers, books, and review articles on both heterogeneous^^ 

and homogeneouscatalytic hydrogenations are available. Much less informa¬ 

tion is available on chemical reductions of hydrocarbons.^” Most significant of 

these methods is the Birch reduction of aromatics. Ionic hydrogenation, in turn, is a 
new and vigorously developing field.^*^ 

Besides the addition to multiple bonds, hydrogen can add across carbon-carbon 

single bonds to bring about bond cleavage. Such hydrogenolysis reactions can occur 

during hydrocracking (see Section 2.1). Because of its practical importance and the¬ 

oretical significance, metal-catalyzed hydrogenolysis is studied extensively and will 
be treated briefly. 
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10.1. HETEROGENEOUS CATALYTIC HYDROGENATION 

10.1.1. Catalysts 

In general, the saturation of simple olefinic and acetylenic double bonds occurs 

readily in the presence of any typical hydrogenation catalyst. Platinum metals, main¬ 

ly platinum, palladium, and rhodium, are active at low pressures and temperatures. 

Nickel, a cheap and frequently used substitute, usually requires elevated pressures 

and temperatures. Concerning the hydrogenation of aromatics, rhodium, ruthenium, 

and platinum can be used most effectively, while nickel requires vigorous condi¬ 

tions. Palladium exhibits rather low activity under mild conditions. These catalysts 

when used in hydrogenations are reduced to the metal form; thus, it is the metal that 

is the actual catalyst. Other catalysts, such as copper chromite'*' (a specially prepared 

copper oxide-chromium oxide), zinc oxide,'"' and metal sulfides, which are also ac¬ 

tive in hydrogenations, participate in the catalytic reaction in the oxide or sulfide 

form. Although most metals are readily poisoned by sulfur compounds,'*""^ con¬ 

trolled partial sulfur treatment of metals can result in sulfided catalysts that exhibit 

specific activity and selectivity in hydrogenative transformation of hydrocarbons.'*"'^ 

The choice of catalyst applied in the hydrogenation of a certain unsaturated hy¬ 

drocarbon depends on several factors, such as the reactivity of the substrate and 

the experimental conditions (pressure, temperature, solvent, liquid- or gas-phase 

reaction). Multiple-unsaturated compounds may require the use of a selective cat¬ 

alyst attaining the reduction of only one multiple bond. The use of suitable selec¬ 

tive catalysts and reaction conditions is also necessary to achieve stereospecific 

hydrogenations. 
Since hydrogenation over heterogeneous catalysts is a surface reaction, all these 

catalysts have a large surface area per unit weight. Metal catalysts are prepared from 

their salts, oxides, or hydroxides (metal “black” catalysts, e.g., Adams platinum"*’), 

or the metal is deposited on a high surface area inert material (support) such as car¬ 

bon, alumina, or silica. Another common technique to prepare a finely divided large- 

surface-area metal catalyst is the leaching of one component of a bimetallic alloy. Of 

the so-called skeletal catalysts thus prepared, Raney nickel is one of the oldest and 

most common hydrogenation catalysts.""* 

10.1.2. Hydrogenation of Alkenes 

Alkenes usually are reduced very easily. The ease of hydrogenation of double bonds 

depends on the number and nature of substituents attached to the sp^ carbon atoms. 

In general, increasing substitution results in decreasing rate of hydrogenation, 

known as the Lebedev rule.*'^ Terminal olefins exhibit the highest reactivity, and the 

rate of hydrogenation decreases in the order RCH=CH2> R2C=CHj> RCH=CHR 

> R C=CHR > R2C=CR2. In these hydrogenations, cis isomers are hydrogenated in 

preference to the corresponding trans compounds. Since the rate of hydrogenation is 
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V 

sensitive to operating conditions, relative rates based on the measurements of com¬ 

petitive hydrogenation of binary mixtures are most often determined instead of mea¬ 

suring individual rates. . 

Mechanism. The generally accepted mechanism for the hydrogenation of double 

bonds over heterogeneous catalysts was first proposed by Horiuti and Polanyi^®'^* and 

was later supported by results of deuteration experiments. It assumes that both 

hydrogen and alkene are bound to the catalyst surface. The hydrogen molecule 

undergoes dissociative adsorption [Eq. (10.1)], while the alkene adsorbs 

associatively [Eq. (10.2)]. Addition of hydrogen to the double bond occurs in a 

stepwise manner [Eqs. (10.3) and 10.4)]. 

Hg + 2M 

\ / 

-- H-M 

1 1 
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While the last step [Eq. (10.4)] is virtually irreversible under hydrogenation 

conditions, both the adsorption of alkene [Eq. (10.2)] and the formation of alkyl 

intermediate (half-hydrogenated state) [Eq. (10.3)] are reversible. The reversibili¬ 

ty of these steps accounts for the isomerization of alkenes accompanying hydro¬ 

genation (see Section 4.3.2). Isomerizations, either double-bond migration or 

cis—trans isomerization, may not be observable unless the isomer is less reactive, 

or the isomerization results in other structural changes in the molecule, such as 
racemization. 

Further studies led to the suggestion of other types of surface species, such as the 

7l-adsorbed intermediate (1) and dissociatively adsorbed alkenes [a-vinyl (2) o- 
allyl (3), and 7t-allyl (4)]. 

HgCjCHs 
t 
M 

HC=CH- 

H 

(j^Hg 

M 

H 

HzC'- I ^CH; 

M 

4 

When deuterium instead of hydrogen is used, reversal of the half-hydrogenated 

intermediate accounts for deuterium exchange in alkenes and the formation of satu- 
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rated hydrocarbons with more than two deuterium atoms in the molecule’*” 
(Scheme 10.1). 

CH3CH=CH2 
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Scheme 10.1 

Metals differ in their ability to catalyze isomerization. Both the relative rate of 

transformation of the individual isomers and the initial isomer distribution vary with 

the metal. The order of decreasing activity of platinum metals in catalyzing the iso¬ 

merization of alkenes was found to be Pd » Rh, Ru, Pt > Os > Ir.” Platinum is gen¬ 

erally the preferable catalyst if isomerization is to be avoided. The most active 

Raney nickel preparations rival palladium in their activity of isomerization. 

According to the Horiuti-Polanyi mechanism, isomerization requires the partici¬ 

pation of hydrogen. The first addition step, formation of the half-hydrogenated state 

[Eq. (10.3)], cannot take place without hydrogen. Numerous investigations have 

supported the role of hydrogen in these so-called hydroisomerizations. 

Another possible mechanism interprets cis-trans isomerization in combination 

with double-bond migration assuming the participation of 7i-allyl intermediates”” 

(Scheme 10.2). Such dissociatively adsorbed species were originally suggested by 

Farkas and Farkas.” 

Scheme 10.2 
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Dissociatively adsorbed surface intermediates were also suggested to account 

for the selfhydrogenation of ethylene.” It occurs on most transition metals and 

yields ethane without added hydrogen. Highly dehydrogenated surface species 

may also be formed under normal hydrogenation conditions. The observation by 

Thomson and Webb showed that many different metal surfaces give nearly equal 

rate of alkene hydrogenation.” They reasoned that a monolayer of adsorbed 

species represented as M-C^H^ was involved as hydrogen transfer agent. Recent 

extensive surface science studies of ethylene adsorption on single crystals re¬ 

vealed the formation of ethylidyne moiety (5) on platinum.” These results sug¬ 

gest that alkene hydrogenation reactions occur on metal surfaces covered with 

carbonaceous overlayer. Such hydrogen-deficient carbonaceous deposits seem to 

play an important role in hydrogenation reactions, serving as hydrogen source 

and providing desorption sites for intermediates and product molecules. 

Adsorption of reacting molecules, in turn, can lead to surface restructuring during 

catalytic reactions.” 

M M M 

Stereochemistry. It was recognized in the early 1930s that addition of 

hydrogen to an alkene is characterized by syn (cis) stereochemistry, that is, that 

both hydrogen atoms add from the same face of the double bond. The highest 

selectivity was observed in the hydrogenation of the isomeric 2,3-diphenyl-2- 

butenes*® [Eqs. (10.5) and (10.6)]; the cis isomer gave the meso compound in 98% 

yield, whereas the racemic compound (the product of trans isomer) was isolated 
in 99% yield. 

Ph^ ^Ph 
Pd, Ha 

meso -2,3-diphenylbutane ^C-C^ 

Me Me 
AcOH 

Phs^ ^Me 
Pd. Ha 

racem. -2,3-diphenylbutane 

Me Ph 
AcOH 

Useful data concerning the mechanism of hydrogenation were provided by study¬ 

ing the transformation of cycloalkenes.®''” Although ci5'-l,2-dimethylcyclohexane 

resulting from the expected syn addition of hydrogen to 1,2-dimethylcyclohexene is 
the dominant product, varying amounts of the trans isomer were always formed 

over Pt and Pd. It was found, however, that instead of anti (trans) addition, the trans 

isomer is formed through 1,6-dimethylcyclohexene (6) (Scheme 10.3). The latter re¬ 

sults from isomerization and can yield both cis and trans saturated products via syn 
addition. 
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6 

Scheme 10.3 

In accordance with this observation, the fraction of the cis isomer increases with in¬ 

creasing hydrogen pressure. Since an increase in the hydrogen partial pressure affects 

step 3 [Eq. (10.3)] in the Horiuti-Polanyi mechanism by shifting the equilibrium to the 

formation of the half-hydrogenated state, isomerization is suppressed. Palladium, in 

turn, which exhibits the highest tendency to isomerization among platinum metals, 

may yield the trans isomer as the major product under certain conditions. 

Steric effects affecting the mode of adsorption as well as the type of intermedi¬ 

ates formed on different metals are decisive factors in determining product distribu¬ 

tions. 1,3-Dimethylcyclohexene and 1,5-dimethylcyclohexene yield an identical 

mixture of cis- and tranj'-l,3-dimethylcyclohexane on palladium® [Eq. (10.7)]. A 

common 7C-allyl intermediate (7) adsorbed primarily in the less hindered cis mode is 

invoked to interpret this result.®^ 

Me 

Pd 

Me- 

Me 

Me 

0 (10.7) 

Me 

80 20 

different tt-adsorbed species. The favored adsorption modes are indicated in Eq. 

(10.8). The nearly equal amount of cis and trans products formed from 1,5-dimethyl- 

cyclohexene is explained by the almost equal degree of hindrance of the homoallylic 

methyl group with the catalyst surface in the alternate adsorption modes.® ® 

Me 

Pt black, 
Eton, RT 

1 atm H2 

-► 

28 

Me 

+ 

'Me 
•"/ 

(10.8) 
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Another interesting example is the platinum-catalyzed hydrogenation of isomeric 

octalins.“-*’ If syn addition to the double bond is assumed, in principle, both cis- and 

rranj'-decalin are expected to result from l(9)-octalin, but only the cis isomer from 

9(10)-octalin. In contrast with these expectations, the isomers are produced in nearly 

the same ratio from both compounds. Transformation in the presence of deuterium 

revealed that most of the products contained three deuterium atoms. This was inter¬ 

preted to prove that the very slow rate of hydrogenation of 9(10)-octalin [Eq. (10.9)] 

permits its isomerization to the 1(9) isomer. As a result, most of the products is 

formed through l(9)-octalin [Eq. (10.10)]. 

(10.9) 

(10.10) 

10.1.3. Hydrogenation of Dienes 

The hydrogenation of dienes to monoenes introduces several problems of selectivi¬ 

ty. Regioselective saturation of one of the double bonds is governed basically by the 

same effects that determine the relative reactivities of monoalkenes in a binary mix¬ 

ture; that is, a terminal double bond is reduced preferentially to other, more substi¬ 

tuted double bonds. During the reduction of a diene, a new competition also emerges 

since the newly formed monoene and the unreacted diene compete for the same ac¬ 

tive sites. The simplest situation arises if, for some (e.g., steric) reason, adsorption 

can occur on only one of the double bonds. In general, however, an equilibrium is 

established between the species adsorbed on the two olefinic bonds. Judicious 

choice of catalysts and experimental conditions can allow highly selective monohy¬ 
drogenation of dienes. 

Nonconjugated dienes, namely, allenes and isolated dienes, react preferentially 

on the terminal double bond.“’ Hydrogenation of 1,2-butadiene over palladium 

yields 1-butene and c/i'-l-butene as the main products with moderate discrimination 

of the two double bonds.®* Deuteration experiments indicated that the dominant syn 

addition to either the 1,2- or the 2,3-olefmic bond occurs. Different vinyl and 7i-allyl 
intermediates were invoked to interpret the results.®’™ 

The monohydrogenation of conjugated dienes can occur by either 1,2- or 1,4- 

addition. 1-Butene (53%) and rran5-2-butene (42%) are the main products in the 

hydrogenation of 1,3-butadiene on palladium with only a small amount of cis-2- 

butene.®* Deuterium distribution reveals that the trans isomer is produced by 1,4- 
addition. 
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On other Group VIII metalsj' ’^ and on copper^' and gold/^ the trans : cis ratio is 

close to 1. This is very similar to the ratio that arises in the isomerization of 1-butene 

under the same reaction conditions. It follows from this that common intermediates 

may be involved in the two processes. According to the accepted mechanismj'’^ 

product distributions are determined by the possibility of interconversion between 

the different adsorbed intermediates (Scheme 10.4). With the exception of palladi¬ 

um, other metals ensure a high degree of interconversion, thus leading to similar 

quantity of the 2-butene isomers. On palladium, the large trans : cis ratio reflects the 

conformational characteristics of 1,3-butadiene in the gas phase; the ratio of the 

transoid to cisoid conformation is about 10-20—thus, this ratio is essentially not 
changed in the adsorbed phase. 

CH2=CHCH =CH2 

M 
D-M D-M 

CH2=CHCH=CH2 CH2CHDCH=CH2 DCH2CHDCH=CH2 

M „ M 
D-M 

DH2C\ ^CH 

DH2C D-M DH2C 
'CH2D 

M 

CH, H M 

D-M 
H- 

DCH, 
M 

D-M ^ 

DH2C CH2D 

DCH2CHDCH=CH2 

Scheme 10.4 

Cyclopentene is produced in excellent yield by the selective hydrogenation of cy- 

clopentadiene. Both Raney nickel in cold ethanol solution^'' and Cu/Al^O^ aerogel in 

the gas phase’^ are selective catalysts. The cyclopentene is converted to cylopentane 

at a much smaller rate than the diene is transformed to cyclopentene. Other catalytic 

processes for the hydrogenation of cyclopentadiene yield cyclopentane as the princi¬ 

pal product. 

Selective hydrogenation of diolefins and alkenylaromatics in steam-cracked 

gasoline is of industrial importance. Specific refining by selective hydrogenation of 

these polymerizable hydrocarbons without hydrogenating other unsaturated com¬ 

pounds (alkenes, aromatics) is required to increase the stability of gasoline (see 

Section 10.6.1). 

10.1.4. Transfer Hydrogenation 

An interesting, convenient, and useful alternative to conventional catalytic hydro¬ 

genation is transfer hydrogenation. Named as such by Braude and Linstead,’*^ the 

process involves hydrogen transfer from a hydrogen donor, in most cases an organic 
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molecule, to an unsaturated compound. Usually carried out at reflux temperature, it 

does not require an external hydrogen source nor a special apparatus. A special case 

is disproportionation, specifically, hydrogen, transfer between identical donor and 

acceptor molecules. 
Palladium is the most active and most frequently used catalyst in transfer hydro¬ 

genations.’’’’** Cyclohexene, a cheap, readily available, highly reactive molecule, is 

the preferred donor compound. Alternatively, tetralin and monoterpenes and, in gen¬ 

eral, any hydroaromatic compound may be used. Mainly alcohols are employed as 

the donor with Raney Ni. 

According to a possible mechanism, transfer hydrogenation requires a catalyst- 

mediated formation of a donor-acceptor complex, followed by a direct hydrogen 

transfer. An alternative possibility is a simple consecutive dehydrogenation-hydro¬ 

genation process. While the former mechanism on palladium is supported by numer¬ 

ous experimental evidence,’* direct hydrogen transfer on nickel was disproved.’** 

A unique example,*® the reduction via transfer hydrogenation of aryl-substituted 

alkenes, is facilitated by AlCl^ [Eq. (10.11)]. The role of Lewis acid is to activate 

the substrate alkenes and initiate an acid-catalyzed hydride transfer from an allylic 
position. 

r’ r2 

\ /■ 10%PdonC,AICl3 \ / 
-TT-pH—CH (10.11) 

/ \ , cyclohexene, reflux, 46 h / \ 
Ph ' Pt{ \ p3 

77-93% 

R\r2,R*^ = H, alkyl, Ph 

10.1.5. Hydrogenation of Alkynes 

Similar to olefinic double bonds, the carbon—carbon triple bond can be hydrogenated 

with ease over a wide variety of catalysts. Bulky groups, however, may hinder hy¬ 
drogenation. 

The complete hydrogenation of alkynes to alkanes occurs quite readily under the 
usual alkene hydrogenation conditions. This may or may not involve an intermedi¬ 

ate alkene*' [Eq. (10.12)]. A more challenging task is the selective partial hydro¬ 

genation (semihydrogenation) of alkynes to yield alkenes. This is a selectivity 

problem similar to the hydrogenation of dienes in that that the alkyne is hydro¬ 

genated preferentially in the presence of an alkene. The possibility of the formation 

of geometric isomers from nonterminal acetylenes raises the problem of stereose¬ 
lective semihydrogenation. 

_ 
RC=CR -► rch=CHR 

2 Hg 

H2 
RCH2CH2R 

J 
(10.12) 

It was shown in 1899 by Sabatier and Senderens that acetylene can be selectively 

hydrogenated to ethylene at atmospheric pressure in the presence of palladium and 



HETEROGENEOUS CATALYTIC HYDROGENATION 455 

nickel, but not with platinum.*^ The selectivity for formation of cis alkenes was also 

established quite earlyThe preferential formation of cis compounds provides fur¬ 

ther evidence for the syn addition of hydrogen during catalytic hydrogenation.**' 

Since a small amount of trans alkene may be formed even before the total consump¬ 

tion of alkyne, it is reasonable to assume that the trans alkene may also be an initial 

product.*' The formation of the trans isomer is generally interpreted as a result of 

isomerization of the cis compound. Multiple-bound surface species such as surface 

ethylidyne*^ and hydrogen-deficient surface layer (C^H^, x<2y^ are suggested to ac¬ 
count for nonselective direct hydrogenation of acetylene to ethane. 

The acetylene hydrogenation reaction acquired commercial importance because 

it afforded a means of converting acetylene in cracker gases to ethylene (using the 

hydrogen, already a constituent of the gas) and a means for oil-deficient countries to 

obtain ethylene starting with calcium carbide produced from available coke and 

lime. During World War II, ethylene was prepared from acetylene in 90% yield on a 

large scale over a palladium-on-silica gel catalyst;*®*’ the reaction temperature was 

raised from 200 to 300°C during 8 months before it became necessary to regenerate 

the catalyst by burning off carbon with air at 600°C. Since the synthesis of acetylene 

for chemical use dimished and most acetylene plants were shut down, this method 
for ethylene production has been abandoned. 

The high selectivity of alkene formation is not the result of a large rate difference 

in the hydrogenation of the triple and the double bond. Rather, it is ensured by the 

strong adsorption of alkynes compared with that of alkenes. The alkyne displaces 

the alkene from the surface or blocks its readsorption. 

For the selective hydrogenation of alkynes to alkenes and, if possible, to cis 

olefins, palladium is by far the most selective metal.® *' ***" Some nickel catalysts also 

appear to exhibit reasonable selectivity.*'"® In practice, palladium is always used in 

conjugation with different modifiers to increase selectivity. A highly selective palla¬ 

dium catalyst supported on CaCO^ poisoned with lead acetate is known as the Lindlar 

catalyst.'^'’'’^ By adding a nitrogen base to the reaction mixture, a sudden break in the 

rate of hydrogen consumption generally occurs after the adsorption of 1 mol of hy¬ 

drogen. Low temperature and pressure are also recommended to achieve optimal se¬ 

lectivity. Palladium modified with Pb or Hg and used in transfer hydrogenation,"* the 

P-2 nickel catalyst prepared by the reduction of nickel acetate with NaBH^,"®, and a 

Pd-Hg on SiO^ catalyst prepared hy a novel method (tretament of silica gel-immobi¬ 

lized silyl hydride with PdCl^ then Hg^SO^)"'* also ensure similar selectivities. 

A simple alternative to the Lindlar reduction process has recently been recog¬ 

nized."® The palladium(II) acetate-catalyzed polymerization of triethoxysilane in 

water produces finely divided palladium metal dispersed on a polysiloxane matrix 

with concomitant hydrogen evolution. Addition of (EtOjjSiH to the mixture of an 

alkyne and all other necessary constituents allows facile and selective reduction of 

the alkyne without an external hydrogen source: 

PcI(OAc)2, (EtOlgSIH 

THR HgO (5 : 1), RT n-Bu Bu-n 

>96% selectivity 
at 100% conversion 

(10.13) 
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Concerning chemical selectivities in multiple unsaturated acetylenic compounds, con¬ 

jugated enynes are reduced with modest selectivity. The most difficult case involves the 

selective reduction of an enyne with a terminal^double bond and an internal triple bond, 

because the difference in the rates of their hydrogenation is minimal. The hydrogenation 

of nonterminal, unconjugated diynes to (Z,Z)-dienes can be achieved in good yield. 

One important application of selective hydrogenation of alkynes is their removal 

from the industrial steam cracker products. These can contain several percent of 

alkynes as byproducts. They are particularly unwelcome in that they poison the cata¬ 

lysts used for the downstream polymerization of the olefins. Selective hydrogenation 

of these steam cracker cuts has two advantages. It removes acetylenes and converts 

them to desired alkenes, thereby increasing the overall yields (see Section 10.6.1). 

10.1.6. Hydrogenation of Aromatics 

The hydrogenation of benzene and its alkyl-substituted derivatives takes place step¬ 

wise (Scheme 10.5). On the basis of instrumental and isotope-exchange studies, the 

involvement of 7t-adsorbed (8, 9) and a-adsorbed (10) species was suggested''^''* 
[Eq. (10.14)]. 

CeHe.g C6Hi2,3 

II -I 
^6^6,ads 

Hads 

CfiH 6*^8,g CfiH 6ni0,g 

^6^7,ads —" CrH 

*^6^12,ads 

Hads ] 

Hads Hgds 

e'^a.ads —- C0Hg ads CrH 
Hads 

ei^lO.ads — CgH^^i ads 

Scheme 10.5 

Under the usual hydrogenation conditions, the intermediate cyclohexadienes 
have not been isolated since they are hydrogenated at much higher rate than benzene 

itself. In contrast, cyclohexenes can be detected in varying amounts during the hy¬ 

drogenation of benzene and benzene derivatives. The amount of intermediate olefins 

depends on the structure of the starting compound, the catalyst, and the reaction con¬ 

ditions. Highly strained systems, such as o-di-tert-butylbenzene, yield characteristi¬ 
cally high amount of olefins:*^ 

5% Rh on C 30 
5% Pt on C 6 
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Ruthenium is the most selective metal to produce intermediate olefins. Certain 

catalyst additives and water'““'“ increase the yield of cyclohexene from benzene up 
to 48% at 60% conversion.'®^ 

Alkylbenzenes are hydrogenated at somewhat lower rates than benzene itself. As 

a general rule the rate of hydrogenation decreases as the number of substituents in¬ 

creases, and the more symmetrically substituted compounds react faster than those 

with substituents arranged with less symmetry.'''® Highly substituted strained aro¬ 

matics tend to undergo ready saturation, even over the less active palladium. 

The intervention of olefin intermediates has significant effects on the stereo¬ 

chemistry of the hydrogenation of aromatics. Similar to the reduction of alkenes, cis 

isomers are the main products during the hydrogenation of substituted benzenes, but 

trans isomers are also formed (see also Scheme 10.3). o-Xylene, for instance, gives 

98.6% and 96.8% c/5-l,2-dimethylcyclohexane on iridium and osmium, respective¬ 

ly,'®^ but the yield of the cis compound is only 57.7% on palladium.'® Experimental 

observations support the view that trans compounds are formed through desorbed 

cyclohexene intermediates. The ratio of the isomers is determined by a competition 

between two processes; the addition of six hydrogen atoms during a single period of 

adsorption on the catalyst surface yields the cis compound, while the addition of two 

hydrogen atoms to the readsorbed cyclohexene intermediate can lead to both the cis 

and trans products (Scheme 10.6). 

Scheme 10.6 

Aromatic hydrocarbons with two or more rings are hydrogenated in a stepwise 

manner, permitting regioselective saturation of one of the rings. Individual metals 

have a marked influence on selectivity. Biphenyl, for example, is transformed to cy- 

clohexylbenzene with 97% selectivity on palladium, which is the least active to cat¬ 

alyze saturation of benzene under mild conditions." '^ Even better selectivites are 

achieved in transfer hydrogenation.'®^ 
Hydrogenation of 4-methylbiphenyl with platinum or palladium takes place 

predominantly in the unsubstituted phenyl ring'®® [Eq. (10.16)]. On the other 

hand, hydrogenation with Raney nickel causes reduction mainly in the substitut¬ 

ed aromatic ring [Eq. (10.16)]. Differences in product composition brought 

about by the different metals are explained in terms of steric hindrance of the 

substituted ring (Pt, Pd) versus the anchor effect of the methyl substituent 

(Ni).'®® 
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--^ ’ + ' + I + JL 
50°C, 5 atm H2 

T 

Me Me Me Me 

5% Pd on C, EtOAc 76 17 7 <1 

Pt black, EtOAc 77 10 2 11 

Raney Ni, EtOH 41 36 23 <1 

(10.16) 

Detailed studies have been conducted on the selectivity of hydrogenation of 

naphthalene.*^ The reaction proceeds via tetrahydronaphthalene as an intermediate 

and eventually yields a mixture of the isomeric decalins [Eq. (10.17)]. Traces of 

1(9)- and 9(10)-octalin are also detected. Under suitable conditions, the reaction 

may stop at tetralin on nickel and palladium.*’ 

OO^ctD-Cp 
H H 

(10.17) 

Good selectivities for czT-decalin are exhibited by all platinum metals except pal¬ 

ladium that is unique in the high yield (52%) of tran^-decalin.***’ It was proved that 

isomeric octalins are involved in determining product selectivities***’ (see Section 

10.1.2). 

Monosubstituted naphthalene derivatives are usually hydrogenated in the unsub¬ 

stituted ring*’"” [Eq. (10.18)]. 1-Substituted derivatives with bulky groups, however, 

are reduced at higher rates and with opposite selectivity on palladium'®’ [Eq. 

(10.18)]. This was explained by the partial release of peri strain in the transition 

state during hydrogenation. 

fY>( crX 
•03" 

Rh onAl203,100°C, 59 atm H2 1-Me, 2-Me 20 80 
10% Pd on C, 80°C, 1 atm H2 1-Me 34 66 

1-fert-Bu 97 3 

Anthracene and phenanthrene are converted to their 9,10-dihydro derivatives in 

high yield. Other partially hydrogenated intermediates formed by further stepwise 

hydrogen addition can also be isolated under suitable experimental conditions.'®"* 

Platinum and palladium exhibit different selectivities in the partial hydrogenation 
of polycyclic aromatics under mild conditions:'®* 
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(10.19) 

(10.20) 

95% 

10.2. HOMOGENEOUS CATALYTIC HYDROGENATION 

10.2.1. Catalysts 

A wide range of soluble metal complexes has proved to exert catalytic activity in hy¬ 

drogenation of unsaturated molecules. Most attention, however, has focussed on 

Group VIII elements since they give rise to the most active catalytic systems. 

Homogeneous catalysts have certain advantages compared with heterogeneous 

catalysts. They contain only one type of active site and as a result are more specific. 

Since all these active sites are available, homogeneous complexes are potentially 

more efficient than heterogeneous catalysts. The selectivity of homogeneous cata¬ 

lysts is much more easily modified by selective ligand exchange. In contrast, ther¬ 

mal stability and suitable solvents are often limiting factors in homogeneous hydro¬ 

genations. 

Possibly, the best known, most thoroughly studied, and most widely used catalyst 

for the reduction of a range of unsaturated compounds is chlorotris(triphenylphos- 

phine)rhodium(I) [RhCl(PPhj)j], known as the Wilkinson catalystReduction 

is generally achieved under mild conditions (room temperature, atmospheric or sub- 

atmospheric hydrogen pressure). Since aromatics are inert under these conditions, 

benzene is often used as solvent. The Wilkinson catalyst, just as many other soluble 

complexes, selectively catalyzes the reduction of unsaturated carbon-carbon double 

bonds in the presence of other reducible groups. In general, side reactions (hy- 

drogenolysis, disproportionation) do not occur. Although carbonyl ligands usually 

tend to deactivate rhodium hydrogenation catalysts, [RhH(CO)(PPhj)J, better 

known as a hydroformylation catalyst, also hydrogenates alkenes.'" "^ 

An early and popular complex, [IrCl(CO)(PPh3)J, called the Vaska complex,"^ and 

its derivatives can be used for the hydrogenation of unsaturated hydrocarbons.^®’^' 

Very high rates can be achieved for hydrogenations with dichlorotris(tri- 

phenylphosphine)ruthenium(II) [RuC^PPhj)^, which is complementary to the two 

important rhodium complexes mentioned before."""'® In catalytic hydrogenations it 

is transformed to [RuHCl(PPhj)J, which is often the true catalyst. 

Cyanide-containing cobalt catalysts, particularly potassium pentacyanocobalt- 

ate(II) Kj[Co(CN)J, are used in the reduction of activated alkenes (conjugated di- 
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enes) COj(CO)g is best known as a hydroforaiylation catalyst, but hydrogenation 

is also possible under specific conditions. Phosphine-substituted analogs are more 

successful. \ 
Platinum complexes have been shown to hydrogenate terminal alkenes, dienes, 

and polyenes. Most generally, [PtCl2(PPh3)3] with SnCl^ is used. They form the com¬ 

plex [PtCKSnCljXPPhj)^], which then gives the hydride [PtH(SnCl3)(PPh3)J with 

hydrogen.^’^’ 
A number of Ziegler-type catalysts based on early transition metals and trialkyl- 

aluminum or similar organometallic compounds are soluble in hydrocarbon solvents 

and function as homogeneous hydrogenation catalysts Many of the soluble tran¬ 

sition-metal catalysts can be employed in catalytic transfer hydrogenations. 

Attempts to utilize commercially some of the extremely effective homogeneous 

catalysts discovered since the 1960s led to the development of supported transition- 

metal complex catalysts, also known as heterogenized homogeneous complex¬ 

es.One important disadvantage of homogeneous catalysts is the difficulty of 

their separation and recovery after the catalytic reaction is completed. Binding ho¬ 

mogeneous catalysts to solid supports such as inorganic oxides, organic polymers, 

or more recently zeolites via ionic or covalent bonds solves this problem. Extremely 

active supported organometallic complexes have recently been reported. 

10.2.2. Hydrogenation of Alkenes and Dienes 

The hydrogenation of many different alkenes, dienes, polyenes, and alkynes may be 

catalyzed by homogeneous complex catalysts. Many of the soluble complexes have 

the ability to reduce one particular unsaturated group in the presence of other re¬ 

ducible groups. Their selectivity rather than their universality makes these catalysts 

particularly useful in synthetic organic chemistry. By careful choice of catalyst and 

reaction conditions remarkable selectivities are attainable. Most of the practically 
useful catalysts work under ambient conditions. 

Mechanism. In order to be added to an unsaturated bond hydrogen first must be 

activated, and generally both hydrogen and the organic substrate must be brought 

into the coordination sphere of the metal catalyst. The most important property of a 

homogeneous catalyst is a vacant coordination site, which may be occupied by a 
readily displaceable ligand. 

A common, quite general route for activation of hydrogen is the oxidative addi¬ 

tion by homolytic cleavage to form a dihydride complex^’^ '^ [Eq. (10.21)]. It in¬ 

volves an increase of two in the formal oxidation state of the metal. In turn, mono- 

hydrido complexes can be formed through both homolytic [Eq. (10.22)] and 
heterolytic [Eq. (10.23)] cleavages of hydrogen. 

M(l) + Ha — -► M(III)H2 (10.21) 

2 M + Ha — -► 2MH (10.22) 

MX + Ha — -► MH + H^ + X (10.231 
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Catalytic cycles operating via the initial formation of a hydridometal complex 

followed by coordination of the unsaturated compound (S) are termed the hydride 

route“ (Scheme 10.7). In contrast, the unsaturate route^^ involves prior binding of the 

organic compound (Scheme 10.7). In many cases the hydride route was proven to be 
more efficient. 

hydride route 
M.H2 Hg.M.S 

unsaturate route 

SH2 + M 

Scheme 10.7 

Activation of hydrogen through oxidative addition is best exemplified by the 

Wilkinson catalyst. The hydrogenation mechanism characteristic of dihydride com¬ 

plexes was originally suggested by Wilkinson^"^ and was later further elucidat- 

gj 126-130 oxidative addition of hydrogen brings about the transformation of the co- 

ordinatively unsaturated square-planar rhodium(I) species (11) into a coordinatively 

saturated octahedral rhodium(ni) cis dihydride complex (12). This then participates 

in a series of simple steps resulting eventually in the formation of the saturated end 

product. Of the several mechanistic pathways demonstrated for the Wilkinson cata¬ 

lyst, the kinetically dominant is shown in Scheme 10.8. The solvent, not shown, may 

also play an important role as a coordinating ligand. Dinuclear complexes also ob¬ 

served under reaction conditions were not found to be very effective. 
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Scheme 10.8 

c=<^ Ufh. ' 4\S\H 
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14 

In the octahedral complex (12) the hydride ligand exerts a large trans effect labi- 

lizing the trans ligand. This ligand readily dissociates in solution, creating a vacant 
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site (13) being able to form a 7C complex (14) with the alkene. This substrate associ¬ 

ation brings the alkene into suitable environment for addition. The next stage in the 

catalytic cycle is the migratory insertion of t^e alkene into the rhodium-hydrogen 

bond. The o-alkylrhodium hydride complex 15 thus formed undergoes a rapid re¬ 

ductive elimination. This leads to the saturated product and regenerates the catalyti- 

cally active rhodium(I) species to complete the cycle. 

There are many examples where monohydridometal complexes are formed via 

homolytic or heterolytic hydrogen splitting.^'^' The basic difference between the 

mechanism demonstrated for the Wilkinson catalyst and the overall hydrogenation 

mechanism in the presence of a monohydride complex lies in the final product¬ 

forming step. The alkylmetal intermediate, in this case, can yield the saturated hy¬ 

drocarbon via hydrogenolysis using H^, or as a result of protolysis, or by reacting 
with a second hydrido complex^'' (Scheme 10.9). 

_[£_ 

-M 

''h,, 
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-2 M 

H-M 
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H 
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MH 

Scheme 10.9 

The formation of a metal-substrate bond of intermediate stability is of key im¬ 

portance in a successful hydrogenation. If this bond is too strong, the subsequent mi¬ 

gratory insertion may be hindered and hydrogenation does not take place. Strongly 

chelating dienes, such as 1,5-cyclooctadiene (COD) or cyclopentadiene, form stable 
complexes which, in turn, are used as catalysts in hydrogenations. 

Strikingly high activities of supported homogeneous complexes have recently 

been observed. Whereas organoactinide complexes such as [(ri^-Me5C5)ThMe ] and 

[(t] -MejCj)ZrMe2] exhibit only marginal activities in alkene hydrogenation, adsorp¬ 

tion on dehydroxylated y-alumina results in dramatic enhancement in catalytic activ¬ 
ity 121,122 Evolution of CH^ was observed in adsorption studies indicating alkyl anion 

abstraction as the major adsorptive pathway.”’ The activity of the resulting catalyst 

possessing cation-like species with lower coordinative saturation and greater elec¬ 

trophilic character is comparable to that of the traditional supported transition metal 
catalysts. 

Selectivity and Stereochemistry. An important property of transition-metal 

complexes is that they coordinate groups in a specific manner permitting high regio- 

and stereoselectivity in the catalytic reaction. The migratory insertion step is a highly 

stereospecific transformation. The four-center transition state 16 illustrated for the 
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Wilkinson catalyst requires a coplanar arrangement of metal, hydride, and alkene n 

bond. The coplanar migratory insertion and the subsequent reductive elimination 

occurring with retention of configuration at the M—C bond ensure an overall syn 

addition of hydrogen. This was demonstrated in nearly all cases studied. Isotope 

labeling studies were mainly carried out with functionalized alkenes.''^ '^^ 

H 

Since the 7i and o complexes (14 and 15, Scheme 8.10) participating in the hy¬ 

drogenation mechanism are rather crowded species, the hydrogenation reaction is 

expected to be very susceptible to steric parameters. Steric interaction of the phos¬ 

phine groups may hinder substrate bonding or prevent hydrogen transfer to the coor¬ 

dinated alkenes, especially with bulky substituents. Hydride alkene complexes of 

nonreducible olefins were isolated in several cases. Because of these interactions, 

the relative rate of reduction of simple alkenes depends almost entirely on steric fac¬ 

tors. Many of the homogeneous complex catalysts are very selective in the hydro¬ 

genation of terminal alkenes. The general reactivity is 1-alkenes > cis alkenes > 

trans alkenes > cycloalkenes. The Wilkinson catalyst is not particularly selective, 

but [RhH(CO)(PPhj)J and [RuHCl(PPhj)J exhibit excellent selectivities in reducing 

terminal alkenes preferably. 

The complexation of an alkene to a metal ion strongly affects its reactivity, name¬ 

ly, the double bond is activated toward nucleophilic attack. Ligands decreasing the 

electron density on the double bond accelerate the hydrogenation reaction. Electron- 

withdrawing substituents similarly facilitate hydrogenation of alkenes (PhCH=CH^ 

> RCH=CH^).'’ 
The hydrogenation mechanisms discussed above indicate the reversible forma¬ 

tion of intermediates. The degree of reversibility depends on the nature of the cata¬ 

lyst and the alkene, and on reaction conditions. Some nonreducible internal alkenes 

undergo slow hydrogen exchange and isomerization, indicating that reversible steps 

can occur in these cases. The reversible formation of alkylmetal intermediates pro¬ 

vides a ready explanation for the isomerization of alkenes in the presence of certain 

metal complexes (see Section 4.3.2). 

The regioselectivity exhibited in the hydrogenation of monoenes also holds for 

the hydrogenation of dienes; specifically, the terminal double bond in nonconjugat- 

ed dienes is usually reduced selectively:*" 

(10.24) 
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When isotetralin or 1,4-dihydrotetralin is reduced in the presence of the 

Wilkinson complex, an identical mixture of 9(10)-octalin and l(9)-octalin is formed 

[Eq. (10.25)], requiring the involvement of dpuble-bond migration.'” Since isomer¬ 

ization, in general, is not characteristic of the Wilkinson catalyst, it is believed to be 

caused by small amount of oxygen impurity.^’ 

00 
CO 

[Rhci(pph,)3] ^ OYO 
benzene, EtOH, H2 

80 

(10.25) 

Certain monohydride catalysts exhibit high selectivity toward hydrogenation of 

conjugated dienes and polyenes to give monoenes. Potassium pentacyanocobaltate 

prepared from CoCl^ and KCN is one of the most active catalysts, but reduces only 

conjugated double bonds. The reduction of dienes with nonequivalent double bonds 

follows the usual substitution trend noted for monoenes. 1,3-Pentadiene, for exam¬ 

ple, is converted selectively to rranj'-2-pentene via 1,2-addition'” [Eq. (10.26)]. 

Lanthanide ions (La”, Ce”) were found to promote the cobalt-catalyzed reaction in a 

two-phase system with P-cyclodextrin or PEG-400 (polyethylene glycol-400) as 
phase-transfer catalysts.'” 

KOH, p-cyclodextrin, ^ (10.26) 
C6H@, H26,1 atm 1-^, 

RT, 24 h 96% 2% 

The hydrogenation of 1,3-butadiene, in contrast, yields a mixture of the isomeric 

butenes with product distributions highly dependent on reaction conditions (nature 

of solvent, cyanide : cobalt ratio)'”-'” [Eq. (10.27)]. This was interpreted by invok¬ 

ing 1,2- and 1,4-addition occurring on different intermediates participating in a com¬ 

plex equilibrium. Similar changes observed with a palladium complex were ex¬ 

plained by 1,2-addition followed by isomerization with the participation of 
palladium 7i-allyl species.'” 

+ ^ 

CN:Co 
[CoH(CN) 5)3 - H2O 6.0 95% 4% 1% 
20°C, 1 atm H2 glycerol, MeOH 5.0 9% 87% 4% 

[Pd2(Ph2PCH2PPh2)3] toluene 63% 28% 6% 
RX 6 atm H2 AcOH 3% 68% 23% 

=/ (10.27) 

In contrast, a heterogenized molybdenum complex showed high activity for the 

selective hydrogenation of 1,3-hutadiene to d5-2-butene'” [Eq. (10.28)]. The 
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Mo(CO)3 subcarbonyl formed under reaction conditions encaged in the zeolite was 
found to be the active catalytic species. 

Mo(CO) 6-LiY 

150°C 96% selectivity 
at 97.2% conversion 

(10.28) 

Certain chromium complexes also exhibit similar selectivities in the hydrogena¬ 

tion of conjugated dienes.Coordination of the diene in the cisoid conformation 
and 1,4-addition can account for the selectivity. 

A most unusual and unexpected, completely regioselective 1,2-addition is cat¬ 

alyzed by a montmorillonite-supported bipyridinepalladium(II) acetate complex 

[Eq. (10.29)]. The selective T)^ coordination of the diene to the palladium center is 
suggested.''" 

Ph 
heterogenized Pd(ll) 

THp 1 atm H2, RT PhCH2CH 

Ph 

95% yield 

(10.29) 

The site-selective reduction of a,co-dienes, in which the two double bonds are 

differentiated only by the presence of an allylic substituent, is a challenging task. A 

pentamethylyttrocene complex that is extremely selective in hydrogenating terminal 
alkenes exhibits good selectivity in this reaction:'''^ 

[(C5Me5)2YMe](THF)^ 

benzene, 1 atm H2, RT (10.30) 

1 h 64% 23% 
1.5 h 92% 

Of interest, 1,5,9-cyclododecatriene prepared by trimerization of 1,3-butadiene 

undergoes only hydrogenation to cyclododecene. This reaction has potential since 

cyclododecene is a precursor to 1,12-dodecanedioic acid a commercial polyamide 

intermediate. [RuCl2(CO)2(PPh3)J gives 98-99% yield of cyclododecene under mild 

conditions (125-160°C, 6-12 atm, in benzene with added PPh^ or in A,A-dimethyl- 

form amide). 

[PtH(SnCl3)(PPh^)J is one of the most selective catalysts to reduce conjugated 

and nonconjugated dienes and trienes to monoenes at elevated pressure. This be¬ 

havior is best explained by supposing the isomerization of nonconjugated bonds 

into conjugated position. The high selectivity for hydrogenation of dienes in the 

presence of monoenes arises from the exceptional stability of the 7t-allyl complex 

of this catalyst. 

Asymmetric Hydrogenation. Asymmetric hydrogenation with good 

enantioselectivity of unfunctionalized prochiral alkenes is difficult to achieve. 
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Chiral rhodium complexes, which are excellent catalysts in the hydrogenation of 

activated multiple bonds (first, in the synthesis of a-amino acids by the reduction of 

a-A^-acylamino-a-acrylic acids), give products only with low optical yields.'^'"^''"’ 

The best results (about 60% ee) were achieved in the reduction of a-ethylstyrene by 

a rhodium catalyst with a diphosphinite ligand.'* Metallocene complexes of 

titanium,zirconium,*’^-”’ and lanthanides'* were used in recent studies to reduce 

disubstituted C-C double bond with medium enantioselectivity. Trisubstituted 

alkenes (1,2-diphenylpropene, 1-methyl-3,4-dihydronaphthalene) have recently 

been hydrogenated with excellent optical yields (83-99% ee) in the presence of a 

chiral bis(tetrahydroindenyl)titanocene catalyst.'* 

10.2.3. Hydrogenation of Alkynes 

Mechanistic aspects of alkene hydrogenation are by now known in considerable de¬ 

tail, but far less information is available on the mechanistic course of the alkyne hy¬ 

drogenation reaction.'* In general, data on the hydrogenation of alkynes are rather 

limited.^'* 
Most homogeneous catalysts that are active in the hydrogenation of alkenes can 

be used for the reduction of alkynes. In many cases alkynes are hydrogenated less 

rapidly than alkenes. In binary mixtures, however, alkynes may be reduced preferen¬ 

tially since the binding of alkynes, in general, is favored over alkenes. Strong com- 

plexation may prevent hydrogenation, as observed for 1-hexyne in the presence of 
[RhH(CO)(PPh,)3].'" 

In the presence of the Wilkinson catalyst 1-alkynes are reduced slowly and non- 

selectively to give saturated hydrocarbons.* In contrast, internal alkynes give cis 

alkenes that are resistant to further reduction. Other catalysts can reduce 1-alkynes 

selectively"" '® [Eqs. (10.31) and (10.32)] and be more active in the hydrogenation 
of internal alkynes. 

Ph-=-H 

[OsHBr(CO)(PPh3)3] 

toluene, 1 atm H2, RT ^ PhCH—CH2 

100% 

[RhOOCPh(COD)PPh3] 

benzene, <1 atm Dg, 25 °C 

PhCOOH, Et 3N 
r 

Ph H 
>95% 

(10.31) 

(10.32) 

Chromium complexes,'® cationic homogeneous complexes of rhodium'* and 

ruthenium,'® '* and supported palladium complexes'"' '® have recently been found to 
be extremely selective in reduction of alkynes to cis alkenes: 

heterogenized Pd(ll) 
Ph—— R ---^ 

THh 1 atm H 2, RT 

R = Me, Ph 

H, 

Ph 

H 

(10.33) 

R 

97-98% 
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Quite remarkably partial hydrogenation of alkynes to trans alkenes is also possi¬ 
ble with homogeneous rhodium complexes:'** '®'' 

Ph-^-Ph 
[RhH2(OOCOH(PisoPr3)2] 

toluene, 1 atm H2, 20°C 

91% selectivity 

(10.34) 

When palladium ions are bound to poly(ethyleneimine), a soluble polychelato- 

gen, selective conversion of 2-pentyne to cw-2-pentene is achieved under mild con¬ 

ditions (20°C, 1 atm H^, 98% stereoselectivity).'™ A dramatic reversal of stereoselec¬ 

tivity (selective formation of tran5-2-pentene) is observed, however, if a spacious 
ligand such as benzonitrile is bound to palladium. 

10.2.4. Hydrogenation of Aromatics 

Hydrogenation of aromatics with homogeneous catalysts is not easy to achieve, and 

only relatively few complexes have been found effective. 

The partial hydrogenation of benzene to cyclohexene is difficult to carry out with 

heterogeneous metal catalysts, but it has recently been achieved by using pentam- 

mineosmium(II).'’' The reaction requires the presence of Pd(0), which itself is inef¬ 

fective as a catalyst for the hydrogenation of benzene [Eq. (10.35)]. The process, 

however, is not catalytic. Cyclohexene forms the stable [Os(NHj)j(ri^-C^H||j)](OTf)^ 

complex, from which it is liberated through oxidation. 

[Os(NH3)5](OTf)2, 5% Pd on C ^ 

MeOH , 1 atm H2, 30°C 

A number of transition-metal compounds, preferably nickel and cobalt deriva¬ 

tives combined with triethylaluminum, give active Ziegler-type catalysts.'™'™ They 

are efficient in the hydrogenation of different aromatics, but they are not steroselec- 

tive [Eq. (10.36)] and catalyze only partial hydrogenation [Eq. (10.37)]. 

Ni 2-elhylhexanoate +AIEt3 
-» 

1 atm H2,150°C 
(10.36) 

64.5 35.5 

Ni 2-ethylhexanoate +AIEt3 

---► 
1 atm H2,210°C 

84 

(10.37) 

Partial hydrogenation of polycyclic aromatics can also be accomplished with 

[Co(CO)j2 under hydroformylation conditions.'^™ Isolated benzene rings are gener¬ 

ally resistant under these conditions. Polycyclic aromatics, consequently, are only 
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partially hydrogenated'^^ [Eq. (10.38)], and highly condensed systems usually form 

phenanthrene derivatives. The reaction is thought to involve free-radical intermedi¬ 

ates rather than organocobalt complexes.'” ^ 

[Co (CO) 4)2 

197 atm Hp+CO, 135“C 

99% selectivity 
at 100% conversion 

(10.38) 

An allylcobalt(I) complex [Co(ri'-C3Hj){P(OMe)3}3] catalyzes the hydrogenation 

of aromatics at ambient temperature.Distinctive features of this catalyst are the 

high stereoselectivity [only cis products are formed from xylenes and naphthalene; 

see Eq. (10.39)] and complete hydrogenation of aromatic systems'” [Eqs. (10.39) 

and (10.40)]: 

[Co(Ti3-C3H5){P(OMe)3)3]^ 

EtpO, 1-3 atm Hp, RT 
(10.39) 

[Co(ii3-C3H5){P(OMe)3}3] 
-1 

EtpO, 1-3 atm Hg, RT COO 
76% 

(10.40) 

Surprisingly, arenes and alkenes are reduced at very similar rates, whereas most 

hydrogenation catalysts are more active in the hydrogenation of alkenes. No unsatu¬ 

rated compounds were detected in the hydrogenation of aromatics, and no compet¬ 

ing isotope exchange was observed. Additionally, the all-c/i' isomer was 

formed in deuteration of benzene with high selectivity (>95%); thus, syn addition of 

all six deuterium atoms occurs.'” All these observations indicate that intermediates 

are not displaced from the metal center until complete hydrogenation takes place. 

The disadvantages of such catalysts are the limited lifetime and low activity. 

A mechanism in which the moiety remains attached at the metal ion until 

the formation of a cyclohexyl ion accounts for the results. Species such as 

[CoH3(OMe)(r|'-C3H3)(r|‘'-C^H^)] (17) and the 7t-allyl complex 18 are suggested as 

intermediates.'” 

17 18 
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The (Ti®-CgH^) and (Tj^-C^H^) arene ligands in some metal-arene and 

allylmetal-arene complexes are very difficult to hydrogenate. This low reactivity 

suggests that the formation of intermediates with the noncoplanar, highly perturbed 

aromatic Ti‘‘-arene binding as in 17 is necessary for catalytic hydrogenation of aro¬ 

matic substrates. The stable arene-metal complexes such as [Ru(r|*-C^Meg)(ri''- 

C^Me^)] can be used to hydrogenate other aromatic compounds. In contrast with the 

cobalt system, however, this complex produces significant amounts of cyclohexenes 

from methylsubstituted benzenes, catalyzes extensive isotope exchange, and ex¬ 

hibits only limited stereoselectivity.”* 

Some rhodium complexes are more promising in the hydrogenation of arenes. 

The pentamethylcyclopentadienyl rhodium complex [{RhC^ri^CjMej)}^], for in¬ 

stance, is stereoselective in the reduction of C^D^, yielding the all-ci5 product almost 

exclusively, without the formation of cyclohexene.'™ 
The binuclear chloro(l,5-hexadiene)rhodium is an extremely mild and selective 

catalyst in the presence of phase transfer catalysts:'*" 

[1,5-HDRhCI]2 
cetyltrimetylammonium bromide 

1 atm Hg, RT pH = 7.6 

+ 

in benzene 73% 
in hexane 20 

(10.41) 

Unique activities and selectivities are exhibited by a simple catalytic system pre¬ 

pared from RhCl3 and Aliquat 336. The [(C^H„)3NMe]^[RhCy-solvated ion-pair 

formed is a perfectly stable arene hydrogenation catalyst. It gives decalin-free 

tetralin under very mild conditions'*' [Eq. (10.42)] and catalyzes the highly selective 

partial hydrogenation of polycyclic aromatic compounds. In contrast with other het¬ 

erogeneous and homogeneous catalysts, the terminal ring is hydrogenated in linear 

polynuclear aromatics [Eq. (10.43)], while phenanthrene is converted to the expect¬ 

ed 9,10-dihydro derivative.'*^ 

00 
100% selectivity 

at 81% conversion 

RhCla-SHgO ^ 

Aliquat 336, H2O, CH 2CI2. 
1 atm H2, 30°C 

100% selectivity 

at 20% conversion 

RhCl3.3H20 ^ 

Aliquat 336, H2O, CH2CI2, 
1 atm H2, 30°C 

(10.42) 

(10.43) 

Organothorium complexes such as [Th(ri*-allyl)J supported on dehydroxylated y- 

alumina have recently been shown to exhibit activities rivaling those of the most active 
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platinum metal catalysts.'^ Thorium maintains its original +4 oxidation states at all 

times; that is, the mechanism does not follow the usual oxidative addition-reductive 

elimination pathway. Partially hydrogenated prpducts cannot be detected at partial con¬ 

versions. Deuterium is not delivered to a single benzene face, but a 1 : 3 mixture of iso- 

topomers is formed [Eq. (10.44)]. In accordance with this, hydrogenation ofp-xylene 

yields a 1 : 3 mixture of cis- and tranj'-l,4-dimethylcyclohexane. Both observations 

suggest that dissociation and readsorption of the partially reduced arene take place. 

0|Th(Ti3-allyl)4]onAl203 

11 atm Dj, 90°C ^ 
(10.44) 

10.3. CHEMICAL AND ELECTROCHEMICAL REDUCTION 

10.3.1. Reduction of Alkenes 

The carbon-carbon double bond can be reduced by diimide prepared in solution in a 

number of ways.^'* '*^ '*^ Oxidation of hydrazine with oxygen (air) or in the pres¬ 

ence of a catalytic amount of Cu(n) ion was the first method to generate and use di¬ 

imide in hydrogenation.Acid-catalyzed decomposition of alkali azidodicarboxy- 

lates,'*’’*® as well as thermal or base-catalyzed decomposition of aromatic sulfonyl 

hydrazides,'*^ '*^ are also useful methods to prepare the diimide reducing agent. 

The relative reactivity of alkenes toward reduction by diimide depends on the de¬ 

gree of substitution. Increasing alkyl substitution results in decreasing reactivity, 

and strained alkenes exhibit higher reactivity than do nonstrained compounds.**’ 

relative o 
rates 12.1 450 

The steric course of the addition of the two hydrogen atoms is generally syn. 

Accordingly, the reduction of cis- and tran^-stilbenes with dideuterodiimide affords 

meso- and racem.-l,2-dideutero-l,2-diphenylethanes, respectively, with 97% selectivi¬ 
ty;'** 

N2D2 

■ Ph 

N,D 2^2 

(10.45) 

Ph 

(10.46) 
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It was found that most synthetic processes that are employed to prepare the di- 

imide reagent generate tranj'-diimide, but cw-diimide undergoes faster hydrogen 

atom transfer to a double bond than does the trans isomer. It follows that a fast 

trans-cis isomerization precedes reduction. The transfer of hydrogen atoms takes 
place in a synchronous process*** via the transition state 19 ; 

19 

Many studies demonstrated that in the approach of diimide to the double bond, 

steric hindrance is the decisive factor in determining stereochemistry. Highly selec¬ 

tive additions of hydrogen (deuterium) from the sterically less hindered side'*’ ***® are 
illustrated as follows: 

(10.48) 

(10.49) 

Less substituted alkenes undergo facile reduction by the reagent LiAlH^ in ad¬ 

mixture with transition-metal salts'*'* or by NaBH^ with CoCl^.*®^ The yields are very 

high, with CoClj, NiCl^, and TiCl^ also effective when used in catalytic amounts. 1- 

Methylcyclohexene, although a trisubstituted alkene, is reduced in quantitative 

yield"** by LiAlH-CoCl^ and LiAlH-NiCl^. 

Fairly selective reduction of certain alkenes can be achieved using the 

sodium-hexamethylphosphoramide (HMPA)-rert-butyl alcohol system,*” despite 

the general trend, that nonconjugated alkenes are usually quite resistant to the dis¬ 

solving-metal reduction method (see Section 10.3.2). In the case of 9(10)-octalin, 

the transformation leads to a nearly equilibrium product distribution: 

2-4 equiv Na ^ 

HMPA, tert-BuOH, RT 
(10.50) 

Magnesium in methanol, another dissolving-metal system, is known to be 

only active in the reduction of activated multiple bonds. The reactivity, howev- 
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er, can be dramatically enhanced by the addition of catalytic amount of palladi¬ 

um, thus allowing rapid and facile reduction of nonactivated acyclic and cyclic 

alkenes.'*'* , , 

10.3.2. Reduction of Alkynes 

As was discussed in Sections 10.1.5 and 10.2.3, the stereoselective partial hydro¬ 

genation of alkynes to either cis or trans alkenes is of key importance. Chemical re¬ 

ductions can also be applied to achieve both selective transformations. 

It was observed in 1941 that with sodium in liquid ammonia, called dissolving- 

metal reduction, different dialkylacetylenes were converted to the corresponding 

trans alkenes in good yields and with high selectivity'” [Eq. (10.51)]. The observa¬ 

tion was a significant finding since at the time the only synthetic method to reduce 

alkynes selectively was to convert them by heterogeneous catalytic hydrogenation 

(Raney nickel) to cis alkenes. The dissolving-metal reduction provided easy access 

to high-purity trans alkenes since the latter do not readily react further under the 

conditions used. The efficient reduction of 1-alkynes in this system requires the 
presence of ammonium ion.'” 

3 equiv Na ^ 

liquid NH 3 

R = Et,n-Pr, n -Bu 

(10.51) 

Since that time several other metal-solvent systems have been found useful, ef¬ 

fective, and selective in the partial hydrogenation of alkynes. The mechanism of the 

transformation depends on the nature of the solvent and the substrate. Detailed stud¬ 

ies were carried out with the Na-HMPA-terr-BuOH system,'” resulting in the sug¬ 
gestion of the mechanism depicted in Scheme 10.10. 

Scheme 10.10 
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The electron transfer to the acetylenic bond forms the rran^-sodiovinyl radical 

20 that, after protonation, produces trans radical 21. At low temperature (-33°C) 

in the presence of excess sodium, the conversion of the trans radical to sodiovinyl 

intermediate 22 is slightly more rapid than the conversion of the trans radical to 

cis radical 23 (21-►22>-►23). As a result, protonation yields predomi¬ 

nantly the trans alkene. However, low sodium concentration and increased tem¬ 

perature lead to increasing proportion of cis alkene. Although other dissolving- 

metal reductions are less thoroughly studied, a similar mechanism is believed to 

be operative.^"* 

Another synthetically useful method to convert alkynes to trans alkenes in excel¬ 

lent yields is the reduction with CrSO^ in aqueous dimethylformamide.’®* 

Besides heterogeneous and homogeneous catalytic hydrogenations, chemical re¬ 

ductions can also transform alkynes to cis alkenes. Interestingly, activated zinc in 

the presence of a proton donor (alcohol), although a dissolving-metal reagent, re¬ 

duces disubstituted alkynes to cis alkenes:'®* 

PI I =^-Ph -(10.52) 
MeOH, reflux, 5-6 h \=/ ' ’ 

100% selectivity 
>95% conversion 

The metal hydride-transition-metal halide combinations predominantly produce 

cis alkenes; however, significant amounts of trans alkenes are also formed.^'* As a 

notable exception, cis alkenes are the sole products in the reduction with MgH^ in 

the presence of Cu(I) ions:^™ 

MgH2, Cul 

THFi-78°CtoRT 

(10.53) 

Ri,R2 = H,Me, n-Pr, n-Bu, Ph 80-98% yield 

10.3.3. Reduction of Aromatics 

Alkali metals in liquid ammonia represent the most important class of the so-called 

dissolving-metal reductions of aromatics. First described in 1937, it is a highly effi¬ 

cient and convenient process to convert aromatic hydrocarbons to partially reduced 

derivatives."®' The recognition and extensive development of this electron transfer 

reduction came from A. J. Birch,"®""®" and the reaction bears his name. 
Sodium and lithium are the most common metals, and diethyl ether, tetrahydrofu- 

ran, and HMPA are often used as cosolvents to overcome solubility problems. The 

Benkeser method,"""®^ employing lithium in low-molecular-weight amines (methyl- 

amine, ethylamine, ethylenediamine), is a more powerful reducing agent capable of 

achieving more extensive reductions. Alcohols, usually ethanol or tert-butyl alcohol, 

can serve as proton sources. 
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This topic has been well covered in books and reviews.Its main appli¬ 

cation in the field of hydrocarbons is the partial reduction of bi- and polycyclic 

aromatics. « . , 

Mechanism. The deep blue solution of alkali metals in liquid ammonia 

containing solvated electrons is a powerful reducing agent. Electron transfer to an 

aromatic molecule first forms radical anion 24. If the substrate has high electron 

affinity (biphenyl, polycyclic aromatics), it reacts with a second electron to form 

dianion (Scheme 10.11). Benzene and its nonactivated derivatives 

(alkylsubstituted benzenes) require a proton source (alcohol) to shift the 

equilibrium to the right by forming radical 26. Both 25 and 26 are transformed to 

final monoanion 27 by protonation or additional electron transfer, respectively. 

Ammonia itself may protonate highly reactive substrates in a slow process. Product 

distribution is kinetically controlled, with the nonconjugated 1,4-diene always 
being favored.” 

Scheme 10.11 

Selectivity. Benzene itself is transformed into 1,4-cyclohexadiene by 

employing sodium and ethanol in liquid ammonia^’ [Eq. (10.54)]. The Benkeser 

method affords further reduction to cyclohexene and cyclohexane^* [Eq 
(10.55)]. 

Na 

NHg, EtOH, -45°C 

Li 

EtNHg, 17°C 

(10.54) 

(10.55) 

Substituent effects are in accord with the proposed mechanism. The Birch rule“^ 

states that electron-releasing substituents (alkyl groups) deactivate the ring and di¬ 

rect reduction so that the major product has the maximum number of groups at¬ 

tached to the residual double bonds, that is, to vinyl positions. In other words, 

monoalkylbenzenes are protonated at the 2 and 5 positions [Eq. (10.56)]. Electron- 
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withdrawing groups enhance rate and occupy the saturated allylic positions in the re¬ 
duced product [Eq. (10.57)]. 

R 

By proper choice of reaction conditions (metal, solvent, the order of addition of 

reagent and reactant), fused polycyclic aromatics can be converted to different par¬ 

tially reduced derivatives with high selectivity. When the red complex of naphtha¬ 

lene, for example, formed in the Na-NH^ solution, is quenched with aqueous ammo¬ 

nium chloride solution, 1,4-dihydronaphthalene is formed^* [Eq. (10.58)]. Reaction 

in the presence of an alcohol yields 1,4,5,S-tetrahydronaphthalene^'® [Eq. (10.59)]. 

The Benkeser reduction affords further saturation to the isomeric octalins^“ [Eq. 

(10.60)] or even to decalin"'^ [Eq. (10.61)]. Similar partial hydrogenations were de¬ 
scribed to take place by electrochemical reductions. 

Na 
NH3, -78 °C 

Na , 

NH3, Eton, Etp 

--► 
MejNH, EtNHslI ; 1) 

-78°C 

--► 
H2NCH2CH2NH2 

90-100°C 

98% 

CO 
60% 

00-00 
80 20 

CO 
70-80% + 20% octalins 

(10.58) 

(10.59) 

(10.60) 

(10.61) 

Reduction of other polynuclear aromatics can similarly be controlled to yield dif¬ 

ferent products. Although the site of reduction is difficult to predict, the first step in 

reduction of such, simple compounds as phenanthrene and anthracene occurs at the 9 

and 10 positions. Formation of product mixtures of different degrees of saturation, 

however, is rather common. 

Cathodic reduction of anthracene using different electrodes and varying experi¬ 

mental conditions (electrode potential, current density) permits the synthesis of 

the partially saturated di-, tetra-, and hexahydroderivatives from good to excellent 

selectivitiesf’^ 
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pCCO 
vitreous 
carbon 

8 

Al Pb 

45 100 (10.62) 

LiCI, HMPA 
17 24 (10.63) UkAJ 

^ coo 75 31 (10.64) 

10.4. IONIC HYDROGENATION 

In contrast to catalytic hydrogenations where dihydrogen is activated by heteroge¬ 

neous or homogeneous catalysts, mostly by transition metals, hydrogenation 

through the activation of the unsaturated hydrocarbon substrate is also possible. 

These reactions, called ionic hydrogenations, require a hydrogenating system con¬ 

sisting of a protic acid and a hydride ion donor.^*^ In ionic hydrogenations a suffi¬ 

ciently acidic proton source initially generates a carbocation by protonation of the 

unsaturated hydrocarbon [Eq. (10.65)]. The carbocation subsequently is quenched 

by a hydride donor or hydrogen to yield the saturated product. A sufficient stability 

of the intermediate carbocation and the proper choice of the hydrogenating reagent 

pair are prerequisite to a successful ionic hydrogenation. 

H“ or 
-► 

H H 
(10.65) 

Catalytic and ionic hydrogenations may be combined to carry out catalytic ionic 

hydrogenation.^'® In these cases the catalyst, either a heterogeneous or a homoge¬ 
neous transition metal, serves as a hydride ion-transfer agent. 

Ionic hydrogenations have substantial interest as, in contrast to metal-catalyzed 

hydrogenation, they are not affected by many impurities poisoning catalysts, which 
is of significance in fuels processing, particularly in coal liquefaction 

10.4.1. Hydrogenation of Alkenes and Dienes 

CF^COOH in combination with silanes (mainly with Et^SiH) is most frequently 

used in ionic hydrogenation of alkenes.'"'^ This system offers high selectivity at 

moderate temperature and ensures high yields^” [Eq. (10.66)]. The reagent pair it¬ 

self, containing the relatively weak trifluoroacetic acid, does not react significantly 

at the used temperatures. Subsequently, however, much stronger acids including 

CF3SO3H and other superacids were introduced to activate more difficult to reduce 

substrates. In these cases hydrogen is used or the hydrogen donor is continuouslv 
added. 
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2 equiv CF3COOH, EtaSIH 

20°C,120h 

73% 

(10.66) 

An important unique feature of ionic hydrogenation is that the reactivity of 

alkenes is opposite to that observed in other hydrogenation methods. Tetra- 

substituted alkenes that are unreactive or require forcing conditions in catalytic 

hydrogenations readily undergo saturation in ionic hydrogenation, due to the 

facile formation of the tertiary carbocation.^^'^ Compounds forming a benzylic 

cation such as 1,2-dihydronaphthalene (28), may be saturated with similar ease^'® 

[Eq. (10.67)]. In contrast, the isomeric 1,4-dihydronaphthalene (29) is not hydro¬ 

genated at all under these conditions, but it may serve as hydrogen donoE'* [Eq. 

(10.68)]. 

CF3COOH, EtaSiH 

50-60°C, 1 h 

28 90% 

Me 

(10.67) 

(10.68) 

The selectivity of ionic hydrogenation strongly depends on the stability of the 

carbocation intermediate formed. It is possible to carry out selective monodeutera- 

tion by deuterated silanes of trialkylsusbtituted alkenes at the tertiary carbon atom.^'‘^ 

The transformation of the optically active (-)-30 (63% optical purity) yielded the 

cyclized saturated product with the same optical purity as the starting diene"™ [Eq. 

(10.69)]. This indicates that only carbocation 31 of high configurational stability is 

present in the reaction mixture. 

Other alkenes, however, may not react selectively. Product distribution in the 

transformation of 32 [Eq. (10.70)] is consistent with the equilibrium of the tertiary 

and secondary cations 33 and 34, or the presence of hydrogen-bridged ion 35.""' 
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^Me CF3COOH, EtgSiD 

PhCH=Cs, 
Me 

nitrobenzene, RT 96 h 
rnUnOnM© 2 

32 ’ ^25 

^/Me 

PhCH2C,^ 

Me 

^Me 

=:=*= PhCHCH 

Me 

/ '• 
or PhCH—C 

33 34 35 

+ PhCHgCMea 

D 
75 

/Me 

\ 
Me 

(10.70) 

The difference in reactivity of different double bonds allows selective hydrogena¬ 

tion of dienes. Conjugated dienes with at least one trisubstituted double bond may 

be completely reduced by using excess reagents^^ [Eq. (10.71)]. Regioselective hy¬ 

drogenation of the more substituted double bond occurs in 1,5-dienes. The hydro¬ 

genation of 1,4-dienes, however, is not selective [Eq. (10.72)]. The formation of the 

fully saturated byproduct was considered to take place through hydrogenation of the 

corresponding 1,3-diene formed by isomerization.^^ 

C\ CFoCOOH, EtgSiH / \ 
^CH=CHMe -^--—► i ^CH2CH2Me (10.71) 

diene : Et3SiH:CF3 COOH = 1 : 2 : 3 70% 

CH2CH=CH 2 

CF3COOH, EtgSiH 

diene:Et3SiH:CF3COOH = 1:2:3 

o 
o 

CH2CH=CH2 

55% 

CH2CH2Me 

15% 

(10.72) 

Besides the widely used trifluoroacetic acid, polyphosphoric acid,^^ 

HC10^,^“ cation-exchange resin in formic acid,“* and Et^O-HBE^^’ were also used in 

ionic hydrogenation. Et^O-BF^, when added to the CF^COOH + Et^SiH system, was 

found to greatly enhance the reaction rate without affecting selectivity.^^* An im¬ 

proved and modified procedure for ionic hydrogenation by adding NH^F to the 

CFjCOOH + EtjSiH reagent has recently been described.^^’ The formed volatile 

EtjSiF makes product separation and workup more convenient. 

Hydrocarbons with easily abstractable hydride ion such as 1,4-cyclohexadiene,^'' 

cycloheptatriene,™ or compounds possessing tertiary or benzylic hydro- 
gen2i7.2i8.223,23o.23i suitablo substitutes for silanes. In fact, this was the case in the 

first ionic hydrogenation^^-^” observed by Ipatieff et al. In an attempt to carry out 

alkylation of p-cymene with 3-methylcyclohexene, hydrogenation of the latter oc¬ 

curred with p-cymene as the hydride ion source; 

(10.73) 
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As mentioned (see Section 10.1.4), cycloalkenes (primarily cyclohexene) can be 

used to carry out transfer hydrogenations. Similar processes during which the 

alkene itself serves as hydride ion donor may be observed under ionic hydrogena¬ 

tion conditions™ [Eq. (10.74)]. The transformation can also be considered as dis¬ 
proportionation. 

polyphosphoric acid 
-► 

75-80°C 

71 29 
60% yield 

(10.74) 

Catalytic ionic hydrogenations^'® were carried out by means of homogeneous 

iridium,platinum,™™® and ruthenium,^®™ as well as heterogeneous platinum 

and palladium catalysts.™ A clear indication of the involvement of ionic hydro¬ 

genation is the large rate enhancement of the reduction of tri- and tetrasubstituted 

alkenes in the presence of the stronger acid CF^COOH as compared to acetic 
acid:™ 

[IrHslPPhslg] 

120atm Hg, 70°C, 1.5 h 

CH3COOH 3% 

CF3COOH 60% 

(10.75) 

Stereochemical differences were observed in the hydrogenation of 9(10)-octalin 

when different ionic hydrogenation methods were applied™™’™* [Eq. (10.76)]. The 

isomer ratio can be controlled by the steric size of the hydride donor silanes, and the 

highest selectivity is achieved when 9(10)-octalin itself is the hydride donor. None 

of the catalytic hydrogenations can produce such a high amount of the less stable cis 

isomer. 

+ 

CF3COOH +n -BuSiHa 22 78 
CF3COOH +tert -BusSiH 93 7 

[lrH3(PPh3)3] + CR3COOH + H2 83 17 

polyphosphoric acid, disproportionation 86 14 

CF3 COOH, disproportionation 95 5 

(10.76) 

Selective reduction of alkynes to cis alkenes using hydrosilane functions immo¬ 

bilized on silica gel in acetic acid in the presence of a Pd(0) catalyst system has been 

reported.^*" 
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10.4.2. Hydrogenation of Aromatics 

It was found that the Et3SiH and boron trifluoride monohydrate (a strong acid 

compatible with Et3SiH) ionic hydrogenation system produces partially hydro¬ 

genated anthracene [Eq. (10.77)] and naphthacene in excellent yield under mild 

conditions.^° Since phenanthrene is not hydrogenated, a carbocation stabilized by 

two phenyl rings is required for reduction. Benzene, naphthalene, and their alkyl- 

substituted derivatives are not reduced by this reagent, and the CF3COOH + 

Et3SiH system is not active, eitherThese compounds, however, readily ex¬ 

change hydrogen with DP-BF3,""' demonstrating that the hydride abstraction step 

must be rate-determining. 

H2O-BF3. EtaSiH 

CH2CI2. RT 1 h 

89% 

In contrast, a reaction system consisting of H3O-BF3, the soluble transition metal 

reagent [PtCljCMeCN)^], and hydrogen gas is active even in the hydrogenation of 

benzene and naphthalene^"*" [Eq. (10.78)]. It converts anthracene, however, into a 

mixture of partially and completely reduced products. 

|<s=^'^1^?^[PtCl2(MeCN)2], H2O-BF3, 

104 atm 1-^, 50°C —do-dc) 
H H 

90 10 
83% yield 

(10.78) 

It is possible to hydrogenate aromatics in the superacids HF-TaFj, HF-SbFj, or 

HBr-AIBr^ in the presence of hydrogen. The reduction of benzene was shown to give 

an equilibrium mixture of cyclohexane and methylcyclopentane."*""*^ Reduction was 

postulated to proceed via initial protonation of benzene followed by hydride transfer 

[Eq. (10.79)]. It was found"*"* that a tertiary hydride ion source (isoalkanes formed under 

reaction conditions through isomerization) is necessary to yield the products. However, 

when isopentane and hydrogen pressures greater than 14.6 atm are used, the reduction 

becomes catalytic. The function of hydrogen under such conditions is to reduce the 

formed isopentyl cation, thereby regenerating isopentane and yielding a proton. 

(10.79) 

An extreme case of the effectiveness of ionic hydrogenation is the HF-BF3 

superacid-promoted hydrogenation of coals at 170°C with 36-atm hydrogen giv¬ 

ing efficiently liquid products under these relatively mild conditions. 

hexane, 50°C, 
12.4 atm H2 

-HF, -TaFg 
<=> O 



HYDROGENOLYSIS OF SATURATED HYDROCARBONS 481 

10.5. HYDROGENOLYSIS OF SATURATED HYDROCARBONS 

10.5.1. Metal-Catalyzed Hydrogenolysis 

When saturated hydrocarbons are treated with metal catalysts in the presence of hy¬ 

drogen, carbon—carbon a bonds are cleaved, with the concomitant formation of new 

carbon-hydrogen bonds called hydrogenolysis. Hydrogenolysis is not identical with 

hydrocracking. The latter is the very complex refinery operation that is used to con¬ 

vert high-molecular-weight hydrocarbons to lower-boiling products (see Section 

2.1). In the hydrocracking process bifunctional catalysts consisting of a hydrogena¬ 

tion-dehydrogenation component (a metal) and an acidic component are employed 

and most cracking takes place on the acidic sites. In the present discussion only the 

main features of hydrogenolytic transformations (i.e., C—C bond cleavage over 
monofunctional metal catalysts) are summarized briefly. 

Most transition metals are capable of cleaving C—C bonds. The most important 

transformations are the cracking of alkanes, the ring opening of cycloalkanes, and the 

hydrogenative dealkylation of aromatics.'®-^’-^^'' In contrast to hydrocracking, little or 

no isomerization occurs under the usual hydrogenolysis conditions. Different metals 

have different activity in hydrogenolysis with activities differing in several orders 

(6-8) of magnitude. The activity also strongly depends on metal dispersion, the sup¬ 

port used and reaction conditions (temperature, hydrogen pressure). In most early 

studies unsupported metal powders (metal blacks) and metal films and foils were 

used to avoid unwanted support effects (i.e., bifunctional catalysis). The use of prop¬ 

er supports and metal precursors, and careful catalyst pretreatment, however, can pro¬ 

vide reliable data on supported catalysts as well. Useful information were also ob¬ 

tained by studying hydrogenolysis over alloy catalysts and recently on single crystals. 

Metals can give strikingly different product distributions called cracking pat¬ 

terns, since different carbon-carbon bonds in hydrocarbons (primary-primary, pri¬ 

mary-secondary, primary-tertiary, etc.) tend to undergo cleavage at different rates 

on different metals. Cracking pattern can be defined and quantitatively expressed, 

for example, as the reactivity factor^’ (the actual rate of cleavage divided by expect¬ 

ed rate based on random fission). A further characteristic is the depth of hydrogenol- 

ysis^’® (the number of fragment molecules per reacting hydrocarbon molecule). 

In the simplest possible reaction, the hydrogenolysis of ethane to methane, 

Sinfelt found a correlation between the specific activity of second and third-row 

Group VIII metals and their percent d character (with Ru and Os being the most ac¬ 

tive).He also pointed out, however, that percent d character is not the only factor 

determining activity in hydrogenolysis since a similar correlation does not exist for 

first-row elements. Later, hydrogenolysis of ethane was well correlated with its ad¬ 

sorption properties. It was shown that metals that catalyze multiple exchange best 

(Ir, Rh, Ru) are the most active in hydrogenolysis.^^’ At the same time, these are the 

metals that exhibit medium strong interaction during adsorption with ethane. 

Adsorption on Pt and Pd is almost reversible, whereas Ni and Co promote exces¬ 

sively dissociative adsorption leading to highly hydrogen deficient surface adsorbed 

species.The mechanism suggested for ethane hydrogenolysis (Scheme 10.12) 

involves multiple adsorbed surface species. 
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CHpCHo 
I 

M 

CHpCHp 
I I 

M M 

HC—CH2 or HC—CH2 
/\ I II I 

M M M MM 

M-H 

CH2 or CHp 
/\ II 

MM M 

Scheme 10.12 

The approach of finding correlation between adsorption properties and hy- 

drogenolysis led to the interpretation of cracking patterns. Later, the realization of 

relationships between hydrogenolysis and other metal-catalyzed reactions (isomer¬ 

ization) resulted in a much better understanding of the characteristics of hydrogenol¬ 

ysis reactions. 
Higher hydrocarbon molecules allow study of the unique cracking pattern of met¬ 

als. These studies are usually carried out at low conversion to observe only primary 

hydrogenolysis. Nickel exhibits high selectivity to cleave terminal C—C bonds 

leading to demethylation; that is, it cleaves only bonds that involve at least one pri¬ 

mary carbon atom. For example, in the transformation of n-hexane, only methane 

and n-pentane are formed (180°C, Ni on silica catalyst, 0.3% conversion), whereas 

2-methylpentane and 3-methylpentane yield methane, n-pentane, and isopentane.^ 

In the transformation of 2-methylpentane the n-pentane : isopentane ratio is close to 

2, which corresponds to the statistical value. Under more forcing conditions, succes¬ 

sive demethylations lead eventually to methane as the only product. 

Similar selectivities were observed in the hydrogenolysis of n-heptane over Pd 

and Rh“' (Table 10.1). In contrast, on Ru, and particularly on Pt and Ir, hydrogenol¬ 

ysis is not selective, leading to products in roughly equal amounts, indicating that 

both types of bonds (primary-secondary and secondary-secondary) are cleaved at 

comparable rates. Data in Table 10.1 also show that Pt and Pd are much less active 

in hydrogenolysis than the other three metals studied and that Ru exhibits the high¬ 

est activity. In a more comprehensive study,^^ in the hydrogenolysis of 3- 

methylpentane, the following activity order was observed; Rh > Ir > Ru = Os > Ni > 

Co = Re > Pt > Pd > Cu > Ag. Similar activity orders (with Os, Ru, Rh, and Ir as the 

most active, and Pt, Pd, and Group IB metals as the least active) were found in the 

hydrogenolysis of ethane,^'*'' n-pentane“^ and cyclopentane.^^ Os, Co, and Ru are 

usually the most active to catalyze deep hydrogenolysis. 

As mentioned before, nickel usually catalyzes demethylation. For example, be¬ 

sides methane, mainly neopentane (as well as much less ethane and isobutane) is 

formed when neohexane undergoes hydrogenolysis on nickel.^^'’^'^ In contrast, cer¬ 

tain metals tend to cleave only one particular bond in a reacting molecule. For exam¬ 

ple, platinum strongly favors the cleavage of the secondary-quaternary bond in neo¬ 
hexane to yield ethane and isobutane. 
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Table 10.1. Product distribution of /vheptane* hydrogenolysis”* 

Metal 

Temperature 

(°C) 

Conversion 

(%) 

Product Distribution (mol%) 

c. c. C3 n-C 
4 

n-Cj n-C^ 

Pd 300 6.4 46 4 4 46 
Rh 113 2.9 42 5 4 3 5 41 
Ru 88 4.0 28 12 13 12 10 25 
Pt 275 2.3 31 13 17 16 9 14 
Ir 125 1.5 21 21 15 14 14 15 

"The hydrogen : n-heptane molar ratio is 5. 

Foger and Anderson studied so-called archetypal molecules to establish the 

cleavage mode of individual metals.^’'’^^"^*’ Ethane is an archetype of C^-unit hy- 

drogenolysis (i.e., the cleavage of primary-secondary and secondary-secondary 

bonds). Neopentane, in turn, is an archetypal molecule for iso-unit hydrogenolysis 

(i.e., the hydrogenolysis of bonds with at least one tertiary or quaternary carbon 

atom). 

On iridium^ ethane, butane, and neohexane react via C^-unit mode (demethyla- 

tion, deethylation) with an activation energy of about 42 kcal/mol. Isobutane, 

neopentane, and 2,3-dimethylbutane, in turn, react in an iso-unit mode with a much 

higher activation energy (about 56 kcal/mol). These and other results strongly indi¬ 

cate that the cracking patterns of different molecules depend on their ability to un¬ 

dergo certain types of adsorption. Butane, for example, can easily form 1,2 (a,P) di- 

adsorbed species resulting in cleavage of the corresponding C—C bond. In contrast, 

only 1,3 ((X,Y) diadsorbed species are formed from neopentane. Neohexane may ad¬ 

sorb in either the C^-unit or iso-unit mode. On iridium, the former is favored (a,P ad¬ 

sorption), whereas on platinum a,y adsorption is responsible for the characteristic 

iso-unit cleavage. In accordance with this cleavage pattern, the activation energy for 

ethane adsorption on platinum was found to be much higher than that for neopen- 

tane.^^' Further studies with platinum indicated that on this metal p-position bonds to 

a tertiary carbon atom are exclusively broken. In contrast, hydrogenolysis of bonds 

a to a quaternary carbon atom is more rapid.^’^ 

Since in C^-unit hydrogenolysis both carbon atoms of the C—C bond to be bro¬ 

ken must be primary or secondary (isobutane cannot cleave in C^-unit mode through 

adsorption of its tertiary carbon atom), Anderson formulated the cleavage of neo¬ 

hexane according to Eq. (10.80) involving carbon-metal double bonds (1,2-dicar- 

bene mechanism).^^^ 

CHg 
CHa-C-CHs-CHg-^MegC-C-CH 

CHg 

.Me3C-C+ CH MegCMe + CH4 (10.80) 

M M M M 
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V 

It was also shown that bond breaking does not necessarily require direct bonding 

of the carbon atoms of the bond to be broken to surface metal atoms. For example, 

neither 1,2- nor 1,3-diadsorbed species can explain the favored cleavage of 2,2,3,3- 

tetramethylbutane to yield isobutane. A 1,4-diadsorbed intermediate, however, 

could account for the hydrogenolysis of the quaternary-quaternary bond.^” 

Adsorption modes and hydrogenolysis were also correlated with other metal- 

catalyzed reactions. Gault noticed striking similarities in product distributions of 

isomerization and ring opening of cycloalkanes. Kinetic and tracer studies provided 

useful data^^^’^** to arrive at the conclusion that a common surface intermediate is in¬ 

volved in bond-shift isomerization and iso-unit hydrogenolysis.^^^^® This interme¬ 

diate is a quasimetallacyclobutane (suggested earlier as the intermediate in isomer- 

ization),^*’^™ that is, a 1,3-diadsorbed species bound to a single surface metal atom 

(36) that decomposes to give a surface carbene and adsorbed alkene [Eq. (10.80)]. 

This mechanism is similar to the olefin metathesis reaction. When the molecule 

structure permits formation of 1,3-diadsorbed species can occur via 7t-allyl ad¬ 
sorbed complexes.^” 

Mes^ ^Me 

HoC 2-\ / 
M 

36 

CH- 

Me^ ^Me 

//■ 

M 

[H] 
MegCHMe + CH4 (10.81) 

The favored cleavage of bonds (3 to the a tertiary carbon on platinum (e.g., in 2- 

methylpentane to yield isobutane and ethane) is accounted for by a,a,Y-triadsorbed 

species 37. On palladium, which effectively catalyzes demethylation of both 2- and 

3-methylpentane [and, therefore, the 1,2-dicarbene mechanism as in Eq. (10.81) 

cannot be operative], an 1,3-diadsorbed surface species attached to two metal atoms 
was suggested. 

Me^ T 37 
M M 

The high selectivity of nickel for demethylation is explained by its high affinity 

for the adsorption of primary carbon atoms and its high ability to form 1,2-diad- 

sorbed species.^^^ On cobalt, where excessive methane formation is characteristic 

consecutive C C bond ruptures are believed to occur via species with multiple at¬ 
tachment to the metal. 

The adsorbed species discussed above are simplified representations of the actual 

surface complexes since the number of participating surface metal atoms and the 

number of bonds between the molecule and the surface are not known. 

Hydrogenolysis reactions, however, are believed to take place on multiple surface 

sites, specifically, on a certain ensemble of atoms. For example, on the basis of ki¬ 

netic data Martin concluded^’^ that at least 12 neighboring nickel atoms free from ad¬ 
sorbed hydrogen are required in the complete cleavage of ethane: 
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CH3CH3 + 12 Ni -► 2 C + 
/l\ 

Ni Ni Ni 

eiji 

Ni 

(10.82) 

As a result, alloying an active metal with an inactive metal is expected to effect 

hydrogenolysis. This phenomenon (i.e., dilution of active atoms on the surface) 

was observed, among others, on Ni-Cu, the most studied bimetallic catalyst.^’"^™ 
When increasing amounts of copper are added to nickel, the probability of the for¬ 

mation of surface complexes requiring several neighboring nickel atoms decreas¬ 

es. Because of this dilution effect, the specific acitvity (and selectivity) of the 

alloy catalyst also decreases. Since a,p-diadsorbed surface species are affected 

most by alloying, they appear to require the largest ensemble (the most nickel 

atoms). Similar results on platinum-containing alloys are also well documented. 

One peculiar observation is, however, the unexpected increase in activity with in¬ 

creasing copper content of bimetallic copper-containing catalysts (Pt, Ir, Ni, Pd) in 

the hydrogenolysis of n-pentane.^''’’^''* The explanation given is the so-called mixed 

ensemble, suggesting the bonding of the hydrocarbon to both metals.^''** 

Dehydrogenation on the transition metal and hydrogenolysis of the formed alkene 

on copper can be a viable alternative. 

Metal dispersion (i.e., the number of available surface metal atoms compared to 

the total number of atoms) can also affect hydrogenolysis. The most studied reaction 

is the hydrogenolysis of ethane,^’^ which was shown to be stucture sensitive (i.e., the 

specific activity was found to change with changing dispersion). On Pt and Ir in¬ 

creasing dispersion brings about marked decrease in hydrogenolysis activity.^*® This 

was attributed to some unique geometric configuration of metal atoms, which is less 

probable for small crystallites. On nickeP®'’^®^ and rhodium,^*^ in contrast, the rate of 

hydrogenolysis increases with increasing dispersion. Structure sensitivity in hy¬ 

drogenolysis of higher hydrocarbons is much less pronounced. On rhodium, howev¬ 

er, large variations in rate in the hydrogenolysis of 2,2,3,3-tetramethylbutane was 

observed.^’’ 
Since the ratio of different crystallographic faces varies with dispersion stucture 

sensitivity reflects the difference in the ability of different crystal faces to catalyze 

hydrogenolysis. This phenomenon, however, can be best studied on single crystals. 

For example, in the hydrogenolysis of ethane, Ni(lll) was found to exhibit limited 

activity compared to the Ni(lOO) surface.^*^ The differences in spacing between 

bonding sites on the two surfaces could account for the differences in activity. On 

Ni(lll) the 1.4-A spacing between high coordination (threefold hollow) bonding 

sites is ideally suited to maintaining the C—C bond intact. The spacing between 

fourfold hollow sites on Ni(lOO) is approximately 2.5A, which is much higher than 

the bond length of the C—C G bond bringing about bond scission. Different plat¬ 

inum crystal faces were also shown to exhibit different reactivities in the hy¬ 

drogenolysis of isobutane and n-heptane.'*'’'"® Changes in selectivity (terminal vs. in¬ 

ternal C_C bond cleavage) were observed in the hydrogenolysis of n-butane^*’ and 

n-hexane^"* on iridium and platinum single crystals, respectively. 
Hydrogenative ring opening of cycloalkanes is also a well-studied 

area.‘®'25^'^53,289-292 Mainly cyclopropanes and cyclopentanes were studied, since three- 

and five-membered adsorbed carbocyclic species are believed to be intermediates in 
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metal-catalyzed isomerization of alkanes (see Section 4.3.1). Ring-opening reactivi¬ 

ty of different ring systems decreases in the order cyclopropane > cyclobutane > cy¬ 

clopentane > cyclohexane.^^' Cyclopropane ^nd its substituted derivatives usually 

react below 100°C. 

Pt and Pd, which exhibit low activity in the hydrogenolysis of alkanes, show 

high selectivity in the ring opening of cyclopropanes; in contrast to most other met¬ 

als bringing about hydrocracking and deep hydrogenolysis (mainly Fe, Co, and Ni), 

Pt and Pd catalyze exclusive ring opening. Alkyl-substituted cyclopropanes usually 

open through the rupture of the C—C bond opposite to the substituent,^”-^"^ whereas 

electron-withdrawing groups (phenyl) brings about ring cleavage at the bond adja¬ 

cent to the substituent. Adsorbed cyclopropane (38) formed through dissociative 

adsorption (characteristically on Pt) and a,Y-diadsorbed cyclopropane (39, the re¬ 

sult of associative adsorption) are the main surface species.Studies of the hy¬ 

drogen pressure dependence of the ring opening of substituted derivatives, particu¬ 

larly those of stereoisomers, allowed to conclude on the nature of the adsorbed 

species. Depending on the metal, the hydrogen partial pressure, and the steric struc¬ 

ture of the reacting molecules, the involvement of surface species formed via flat or 

edgewise adsorption determining ring-opening selectivities was suggested.^^-^*® 

Y 0 
M MM 

38 39 

M M 

40 

Cyclobutanes are less reactive compounds undergoing ring opening according to 

the 1,2-dicarbene mechanism through a,a,Y,Y-tetraadsorbed intermediates (40) 

when CHj—CH^ bonds are present.^’^'^"* One particular exception is cis-1,2- 

dimethylcyclobutane, which always yields 2,3-dimethylbutane as the main product. 

This was interpreted to occur via a 7i-adsorbed alkene that is readily formed from the 

cis compound [Eq. (10.83)], due to the presence of vicinal cis hydrogens, but not 

from the trans isomer. Recent observations found strong evidence to show that 

propylcyclobutane is adsorbed on platinum simultaneously on both the ring and the 

side chain, resulting in unusually high selectivity in the ring opening of the sec¬ 
ondary-tertiary bond.^"" 

Two competing ring-opening mechanisms can be observed in the hydrogenolysis 

of cyclopentanes.'^' In the transformation of methylcyclopentane over Pt on alumina 

catalysts of low dispersion, selective ring opening through the cleavage of sec¬ 

ondary-secondary bonds takes place to yield 2- and 3-methylpentanes.'^’ On highly 

dispersed Pt catalysts (and on Pd), the product distribution is near statistical. The 
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1,2-dicarbene mechanism can account for selective ring opening. The contribution 

of this mechanism increases in the order Pt < Ni < Rh, which is also the order for 

multiple exchange of methane. The nonselective mechanism involves 7i-adsorbed 

olefinic species similar to those participating in the ring opening of cyclobu- 

tanes.^^^'^“ A third mechanism with the involvement of a metallacyclobutane inter¬ 

mediate was also proposed to interpret enhanced cleavage of bonds involving ter¬ 

tiary carbon atoms on 10% Pt on alumina.^“ The formation of increased amounts of 

n-heptane from 1,2-dimethylcyclopentane can be envisoned with the participation of 
surface species 41. 

41 

M—C 

The product distributions in the ring opening of substituted cyclopentanes show 

striking similarities to those in isomerization of the corresponding alkanes (n-hex- 

ane, 2- and 3-methylpentane),^°' which led to the formulation of the cyclic mecha¬ 

nism involving adsorbed cyclopentane intermediates to interpret alkane isomeriza- 
tion'5.^51,252 Section 4.3.1). 

Since the hydrogenolysis of cyclohexane and cyclohexane derivatives is less 

probable than the thermodynamically favored dehydrogenation to form aromatic 

compounds, most studies address hydrogenolysis only in connection with aromati- 

zation as an unwanted side reaction. An interesting observation by Somorjai 

showed, however, that hydrogenolysis of cyclohexane to form n-hexane becomes 

competitive with aromatization on Pt single crystals with increasing kink density 

On a Pt surface where approximately 30% of the atoms in the steps are in kink posi¬ 

tions, benzene and n-hexane are formed in 1 : 1 ratio. 

10.5.2. Ionic Hydrogenolysis 

Treating alkanes with superacids such as FS03H-SbF5, Olah et al. observed both 

C—H and C—C bond protolysis:”^ 

H 
+ 

H 
-► CH4 + CH3+ CH4 + H+ (10.85) 

H3C CH3 

As shown in the case of ethane, the formation of methane is about 15 times high¬ 

er than that of hydrogen, the byproduct of C—H bond protolysis. The reason could 

be that readily quenches carbenium ions to their hydrocarbons. Thus ethane 
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preferentially is hydrogenolyzed to methane according to the following overall re¬ 

action: 

+11 ' ' '■ 
CH3CH3 + H2 --► 2CH4 (10.86) 

Similar superacid-catalyzed hydrogenolysis [Eq. (10.87)] was observed for a se¬ 

ries of homologous alkanes. Indeed, as reported by Hogeveen and his col¬ 

leagues,the reaction of long-lived alkylcarbenium ions with hydrogen gives sat¬ 

urated hydrocarbons (i.e., the reverse reaction of the superacidic ionization of 

hydrocarbons). This was shown for tert-alkyl, norbornyl, and methylcyclohexyl 
cations. 

R—R -’ ^ » 2R—H (10.87) 

Siskin studied the hydrogenolysis of cycloalkanes (and alkanes) in HF-TaF^ sys¬ 

tem with 200-psi (pounds per square inch; Ib/in.^) hydrogen.”^ He was able to show 

acid-catalyzed hydrogenolysis (ring or chain cleavage) and hydrogenation leading to 
open chain alkanes; 

Me Me Me 

H2 
H’", H£ 

A 'soCeHi4 
^ alkanes (10.88) 

(10.89) 

Me Me 

6-6 H"", H2 
\ isomeric CyH 10 

alkanes (10.90) 

Clearly these examples also are in line with what is happening in hydrocracking. 

In acid-catalyzed hydrocracking cleavage of the larger saturated hydrocarbon chains 

can take place via P cleavage induced by carbenium cations formed via C—H pro¬ 
tolysis, but also via direct C—C bond protolysis (Scheme 10.13). 

Scheme 10.13 
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10.6. PRACTICAL APPLICATIONS 

10.6.1. Selective Hydrogenation of Petroleum-Refining Streams 

Cracking processes (catalytic and steam cracking) are used extensively to produce 

basic raw materials for the petrochemical industry (see Section 2.1). The cracker 

streams thus produced contain hydrocarbons with multiple unsaturation. These im¬ 

purities need to be removed to increase productivity of the downstream processes 

and avoid operating problems (catalyst poisoning and fouling, gum formation) as 

well as contamination of the end product. Selective hydrogenation processes, called 

catalytic hydrorefining, are applied.^* This term is also used to include all industrial 

hydro treatment (hydroprocessing) operations, such as hydrodeoxygenation, hydro- 

denitrogenation, hydrodesulfurization, and hydrodemetalation.^*' 

The most selective and widely used catalyst is palladium usually on an alumina 

support. Recently bimetallic palladium catalysts have been developed.^'® Palladium 

is more selective and less sensitive to sulfur poisoning than nickel-based catalysts. 
Additionally, sulfides can also be employed. 

Hydrorefining. The selective hydrogenation of acetylene in the presence of 

large amounts of ethylene is a process of considerable importance for the 

manufacture of polymer-grade ethylene’”’^’^ and vinyl chloride.Alumina- 

supported palladium catalysts with low (0.04%) metal content are used widely with 

carbon monoxide continuously added in trace amounts to poison the catalyst in order 

to avoid overhydrogenation.Carbon monoxide also inhibits the formation of 

oligomeric material, referred to as green oil or foulant, which brings about catalyst 

deactivation with time on stream. 

Cj Hydrorefining. The aim of hydrorefming is to hydrogenate methylacetylene 

and propadiene present in the cut. Efficient liquid-phase processes were developed 

by Bayer^''^^'® (cold hydrogenation process carried out at 10-20°C) and IFP,^’’ but 

hydrogenation in the gas phase is also practiced. 

Hydrorefining. The main components of typical raw cuts of steam crackers 

are butanes (4-6%), butenes (40-65%), and 1,3-butadiene (30-50%). Additionally, 

they contain vinylacetylene and 1-butyne (up to 5%) and also some methylacetylene 

and propadiene. Selective hydrogenations are applied to transform vinylacetylene to 

1,3-butadiene in the raw cut or the acetylenic cut (which is a fraction recovered 

by solvent extraction containing 20-40% vinylacetylene), and to hydrogenate 

residual 1,3-butadiene in butene cuts. Hydrogenating vinylacetylene in these cracked 

products increases 1,3-butadiene recovery ratio and improves purity necessary for 

polymerization 
Supported palladium and copper catalysts are usually used. A serious problem of 

this reaction is that palladium forms a complex with vinylacetylene below 100°C. 

This complex is soluble in the hydrocarbon mixture undergoing hydrorefining and, 

consequently, palladium is eluted from the catalyst. Operating at temperatures above 

100°C or the use of bimetallic palladium catalysts^'® solves this problem. 
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The cuts after the extraction of 1,3-butadiene (butene cut or raffinate I) and the 

subsequent removal of isobutylene (raffinate II) contain residual 1,3-butadiene, 

which needs to be removed to achieve maximum butene yields. Since the demand 

for polymer-grade 1-butene has increased recently hydrogenation of 1,3-butadiene 

must be carried out under conditions to avoid isomerization of 1-butene to 2- 

butenes. Several technologies are available. 
Hydrorefming of cuts is also important to improve operating conditions and 

product quality of alkylation.In this case the removal of selective hydrogena¬ 

tion of residual 1,3-butadiene decreases the acid consumption of the alkylation step. 

Additionally, hydroisomerization of 1-butene to 2-butenes upgrades the alkylation 

feed, resulting in better alkylates. A similar purification (removal of 1,3-butadiene) 

is suggested in etherification (oxygenate production) of isoamylenes^^'* and higher 

alkenes^^’ with the additional advantage of hydroisomerization with the formation of 

branched (trisubstituted) alkenes. 

Gasoline Hydrorefining. Steam-cracked gasoline contains relatively high 

amounts of dienes (isoprene, cyclopentadiene) and alkenylarenes (styrene, indene), 

which readily polimerize resulting in gum formation. Partial hydrogenation of dienes 

to monoalkenes and the saturation of the olefmic double bond in alkenylarenes 

without the hydrogenation of the aromatic ring are necessary. The catalysts are 

palladium, nickel, or Ni-W sulfides operated at 40-100°C under pressure of 25-30 

atm. The most information is available on processes developed by Bayer,^'''-^'^ IFP^” 
and Engelhard.^^* 

10.6.2. Cyclohexane 

Besides the discussed hydrogenation processes of the petroleum industry, the hydro¬ 

genation of benzene to cyclohexane is the most important large-scale industrial hy¬ 

drogenation reaction.^^’-^^^ Most of the cyclohexane thus produced is used in the 
manufacture of polyamides. 

Nickel as well as platinum and palladium are the most important catalysts used in 

the liquid or gas phase usually in the temperature range of 170-230°C and pressure 

of 20^0 atm. Since the reaction is highly exothermic [Eq. (10.91)], efficient heat 

removal is required to ensure favorable equilibrium conditions and prevent isomer¬ 
ization of cyclohexane to methylcyclopentane. 

catalyst 
AH = -49 kcal/mol (10.91) 

One of the most important processes is IFP’s liquid-phase hydrogenation tech¬ 

nology”-^”' applying a Raney nickel catalyst under mild conditions (200-240°C, 

15-30 atm). The liquid phase with the suspended catalyst is circulated with an ex¬ 

ternal pump to improve heat removal, attain good dispersion of hydrogen in the 

liquid phase, and ensure a good suspension of the catalyst. The product containing 

some unreacted benzene (<5%) is charged into a coupled fixed-bed reactor where 

gas-phase hydrogenation over a Ni-on-Aip^ catalyst ensures virtually complete 
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conversion. If high-purity benzene is used, the purity of cyclohexane exceeds 
99%. 

Numerous other technologies, mainly gas-phase hydrogenations, were devel¬ 

oped over the years (Sinclair-Engelhard,^””'* Hytoray,”’”® Arco,”’ DSM,”* 

UOP”''). The Arco and DSM processes operate at 400°C and under 25-30 atm. 

Despite the high temperature, isomerization is negligible bcause of the very short 
contact time. 

The soluble nickel catalyst developed by IFP for the oligomerization of alkenes 

applied in different Dimersol processes (see Section 12.1.3) can also be used in 

benzene hydrogenation to replace Raney nickel (IFP cyclohexane process).^'"' 

10.6.3. Various Hydrogenations 

A substantial amount of a-methylstyrene is produced during the cumene oxidation 

step in the production of phenol and acetone. Slurry processes applying Raney nick¬ 

el and a fixed-bed operation with palladium developed by Fngelhard^^’^' are used to 

hydrogenate and recycle a-methylstyrene to produce more phenol and acetone. 

Sumimoto introduced a new sebacic acid process including several catalytic hy¬ 

drogenation reactions.The synthesis starts with naphthalene, which is first partial¬ 

ly hydrogenated to tetralin over cobalt oxide or molybdenum oxide, and then to de- 

calin over ruthenium or iridium on carbon. The selectivity to cA-decalin is better 

than 90%. In a later phase of the synthesis 5-cyclododecen-l-one is hydrogenated 

over Raney nickel to obtain a mixture of cyclododecanone and cyclododecanol in a 

combined yield of 90%. The selectivity of this step is not crucial since subsequent 

oxidation of either compound leads to the end-product sebacic acid. 

A new low-cost route to 1,4-butanediol and tetrahydrofuran based on maleic an¬ 

hydride has recently been disclosed (Davy process).Here dimethyl or diethyl 

maleate is hydrogenated over a copper catalyst. Rapid saturation of the C—C double 

bond forms diethyl succinate, which subsequently undergoes further slower trans¬ 

formations (ester hydrogenolysis and reduction as well as dehydration) to yield a 

mixture of y-butyrolactone, 1,4-butanediol, tetrahydrofuran, and ethanol. After sepa¬ 

ration both ethanol and y-butyrolactone are recycled. 

A somewhat similar hydrogenation problem arose in a different approach to 

1.4- butanediol and tetrahydrofuran.In the process developed by Mitsubishi, 1,3- 

butadiene first undergoes Pd-catalyzed diacetoxylation to yield l,4-diacetoxy-2- 

butene. To avoid the further transformation of the diol as in the preceding process, 

1.4- diacetoxy-2-butene is directly hydrogenated in the liquid phase (60°C, 50 atm) 

on traditional hydrogenation catalysts to produce 1,4-diacetoxybutane in 98% 

yield, which is then hydrolyzed to 1,4-butanediol. 
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METATHESIS 

An unanticipated catalytic reaction of olefinic hydrocarbons was described in 

1964 by Banks and Bailey.’’^ They discovered that Cj-C^ alkenes disproportionate 

to homologs of higher and lower molecular weight in the presence of alumina- 

supported molybdenum oxide [Eq. (11.1)], cobalt oxide-molybdenum oxide, 

molybdenum hexacarbonyl, or tungsten hexacarbonyl at 100-200°C, under about 

30 atm pressure. 

M0O3 on Al 2O3 

2CH3CH=CH2 i63°C,32atm CH3CH=CHCH 3 + CH2=CH2 (11.1) 

94% efficiency 
at 43% conversion 

Ethylene gave cyclopropane and methylcyclopropane in very low yields. 

Isomerization was also observed. The term disproportionation was used for the re¬ 

action because of the analogy with disproportionation of metal ions into different 

oxidation states. The reaction has a more general nature, however, and consequently 

the terms dismutation^ and olefin metathesis were introduced. 

In the metathesis reaction, alkenes are converted to mixtures of lower and higher 

alkenes through the interchange of groups on the double bonds in an equilibrium 

process. The number of moles of product lighter than the feed is roughly the same as 

the number of moles of heavier alkenes. Olefin metathesis is a thermoneutral reac¬ 

tion and produces an equilibrium mixture of products. In simple cases this mixture is 

close to the statistical distribution of substituent groups. 

The reaction, catalyzed by a variety of soluble complexes and supported cata¬ 

lysts, has been found to be general for a large number of unsaturated compounds. 

The reaction of two identical alkenes, called homometathesis, can yield new alkenes 

as in Eq. (11.1) (productive metathesis). If the reaction does not produce new com- 

503 
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pounds, it is called degenerative or nonproductive. This may also be the case in the 

cross-metathesis of any two terminal alkenes: 

R^CH=CH2 
+ 

CH2=CHR2 

R^CH CH2 
II + II 2 
CH2 CHR^ 

(11.2) 

Cross-metathesis, however, is usually a nonselective reaction. Transformation of 

two terminal alkenes in the presence of a metathesis catalyst, for instance, can give 

six possible products (three pairs of cis/trans isomers) since self-metathesis of each 

alkene and cross-metathesis occur in parallel. It has been recently observed, howev¬ 

er, that terminal olefins when cross-metathesized with styrene yield tran^-P-alkyl- 

styrenes with high selectivity.’ A useful synthetic application of cross-metathesis is 

the cleavage of internal alkenes with ethylene called ethenolysis to yield terminal 

olefins; 

R^CH CH2 

Jl - II 
R^CH CH2 

R’CH=CH2 

+ 

R2cH=CH2 

(11.3) 

Acyclic dienes are the products in cross-metathesis of cycloalkenes and acyclic 
alkenes. With ethylene, a,(n-dienes are formed: 

+ CH2=CH2 
CCH=CH2 

CH=CH2 (11.4) 

A closely related special case of metathesis is the conversion of cycloalkenes 

under metathesis conditions, known as ring-opening polymerization or metathesis 

polymerization (see Section 11.2). Macrocyclic polyenes and polymers, called 

polyalkenamers, are formed with high stereoselectivity [Eq. (11.5)]. The only ex¬ 

ception is cyclohexene, which, for thermodynamic reasons, does not participate in 
ring-opening metathesis polymerization. 

o 
CH=CH 

Nonconjugated dienes may undergo polymerization under metathesis conditions. 

Metathesis, in turn, can be used for structure determination of polyalkenylenes via 
metathetical degradation with a low-molecular-weight olefin.® 

Metathesis of alkynes is a much less general reaction, and only a few catalysts 

were found to be active. Terminal alkynes characteristically undergo cyclotrimeriza- 

tion to yield benzene derivatives in the presence of most metathesis catalysts^’* (see 

Section 12.1.3). Heterogeneous metathesis catalysts^ [Eq. (11.6)] and molybdenum 



ACYCLIC ALKENES 505 

carbonyls,in turn, promote metathesis of internal alkynes. Molybdenum hexacar- 

bonyl is active with added phenolic compounds'^ [Eq. (11.7)]." The few known ex¬ 

amples indicate that more severe reaction conditions are usually required than in the 
metathesis of alkenes. 

Et — Me 
6.8% WO 3 on silica 

350°C 
Me Me + Ef ——Et 

53% selectivity 
44% conversion 

(11.6) 

(11.7) 

88% selectivity 

Although the actual mechanism of olefin metathesis is different, formally it can 

be considered a [2 + 2]-cycloaddition. In a broader sense, several other processes 

may also be viewed as metathetical transformations. For example, metathesis may 

be extended to include transformations of metal-carbon multiple-bonded com¬ 

pounds with molecules containing unsaturated sulfur-oxygen, phosphorus-carbon, 

and carbon-oxygen linkages.This is a newly developing field mostly with exam¬ 

ples for the reactions of carbonyl compounds with metallocarbenes,''' a transforma¬ 

tion analogous to the Wittig reaction. 

Similarly, oxidation of alkenes resulting in the formation of carbonyl compounds 

through the cleavage of the carbon-carbon double bond [Eq. (11.8)] can be consid¬ 

ered as a metathetic transformation. In fact, the oxidation with singlet oxygen of 

alkenes not possessing allylic hydrogens is known to involve a 1,2-dioxetane inter- 

mediate'^ '* (see Section 8.2.2). 

CH2 O 
II + II -► 2CH2=0 (11-8) 
CHg O 

Olefin metathesis has been extensively reviewed,®’’'''"'^^ and regular symposia 

have been devoted to the subject.’^” 

11.1. ACYCLIC ALKENES 

Both homogeneous and heterogeneous catalysts can be used in olefin metathe- 
gjg 6,26,28,29,31 general, tungsten or molybdenum halides or carbonyl complexes and 

a non-transition-metal cocatalyst (main groups I-IV organometallics or hydrides) 

in an organic solvent result in catalyst systems that are the most effective. These 

catalysts are extremely active at ambient temperature. The only other metal that 

shows general reactivity is rhenium. The active component in these catalyst sys- 
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terns is soluble in most cases; however, sometimes it may separate as an insoluble 

solid. Protic solvents such as ethanol, phenol, water, and acetic acid when added 

to WClg improve the activity of the respiting catalyst. Typical systems are 

WCl^+EtOH+EtAlClj, WCl^+n-BuLi, WCl^+LiAlH^, ReCl^+n-Bu^Sn, and 

MoCl2(NO)2(PPh3)2+EtAlCl2. Certain catalysts prepared from tungsten, molybde¬ 

num and rhenium complexes, such as W(CO)jPPhj-l-EtAlCl2 or ReClj+Et^Al, re¬ 

quire oxygen as an activator.“'^*“ 

The heterogeneous catalysts are mainly oxides, carbonyls, or sulfides of Mo, 

W, and Re deposited on high-surface-area supports (oxides and phosphates, main¬ 

ly silica and alumina). Heterogeneous catalysts such as the most widely employed 

WOjOn silica and MoO^ on alumina or silica are usually less active than their ho¬ 

mogeneous counterparts and require the use of elevated temperature and pressure. 

Re^O^ on alumina, however, is an outstanding catalyst that is active under milder 

conditions (room temperature, atmospheric pressure). It is highly selective and re¬ 

sistant to catalyst poisoning. The first vanadium-based metathesis catalyst 

(Me^Sn-VjOj on alumina) has recently been reported.^* The addition of alkyltin de¬ 

rivatives to some supported heterogeneous catalysts was shown to greatly increase 
catalytic activity. 

Most heterogeneous metathesis catalysts and some soluble homogeneous com¬ 

plexes, such as PhWCl^+AlClj or WCl^-l-AlClj, do not require the use of a cocatalyst. 

AlClj and other Lewis acids, whenever present, play an important role in catalyst 

systems by further increasing the activity of homogeneous catalysts. 

Immobilized complexes anchored to the surface of oxide supports may serve as 

active metathesis catalysts. In fact, Mo(CO)^ on alumina was reported in the first 

paper on metathesis by Banks and Bailey.' Molybdenum and tungsten hexacar- 

bonyls and alkylmolybdenum and alkyltungsten complexes have been studied 

most."'^'*’^® Anchored organomolybdenum complexes are particularly effective cata¬ 

lysts, even at temperatures below 0°C; however, they quickly lose activity 

Some catalysts, most notably W(CO)^ in a CCl^ solution"^"' and systems based on 

molybdena,'"' when irradiated, are effective in photoinduced metathesis. In fact, a 

photoreduced silica-supported molybdena proved to be the most active olefin 
metathesis catalyst.'” 

A special group of catalysts exerting great impacts on metathesis research, partic¬ 

ularly on mechanistic studies, is carbene (alkylidene) complexes. Only in 1972 was 

a stable rhodium metallocarbene intermediate complex isolated for the first time 

during a metathesis reaction.''* The complex also acted as a catalyst. Since then many 

other preformed carbene complexes have been used as catalysts in olefin metathe- 
sis 7.14,30,49 jjj addition to carbenes of molybdenum^, tungsten,^'-^ and rhenium,^^ car¬ 

bene complexes of niobium and tantalum^® also proved to be active catalysts 

Alkoxy group ligands have a marked effect on the activity of carbene complexes 

With some catalyst systems selectivity to primary metathesis products is near 

100%, but side reactions (double-bond migration, dimerization, cyclopropanation, 

polymerization) often reduce selectivity. Such side reactions, such as oligomeriza¬ 

tion and double-bond shift over oxide catalysts, may be eliminated by treatment 
with alkali and alkaline-earth metal ions.“ 
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Numerous studies have dealt with the mechanism of metathesis.'^'’’'''^®-^* The first 

important question to answer in an understanding of the mechanism is whether the 

carbon—carbon single bonds or the carbon—carbon double bonds are cleaved during 

the reaction. The corresponding transformations taking place are transalkylation 
[Eq. (11.9)] or transalkylidenation [Eq. (11.10)], respectively. 

R^CH=CH- — d2 

■CH=CHR2 

R^CH=CH 
I 

r2 
+ I 

CH=CHR2 
(11.9) 

R^CH-CHR2 

R^CH"CHR2 

R^ r2 

CH 
I 
R2 

(11.10) 

Early studies with deuterium-labeled^’'^* and ’“'C-labeled compounds®''’®' estab¬ 

lished that cleavage of the double bonds occurs. For example, the degenerate 

metathesis of 2-butene and perdeutero-2-butene®’ results in the formation of [1,1,1,2- 

’HJ-2-butene as the only new labeled compound [Eq. (11.11)], which is consistent 

with alkylidene exchange [Eq. (11.10)]. Similar results were obtained with a mixture 

of and on a heterogeneous Re^O^on Al^O^ catalyst.®* 

CH3CH=CHCH3 
, WCIa.EtAICb.EtOH ^ cD3CD=CHCH3 (11.11) 

CD 3CD =CDCD 3 benzene 

A concerted pairwise exchange of alkylidene moieties via a “quasicyclobutane” 

transition state also known as the diolefin mechanism was first suggested to interpret 

the transformation® [Eq. (11.12)]. Although the noncatalytic thermal disproportiona¬ 

tion of alkenes is symmetry-forbidden, the formation of metal complex 1 with the 

four-centered cyclic intermediate makes the reaction symmetry-allowed.*' 

r'ch=chr2 

t 
M 

. ^ . r'CH=CHR2 

R. 
\ / 

CH—CH 

I I 
.CH—CH 
/ \ 

CfH 
(11.12) 

Further suggestions included a tetracarbene intermediate’’®*'*® depicted as 2 or 3, 

and a nonconcerted pairwise exchange of alkylidenes via metallacyclopentane inter¬ 

mediates:*® 
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(11.13) 

A major objection to these mechanisms was raised by Herisson and Chauvin,®^ 

who found that cross-metathesis between a cycloalkene and an unsymmetric alkene 

resulted in a statistical distribution of cross-products even at very low conversion, 

whereas a simple pairwise mechanism would lead to a single product. It is also im¬ 

portant to point out that cyclobutanes are not isolated as intermediates and are unre¬ 

active under metathesis conditions.^” 
Conclusive evidence for nonpairwise exchange of alkylidene units was presented 

by labeling studies.®®^^ The reaction of a mixture of 1,7-octadiene and [ 1,1,8,8-^H^]- 

1,7-octadiene®® [Eq. (11.14)] was shown to give at very low conversion (2%) d^-, d^- 

and (i^-ethylenes in a ratio of 1:2:1. This corresponds to the statistical distribution 

that is consistent with the carbene mechanism discussed below. A pairwise ex¬ 

change was calculated to result in a 1 : 1.6 : 1 ratio of the three labeled ethylenes. 

The original 1:0:1 ratio of the three isotopomer 1,7-octadienes was found to be 

unchanged in the reaction mixture recovered at the end of the reaction. No isotope 

scrambling occurred, and isotope effects were found to be negligible. An analogous 

result was obtained with 2,2’-divinylbiphenyl and the terminally labeled 

tetradeutero-2,2’-divinylbiphenyl using homogeneous molybdenum and tungsten 
catalysts.®^ 

CCH=CH2 
CH=CH2 

^ W metathesis catalyst 

CCH=CD2 
CH=CD2 

+ CH2=CH2 + CH2=CD2 + CD2=CD2 (11.14) 

At present the accepted mechanism is a nonconcerted, nonpairwise process in¬ 

volving metallocarbenes that react reversibly with alkenes to yield metallacyclobu- 

tane intermediates'**®*®* [Eq. (11.15)]. According to this mechanism, olefin metathe¬ 

sis is a chain reaction with the carbene as chain carrier. It predicts complete 

randomization of alkylidene fragments from the first turnover. An important addi¬ 

tional feature is that both metathesis and ring-opening polymerization of cyclo- 
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alkenes can be explained by this mechanism, which provides ready explanation of 
polymer molecular weight. 

"'?H 
M-- 

CHR2 
II 
CHR2 

R^ch-chr2 r’ch=chr2 
I I I (11-15) 

M CHR2 M=CHR2 

Important evidence in support of the chain-reaction theory was the synthesis of 

carbene complexes, such as diphenylcarbenepentacarbonyl-tungsten(O) (4), and 
their reaction with olefins. The results in Eq. (11.16) demonstrate® the scission of 

the carbon-carbon double bond of the alkene and the combination of the ethylidene 

fragment with the diphenylcarbene group of 4. Further support came from the isola¬ 

tion and use of metallocarbene complexes’ '‘''’“''*® and metallacyclobutanes^'’™ as cat¬ 
alysts in olefin metathesis. 

.Ph 
(CO) 5W=C^ 

Ph 

Ph, Me 

50°C. 4 h 
Ph 

\ 
C=CHMe -I- W(CO) g + 
/ Ph- 

Ph 

(11.16) 

Me 

54% 41% trace 

The two key steps in this above mechanism are the formation of the carbene 

species (initiation) and the propagation through carbene-olefm interchange. 

Carbene generation in cocatalyst systems can be easily explained. Here the 

organometallic component reacts with the transition-metal halide to give a a-alkyl 

complex, which, in turn, generates the active species via a-hydrogen abstraction^' 

H 
I 

M—X + M'—CH3-► M-CI-ig _ M=CH2 (11-17) 

In nonalkylation systems, such as the classic heterogeneous catalysts (alumina- 

supported M0O3, and W(CO)g) or combinations such as WCl^-i-AlClj, the car¬ 

bene must come from the alkene, which is a more difficult problem to explain. Of 

the numerous proposals, the metal hydride route with a-hydride abstraction (P-elim- 

ination) [Eq. (11.18)], has gained substantial experimental support.’ 

M-H -I- RCH=CHR' 
I 
X 

M-ipHCHgR’-► 

X R 

R 
/ 

M=C^ 

CH2R' 

(11.18) 

The formation of metallacyclobutane through a 7i-allyl complex without the in¬ 

volvement of carbene species [Eq. (11.19)] was also suggested as the initiation step 

for systems where carbene formation from the alkene is difficult to occur due to 

structural reasons.”*’'' 
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H 
I 

RCHjCHCHR’ RHC ' | ' CHR' r 

i, i m-h 

Recent results support the view that Lewis acids, on the interaction with metal 

carbonyls, may facilitate dissociation of a ligand to leave a vacant site for alkene co¬ 

ordination.” 
Photochemical generation of carbene species [Eq. (11.20)], the crucial step in 

photoinduced metathesis, is a complicated, multistep process.”'^®-” 

hv 
W(CO)6 + CCI4 -► Cl2C=W(CO)3Cl2 (11.20) 

/H 

RHC^ ^CHR' 

M 

(11.19) 

Concerning the propagation step, a series of olefin—carbene interchanges must 

take place according to Scheme 11.1. This means, for instance, that the productive 

metathesis of propylene to yield ethylene and 2-butenes [Eq. (11.1)] is brought 

about by alternative reactions of propylene with methylidene and ethylidene inter¬ 

mediates. Interestingly, for the degenerative metathesis of propylene, the ethylidene 

route was found to be the predominant path.”’’ A large body of experimental evi¬ 

dence demonstrates the feasibility of these reactions.“ 

M 

MeCH =CHMe — 

MeCH =CH2 

Scheme 11.1 

Me 

M 

CH2=CH 2 

(jjHMe 

M 

It is generally accepted that ring-opening polymerization of cycloalkenes pro¬ 

ceeds via metallocarbenes. Although less extensively studied, metathesis of alkynes 

is also believed to occur by an analogous mechanism with the involvement of car- 

byne species. Labeling studies proved the splitting of the triple bond,*®*’ and carbyne 

complexes were shown to catalyze metathesis of acetylenes.*’*’ The copolymeriza¬ 

tion by Group VI transition metal catalysts of norbornene with acetylenes has re¬ 

cently been described for the first time.*’ The successful reaction was taken as evi¬ 

dence to verify that this process also proceeds with the metal carbene mechanism. 

The relative rate of metathesis, in general, decreases with increasing substitution 

of the double bond. It is surprising, however, that in the presence of tungsten cata- 
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lysts internal alkenes produce products faster than terminal olefins.*'' Moreover, 

metathesis of a mixture of an internal and a terminal alkene initially yields cross- 

metathesis products*''. This indicates that an internal alkene can compete with a ter¬ 

minal alkene in the cross-reaction but does not undergo metathesis with itself. The 

solution to this paradox is that the terminal alkene undergoes a fast degenerate 

metathesis that was proved by labeling experiments.*''-** It was shown that the non¬ 

productive metathesis between 1-hexene and [1,1-^HJ-l-heptene [Eq. (11.21)], that 

is, the interchange of the CH^ and CD^ groups, was 10^ faster than productive 

metathesis into the internal alkene and ethylene.** Supposedly, the association con¬ 

stants for these olefin-tungsten complexes are larger for terminal than for internal 
olefins. 

n-C4H9CH CHj wCl6+2n-BuLi n-C4H9CH CHg 

+ -^77-11 
CD2=CHC5Hii-n ^ ^'^2 CHCgHn-n 

(11.21) 

The trend of structural selectivity can be summarized as degenerate metathesis of 

terminal alkenes (exchange of methylene groups) > cross-metathesis of terminal and 

internal alkenes > metathesis of internal alkenes > productive metathesis of terminal 

alkenes (formation of internal alkene and ethylene).*’ 

Since different catalyst systems exhibit different selectivities, a simple general 

picture accounting for all stereochemical phenomena of metathesis is not feasible. 

In the steric course of olefin metathesis acyclic and cyclic alkenes exhibit op¬ 

posite behavior. The stereoselectivity of the transformation of most acyclic olefins 

is low and usually goes to equilibrium. In some systems there is a strong initial 

preference for retention of stereochemistry, that is for the transformation of cis to 

cis and that of trans to trans isomers.** This means that geometric isomers of an 

olefin give different isomeric mixtures of the same product [Eq. (11.22)]. 

However, rapid geometric isomerization consistent with the carbene mechanism 

obscures selectivity. 

Mo(NO)2Py2Cl2 
+EtAICl2 

chlorobenzene, 
0°C, 2 min 

cis : trans 
ratio 4.4 28.8 2.3 

2-butene + 2-pentene + 3-hexene 

0.1 0.04 0 

(11.22) 

In one interpretation a perpendicular olefm-to-carbene approach and a highly 

puckered metallacyclobutane intermediate were assumed.”*"’® The favored pathway 

leads to conformations with the fewest 1,2 and 1,3 metal/ligand-substituent interac¬ 

tions: 

^ /a 

/ 
^c— 

/ 

a 

e 
M 

a 
(11.23) 
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In another model, the stereoselectivity is predetermined by steric interactions 

between the metal and/or its ligands and alkene substituents arising during the 

olefin coordination to the metallocarbene.^' These steric factors govern the orienta¬ 

tion of alkene approaching the metallocarbe'ne in a way to minimize alkyl-ligand 

repulsion. Compounds 5 and 6 depict favored cis-cis and trans-trans orientations, 

respectively. 

c 9. 
R* RV 

‘ri % —
1

 

—
1 / 

—
1 kII..'''- II 

H 

CIS-favored coordination 

of a c/s alkene 

R' 

frans-favored coordination 
of a trans alkene 

6 ‘ 

Not readily reconcilable with these models is the finding by Calderon and 

coworkers, who observed that c/j’-4-methyl-2-pentene a hindered alkene underwent 

a faster isomerization than metathesis^'’“ (formation of 40% trans isomer at 4% con¬ 

version). The most striking feature of the transformation is the highly stereoselective 

formation of rr£mj'-2,5-dimethyl-3-hexene throughout the course of reaction regard¬ 

less of the structure of the starting alkene [Eq. (11.24)]. It seems that substituent in¬ 

teractions on adjacent carbons in the metallacyclobutane dominate the stereochem¬ 

istry of the transformation in this case. 

initial 
63 : 37 c/s; frans 

ratio 

initial 
87 : 13 frans: c/s 

ratio 

(11.24) 

11.2. RING-OPENING METATHESIS POLYMERIZATION 

Ring-opening metathesis polymerization of cycloolefms,’^^ a reaction of significant 

practical importance (see Section 11.3), is catalyzed by a number of well-defined 

transition metal complexes.Alkylidene and metallacyclobutane complexes of 

molybdenum,tungsten,”''^'®’ titanium,'’'’ tantalum,"'"^ and rhenium"^ are active 

catalysts. The first example of ring-opening polymerization of norbornene with tita¬ 

nium alkylidenes generated by thermolysis of dimethyltitanocene has recently been 

reported.Ring-opening metathesis polymerization of strained cycloalkenes, in 

turn, can also be induced with simple transition metal halogenides without cocata- 

lysts.^”*'®’ Particular attention has recently been paid to the synthesis of polyacety¬ 
lene a novel conducting polymer. 
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Whereas only limited stereoselectivity is characteristic of the metathesis of 

acyclic olefins, ring-opening metathesis polymerization of cycloalkenes may be 

highly stereoselective provided the proper catalysts and reaction conditions are 

selected. Cyclopentene, for instance, is transformed to either all-d^ [Eq. 

(11.25)] or aXX-trans polyentenamers [Eq. (11.26)] in the presence of tungsten 
catalysts. 

WFg+EtAICIg 

o°c 

WCI 6+NC(CH 2)20H+EtAICl2 

0°C 

H 

^o=c( 
■CH2 CH2CH2- — 

97.5% at low conversion 
95.9% at high conversion 

-CH H 
? _ / 

H CH2CH2' 

95% at low conversion 
88% at high conversion 

(11.25) 

(11.26) 

Metallocarbenes such as 4 were found to exhibit remarkable stereoselectivities 

producing cis polyalkenamers from cycloalkenes of different ring sizes. 

Catalysts promoting the formation of cis polypentenamer do not catalyze isomer¬ 

ization of the product even after long periods, and they are very ineffective in 

metathesis of acyclic olefins, in sharp contrast to the behavior of trans selective 

catalysts. Two different chelating models were proposed. One with a highly 

chelated tridentate complexation ensures cis selective ring-opening metathesis, 

while a less demanding two-ligand sequence results in a less selective transforma¬ 

tion to the trans polymer.^' *^ 

Because of its favorable kinetic and thermodynamic properties, norbornene can 

be polymerized with simple transition-metal halogenides.^'*® Even RuCl^, which is 

not active in other metathesis reactions, is effective in the ring-opening polymeriza¬ 

tion of norbornene."’ "* Recent developments include the use of methyltrioxorheni- 

um"® and a single crystal of (rt-Bu^N)JMo^OjJ which was shown to be an efficient, 

completely recoverable heterogeneous catalyst.”” 

Ring opening of norbornene by Mo, W, Re, Os, Ru, and Ir compounds taking 

place at the double bond results in polymers with a complete range of cis/trans char¬ 

acter, but the cyclopentane rings are always cw-fS-enchained [Eq. (11.27)]. 

Successive rings, however, may have two possible configurations resulting in differ¬ 

ent tacticities.^* '”” ReCl^, for example, gives an a\l-cis syndiotactic polymer, while 

RUCI3 yields an all-trans nearly atactic product."’ This means that the syndiotactic 

polymer contains alternating configurations of the two chiral carbon centers of the 

cyclopentane ring along the chain [(R,Sy(S,R)-(R,Sh • • •]. while the atactic struc¬ 
ture lacks any definite order. In an isotactic polymer identical configurational 

arrangements are repeated [(R,S)-(R,S)-(R,S)- • • •]. 
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\ 

(11.27) 

n 

The polymerization of substituted norbornenes may result in new possibilities for 

the arrangement of the repeat units in the chain (head-to-head, head-to-tail, tail-to- 

tail), thus creating very complex stereochemistry. On the basis of the microstructure 

of the ring-opened polymer of different methylnorbornenes, the widely noted stereo¬ 

selective cis giving cis and trans giving trans in olefin metathesis was attributed to 

different forms of metallocarbene propagating species rather than to different con¬ 

figurations of metallacyclobutanes."* 

Much less is known about the ring-opening polymerization of norbomadiene. 

Surprisingly, OsCl^ a nonselective catalyst in the polymerization of norbornene was 

found to yield an all-cw polymer.'^' 

Exclusive ring opening of the anti compound of a mixture of syn- and anti-1- 

methylbicyclo[2.2.1]heptene-2 in the presence of Ru-, Os-, Ir-, W-, and Re-based 

catalysts was observed,"® proving that the exo face of norbornene is highly reactive 

while the endo face is inert toward metathesis. 

Even though it is a trisubstituted alkene, owing to its strained structure, 1-methyl- 

cyclobutene reacts under mild metathesis conditions"^ [Eq. (11.28)]. The polymer 

formed has a structure resembling polyisoprene. 

Me 

2n 
(11.28) 

83% conversion 

A new exciting development in polymer chemistry in recent years has been the 

synthesis of highly conjugated polymers, including polyacetylene. This is due to their 

unique optical and electrical properties and, consequently, the importance of their 

possible practical applications.'^ In addition to the obvious way of polymerizing 

acetylene (see Section 12.2.5), polyacetylene may be synthesized indirectly by ring¬ 

opening metathesis polymerization of l,3,5,7-cyclooctatetraene.‘“''”'^ Although the 

first successful reaction to produce polyacetylene in this way yielded an insoluble 

nonconducting powder,a recent method (neat polymerization) allows to produce a 

conducting polyacetylene film'“ [Eq. (11.29)]. Substituted polyacetylenes may be 

produced through the ring-opening metathesis polymerization of substituted cyclooc- 
tatetraenes.'^^ 

=CHCH =CHCH =CHCH 4^ (11.29) 
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11.3. PRACTICAL APPLICATIONS 

Olefin metathesis is the subject of strong commercial interest, but its industrial appli¬ 

cation depends on feedstock availability and economic considerations.'^* Although it 

is applied in the manufacture of smaller volume, high-value specialty chemicals, it is 

only utilized in two large-scale industrial syntheses.Heterogeneous catalysts are 

used in the latter processes, whereas homogeneous catalysts have gained increasing 

importance in other technologies. Metathesis of functionalized alkenes appears to be 

a promising field of further industrial applications.*^ '” '^'’ This, however, requires the 

development of new catalysts since only a few traditional metathesis catalysts toler¬ 
ate heteroatom functions in functionalized alkenes. 

The first commercial application of olefin metathesis was the so-called triolefin 

process developed by Phillips'**'** to transform propylene on a heterogeneous 

metathesis catalyst (WO^ on SiO^, 37{)-450°C) [Eq. (11.1)]. The propylene content 

of a steam cracker’s output was converted in this rather inexpensive way to high- 

purity ethylene for polymerization. 2-Butenes formed were used in the production of 

high-octane fuel through alkylation'** (see Section 5.5.1) or dehydrogenated to 1,3- 

butadiene (see Section 2.3.3). The economic feasibility of this process depended on 

cheap propylene, and the process was abandoned in the 1970s because of other, 
more economical use of propylene. 

Technologies for the reverse process to produce propylene from ethylene and 2- 

butenes were also developed.'**'*" The Arco process'*" dimerizes ethylene to 2- 

butenes, which, in turn, are metathesized with ethylene to yield propylene. The 

process is not practiced at present, but it is a potential technology in case of a propy¬ 

lene shortage. 

By far the largest application of metathesis is a principal step in the Shell higher 

olefin process (SHOP)*'' ''”''" with the aim of producing detergent-range olefins as 

feed to the oxo reaction and in the manufacture of linear alkylbenzenes. First, termi¬ 

nal alkenes with a broad distribution range (C^^-Cj^j) are synthesized by the oligomer¬ 

ization of ethylene with a homogeneous nickel complex (see Section 12.1.3). The 

CjQ-Cjg fraction after separation is used directly in benzene alkylation to produce lin¬ 

ear alkylbenzenes (see Section 5.5.6), or in the production of fatty alcohols via hy- 

droformylation (see Section 7.1.3). The lower (C^-C^) and higher (C^^) fractions, in 

turn, are isomerized into internal olefins. Metathesis disproportionation in the latter 

mixture of higher olefins with lower olefins yields a broad spectrum of internal 

alkenes. The detergent range fraction, again, is transformed by hydroformy- 

lation, and the rest is recycled through isomerization and metathesis up to total con¬ 

sumption. Since hydroformylation is carried out in the presence of hydrogen and a 

cobalt catalyst, which causes double-bond migration and has a strong hydrogenating 

activity, primary alcohols are eventually formed (see Section 7.1.3). In the isomer¬ 

ization and metathesis stage a linear internal alkene yield better than 96% is 

achieved. 
FEAST (further exploitation of advanced Shell technology), another Shell 

processcommercialized in 1986, utilizes a highly active promoted rhenium-on- 

alumina catalyst (100°C, 2 atm) to synthesize 1,5-hexadiene from 1,5-cycloocta- 
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diene [Eq. (11.30)] and 1,9-decadiene from cyclooctene [Eq. (11.31)]. Since not 

only the starting compounds but also the product dienes undergo metathesis, a com¬ 

plex product mixture is formed in each reaction. The byproducts, after the fast re¬ 

moval of the desired dienes, however, are recycled allowing virtually quantitative 

yields of the required products. 

(11.30) 

(11.31) 

A number of new processes exploiting metathesis have been developed by 

Phillips. A novel way to manufacture lubricating oils has been demonstrated.'"'’ The 

basic reaction is self-metathesis of 1-octene or 1-decene to produce internal 

alkenes. The branched hydrocarbons formed after dimerization and hydrogenation 

may be utilized as lubricating oils. Metathetical cleavage of isobutylene with propy¬ 

lene or 2-butenes to isoamylenes has a potential in isoprene manufacture.”*'"'* High 

isoamylene yields can be achieved by further metathesis of byproducts with eth¬ 

ylene and propylene. Dehydrogenation to isoprene is already practiced in the trans¬ 

formation of isoamylenes of FCC olefin cuts. 

In the Phillips neohexene process'"'’ 2,4,4-trimethyl-2-pentene (8) is converted by 

cleavage with ethylene to neohexene (9) used in the production of a perfume musk. 

The starting material is commercial diisobutylene. Since it is a mixture of positional 

isomers (2,4,4-trimethyl-2-pentene and 2,4,4-trimethyl-1-pentene) and the latter (7) 

participates in degenerative metathesis, effective utilization of the process requires 

the isomerization of 7 into 8. A bifunctional catalyst system consisting of an isomer¬ 

ization catalyst (MgO) and a heterogeneous metathesis catalyst is employed'’' [Eq. 

(11.32)]. The reaction is run with excess ethylene to drive the equilibrium to product 

formation. The byproduct isobutylene is recycled to produce diisobutylene via 
dimerization (see Section 12.1.1). 

W . CH,=CH, ^°3 0nSi0,^ 

/ (excess) 370°C, 25-30 atm 
fert-Bu 

(11.32) 

8 
9 
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The so-called toluene-to-styrene process [Eq. (11.33)], first reported in a patent 

by Monsanto,'"'* applies bismuth or lead oxides in dehydrodimerization of toluene to 

stilbene, which, in turn, is cleaved with ethylene to styrene.'""* The necessity of the 

use of stoichiometric amount of oxides in the first step and the difficulty to prevent 

polymerization of the product styrene in the metathesis step are the major drawbacks 
preventing commercialization.'*" 

[O] 
Ph-Me -► PhCH=CHPh + CH2=CH2 

(excess) 

WO 3 on SiOg 
-» 
482''C, 5 atm 

-2Ph-CH=CH2 (11-33) 

The highly stereoselective ring-opening metathesis polymerization of cyclo- 

alkenes discussed above is another promising field of industrial application.'*" The 

living nature of this polymerization process ensures the formation of high-molecular- 

weight polymers (polyalkenamers), especially if accurately tuned alkylidene com¬ 
plexes are used as catalysts.'"" 

Polypentenamer has a potential commercial value as a general-purpose rubber 

comparable with polybutadiene and polyisoprene."’ '*' '** The source of the starting 

material is steam cracker cuts. Cyclopentene separated or produced in selective 

hydrogenation of cyclopentadiene undergoes ring-opening metathesis polymeriza¬ 

tion in the presence of tungsten or rhodium catalysts.'*" '*"* 

Tungsten-based catalysts with a Lewis base promoter are used in the polymeriza¬ 

tion of dicyclopentadiene also isolated from the stream cracker fraction.'*"'** The 

product poly(dicyclopentadiene) or Metton resin has unusual physical and chemical 

properties. It is processed together with elastomers to increase viscosity of the end 

product by using reaction injection molding (RIM) technology.'** 

The synthesis of polyoctenamer has been commercialized by Huels.'*" In contrast 

with the transformation of cyclooctene to 1,9-decadiene [Eq. (11.31)], homogeneous 

catalyst compositions, such as WCl^+EtAlCl^, are used to promote ring-opening 

metathesis polymerization of cyclooctene. A polymer of narrow molecular-weight 

distribution with high trans content (55-85%) called Vestenamer is produced and 

used as blend component in different rubbers and thermoplastics. 

Polynorbornene the oldest polyalkenamer is manufactured by a method devel¬ 

oped by CDF Chimie'*"'** since 1976. Tungsten or rhodium catalysts are used to 

yield a highly trans polymer. This is capable of rapidly absorbing hydrocarbon oils 

and can be crosslinked to produce a very soft rubber. 
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12 
OLIGOMERIZATION AND 

POLYMERIZATION 

12.1. OLIGOMERIZATION 

According to the lUPAC nomenclature, oligomers' are molecules containing a few 

constitutional units repetitively linked to each other. This does not define any specific 

molecular weight or degree of polymerization. It states, however, that the physical 

properties of oligomers vary with the addition or removal of one or several units. 

Oligomerization has great practical significance. Dimerization of simple alkenes 

to produce gasoline blending components, production of terminal alkenes (a- 

olefins) for use as comonomers in polymerization and as intermediates in detergent 

manufacture, and cyclodimerization and cyclotrimerization of 1,3-dienes are the 

most important examples. Oligomerization may be achieved thermally or catalyti- 

cally; the latter have greater practical importance. 

12.1.1. Acid-Catalyzed Oligomerization 

Lewis acid halides and Brpnsted acids, that is, common Friedel-Crafts catalysts, 

may effect oligomerization of alkenes.^’’ Two types of transformation may occur: 

true oligomerization and conjunct polymerization. In true oligomerization the prod¬ 

ucts are alkenes having molecular weights that are integral multiples of the molecu¬ 

lar weight of the monomer alkene. Conjunct polymerization, also called hydropoly¬ 

merization, in contrast, yields a product that is a complex mixture of saturated 

(alkanes and cycloalkanes) and unsaturated (alkenes, alkapolyenes, cycloalkenes, 

and cycloalkapolyenes) hydrocarbons, and occasionally even aromatic compounds; 

moreover, the products may include compounds containing less carbon atoms than 

the multiples in the monomer used. The term conjunct polymerization was coined by 

524 
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Ipatieff in 1936 to describe the joint (simultaneous) formation of saturated and 
polyunsaturated hydrocarbons during polymerization. 

The type of oligomerization that occurs depends largely on the catalyst and reac¬ 

tion conditions. With aluminum chloride promoted by hydrogen chloride or with 

boron trifluoride promoted by hydrogen fluoride, the oligomerization of ethylene 

occurs at room temperature under pressure to yield conjunct polymers consisting of 

two layers: (1) a clear liquid upper layer consisting chiefly of alkanes and cycloal¬ 

kanes having a wide range of molecular weight and (2) the lower layer, a viscous red 

or red-brown liquid, consisting of polyunsaturated aliphatic and cyclic hydrocarbons 

complexed with the catalyst. Similarly, most alkenes when dissolved in concentra¬ 

ted sulfuric acid at room temperature slowly become turbid and finally separate into 

two layers. The polyunsaturated hydrocarbons dissolve in the acid, yielding a less 

active catalyst known as sludge and separate when diluted with water. 

When 91% sulfuric acid is used as catalyst, ethylene undergoes no oligomeriza¬ 

tion because stable ethyl hydrogen sulfate and diethyl sulfate are formed. When the 

acid is used for the oligomerization of propylene, conjunct polymer is only very 

slowly obtained, due to the formation of fairly stable isopropyl hydrogen sulfate. 

Isobutylene, in contrast, readily undergoes dimerization with dilute (65-70%) sulfu¬ 

ric acid as catalyst. This reaction is used commercially to obtain diisobutylene (iso¬ 

meric trimethylpentenes) for use as motor-gasoline additive. Use of sulfuric acid at 

greater concentration than about 90% brings about conjunct polymerization of 

isobutylene at low temperatures.”' 

With solid phosphoric acid catalyst, ethylene at about 300°C and 37 atm yields a 

mixture of gaseous and liquid conjunct polymers, including butenes, isobutane, and 

liquid compounds consisting of alkenes, alkanes, cycloalkanes, and aromatic hydro¬ 

carbons.”' Propene, on the other hand, undergoes little conjunct polymerization when 

passed over solid phosphoric acid at 150-250°C and 10 atm pressure. Only true 

oligomer is obtained. It consists of a small amount of dimer, much trimer, and a 

small amount of higher-boiling product, mainly propene tetramers and pentamers. 

Conjunct polymerization, however, does occur at higher temperatures. True 

oligomerization occurs with n-butenes at 170°C or isobutylene at 95-120°C. 

It seems certain that acid-catalyzed true oligomerization occurs via a carbocation- 

ic mechanism as first suggested by Whitmore.^ Thus, the formation of di¬ 

isobutylenes by dimerization of isobutylene in the presence of acidic catalysts oc¬ 

curs according to Eq. (12.1). Friedel-Crafts catalysts and hydrogen halides, protic 

acids, silica-alumina type catalysts, or other protic catalysts are effective. 

Me 

Me~i 
I? " 
CHs 

-H+ 

Me Me 
1 iSOC4H8 1 + 

- A. MeCCHo CMe — 
1 

Me 
T 1 
Me Me 

1 

Me Me 
I 

MeCCH 
1 

2 C=CH2 + Me^CH =CMe 

Me Me 
1 

2 Me Me 

82 18 

(12.1) 
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Carbocation 1 can undergo hydride and methyl shifts to yield 2,3,4- 

trimethylpentenes [Eq. (12.2)]. Trimers may be formed through the addition of a 

tert-butyl carbocation to 2 or via addition of 9arbocation 1 to isobutylene. The trimer 

fraction mainly consists of 4-methylene-2,2,6,6-tetramethylheptane and 2,2,4,6,6- 

pentamethyl-3-heptene. 

Me 
^ + I -H+ 
1 MeCCHCHMe 

I I 
Me Me 

MeC=CCHMe 
I I 

Me Me 
3 

(12.2) 

Since isobutylene is a very reactive olefin, its oligomerization can be promoted 

by almost any electrophilic catalyst. More recently fluorinated alumina,® cation-ex- 

change resins,’ benzylsulfonic acid siloxane,* pentasil zeolites,’ and perfluorinated 

resinsulfonic acids'® were studied. Some of these catalysts may bring about im¬ 

proved oligomerization. 

This reaction mechanism also explains why oligomerization of propylene, as 

mentioned, tends to yield much more trimer than dimer. The dimeric carbocation (4) 
formed readily undergoes a hydride shift to yield tertiary cation 5 [Eq. (12.3)]. The 

latter, however, is more reactive then secondary cation 4 and reacts with propylene 

more rapidly than it eliminates a proton. 

re Me Me 
+ I MeCH=CH2 [ + 

MeCHCH2CHMe Me^CH2CH2Me -►MeCH2CH2^CH2CHMe (12.3) 

4 5 Me 

Conjunct polymerization involves hydride abstraction from an olefin or oligomer 

by a carbocation. For example, during the oligomerization of isobutylene by dissolv¬ 

ing it in 96% sulfuric acid, octene products may react with carbocation 1 [Eq. 

(12.4)] before they eliminate a proton to form trimethylpentenes." 

Me Me Me 
I I + _|-|+ I 

1 + 3 —► MeCCH2CHMe + MeC=CCMe MeC=CC=CH2 (12 4) 
II II II 

Me Me Me Me Me Me 

6 

Much of the polyunsaturated material includes polymethylated cyclopentadienes re¬ 

gardless of the olefin undergoing oligomerization. Formation of such products results 

from further hydride abstraction from an alkadiene" [Eq. (12.5)]. Carbocation 7, which 

is an allylic ion, is quite reactive and undergoes intramolecular self-condensation. 

R+, -RH 
+CH 

Me 
I 

,(p=CC =CH2 

Me 

' Me 

Me 
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(12.5) 
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Acidic solids can also be used as oligomerization catalysts.’" Zeolites, the most 

studied catalysts, usually exhibit poor selectivity in the oligomerization of ethylene 

to linear oc-olefins. High-silica zeolites with strong Brpnsted acidic sites, however, 

were shown to give linear oligomers.'" H-ZSM-5 is used in an industrial process de¬ 
veloped by Mobil to oligomerize higher alkenes. 

Practical Applications. Acid-catalyzed oligomerizations are practiced 

industrially.Isobutylene dimerization is a very important process. It yields 

diisobutylene, mainly a 4 ; 1 mixture of 2,4,4-trimethyl-1-pentene and 2,4,4- 

trimethyl-2-pentene,'*'"’ which may be catalytically hydrogenated to 2,2,4- 

trimethylpentane (isooctane). The reaction can be carried out with sulfuric acid. The 

so-called hot-acid process (68% H^SO^, 80°C)"° has the advantage over the cold-acid 

method that in addition to dimerization of isobutylene codimerization of isobutylene 

and n-butylenes occurs, too. In this way higher dimer yields (87-90%) are achieved. 

An acidic ion-exchange resin at 100°C and about 20 atm (Bayer process)'" yields 

dimers and trimers formed in a ratio of 3 : 1 at almost complete conversion. 

Oligomer distribution can be affected by temperature; increasing temperature brings 
about a decrease in molecular weight. 

Solid or liquid phosphoric acid is used in industry to produce gasoline polymers 

from Cj-C^ alkenes."'"" The most prevalent is UOP’s solid phosphoric acid catalyst. 

Also called silicophosphoric acid, it is a pelletized calcined mixture of H^PO^ and 

kieselguhr."' This catalyst was widely used in the oligomerization of propylene, a 

once important large-scale industrial process to produce propylene trimer and 

tetramer.'" '® Oligomerization can be accomplished at 170-220°C and 14-42 atm. The 

once-through tetramer yield is relatively low (about 20%), but the dimer and trimer 

are recycled to attain high overall yields. Both the trimer and tetramer were used to 

alkylate benzene in the production of detergents. Their use, however, has diminished 

because of the poor biodegradability of the product branched alkylbenzenesulfonate. 

A new solid acid catalyst is used in UOP’s Hexall process to selectively dimerize 

propylene at high conversion."* The olefin content of the product can reach higher 

than 90% with an octane number of 95-96. 

Oligomerization promoted by H-ZSM-5 is a crucial step in the Mobil olefin-to- 

distillate and olefm-to-gasoline processes."" When operated at relatively low temper¬ 

ature and high pressure (200-300°C, 20-105 atm), called the distillate process, the 

products are higher-molecular-weight isoolefms."®"" Under these conditions light 

olefins are first converted to higher oligomers. Subsequent isomerization and crack¬ 

ing give intermediate C^-C^ olefins. Finally the latter participate in copolymerization 

to yield the product. The high selectivity of the process (selective formation of high¬ 

er isoolefins) is a result of the shape-selective action of ZSM-5 preventing hydrogen 

transfer reactions."* The retardation of conjunct polymerization (formation of 

polyunsaturated and aromatic compounds) ensures long catalyst life. Changing the 

operating conditions (higher temperature, lower pressure) leads to the formation of 

products of lower molecular weight with higher aromatic content (gasoline process). 

Oligomerization of 1-decene in the presence of a silica-BF^-H^O catalyst was 

shown to yield a mixture of di-, tri- and tetramers, which gives a lubricant after 

hydrogenation."" 
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12.1.2. Base-Catalyzed Oligomerization 

All unsaturated hydrocarbons that possess removable allylic hydrogens or activated 

double bonds readily undergo oligomerizatibn in the presence of basic reagents 

Alkali metals, organoalkali compounds, and alkali alcoholates are most frequently 

applied. 

One important early study described the oligomerization of ethylene, propylene, 

isobutylene, and cyclohexene in the presence of sodium.Ethylene itself is reluctant 

to form oligomers but readily undergoes cooligomerization with other alkenes con¬ 

taining an allylic hydro gen.A mechanism with the involvement of a resonance-sta¬ 

bilized allylic carbanion (8) accounts for the observations [Eq. (12.6)]. Proton trans¬ 

fer between the anion and the original alkene yields the product codimer and 
generates a new anion [Eq. (12.7)]. 

R'Na+ CH2—CHo ‘ 
MeCH=CH2 [CH2-CH-CH2r M+ — ■ ' - CH2=CHCH 2CH2CH2 M+ (12.6) 

8 

CH2=CHCH2CH2CH2M+ + MeCH=CH2=:^::=^CH2=CHCH2CH2CH3 + 8 (12.7) 

Dimerization of propylene leads to the formation of isomeric methylpentenes in 

the presence of alkali metals.The product distribution strongly depends on the 

metal used. 4-Methyl-1-pentene is formed with high selectivity in the presence of 

potassium and cesium. Because of extensive isomerization, an equilibrium mixture 

of the isomers with 4-methyl-2-pentene and 2-methyl-2-pentene as the main prod¬ 
ucts was isolated in a reaction catalyzed with sodium. 

Styrenes dimerize and cyclodimerize depending on the catalyst, the reaction con¬ 

ditions, and the substrate. a-Methylstyrene gives cyclic dimer 9 in 93% yield {tert- 

BuOK, 160°C), whereas linear dimers (isomeric 2,5-dipehylhexenes) are formed in 

83% yield at higher temperature (225°C).” In contrast, a very low yield (11%) of 
cyclic dimer 10 was attained in the reaction of styrene. 

Me Ph 

9 lo 

Of the conjugated dienes, 1,3-butadiene undergoes base-initiated polymerization 

but does not yield oligomers since there is no proton transfer reaction. Isoprene and 
1,3-pentadiene, in contrast, give linear and cyclic dimers. 

12.1.3. MGtal-CatalyzGd OligomGrization 

Metal-catalyzed olipmerizations are important reactions concerning both their 

chemistry and practical applications.Since the catalysts [Ti(IV), Zr(IV), Ni(I) 
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and Ni(n) complexes] used in coordination polymerization can also be active in 

oligomerization, catalyst systems and mechanisms will be discussed in more detail 

in Section 12.2.4. A short discussion of oligomerization with emphasis on the most 

important processes of practical significance, however, is appropriate here. 

The first metal-catalyzed ethylene dimerization reaction was accidentally discov¬ 

ered by Ziegler and coworkers while studying ethylene oligomerization to long- 

chain a-olefms in the presence of aluminum alkyls.^* They observed that nickel im¬ 

purities from the reactor caused dimerization instead of oligomerization leading to 

the formation of 1-butene. In fact, the growth reaction (i.e., oligomerization of ethyl¬ 

ene) is followed by a displacement reaction by ethylene catalyzed by nickel result¬ 

ing in the formation of an oligomer and regeneration of the aluminum alkyl. The 

aluminum-catalyzed chain growth step takes place through insertion into the C—A1 

bond via a nonsymmetric four-center transition state.^’ 

Nickel,'”'" like almost all metal catalysts (e.g., Ti and Zr) used for alkene dimer¬ 

ization, effects the reaction by a three-step mechanism.’^ Initiation yields an 

organometallic intermediate via insertion of the alkene into the metal-hydrogen 

bond followed by propagation via insertion into the metal-carbon bond [Eq. 12.8)]. 

Intermediate 11 either reacts further by repeated insertion [Eq. (12.9)] or undergoes 

chain transfer to yield the product and regenerate the metal hydride catalyst through 

P-hydrogen transfer [Eq. (12.10)]. When the transfer reaction competes successfully 

with further insertion, as in the case of nickel, dimerization becomes the dominant 

transformation. When metal hydride elimination, in turn, is slow relative to inser¬ 

tion, polymeric macromolecules are formed. Ligand modification, the oxidation 

state of the metal, and reaction conditions affect the probability of the two reactions. 

Since nickel hydride, like other metal hydrides, catalyzes double-bond migration, 

isomeric alkenes are usually isolated. 

\ 
M H +CH2—CH2 ^ 

11 

(n-1)CH2=CH2 

\ CH2=CH2 
-CH2CH3-► / 

\ 
CH2(CH)2„CH3 

C4H3 + 

\ 
MCH 2CH2CH2CH3 

11 

(12.8) 

(12.9) 

(12.10) 

The simplest possible alkene oligomerization reaction, the dimerization of ethyl¬ 

ene to butenes, is a well-studied reaction, and an industrial process was also devel¬ 

oped for the selective formation of 1-butene"' (IFF Alphabutol process). 
A soluble titanium-based modified Ziegler—Natta catalyst (Ti(OR)^—Et^Al, R = n- 

Bu, isoPr) is employed in the reaction."' Since similar catalysts may be used for the 

oligomerization and polymerization of ethylene, the nature and oxidation state of the 

metal and reaction conditions determine selectivity. Ti'" was found to be responsible 

for high dimerization selectivity, whereas polymerization was shown to be catalyzed 

by Ti^*. According to a proposed mechanism,"'"' this catalyst effects the concerted 
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coupling of two molecules of ethylene to form a metallacyclopentane intermediate 

that decomposes via an intramolecular p-hydrogen transfer; 

CH2 

\ / CH2 
Ti 

/ 
CH2 

H2 

\ /'"CH2 

/\^CH2 

H2 

\/ 
Ti + 

/\ /CH2 

CHg 

(12.11) 

Another simple oligomerization is the dimerization of propylene. Because of the 

formation of a relatively less stable branched alkylaluminum intermediate, displace¬ 

ment reaction is more efficient than in the case of ethylene, resulting in almost ex¬ 

clusive formation of dimers. All possible alkene isomers are formed with 2- 

methyl-l-pentene as the main product and only minor amounts of hexenes. 

Dimerization at lower temperature can be achieved with a number of transition- 

metal complexes, although selectivity to 2-methyl-1-pentene is lower. Nickel com¬ 

plexes, for example, when applied with aluminum alkyls and a Lewis acid (usually 

EtAlClj), form catalysts that are active at slightly above room temperature. 

Selectivity can be effected by catalyst composition; addition of phosphine ligands 

brings about an increase in the yield of 2,3-dimethylbutenes (mainly 2,3-dimethyl-1- 
butene). 

A new, selective catalyst was recently reported for the dimerization of propylene 

to 2,3-dimethylbutenes, which are valuable intermediates in the manufacture of 

specialty chemicals.'^ The catalyst is composed of nickel naphthenate, Et^Al, a 

phosphine, a diene, and chlorinated phenol. Either 2,3-dimethyl-1-butene or 

2,3-dimethyl-2-butene can be selectively produced by controlling the catalyst 
composition. 

Cyclooligomerization. Ever since the first cyclodimerization reaction of 1,3- 

butadiene to yield 1,5-cyclooctadiene catalyzed by a so-called Reppe catalyst was 

reported"*^ [Eq. (12.12)], cyclooligomerization of conjugated dienes has been 

intensively studied. An industrial process for the synthesis of styrene through the 

transformation of 4-vinylcyclohexene the other possible cyclodimer has recently 
been developed. 

iT^ + (12.12) 

30-40% 10% 

2 [(Ph3P)2Ni(CO)2] 

benzene, 120-130°C, 4 h 

Homogeneous nickel complexes proved to be versatile catalysts in dimerization 

and trimerization of dienes to yield different oligomeric products.'^” Depending on 

the actual catalyst structure, nickel catalyzes the dimerization of 1,3-butadiene to 

yield isomeric octatrienes, and the cyclodimerization and cyclotrimerization to give 

1,5-cyclooctadiene and all-tran^-l,5,9-cyclododecatriene, respectively'**’® [Eq. 
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(12.13)]. Ziegler-type complexes may be used to form cis,trans,trans-l,5,9-cyc\odo- 
decatriene^’'^’’^* [Eq. (12.14)], which is an industrial intermediate. 

(12.13) 

(12.14) 

Formally, although these cyclooligomerizations can be considered as cycloaddi¬ 

tion reactions, they are known not to occur through a direct cycloaddition process. In 

the best understood nickel-catalyzed reaction the dimer 12 was shown to be the key 
intermediate in cyclization.'^'^'’®” 

Acetylene readily undergoes cyclooligomerization in the presence of metal catalysts 

to form benzene and cyclooctatetraene [Eq. (12.15)] as well as higher homologs. Both 

compounds were first synthesized in this way by Reppe: Ni(n) salts were shown to be 

active in the formation of benzene,*' whereas cyclooctatetraene was isolated as the main 

product with zerovalent phosphinonickel complexes.® No styrene was, however, ob¬ 

tained in the tetramerization, although it was the sought after product by Reppe. 

nickel catalysts 
HC^CH - + (12.15) 

The formation of benzene (or substituted benzene derivatives) is a common 

transformation catalyzed by numerous homogeneous and heterogeneous metal cata¬ 

lysts, mainly Co, Rh, Pd, and Ni.*^" Even highly crowded molecules, such as hexa- 

isopropylbenzene, could be synthesized in the presence of metal carbonyls, such as 

[Co(CO)J2.™ A very simple catalyst system, Me^SiCl, and Pd on carbon in refluxing 

tetrahydrofuran, was recently shown to transform symmetric alkynes into hexaalkyl- 

benzenes in excellent yield.’' 
It appears difficult to propose a unified mechanism to explain all experimental 

observations of the cyclotrimerization of acetylenes. The most common pathway, 

studied mainly with cobalt complexes,”’^ involves a metallacyclopentadiene inter¬ 

mediate [Eq. (12.16)]. This reacts further with a third molecule of acetylene via a 

Diels-Alder reaction (through 7-metallanorbornadiene 13) or insertion. Recent ex¬ 

perimental evidence’"'’* favors the former the pathway. 
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V 

(12.16) 

This mechanism is supported by the transformation of preformed metallacy- 

clopentadienes with alkynes’^’^^* and labeling experiments™ that excluded the in¬ 

volvement of cyclobutadiene intermediates. It also accounts for the observation that 

terminal alkynes yield 1,2,4- (and 1,3,5-) trisubstituted benzene derivatives as the 

main product but not 1,2,3 derivatives. In contrast with this picture in cyclotrimer- 

ization with PdCl^-based catalysts, stepwise linear insertion of alkynes takes place 

without the involvement of palladacyclopentadiene.*® 

Cyclotetramerization to form cyclooctatetraene occurs only with nickel.‘““** The 

best catalysts are octahedral Ni(II) complexes, such as bis(cyclooctatetraene)dinick- 

el.'^ Internal alkynes do not form cyclooctatetraene derivatives but participate in 

cooligomerization with acetylene. Of the possible mechanistic pathways, results 

with [l-'^C]-acetylene*' favor a stepwise insertion process or a concerted reaction, 

and exclude any symmetric intermediate (cyclobutadiene, benzene). The involve¬ 

ment of dinuclear species are in agreement with most observations.''^*^"*^ 

Practical Applications. IFP’s Alphabutol process is used to dimerize ethylene 

selectively to l-butene.''^*^ The significance of this technology is the use of 1-butene 

as a comonomer in the polymerization of ethylene to produce linear low-density 

polyethylene (see Section 12.2.6). Under the reaction conditions applied in industry 

(50-60°C, 22-27 atm) the selectivity of 1-butene formation is higher than 90% at the 

conversion of 80-85%. Since no metal hydride is involved in this system, 

isomerization does not take place and only a small amount of higher-molecular- 
weight terminal alkenes is formed. 

Dimerization of propylene and butenes are also accomplished commercially to 

produce valuable motor gasoline components. IFP’s Dimersol G process*^* dimer¬ 

izes propylene to isohexenes in the presence of a nickel-based Ziegler-Natta cata¬ 

lyst. Codimerization of propylene with butenes is also possible. Dimersol E is de¬ 

signed to cooligomerize ethylene with residual propylene found in FCC unit 

offgas.*" Industrial dimerization of n-butenes to octenes is carried out with a soluble 

nickel catalyst (Dimersol X process)"®"' or in the presence of a solid catalyst (Huels 

Octol process).In both cases normal octenes and methylheptenes are the predom¬ 

inant products. The solid catalyst developed jointly by Huels and UOP is highly se¬ 

lective to produce normal and monobranched C^-olefins. These are transformed 

to C^-Cjj alcohols through hydroformylation and hydrogenation and used as plasti- 
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cizers. Huels, however, developed two catalysts, and one of these can produce 

more highly branched alkenes for gasoline blending.’" The feedstocks in the 

process are raffinate n or raffinate III. The former is a steam cracker cut rich in n- 

butylenes (70-80%) after the removal of 1,3-butadiene (by hydrogenation) and 

isobutylene (by hydration to yield MTBE). Raffinate III, in turn, is what remains 

after the removal of 1-butene from raffinate II. The Huels process is run below 
100°C under sufficient pressure to ensure liquid-phase operation. 

Until the mid-1970s metal-catalyzed propylene dimerization had practical signif¬ 

icance in isoprene manufacture. Goodyear developed a process to dimerize propy¬ 

lene in the presence of tri-n-propylaluminum to yield 2-methyl-l-pentene.'*’^’« This 

was then isomerized to 2-methyl-2-pentene followed by cracking into isoprene and 

methane. This and other synthetic pocesses, however, are no longer practiced since 

they are not competitive with isoprene manufactured by cracking of naphtha or gas 
oil. 

Codimerization of ethylene and 1,3-butadiene is also of commercial significance 

since the product 1,4-hexadiene is used as a comonomer in the manufacture of ethyl¬ 

ene-propylene-diene elastomers. Rhodium and nickel catalysts are used since they 

are the most active and selective in bringing about the formation of the required 
trans isomer.’^ 

Oligomerization of ethylene to a-olefins is undeniably the most important 

oligomerization reaction.'^’*"'®' a-olefins thus produced are used mainly as 

intermediates to manufacture detergents. Three technologies have been commercial¬ 

ized. Two processes (Ethyl and Chevron/Gulf) use triethylaluminum to effect 

Ziegler chain growth chemistry.In the conventional Ethyl process a stoichiometric 

chain-growth reaction leads to the formation of an aluminum alkyl mixture. The 

chain length of the alkyl groups corresponds to a statistical distribution with a maxi¬ 

mum around Cg-C|p alkenes. The product is usually recycled to get a better yield of 

the most desirable alkenes. The Ethyl technology is a two-step process since 

the aluminum alkyl mixture is subsequently reacted in a displacement reaction. 

During this treatment added excess ethylene displaces the alkyl groups to form ter¬ 

minal alkenes and triethylaluminum. The first step is carried out at relatively low 

temperature (90-120°C, 100-200 atm) where chain growth predominates, whereas 

displacement requires more severe reaction conditions (260-310°C, 7-20 atm). 

Instead of the displacement reaction, aluminum alkyls may be oxidized with dry 

air to produce aluminum alkoxides that, after hydrolysis with dilute sulfuric acid or 

water, yield linear primary alcohols with an even number of carbon atoms (fatty al¬ 

cohols).'®^'®" The technology originally developed by Conoco is known as the Alfol 

process. 
The Chevron/Gulf process also uses triethylaluminum but in a catalytic reaction 

at higher (emperature. Reaction conditions exert a strong effect on product distribu¬ 

tion. Under the proper conditions (200-250°C, 140-270 atm) the rates of insertion 

and chain transfer (displacement) are comparable ensuring frequent ^-hydrogen 

elimination. A broader product distribution compared with that of the two-step Ethyl 

process is obtained. 
The Shell (SHOP) process’* '®* is also a catalytic transformation. It employs a ze- 
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rovalent nickel catalyst with suitable phosphine ligands prepared by reducing a nick¬ 

el salt with NaBH^ in 1,4-butanediol solvent.'®® Oligomerization is carried out at rel¬ 

atively low temperature (80-120°C). High ethylene pressure (70-140 atm), howev¬ 

er, is necessary to control linearity since sufficiently high ethylene concentration 

prevents a-olefins from reinserting into the chain. a-Olefms produced by the Shell 

process have a very broad chain length distribution. Shell, however, developed 

processes to utilize lower and higher alkenes through isomerization and metathesis 

(see Section 11.3). Product distributions"® of the three industrial oligomerization 

processes are given in Table 12.1. A characteristic composition of thermal cracking 

is also included for comparison. 
New ethylene oligomerization processes applying zirconium catalyst systems 

have been patented.'^ 
The synthesis of both 1,5-cyclooctadiene and 1,5,9-cyclododecatriene 

through the cyclodimerization and cyclotrimerization of 1,3-butadiene is prac¬ 

ticed commercially since both compounds have multiple applications. The cor¬ 

responding tetrahalo- and hexahaloderivatives are used as fire retardants. 1,5,9- 

Cyclododecatriene can be transformed to 1,12-dodecanedioic acid, which is 

employed in the synthesis of polyesters and polyamides. 1,13-Tetradecadiene is 

a crosslinking agent, and lauryl lactame is an intermediate in the production of 

nylon-12.'" TiCl^-EtAlCl^-EtjAlCl is the catalyst in the Huels process, which 

yields the cis,trans,trans isomer with 90% selectivity."^ The a\l-trans isomer is 

produced in the presence of bis(acrylonitrile)nickel (Toyo Soda process).’® Other 

nickel catalysts—[Ni(CH2=CHCN)j(PPh3)] and {Ni(CNPh)JP(OPh)3]}— 

more selective in the formation of 1,5-cyclooctadiene.’® 

The CuVzeolite-catalyzed cyclodimerization of 1,3-butadiene at 100°C and 7 atm 

was found to give 4-vinylcyclohexene [Eq. (12.12)] with high (> 99%) selectivity. 

Subsequent oxidative dehydrogenation over an oxide catalyst in the presence of steam 

gives styrene. The overall process recently developed by Dow Chemical"^ offers an al¬ 

ternative to usual styrene processes based on ethylation of benzene (see Section 5.5.2). 

Table 12.1. Product composition of ethylene oligomerizations and 
thermal cracking"" 

Ethylene Oligomerization 

Compounds Ethyl 

a-Olefins 63-97.5 
Branched olefins 1.9-29.1 
Internal olefins 0.6-8.2 
Paraffins 0.1-0.8 
Dienes 
Aromatics 
Total monoolefins <99“ 

Gulf Shell Thermal Cracking 

91-97 96-97.5 83-89 

1.6-7.8 1.0-3.0 
1.0-2.4 

{3-12 

1.4 <0.1 1.5-2 
<0.1 3.2-6 
<0.1 0-0.4 

98.6 99.9 92-95'- 

'’Estimated values. 
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12.2. POLYMERIZATION 

Polymers are high (or relatively high)-molecular-weight substances composed of 

repetitive linking together of small units (monomers) in sufficient numbers, but ad¬ 

dition or removal of some units, in contrast to oligomers, do not change their proper¬ 

ties. The two major types of polymerization are step growth or condensation poly¬ 

merization and chain growth or addition polymerization. The latter is characteristic 

of unsaturated hydrocarbons. In the context of our discussion only hydrocarbon 

polymers will be discussed excluding their functionalized derivatives. 

It follows from the chain-reaction character that a successful polymerization re¬ 

quires initiation, namely, the formation of a reactive species capable of interacting 

with an unsaturated molecule. Further stages of polymerization are propagation 

(chain growth) through a chain reaction and termination. An important general fea¬ 

ture of addition polymerization reactions is the continuous rapid addition of 

monomer molecules to the growing macromolecular chain throughout the whole 

process, but reactions between oligomers and macromolecules do not take place. 

On the basis of the nature of the initiation step, polymerization reactions of unsat¬ 

urated hydrocarbons can be classified as cationic, anionic, and free-radical polymer¬ 

ization. Ziegler-Natta or coordination polymerization, though, which may be con¬ 

sidered as an anionic polymerization, usually is treated separately. The further steps 

of the polymerization process (propagation, chain transfer, termination) similarly 

are characteristic of each type of polymerization. Since most unsaturated hydrocar¬ 

bons capable of polymerization are of the structure of CHj=CHR, vinyl polymer¬ 

ization as a general name is often used. 

Because of its chemical and practical significance, polymerization is exhaustive¬ 

ly reviewed and excellent monographs,a multivolume encyclopedia,’^* as well 

as the series Advances in Polymer Science,'^” cover all aspects of the field. 

Consequently, our aim is not a comprehensive treatment, but to discuss the most im¬ 

portant general aspects of the major types of polymerization of unsaturated hydro¬ 

carbons and to give selected examples of practical significance. 

12.2.1. Cationic Polymerization 

Historically acid-catalyzed (cationic) polymerization of alkenes is the oldest poly¬ 

merization. At the end of the eighteenth century Bishop Watson described resin 

formation when turpentine was treated with sulfuric acid.'^’ Numerous observa¬ 

tions were made in the next century, including the polymerization of styrene'^^ in¬ 

duced by SnCl^. The sulfuric acid-catalyzed polymerization of styrene and 

isobutylene was reported by Berthelot’” and Butlerov,'^'’ respectively. Industrial 

processes were developed later. Electrophilic catalysts usually bring about con¬ 

junct polymerization of ethylene. It yields, however, low-molecular-weight oils 

(oligomers) in the presence of AlCl^ under appropriate conditions suitable for lu¬ 

bricating oils.’” The process was commercialized in the 1930s. At present, poly¬ 

isobutylene is the only commercial polymer produced by cationic polymerization 

(see Section 12.2.6). 
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Cationic polymerization of alkenes involves the formation of a reactive carbocat- 

ionic species capable of inducing chain growth (propagation). The idea of the in¬ 

volvement of carbocations as intermediates .^in cationic polymerization was devel¬ 

oped by Whitmore.’ Mechanistically, acid-catalyzed polymerization of alkenes can 

be considered in the context of electrophilic addition to the carbon-carbon double 

bond. Sufficient nucleophilicity and polarity of the alkene is necessary in its interac¬ 

tion with the initiating cationic species. The reactivity of alkenes in acid-catalyzed 

polymerization corresponds to the relative stability of the intermediate carbocations 

(tertiary > secondary > primary). Ethylene and propylene, consequently, are difficult 

to polymerize under acidic conditions. 

Polymerization of isobutylene, in contrast, is the most characteristic example of all 

acid-catalyzed hydrocarbon polymerizations. Despite its hindered double bond, 

isobutylene is extremely reactive under any acidic conditions, which makes it an ideal 

monomer for cationic polymerization. While other alkenes usually can polymerize by 

several different propagation mechanisms (cationic, anionic, free-radical, coordina¬ 

tion), polyisobutylene can be prepared only via cationic polymerization. Acid-cat¬ 

alyzed polymerization of isobutylene is, therefore, the most thoroughly studied case. 

Other suitable monomers undergoing cationic polymerization are substituted styrene 

derivatives and conjugated dienes. Superacid-catalyzed alkane self-condensation (see 
Section 5.1.2) and polymerization of strained cycloalkanes are also possible.'" 

In general, any electrophilic reagent may add to a suitably nucleophilic 

carbon-carbon double bond to form a carbocation. Strong organic and inorganic 

Brdnsted acids (CF3COOH, CF3SO3H, H^SO^, HSO3F, HHlg, HCIO^) react accord¬ 
ing to Eq. (12.17) to form an ion pair.’"* '’^ "^''*' 

Me~Q^ A' 

Me 

HA + CH2=C^ (12.17) 

Me 

Inorganic Lewis acids, specifically, Friedel-Crafts catalysts, such as SnCl^, TiCl, 

AICI3, AlBr3, and BF3, usually require a cocatalyst (e.g., H^O always considered to 

be present), and in this case, initiation is also induced by the proton formed [Eq. 

(12.18)]. Pioneering work on the role of proton acids as catalysts and cocatalysts in 

acid-catalyzed polymerization was carried out by Polanyi and coworkers.Lewis 

acids can also react in combination with other coinitiators, such as alkyl halides 

serving as carbocation source [Eq. (12.19)] or halogens."* '"-'’^ The former, howev¬ 

er, is not a readily occurring reaction, except when highly stable carbocations are in¬ 

volved or very strong Lewis acids are applied under suitable reaction conditions 
(e.g., polymerization induced by alkyl fluoride-BF3 initiation'-'^). 

Me2C—CH2 jf. / 
-► Me-C 

\ 

Me 
MHIgn + H2O ■ ‘ H+ MHIgb+iOH’ 

(12.18) 

Me 

RHIg + MHIg„:=^RHIg-*-MHIgn==R+ MHIg^^i' 
Me 

Me 

(12.19) 
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Direct initiation without the involvement of a coinitiator (cocatalyst), a long de¬ 
bated possibility, may result in a polar complex or a zwitterion; 

MHIgn + cH2=C,^ 

Me 

^Me 

Hlg,M-CH2-C^ 

Me 

(12.20) 

The self-ionization equilibrium of dimeric aluminum halides (AlCl^, AlBr^) 

(Korshak-Plesch-Marek theory"*), elaborated in detail by Plesch,''*^’'^ also gener¬ 

ates a cationic species necessary for initiation [Eq. (12.21)]. A recent more reason¬ 

able proposal postulated by 01ah“'^ is the less energetic opening of only one of the 
chlorine bridges in dimeric AlCl^ [Eq. (12.22)]. 

{AIHIg3)2 - AlHIgg AlHIg; (12.21) 

(12.22) 

Cl Cl Cl Cl Cl Cl 

Alternatively, “neat” AlBr^ can initiate polymerization according to a halometala- 

tion mechanism (Olah, Sigwalt)*'** "^ (Scheme 12.1). It involves formation of a vici¬ 

nal bromoaluminated intermediate (14), which, with excess AlBr^, ionizes to the 

corresponding cation (route a). Since 14 readily loses HBr (route b), the process 

rapidly becomes a typical conjugate acid-catalyzed reaction. 

Me 

(AIBr3)2 + CH2=C^ 

Me 

HgC- 
Me 

‘Me 

AIBrq 

.Me 
H2C—C' 

I Me 
BraAl—Br 

Me 

Br?AICH2—i-Me 
I 
Br 

14 

a. AIBrs 
-^ 

d.-HBr -► 

Me 
+/ 

Br2AICH2-C^ AIBr4 

Me 

Me 
/ 

Br2AICH=C^ 

Me 

Scheme 12.1 

Organometallic systems’’®-’’" are also very effective initiators. Trialkyl- 

aluminum and dialkylaluminum halides, mostly Et^Al and Et^AlCl, were studied 

extensively.’””" Both compounds are inactive themselves without coinitiators. 

However, in the presence of protic acids (e.g., HCl) or in methyl chloride solvent, 

they effect the polymerization of isobutylene. Et^Al and Et^AlCl are considered by 
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Kennedy’’^ as the true catalyst, whereas Gandini and Cheradame'^® are in favor of 

in situ formed AlCl^. In fact, it was observed long before these systematic studies 

by Hall and Nash'” that polymers formed fi^^om ethylene, when treated with a mix¬ 

ture of AlClj and aluminum powder in the presence of hydrogen under pressure 

(155°C, 60 atm), had much higher viscosity compared to those prepared with 

AlClj alone. It was established that aluminum sesquichloride (EtjAlCl.EtAlCl^) 

was formed in the system. 

Preformed or in situ prepared carbocation salts (tropylium, trityl, etc.) are also ac¬ 

tive in transforming alkenes to carbocations.Preformed carbocation salts are 

the simplest initiators in cationic polymerization and ideal if the cation is identical to 

the one derived from the monomer (e.g., terr-butyl cation in the polymerization of 
isobutylene). 

An alternative way to generate carbocations is the one-electron oxidation of 

alkenes. Strong oxidants and charge-transfer complexes"*'^* can induce such sin¬ 

gle electron transfers from reactive alkenes [Eq. (12.23)). The resulting cation rad¬ 

ical can react with a monomer to form a cation [Eq. (12.24)] or is complexed to 

give a bicationic dimer. High-energy ionizing radiation (yrays),"* '^* '^ '” photoini¬ 

tiation (UV radiation),"*'^*'” and electrochemical oxidation'”'’® are additional 
possibilities. 

CHo=i 

Me 

CHs— 

Me"^ Me 

+ er 

Me 

\ 
Me 

Me—+ CH2=C.^ 

pH, 

Me 

(12.23) 

(12.24) 

Carbocations formed in the mentioned reactions serve as chain carriers in propa¬ 

gation [Eq. (12.25), where E stands for an electrophilic initiator]. The two basic pre¬ 

requisites to obtain high-molecular-weight polymers via cationic polymerization are 

the high nucleophilicity of the monomer and the relative stability of the carbocation 

to sustain propagation. The difficulty of ethylene and propylene to yield high- 

molecular-weight polymers in acid-catalyzed polymerization exemplifies this state¬ 
ment; both have relatively low nucleophilicity and the derived ethyl and isopropyl 
cations have relatively low stability. 

^Me ^Me 

ECH2“Q^ + n+1 CH2=C^ - 

Me Me 

lyie 

Me 

ECH 2-(j; -fCH ,-c 

MeJ 

-CH2-C, 

n 

p\e 

\ (12.25) 

Me 

Possibilities of chain transfer in cationic polymerization are abundant."* '” Proton 

transfer to the monomer is a rather general transfer reaction leading to two isomeric 
unsaturated end structures: 
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Me 

15 + CH2=C^ 

Me 

Me' 
1 

-c— 
1 

-CH2-q^ 

Me_ Me 
n 

16 

Me 
1 Me 
1 

-C- 
1 

Me 
CD 

1 
I

 

7
 

=
 

17 

+/ 
Me 

Me 

Me 

Me C 

Me 

Me 

(12.26) 

Hydride abstraction from the monomer, in contrast, is not a well-documented 

transformation [Eq. (12.27)]. Reactions with the counterion may involve sponta¬ 

neous acid expulsion [Eq. (12.28)] or ion combination, which is a chain termination 

reaction [Eq. (12.29)]. Halogenation and alkylation at the growing chain end and at¬ 
tack by a solvent molecule or by impurities are also feasible. 

Me 

15 +CHo=C 
\ 
Me 

Me 
I 

ECHo-C- 
I 

Me 

Me 
I 

CHo-C- 
I 
Mel 

Me PH 2 
/ / 

-CH2—C^H + CH2=C,^ 

Me Me 

(12.27) 

15 + A 

16 

ECH 

or 17 + HA 

lyl€ 

2 -c- 

MeL 

Me 

CH2-C- 

MeJ 

iyi€ 

•CH2-C—A 
I 

n Me 

(12.28) 

(12.29) 

Since carbocations are involved in cationic polymerization, a possible side reac¬ 

tion is their isomerization through hydride (alkyde) migration to more stable (less 

reactive) carbocations. This can lead to a polymer of broad molecular weight distrib¬ 

ution or, if the isomerization is irreversible, to termination. 

Addition of BF^ to isobutylene precooled to -80°C results in an immediate, al¬ 

most explosive reaction and produces polymer having a molecular weight of about 

200,000. On the other hand, if the reaction is carried out at -10°C, polymerization 

is slower and the molecular weight of the polymer is only 10,000. The activity of 

different Lewis acids decreases over a wide range at -78°C in the series BF^, 

AlBr^, TiCl^, TiBr^, SnCl^, BCl^, and BBr^, based on the time required to polymer¬ 

ize all the isobutylene. Isobutylene is converted to the polymer within a few sec¬ 

onds after treatment with BF^. Reaction times of hours are required for complete 

polymerization of the olefin with TiCl^ and days with SnCl^. In a classic experi¬ 

ment Evans and Polanyi’’’ showed that highly purified isobutylene and BF^ in a 

carefully dried system do not polymerize. An instantaneous reaction occurs, how¬ 

ever, when trace amounts of water or tert-butyl alcohol are introduced in the sys¬ 

tem. This experiment was key to prove the role of water as cocatalyst in cationic 

polymerization.”’ 
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Various Br0nsted and Lewis acids can also be used in cationic polymerization of 

styrene."’ '” ’^* The molecular weight, however, is difficult to control. Of the usual 

transfer processes, transfer to the monomer i^ the most significant reaction. An addi¬ 

tional difficulty, the occurrence of Friedel-Crafts reactions, arises if polymerization 

is carried out in aromatic solvents. As a result, cationic polymerization of styrene 

usually leads to ill-defined products and is mainly of academic interest. 

One interesting aspect of the polymerization of styrene is its possible pseudo- 

cationic propagation. It was observed, for example, that in the presence of HCIO^, 

styrene forms only oligomers and no real cationic species could be found.'”'*® 

This led to the suggestion that the initiating species is a perchlorate ester stabi¬ 

lized by monomer molecules [Eq. (12.30)]. Propagation occurs through a six- 

membered transition state by a pseudocationic mechanism'” [Eq. (12.31), where 

P stands for a polymer chain]. Similar observations were made in triflic acid- 
catalyzed polymerization.'*' 

5PhCH=CH2 + HCIO4 
CH2CI2 

(CHaC^HOClOa) 4 PhCH=CH2 

Ph 

PCH2CH O 

HoC — 

Ph 

J 
Ph O—Cl^-O 

-► PCH2CH O 

A / 
HgC-C^H 

Ph 

(12.30) 

(12.31) 

Conjugated dienes (1,3-butadiene, isoprene) have suitable nucleophilicity to un¬ 

dergo cationic polymerization. There is, however, not much practical interest in 

these processes since the polymers formed are inferior to those produced by other 

(free-radical, coordination) polymerizations. A significant characteristic of these 

polymers is the considerably less than theoretical unsaturation due to cyclization 

processes.'^' A fully cyclized product of isoprene has recently been synthesized'*^ by 
constant potential electrolysis in CH^Cl^. 

In cafiomc polymerization, unlike in anionic polymerization (see Section 
12.2.2) it is seldom possible to achieve “living” nature of the polymer by 

simply using a much faster rate of initiation than that of propagation 

Sawamoto and Higashimura'*^'*^ as well as Kennedy,'**'** however, more re¬ 

cently found that by using initiator systems such as HI combined with iodine'** 

or Lewis acids (e.g., ZnCl^)'*^ and complexes of BCI3 with organic acetates or 

tertiary alkyl (aryl) ethers,'**'** living cationic polymerizations can be achieved 

allowing polymers to be reinitiated, for example, for copolymerization with 

other suitable monomers. Isobutylene and styrene were polymerized with BCl 
complexes.'**'** * 
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12.2.2. Anionic Polymerization 

The first results of anionic polymerization (the polymerization of 1,3-butadiene and 

isoprene induced by sodium and potassium) appeared in the literature early this cen- 
tury.‘6’ '68 It was not until the pioneering work of Ziegler’*’ and Szwarc,'™ however, 

that the real nature of the reaction was understood. Styrene derivatives and conjuga¬ 

ted dienes are the most suitable unsaturated hydrocarbons for anionic polymeriza¬ 

tion. They are sufficiently electrophilic toward carbanionic centers and able to form 

stable carbanions on initiation. Simple alkenes (ethylene, propylene) do not undergo 

anionic polymerization and form only oligomers. Initiation is achieved by nucle¬ 

ophilic addition of organometallic compounds or via electron-transfer reactions. 

Hydrocarbons (cylohexane, benzene) and ethers (diethyl ether, THF) are usually ap¬ 

plied as the solvent in anionic polymerizations. 

A unique characteristic of anionic polymerization is the “living” nature of the 

process recognized and pioneered by Szwarc.'”’^^ ’^* '^' Living polymerization can be 

achieved when the rate of initiation is very fast and much faster than the rate of 

propagation. In living polymers the active centers are highly stable and highly reac¬ 

tive and, in the absence of impurities, no spontaneous transfer or termination occurs. 

Under such conditions all macromolecules grow proportionally and propagation 

continues until an equilibrium with the monomer is established. Suitable reagents 

may be used to annihilate the reactive end known as “killing.” Addition of water or 

any proton donor, for example, converts the active chain ends, resulting in a dead 

polymer. Living anionic polymerization allows the synthesis of homodisperse poly¬ 

mers (i.e., polymers with very narrow molecular-weight distribution) and block 

copolymers unaccessible by other techniques (see Section 12.2.6). Following the in¬ 

terest and extensive studies of living polymers spurred by the work of Szwarc, an¬ 

ionic polymerization became probably the most studied and best understood of all 

polymerization methods. 
Organolithum compounds (lithium alkyls) are the most valuable initiators in an¬ 

ionic polymerization.Since living anionic polymerization requires the 

fastest possible initiation, sec- or tert-butyllithium is usually used. Lithium alkyls 

add readily to the double bond of styrene [Eq. (12.32)] or conjugated dienes and 

form free ions or an ion pair depending on the solvent. Since lithium alkyls are more 

stable in hydrocarbons than in ethers, hydrocarbon solvents are usually applied. 

(12.32) 

Electron transfer from polycyclic aromatic radical anions in polar solvents can 

also initiate propagation.’” '*’'®*”" One of the earliest and best understood systems 

is naphthalene—sodium, a green solution of stable, solvated naphthalene radical 

anion.”*’”* The electron transfer from the radical anion to the monomer yields a 
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new radical anion [Eq. (12.33)]. The dominant reaction of the latter is its head-to- 

head dimerization to the stabile dimeric dicarbanion [Eq. (12.34)], which is the dri¬ 

ving force for the electron transfer even when electron affinity of the monomer is 

less than that of the polycyclic molecule. Propagation proceeds at both ends of the 

chain. 

A similar but direct electron transfer from the metal to the monomer is operative 

when alkali and alkaline-earth metals (e.g., sodium) are used as the initiator. 

In this case, however, initiation is slow relative to propagation because of the low 

metal surface area available, and this method is used only for special purposes. 1,1- 

Dipehylethylene, for example, forms a dianion that, for steric reasons, is not capable 

for further head-to-tail addition of the monomer, but can be used to initiate the poly¬ 

merization of other monomers.'^"' 

The propagating active center formed upon initiation is an ion pair that can exist 

as aggregates or contact- or solvent-separated ion pairs, or free ions depending on 

the so vent, the temperature, and the counterion.Each can add to the 

monomer but exhibits different reactivity. Polar solvents bring about the disaggre¬ 

gation and stabilization of free ions. Styryllithium, for example, was found to be as¬ 

sociated in the dimeric form in hydrocarbon solvents.THE breaks up these 

dimers presumably by means of a solvation equilibrium and accelerates the rate of 

polymerization. 

Living polymers usually require special reagents to achieve termination. Any 

electrophilic reagent that reacts with the carbanion active center and also allows 

preparation of polymers with desired terminal functionalities can be used for this 

purpose.Hydrogen-terminated polymers can be porduced by proton 

donors, whereas carbon dioxide results in a carboxylate end group. Terminal al¬ 

cohol functionalities can be formed through reaction with ethylene oxide and car¬ 

bonyl compounds. 

Although the living nature of anionic polymerization of styrene testifies to the 

relative stability of the carbanion at the chain end, observations indicate that it may 

undergo spontaneous transformations.'*' Polystyryl sodium in THE was shown to 

undergo termination involving hydride elimination followed by proton transfer [Eqs. 

(12.35) and (12.36)]. The highly stabilized carbanion 18 thus formed does not par¬ 
ticipate in propagation. 
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H 
I _ 

p-CH2(j)H-CH(j;H Na+ p-CH2(JH-CH=C^H (12.35) 

Ph Ph Ph Ph 

^ Na+ Na+ 

P-CH2CCH=CH +P-CH2(j)HCH2(j;H-►p-CH2^CH=(j;H+p-CH2(j;HCH2CH2 (12.36) 

Ph Ph Ph Ph Ph Ph Ph Ph 

18 

Lithium and alkyllithiums in aliphatic hydrocarbon solvents are also used to initi¬ 

ate anionic polymerization of 1,3-butadiene and isoprene."’ '*^''*® Having conjugated 

double bonds, homopolymerization of 1,3-butadiene can lead to several polymer 

structures. 1,4-Addition can produce cis-1,4- or tragi'-1,4-polybutadiene (19, 20). 

1.2- Addition results in a polymer backbone with vinyl groups attached to chiral car¬ 

bon atoms (21). All three spatial arrangements (isotactic, syndiotactic, atactic) dis¬ 

cussed for polypropylene (see Section 12.2.4) are possible when polymerization to 

1.2- polybutadiene takes place. Besides producing these structures, isoprene can 

react via 3,4-addition (22) to yield polymers with the three possible tacticites. 

Further variations may arise because of the head-to-tail, head-to-head, and tail-to- 

tail monomer enchainments. 

•HjC, PH2- 
-H^C tCH2-^H- -CH2-(^H— 

\ / 

I
 

O
' 

II 
X

 
o

 CH C-CHo 
CH=CH \ II II 

L J n CH2- CH2 CH2 

L -1 n n 

19 20 21 22 

Anionic polymerization is a versatile tool for converting conjugated dienes into 

polymers with different microstructure.Alkali metals bring about 1,2-addition 

mainly in the case of polymerization of 1,3-butadiene.’*’ Lithium, however, is an ex¬ 

ception since it gives polymers with high 1,4 content.'*’^'*^ Dominant 1,2-addition oc¬ 

curs if polymerization is catalyzed by lithium alkyls in ethers.'** In hydrocarbon sol¬ 

vents, in contrast, 1,4-addition (>90%) prevails with approximately equal amounts of 

cis and trans units.'*” Sodium-based catalysts, the so-called Alfin systems'”® (e.g., a 

mixture of sodium allyl, sodium isopropoxide, and NaCl), can be used to synthesize 

very high-molecular-weight polybutadiene with dominating trans content.'”' 

Lithium or lithium alkyls can be used to convert isoprene to c/5'-l,4-polyisoprene 

with cis content up to 96% (a structure similar to that of natural rubber), the remain¬ 

ing part having 3,4 structure.'”' '”^ Similar to the changes observed in the polymeriza- 

ton of 1,3-butadiene, the dominant cis-\A selectivity changes to 1,2- and 3,4-addi- 

tion in ethers.'”'*'”’ Change of solvation of LL in polar solvents affecting the ionic 

character of the C—Li bond is considered to be an important factor in bringing 

about these selectivity changes. 
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The predominant 1,4-addition selectivity with lithium in nonpolar solvents is ex¬ 

plained by the localization of Li* to the terminal carbon. Morton et al. found'*® '’’ that 

lithium is essentially a-bonded to the terminal carbon (23). In polar solvents the 

negative charge is delocalized (24), generating a 7i-allyl structure that enhances the 

reactivity of the y carbon, affording 1,2-addition. 

8' Li* 8‘ 
P-CH2-CH-CH-CH2 P-CH2-CH=CH-CH2Li 

24 23 

The high cis orientation in isoprene polymerization can be accounted for by ini¬ 

tial coordination of cisoid isoprene to the reagent (n-BuLi) and the rearrangement 

of this complex through a six-membered cyclic activated complex (25) to a cis end 

unit""'”* '” (Scheme 12.2). Since the trans active center was found to be more sta¬ 

ble in nonpolar solvents, isomerization of the newly formed cis anionic center to 

the trans center was invoked to account for the formation of the trans isomer.'” '” 

The high cis selectivity in hydrocarbon solutions, therefore, is a kinetic phenome¬ 

non. When high monomer : initiator ratios are applied, insertion of the monomer 

into the propagating cis center is fast and occurs before isomerization, affording 

high cis selectivity.'”’'® Decreasing monomer ; initiator ratio results in increasing 
trans content. 

CH2=C-CH=CH2 

n-BuLi 

Me 

+ 

Me 

LiH2C H 
\ / 

/A / \ 
Me H Me CH2Bu-n 

Li* 
H2C. _ H 

V«.- / 

Me H Me CH2Bu-n 

Scheme 12.2 

12.2.3. Free-Radical Polymerization 

When ethylene is heated under high pressure in the presence of oxygen or organic 

peroxides, it is converted in an exothermic process (AH = -22.5 kcal/mol) to a long- 
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chain, white waxy solid polymer containing a relatively small number of short 

branches. First prepared in 1934 by ICI researchers,^'’^® it soon gained practical im¬ 

portance, first as an electrical insulator and subsequently in many other areas. 

Because of its commercial importance the polymerization of ethylene at high pres¬ 

sure has been extensively studied.^°^“* Free-radical polymerization is characteristic 

of ethylene and vinyl compounds. Simple alkenes, such as 1-butene, however, do 

not give high-molecular-weight polymers, but they, as well as internal alkenes, can 

copolymerize with polymerizable monomers. 

The radical polymerization of ethylene, in practice, is initiated by free-radical ini¬ 

tiators, although radiation-induced,'^'*’^® photoinduced,^"*"^'^ and thermaP'^’^'^ initia¬ 

tions are also possible. The temperature of high-pressure polymerization should not 

exceed 350°C since above this temperature a rapid exothermic {AH = -30.4 kcal/mol) 

thermal decomposition of ethylene can take place leading to a runaway reaction: 

CH2=CH2-^ 2C + 2H2 or C + CH4 (12.37) 

In early work the initiator was oxygen either present as impurity or intentionally 

added. The radicals are formed by decomposition of hydroperoxide or peroxide 

formed in the reaction of oxygen with ethylene: 

02 CH2=CH2 

CH2=CH2 —►CH2=CH-OOH -^H2=CH00CH2CH3 

CH2=CH-0- 

—► + 26 (12.38) 
CH3CH2-0- 

27 

Commercially available hydroperoxides and peroxides were used subsequent- 
Iy2i4-2i6 thg advantages of lower initiation temperature and better process con¬ 

trol. A number of radical initiators (primary radicals) are formed when, for example, 

a methanol solution of benzoyl peroxide is used: 

(CgHsCOOls -^ CgHsCOO- -► CeHg- + CO2 (12.39) 
28 29 

CeHsCOO- + CH3OH -► CgHsCOOH + CH2OH (12.40) 

30 

CgHs- + CH3OH -► CgHg + 30 (12.41) 

Any of the free radicals (26-30, designated as R-) may initiate the chain reaction 

[Eq. (12.42)]. The exact nature of R- is unimportant since it merely initiates the poly¬ 

merization chain and reacts only in the first cycle; subsequent cycles are initiated by 

radicals called propagating radicals formed in the reaction with ethylene [Eq. (12.43)]. 

R- + CH2=CH2 -^ RCH2CH2 (12-42) 

RCH 2CH 2 -H (n+1) CH 2=CH 2' RCH2CH 2(CH 2CH 2)nCH 2CH 2- (12.43) 



546 OLIGOMERIZATION AND POLYMERIZATION 

Termination of the propagating chain can occur by a number of reactions. The 

chain can be terminated by coupling (recombination) [Eq. (12.44)] or dispropor¬ 

tionation of two growing radicals [Eq. (1^.45)], which may or may not be the 

same. 

2 R(CH2CH2)nCH2CH2- 

R(CH2CH2)nCH2CH2CH2CH2(CH2CH2)nR 

R(CH2CH2)nCH=CH2 + R(CH2CH2)nCH2CH3 

(12.44) 

(12.45) 

The growing polymer chain may also be terminated by abstraction of a hydrogen 

atom from any suitable donor molecule called telogen (S—H). In these instances, 

hydrogen transfer from the telogen to the growing radical produces a “dead” poly¬ 

mer macromolecule and a new free radical [Eq. (12.46)]. The latter can add to ethyl¬ 

ene and start a new chain [chain termination with Idnetic chain transfer; Eq. 

(12.47)]. 

R(CH2CH2)nCH2CH2-+ S-H-► R(CH 2CH2)nCH2CH3 + s- (12.46) 

S-+CH2=CH2 -► S-CH2CH2' M2 471 

In principle, all organic molecules containing hydrogen can serve as hydro¬ 

gen source in chain-transfer reactions. However, the rate of hydrogen transfer 

greatly depends on the nature of the carbon-hydrogen bond. Hydrogens attached 

to tertiary carbon atoms are particularly reactive. Such chain-transfer agents 

may be added as solvents. High-pressure polymerization of ethylene is generally 

carried out in the absence of telogens, but added hydrocarbon solvents may 

serve as telogens. Equations (12.48)-(12.51) illustrate the polymerization of 

ethylene initiated by di-tert-butyl peroxide in cyclohexane. The last step [Eq. 

(12.51)] is chain transfer to the solvent. The product consists of a polymethylene 

chain with an even number of carbon atoms. One end of the chain is attached to 

a cyclohexyl group and the other end, to a hydrogen atom originally attached to 

cyclohexane. The process may be called telomerization, although the term is 

generally used to designate processes yielding oligomers of low molecular 
weight.^” 

fert-BuOOBu-fert -^ 2fert-BuOO • (12.48) 

ferf-BuOO • + -► fefTBuOH + 1^^' (12.49) 

(^’+ (n+1)CH2=CH2 - -► ^j^^(CH2CH2)nCH2CH2' (12.50) 

Q-(CH2)2n+lCH2- + Q) ► ^ y~(CH2)2n+iCH3 + O' (12.51) 
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Chain transfer to ethylene can take place, yielding a polymer with an unsaturated 

end group and a chain-initiating ethyl radical: 

R{CH2CH2)nCH2CH2- +CH2=CH2-► R{CH2CH2)nCH=CH2 + CH3CH2- (12.52) 

Growing polymer chains can also participate in intramolecular or intermolecular 

hydrogen transfer. Such chain transfers become significant at high polymer concen¬ 

tration. Intramolecular hydrogen transfer, called “back biting,” results in a sec¬ 

ondary radical that, after adding to ethylene, forms a side chain on the polyethylene 

backbone.^'* Since steric factors favor a six-membered transition state of hydrogen 

transfer (1,5 hydrogen shift), the net result is a four-carbon side chain [Eq. (12.53)]. 

The reaction is called short-chain branching. 

P-CH2CH2CH2CH2CH2 ■ 

Hk 
C' 
H2 

CH2=CH2 
P-CHCH2CH2CH2CH3 -►P-CHCH2CH2- 

C4H9 

(12.53) 

Polyethylene also contains ethyl side chains. These are formed according to the 

reactions in Scheme 12.3 leading to 2-ethylhexyl and 1,3-paired diethyl branch- 

es.219-221 Formation of such new branching has high probability since the newly 

formed radical is in close proximity to the chain backbone. 

I propagation + termination 

Scheme 12.3 
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Intermolecular chain transfer between a growing polymer chain (32) and a previ¬ 

ously formed polymer molecule (33) results in long-chain branching. 

■ \ 

H 

p'CHgCHa +p2cH2CHp3 -► p'CH^CHa + P^CHgCHP" (12.54) 

32 33 

p2CH2CHP3+ (n+1)CH2=CH2 

P^HgC^ 

,/ 
CH(CH2CH2)nCH2CH2- (12.55) 

Besides the chain transfer in Eq. (12.52), another important process called |3 

scission can also produce unsaturations in the polymer chain. Secondary radicals 

(31) as well as tertiary radicals such as 34 formed according to Scheme 12.4 may 

produce low-molecular-weight vinyl or vinylidene compounds, respectively, and 

new radicals. 

p 

''CHo 

Me ^® 

or 

Scheme 12.4 

34 

Me 

Styrene and its derivatives can be polymerized by all possible propagation mech¬ 

anisms. Free-radical polymerization, however, is the primary process for industrial 

production of polystyrene.Free-radical polymerization of styrene can be carried 

out without chemical initiators simply by heating the monomer.^^^’“^ On heating, iso¬ 

meric 1-phenyltetralins are formed in the Diels-Alder reaction^^ (Scheme 12.5). The 

less stable isomer with the phenyl group in axial position reacts further with styrene 

to form two radicals that can start polymerization. Radical formation is facilitated by 
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the reactive tertiary double allylic hydrogen in suitable configuration in the axial 
isomer. 

Scheme 12.5 

A number of other dimers are also formed in thermal polymerization of styrene. 

Two of these (35, 36) can be found as impurities of the highest concentration (up to 
1 %) in commercial polystyrene.^^-^® 

II 
PhCHsCHg-CPh Phi ^ph 

35 36 

In industrial styrene polymerization radical initiators are usually used to 

achieve complete polymerization at reduced temperature in shorter time. Unique 

initiators with the general formula 37 decomposing into mono- and double radi¬ 

cals have recently been described^^’ [Eq. (12.56)]. The latter (38) can initiate 

propagation at both radical centers, doubling the length of the product polymer 

molecules. 

¥ f ? ? 
R'-OO-C-X-C-OO-R"-►-O-C-X-C-O- + R'O’ + R"0- (12.56) 

37 38 

Propagation in free-radical styrene polymerization proceeds through stable 

benzylic radicals by head-to-tail addition of the monomer [Eq. (12.57)]. The most 

important chain transfer reaction is transfer to the Diels-Alder dimer. Added 

chemical transfer agents, mainly mercaptans allow the regulation of molecular 

weight and molecular-weight distribution of commercial polymers. The combina¬ 

tion of two growing chains is an almost exclusive way of termination^^*^’’ [Eq. 

(12.58)]. 
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(12.57) 

(12.58) 

12.2.4. Coordination Polymerization 

Research efforts in the 1950s led to the discovery of processes capable of polymeriz¬ 

ing alkenes at low and medium pressures. Ziegler found that combinations of transi¬ 

tion-metal compounds (such as titanium chlorides) and certain metal alkyls, prefer¬ 

entially alkylaluminums, catalyze low-pressure polymerization of ethylene yielding 

high-density polyethylene Using similar two-component catalysts, 

Natta could attain the stereoregular polymerization of propylene.“^^^ Other impor¬ 

tant findings, including the use of oxide-supported transition-metal catalysts, came 

from industrial laboratories. Phillips disclosed a process using CrO^ supported on 

silica or silica-alumina,^^“^ while Mo^O^ on alumina was developed by Standard 

Oil of Indiana.^^^’^^^ The HDPE and stereoregular polypropylene produced by transi- 

tion-metal-based catalysts have important structural characteristics and, consequent¬ 

ly, special mechanical and thermal properties and applications (see Section 12.2.6). 

Catalysts. An extremely large number of catalysts and different catalyst combina¬ 

tions are known to catalyze the polymerization of alkenes. In our discussion we will 

classify them as Ziegler-Natta catalysts and one-component transition-metal catalysts. 

The first successful catalyst used by Ziegler and coworkers^'-^®”' for the polymer¬ 

ization of ethylene was TiCl^ and Et^Al. Other alkylaluminum compounds (Et^AlCl, 

EtjAl^Clj, isoBUjAl), also termed activators or cocatalysts, were employed later. 

Prepared in situ, the two components form an unstable precipitate in an inert solvent, 

which is generally a hydrocarbon. In a similar approach Natta and coworkers first 

used Ziegler’s original catalyst combination,^* then later preformed purple TiCl^for 

the polymerization of propylene.^^^'^®’ They found that a mixture of crystalline and 

amorphous polymers was formed.^^ This observation led to the development of 

stereoregular polymerization catalysts and processes. 

It is of historical interest to note that Max Fischer, working during World War II 

in the German industry, while investigating how solid waxes were formed in AlCl^- 

catalyzed oligomerization of ethylene producing synthetic lubricant oils, disclosed 

in a patent application in 1943 (published only in 1953 because of war aftermath 

difficulties)^® that ethylene is polymerized at moderate pressures and temperatures 

by a catalyst composed of AlCl^, a reducing metal such as Al, and TiCl^ to solid 

polyethylene. No characterization of the polymer or any suggestions as to the na¬ 

ture of the polymerization was given. A reinvestigation in the 1980s showed that 
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the polyethylene formed in the Max Fischer polymerization, when the temperature 

is kept at about 150°C, is identical with that of linear Ziegler polyethylene with lim¬ 

ited methyl branching.^"" Ethylene, when reacted under similar conditions with 

AlClj and Al, is known to give ethylaluminum sesquichloride.*” It was subsequent¬ 

ly shown^' that in the system (CljAlCHj)^ and (CljAlI^CHCH^ are also formed. Any 

ethylaluminum compound on addition of TiCl^ forms an active Ziegler catalyst. 

Fischer, thus, not knowing the nature of his polymerization or the linearity of the 

product, in the early 1940s already had produced HDPE and was a forerunner of 
the Ziegler-Natta polymerization. 

Linear polyethylene can also be considered as polymethylene. Although this 

polymer was first prepared by the thermal decomposition of diazomethane,^'*^’^''^ 

Meerwein should be credited to have prepared it by catalytic polymerization of di¬ 

azomethane effected by boron compounds (esters, halides, alkyls)^'^^® taking 

place with concomitant dediazotation [Eq. (12.59)]. Meerwein, however, had not 

explored the nature of the polymer or pursued alternative ways of preparation. 

Since then other catalysts such as diborane, aluminum alkyls, and copper salts 

were also used, and other diazoalkanes were also polymerized.Polymeriza¬ 

tion of a Cj unit considered as incipient CH^ is not leading to branching, whereas 

carbocationic or free-radical ethylene polymerization clearly gives a high degree 

of branching. 

catalyst 
nCHgNg --[CHsln- + n Ng (12.59) 

Subsequent studies following the original findings of Ziegler and Natta revealed 

that, in general, combinations of Group IV-VIII metal halides and hydrides, and 

Group I-III organometallic compounds and halides are all active polymerization 

catalysts. This catalyst group called Ziegler-Natta catalysts constitutes a large and 

important family of olefin polymerization catalysts."® Ti, Zr, V, Nb, and Cr 

compounds were used in most studies. The catalysts, however, that gained commer¬ 

cial importance are combinations of TiCl^ or TiCl^ with R^Al or R^AICI. 
The role of metal alkyl in forming the active catalyst is illustrated in Eqs. 

(12.60)-( 12.62). After complexation with TiCl^ [Eq. (12.60)] (or, in general, with 

the transition-metal compound), the metal alkyl brings about the formation of a tran¬ 

sition-metal alkyl through halogen-alkyl exchange [Eq. (12.61)]. This is then re¬ 

duced in a subsequent very complex reduction step including dealkylation to yield 

low-valence titanium^^'' [Eq. (12.62)]. Further reduction can also take place under se¬ 

vere conditions. These reduced titanium species are believed to constitute the active 

catalytic species. 

TICI4 + AIEta — TiCU-AIEta (12.60) 

TiCL.AIEtg - EtTlCla.AlEtaCI (12.61) 

2 EtTiCIg.AIEtgCI -► 2 TICI g.AIEtgCI + C2H4 + CaHg (12.62) 
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In contrast with Ziegler’s catalysts prepared in situ, Natta used preformed solid 

transition-metal halides in the lower oxidation state. Natta and coworkers discovered 

that of the four crystalline modifications of TiCl^ the three violet forms (a, y. and 5) 
exhibit high catalytic activity and stereoselectivity in the polymerization of propy- 

lene.^^^’“’ The exceptional properties of these three crystalline modifications are as¬ 

sociated with their layered structure. It was found that the reduction of TiCl^with hy¬ 

drogen, aluminum, or aluminum alkyls produces a- or y-TiCl^.O.SSAlClj. These 

solid solutions can be transformed to the more active 5 form by ball milling.^* It is 

believed, however, that only titanium ions present on the side surfaces of TiCl^ crys¬ 

tallites constituting only several percentages of the total titanium content participate 

in polymerization.^^^ 
The above so-called first-generation heterogeneous Ziegler-Natta catalysts ex¬ 

hibited rather low activity (low yield of polymer per unit weight of catalyst), and 

large amounts of the catalyst had to be used. As a result, a tedious and expensive re¬ 

moval of the catalyst was necessary to avoid contamination of the polymer causing 

color and stability problems. Additionally, these catalysts are very sensitive to water 

and oxygen, which transform alkylaluminums to alcoholates. A number of other 

chemicals such as CO, CO^, alkynes, and 1,2- and 1,3-dienes form strong complexes 

with the transition metals, thus causing catalyst poisoning. Extremely pure solvents, 

monomers, and stringent reaction conditions were necessary to achieve reliable and 

reproducible results. 

A search for catalysts with higher activity to eliminate catalyst removal in the 

manufacturing process led to the discovery of the high-activity, high-yield (second- 

generation) Ziegler-Natta catalysts.^°^'^’'-^^3’^^* Further requirements were to have bet¬ 

ter control of polymer molecular weight and molecular-weight distribution. 

It was observed during the early studies with first-generation Ziegler-Natta cata¬ 

lysts tjiat Lewis bases (0-, N-, and P-containing organic compounds) have advanta¬ 

geous effects on propylene polymerization.^^^ The best examples are ether-treated 

TiClj-based catalysts exhibiting increased catalytic activity and excellent stereose¬ 
lectivity 

An even more important observation was the discovery of supported (third-gen¬ 

eration) Ziegler-Natta catalysts. Such catalysts can be prepared by reacting TiCl 

with hydroxylated magnesium derivatives [hydrated MgO, Mg(OH)2, Mg(OH)Ck 

hydroxylated MgCOj], magnesium alkoxides, or magnesium organometallics 

(Grignard reagents, magnesium dialkyls) followed by activation with aluminum 

aikyis3“' “^ Ball milling^‘^^'« of TiCl^ or titanium halogen alkoholates with MgCl^ re¬ 

sults in catalysts with a disordered structure similar to that of 5-TiCl . The ultra- 

high-surface-area catalysts formed contain isolated and clustered titanium species of 

various oxidation states.When ball milling is carried out in the presence of Lewis 

bases (e.g., alcohols and esters), the resulting catalysts are also active in propylene 

polymerization.^^-^ Ultra-high-activity MgCl^-supported catalysts have been devel¬ 
oped by Shell. 

Subsequent studies also resulted in the development of homogeneous 

Ziegler-Natta catalysts. The first soluble homogeneous catalyst system^^'^* was 

[Cp^TiClJ with EtjAlor Et^AlCl. Homogeneous vanadium catalysts^*-^’^ [VCl^, VOCl, 
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V(acac)j] with alkylaluminum cocatalysts are applied in low-temperature syndiotactic 

polymerization of propylene and in copolymerization of ethylene and propylene. 

When trialkylaluminums are treated with water under controlled conditions, lin¬ 

ear or cyclic aluminoxanes (39, 40) are formed. These are excellent cocatalysts to 

Group IV metallocenes (Ti, Zr, Hf) ensuring prolonged catalytic activities.^’^"^*® 

Metallocenes activated by aluminoxanes or noncoordinating anions are extremely 

powerful polymerization catalysts with activities surpassing those of heterogeneous 

catalysts. An additional unique property of these systems is that by simply varying 

the 7t-bonded ligands they are capable of producing polymers with many different 

microstructures (isotactic, atactic, syndiotactic, stereoblock, isoblock, discussed 

later).In addition to bis(cyclopentadienyl) derivatives, bridged bis(cyclopenta- 

dienyl), monocyclopentadienyl, indenyl, fluorenyl, and aryloxide complexes have 

been described. In general, change of the ligand at the transition-metal center have a 

profound effect on polymerization.^*' Because of the very high productivity and the 

ability to control molecular weight and molecular-weight distribution, these cata¬ 
lysts are possible candidates for future industrial application.^" 

39 40 

The other major group of alkene polymerization catalysts includes one-compo¬ 

nent, that is, metal-alkyl-free transition-metal catalyst systems. The most important 

of these are the oxide-supported catalysts such as the original Phillips chromium 

oxide on silica or silica-alumina.“‘'"”"®‘"®"'"*"‘"*’ In contrast with the Standard Oil of 

Indiana catalyst (Mo^Oj on alumina), this is a successful commercial catalyst still 

used in industry. An important characteristic of these catalysts is their specificity. The 

Phillips catalyst, for instance, although highly efficient for ethylene polymerization, 

is ineffective for the polymerization of propylene. It is prepared by the impregnation 

of silica or silica-alumina with CrO^ dissolved in water and activated in air at 

400-800°C. The catalyst contains typically 1% of chromium. Better product charac¬ 

teristics were later achieved by promoting a CrO^-on-SiO^ catalyst with titania."*" 

It was later found that stable organometallic compounds of transition metals ex¬ 

hibiting very low polymerization activity could be transformed into high-activity 

catalysts when deposited on silica, alumina, or silica-alumina."*®”"** Interaction of 

surface hydroxyl groups with the organometallic compounds such as chromocenes, 

benzyl, and 7t-allyl complexes results in the formation of surface-bound 

organometallic complexes (41-43)."**”"®® 

41 42 43 
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In addition to these supported transition-metal catalysts, some soluble transition-metal 

compounds exhibit considerable activity in polymerization without added aluminum 

alkyls.^''' The most active compounds are a-otga^iometallics of Ti and Zr with methyl, ben¬ 

zyl, and halogen ligands. 7i-Allyl compounds of Ti, Zr, and Cr are also useful catalysts. 

Active Centers and Mechanisms. Any discussion of the mechanism of 

coordination polymerization must necessarily recognize the complexity of the 

reaction. That is why, despite the enormous efforts and the extremely large number 

of papers published about this topic, the mechanism of coordination polymerization 

is not known in every detail. Two key steps, however, seem to be well established. 

First, the complexation between the alkene and the active center takes place, 

followed by the insertion of the activated monomer to the growing polymer 

chain.The mode of activation of heterogeneous and homogeneous, and 

metal-alkyl-free and metal-alkyl-promoted catalysts, however, is different. 

Although some early mechanisms proposed a bound radical or a bound anion as the 

growth center, propagation at the metal-alkyl bond is favored by most experimental 
evidence and is now commonly accepted. 

A popular early concept considering propagation at the metal-alkyl bond in 

Ziegler-Natta catalysis was first proposed by Natta^**'^” suggesting the involvement 

of the activator-alkyl bond as the growth center. The active catalytic species is 

formed in a reaction between surface Ti^* ions of TiCl^ crystallites and the cocatalyst 

[Eq. (12.63)]. This generates a titanium-carbon a bond through ligand exchange. 

The active center was believed to be the bimetallic species 44 existing in equilibri¬ 
um with different monometallic species. 

\ / 
/ 

,T1-CI + R-AI 
\ 

XI 

■TI ;Ai 

•'R 

44 

\ 

\ / 
Ti-R + CI“AI 
/ \ 

(12.63) 

During propagation the alkene molecule forms a 7C complex with the transition 

metal of the active center [Eq. (12.64)]. This results in strong polarization of the 7i 

bond and dissociation of the Ti—C bond, thus promoting insertion into the activator 

aluminum-alkyl bond. Repetitive insertions of alkene molecules result in lengthen¬ 

ing of the polymer chain. This mechanism is also termed bimetallic after the growth 
center complex species 44. 

CH2=CH2 
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(12.64) 
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Variations for this mechanism included the suggestion of a partially bonded 

alkene molecule,""* the participation of titanium-aluminum ion pair,""" and a concert¬ 
ed alkene insertion."** 

The development of the activator—alkyl mechanism was probably strongly in¬ 

fluenced by the “Aufbau” reaction, studied originally by Ziegler.'"" He observed 

that Groups I-III alkyl compounds such as Et^Al catalyzed the oligomerization of 

ethylene to terminal alkenes. Additional evidence of such a mechanism comes 

from the fact that alkylaluminum compounds exist in dimeric forms and from 

spectroscopic characterization of bimetallic complexes.""* Other observations, 

such as that metal alkyls have pronounced effects on polymer structure observed 

by Natta, also supported this concept."®' This effect was, however, later found to be 

related to the different ability of alkylaluminums to alkylate and reduce the transi¬ 
tion metal. 

At present, however, most experimental evidence supports the mechanism in 

which propagation takes place at the transition-metal-alkyl bond. Of the different 

interpretations, the one proposed by Cossee and Arlman"®"-"®" is the most widely 
accepted.'"""”-""" 

According to Arlman,"®" the active centers are titanium atoms with chlorine va¬ 

cancies. Such sites are found along the growth spirals, on lateral faces, and on 

surface defects."®* These are the regions where surface titanium atoms are incom¬ 

pletely coordinated. Each such exposed titanium possesses one chlorine vacancy 

and is surrounded by five chlorine atoms (45). Four of the chlorines are in the 

crystal lattice and are bridge-bonded with neighboring titaniums, while the fifth 

single-bonded chlorine {Cl) protrudes from the crystal surface. The active center, 

which is a hexacoordinated transition metal with one vacant octahedral site, is 

created by replacing the single-bonded chlorine by alkylation with the alkylalu¬ 

minum [Eq. (12.65)]. Considerable experimental evidence supports such alkyla¬ 

tions of soluble titanium complexes"®" and of accessible titanium"®*-"®" on the sur¬ 

face of TiClj. 
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(12.65) 

In the propagation step the alkene monomer is complexed on the vacant site with 

the double bond parallel to an octahedral axis, and insertion takes place"®" [Eq. 

(12.66)]. The stereoregularity of propylene polymerization is strongly related to the 

geometry of the catalytic centers and the orientation of complexation."®"-"®" 
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R R 

CH2=CH2 
Cl—jTl—□ -►Cl—Ti-II - 
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-Cl—Ti—CH2 (12.66) 
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Strong support for the monometallic mechanism was furnished by crystal struc¬ 

ture studies^^ and labeling experiments.’'®’^''' It was observed, for instance, that ethyl¬ 

ated titanium reacting with '’C-labeled ethylene yielded polymers with unlabeled 

chain end.’'’’''' In another experiment TiCl^, when methylated with '’C-enriched 

methyl cocatalyst, reacted to yield polymers with labeled end group.”® 

Although bimetallic active centers with activator molecules complexed to the 

transition metal were suggested and observed,’®®’®*’'’ experimental evidence indi¬ 

cated the insertion of the monomer into the titanium-carbon bond even in these 

cases. 
The strongest evidence in favor of propagation at the transition-metal-alkyl 

bond is the existence of one-component, that is, metal-alkyl-free polymerization 

catalysts. Of these systems the Phillips catalyst was studied most thoroughly be¬ 

cause of its commercial importance. Originally it was believed that Cr(VI) ions sta¬ 

bilized in the form of surface chromate and perhaps dichromate, resulting from the 

interaction of CrO^ with surface hydroxyl groups above 400°C, are the active 

species in polymerization’*’’®’ [Eq. (12.67)]. Oxidation states from Cr(V) to Cr(n) 
were also suggested. 
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(12.67) 

The observation that a long initiation period exists in polymerization with CrO 

on SiO^ is thought to be due to the slow reduction of Cr(VI) by ethylene to Cr(II). 

Catalyst prereduction (CO, 300°C), or addition of reducing agents such as Zn or A1 

alkyls to form Cr(II) species, eliminates the induction time.’*’ Recent XPS (X-ray 

photoemission spectroscopic) data furnished direct evidence in support of divalent 

chromium with high coordinative unsaturation as the active species.’'*’'’ 

Subsequent studies on the valence state of the active site found a correlation be¬ 

tween the catalytic activity and the intensity of the ESR (electron spin resonance) 

signal suggesting Cr(III) as the active species.’'* Other observations indicated that 

both Cr(II) and Cr(III) may be active in polymerization with the maximum activi¬ 

ties strongly depending on reaction conditions.’'®”® It seems highly probable that 

several valence states of chromium may participate in ethylene polymerization.’*’ 

This phenomenon, the existence of different types of active centers, is quite general 

in heterogeneous catalysis and may be valid for all heterogeneous polymerization 
catalysts. 
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Supported organochromium complexes exhibit catalytic behavior very similar to 
that of the traditional Phillips catalyst, and both systems are very sensitive to minute 

experimental variables.Modification of the catalyst allows one to control molecu¬ 

lar-weight distribution and the structure of polyethtylene. These modifications in¬ 

clude pretreatment of the support at high temperature, the use of different supports, 

and mixed catalysts by depositing an organochromium compound on the calcined 
chromium oxide catalyst.^^' The latter catalyst yields branched polymers. 

A possible initiation on chromium catalysts can take place through the formation 

of a 7l-allyl and a hydride species^*’’^** [Eq. (12.68)]. Both species can lead to propa¬ 

gation. Many other plausible theories on propagation have been suggested.'^’^®^ 

(12.68) 

A number of processes are available for chain transfer in coordination polymer¬ 

ization.Chain transfer brings about the termination of the growing polymer 

chain, specifically, its separation from the transition metal, which makes the active 

site available for initiation of a new chain. Since chain transfer with modern, high- 

activity Ziegler-Natta catalysts occurs very rarely compared to chain growth, poly¬ 

mers with very long chains and of high molecular weight are produced. Since these 

are unsuitable for processing, effective molecular-weight control is necessary. 

Two transfer reactions are characteristic of certain heterogeneous Ziegler-Natta 

catalysts. Chain transfer to the monomer [Eq. (12.69)] involves a P-hydrogen trans¬ 

fer that yields a polymer with a methyl group at one end and a vinyl group at the 

other end. The observation that the monomer concentration has a significant effect 

on molecular weight is in accord with this mechanism. Chain transfer with hydrogen 

[Eq. (12.70)] leaves only methyl groups in the polymer chain ends. Addition of hy¬ 

drogen to terminate the chains is the most important and widely used industrial 

process to control molecular weight. 

M-CH2CH2-P +CH2=CH2-► M-CH2CH3 + P-CH=CH2 (12.69) 

M-CH2CH2-P + H2 -► M-H + P-CH2-CH3 (12.70) 

Chain transfer with organometallic compounds (cocatalysts), which is basically 

an alkyl exchange, can take place with titanium-based and chromium-based systems 

[Eq. (12.71)]. It yields a polymer with an organometallic chain end that, being unsta¬ 

ble, is hydrolized by moisture. 

M-CH2CH2-P +Et3AI -►M-CH2CH3 + P-CH2-CH2-AIEt2 (12.71) 

The basic chain transfer with chromium-based catalysts is a spontaneous p-hy- 

drogen transfer to the transition metal leading to a vinyl chain end [Eq. (12.72)]. 
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Since the significance of this transformation increases with increasing temperature, 

it provides an easy way of controlling molecular weight in polymerization with the 

Phillips catalyst. ^ 

M-CH2CH2-P -^ M-H + P-CH=CH2 (12.72) 

Stereoregular Polymerization of Propylene. In his pioneering work on 

polymerization of propylene catalyzed by two-component transition-metal and 

metal-alkyl catalyst combinations, Natta observed the formation of different types 

of polymer.“*’^“ On the basis of X-ray analysis he proved that the crystalline 

polypropylene contains successive head-to-tail monomers with identical 

configuration. This structure is called isotactic polymer. In the amorphous atactic 

polymer that could be extracted with boiling heptane, monomers with different 

configurations are randomly distributed along the chain. A third possible structure is 

the syndiotactic polymer with regular alternating configuration at adjacent 

asymmetric centers along the polymer chain. 

The structures of the two stereoregular polymers assuming an imaginary planar, 

fully extended backbone are given in Scheme 12.6. In this representation all methyl 

groups in the isotactic polymer lie on the same side of the backbone plane, while in 

the syndiotactic polymer they alternate. 

isotactic 
polymer 

syndiotactic 
polymer 

Scheme 12 

In reality isotactic polypropylene has a helical structure.^"''' The helixes easily ag¬ 

gregate to form crystalline structures that ensure relatively high melting point and 

outstanding mechanical properties. Atactic polypropylene is incapable of crystalliz¬ 

ing because of the statistically irregular sequence of sterical orientation of methyl 

groups connected to the chiral carbon atoms. On the basis of solubility differences in 

boiling heptane, Natta introduced an isotacticity index that refers to the percentage 
of insoluble, that is, isotactic polymer in the product.^“ 

Natta first used the in situ prepared Ziegler catalyst (TiCl^ + Et^Al), which pro¬ 

duced polymers with low stereoselectivity^^^ (isotacticity index = 30-40%). By as¬ 

suming that stereoselectivity is connected to the regular heterogeneous catalyst sur¬ 

face, Natta introduced violet TiCl^ and used preformed heterogeneous catalysts in 

H MeMe. H H MeMe H H Me 

K Me H Me H Me H Me H Me 
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further studies.“^’^^“ These complexes may act as stereoselective catalysts and poly¬ 
merize propylene to crystalline stereoregular polymers. 

IsospGCific PolymGrizstion. Important features of stereoregular isospecific 

polymerization of propylene and, in general, terminal alkenes are as 
folio 

1. Isotactic polymerization occurs with practically complete regioselectivity, 

that is, with a continuous head-to-tail addition, which is a prerequisite to stereo¬ 
regularity. 

2. It was demonstrated by spectroscopic studies (IR, NMR) that in isotactic poly¬ 

merization of propylene a so-called primary or type 1-2 insertion prevails resulting 

in a CHj unit as the end group of the growing chain”*'^^^ [Eq. (12.73)]. In certain cat¬ 

alyst systems it is suggested to be due to the high activation energy for further olefin 
insertion following an occasional 2-1 insertion.”" 

M-P + CHg^^CHCHg M-CHg^H-P 

CHg 

CH2=CHCH3 
-►M-CHoCH-CHpCH-/ 

I I 
CHg CHg 

(12.73) 

3. It was proved that in most cases all propagation and chain-transfer (chain-ter¬ 

mination) steps take place without isomerization of the chiral center.”^ 

4. Given the high regioselectivity, the type of addition in the insertion step must 

always be the same. It was found that in the polymerization of cis- and trans-[\-^Y{^- 

propene a j'y/r-type double bond opening takes place during insertion, eventually re¬ 

sulting in eryt/zro-diisotactic and t/zreo-diisotactic polymers, respectively:”' ”^ 

(12.74) 

(12.75) 

The formation of an isotactic polymer requires that insertion always occur at the 

same prochiral face of the propylene molecule. Theoretically, both a chiral catalytic 

site (enantiomorphic site control) and the newly formed asymmetric center of the 

last monomeric unit in the growing polymer chain (chain end control) may deter¬ 

mine stereoregulation in stereoselective polymerization. It is generally acknowl¬ 

edged that steric control is governed by the steric environment around the metal cen¬ 

ter. In other words, isotactic stereoregularity is due to the chiral catalytic site; in 

other words, enantiomorphic site control prevails. This conclusion is supported by 

numerous experimental observations. 
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1 By means of '^C NMR technique Zambelli et al. proved^''* that in polymeriza 

tion of propylene catalyzed by TiCI, + (»CH,),A1I the stereochemistry of the very 

first insertion is the same as that of subsequent units despite the lack of asymmetry 

in the original alkyl group of the activator. 

2. Occasional defects in the polymer chain remain isolated. When propylene re¬ 

acts from the opposite prochiral face bringing about a syndiotactic error (Scheme 

12.7, route a), the original chirality center preceding the error continues to be 

formed. The same is true for a secondary defect or type 2-1 insertion (Scheme 12.7, 

route b), which is a head-to-head addition and creates a CH^ CH^ sequence. If the 

chirality were controlled by the growing chain end, an error would be perpetuated, 

giving rise to a polymer block with altered chirality. Instead, isotacticity is main¬ 

tained in both cases. 

Scheme 12.7 

3. The polymerization is stereoselective even when the last unit in the growing 

chain is achiral. This is the case in isotactic copolymerization of ethylene and prop¬ 

ylene when steric order is not affected by ethylene units in the chain.^^”* It means 

that after the incorporation of an ehtylene monomer the addition of propylene is still 

isospecific. 

4. Studies on stereoselective polymerization of racemic olefins also support this 

view.”^ Polymerization of 3,7-dimethyl-l-octene (the chiral center is in a position to 

the double bond) took place with 90% stereoselectivity yielding an equimolar mix¬ 

ture of homopolymers of the two antipodes. No stereoselectivity was observed in the 

polymerization of 5-methyl-1-heptene (the chiral center is in y position to the double 

bond). The conclusion is that the ability of a catalytic center to distinguish between 

the two antipodes of a monomer required for stereoselective polymerization must 

arise from its intrinsic asymmetry. The first chiral polypropylene synthesized using 

a chiral zirconium complex with aluminoxane cocatalyst is the latest evidence to tes¬ 

tify the role of the catalyst center in isotactic polymerization.^^* 
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These observations clearly indicate that heterogeneous Ziegler-Natta catalysts 

must contain chiral active centers. It is conceivable to assume that the asymmetric 

ligand environment is responsible for the regio- and stereoselectivity of these sys¬ 

tems. Typical isospecific catalysts are the TiCl^-based systems, both the first-gener¬ 

ation heterogeneous Ziegler-Natta catalysts and the high-activity MgCl^-supported 

catalysts.”® It also follows that the key factor in stereoregulation is the favored dis¬ 

criminative complexation at one of the prochiral faces of the olefin followed by 

stereospecific insertion. Various models of catalytic centers and mechanisms have 

been proposed to interpret the origin of stereoregular polymerization.^’”^'^®'*”^”® 

The Cossee-Arlman mechanism discussed earlier for ethylene polymeriza- 
tion302.303 offers a conceivable explanation for stereoregulation.^^”^ According to this 

model, alkylated hexacoordinated titanium atoms with one vacant octahedral site 

characteristic of a-, y-, and b-TiCl^ serve as asymmetric catalytic sites (45). These 

atoms are in fixed positions in the crystal lattice, and they maintain their original 

chirality during propagation. Because of the nonequivalence of the crystallographic 

sites of coordination vacancy and the alkyl ligand, isotacticity requires the “back- 

jump” of the growing chain to its original position to restore the initial active center 

after each insertion”®^ 

R 

Cl—T1—CH2 

Cl 
Cl 

R 

9HCH 3 

CH2 

Cl 

(12.76) 

Sequences of sterically identical steps lead to isotacticity of the product. Active 

sites with two vacancies or with one vacancy and a loosely bound chlorine charac¬ 

teristic of p-TiClj with a chain-like structure are nonstereospecific and result in 

polymers with increased atacticity.^®’ 
Molecular mechanics studies on the basis of this model lent additional support 

for the asymmetric active center being responsible for stereoregulation.”® It was 

concluded that the main factor determining stereoselectivity is the steric repulsion 

arising between the catalyst surface and the first carbon-carbon bond in the growing 

chain, resulting in a fixed chiral orientation of this bond. In other words, stereoselec¬ 

tivity involves chiral orientation of the growing chain.”' 
The weak point of the Cossee-Arlman model is the back-jump of the polymer 

chain after each insertion step. Modifications to avoid this step have been suggested. 

Allegra assumes that titanium atoms at the side surfaces of TiClj crystals slightly 

protrude above the two neighboring layers.”' Since no unacceptable interatomic 

contacts with the neighboring layers exist in this case, the two vacancies (one origi¬ 

nally existing, the other formed after alkene insertion) are equivalent and alkene co¬ 

ordination can occur alternately. On the basis of steric repulsion arising in the com¬ 

plexation according to the Cossee-Arlman model with the double bond parallel to 

the titanium-polymer bond (46), Allegra considers an outward trans-Vike orientation 
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of the complexed alkene with the double bond perpendicular to the titanium-poly¬ 

mer bond (47). During insertion the propylene molecule rotates in order to bring the 

CH group closer to the CH^ group bonded to titanium. 

R 
I 

R 
I 

(j;HCH 

CH2 

Cl 

Cl 
Cl 

3 (j;HCH 3 

.xnCH3 CH2 

?l" 
Uci 

II 
CHg 

Cl 

46 47 

A further modification of the active center model was based on the consideration 

that the vacancy in the active center is strongly shielded by the polymer chain, main¬ 

ly by the CH^ and CH^ groups of the second monomer unit. As a result, the vacant 

site is blocked and inaccessible for olefin coordination. Kissin et al. suggest a poly¬ 

merization center with two vacancies: one shielded and the other open for complex- 

ation.^^'^"” After each insertion step the end of the growing polymer chain flips from 

side to side and the two vacant sites are alternately available for alkene coordination. 

In a more general picture put forward by Zambelli,^^’^’ isotactic propagation 

arises when bulky substituents of the transition metal (X and Y) in the four-center 

complex (48) hinder secondary insertion. If the bulk of the substituents is different 

(Y bulkier than X), it ensures a constant approach of the monomer from the same 

side of the active center in constant steric arrangement. Monomer insertion instead 

of ligand migration is supposed to occur. 

¥^,...chp 

C’ CH3 

■ H 

H 

Pino and Miilhaupt considered four diastereomeric K complexes formed as a re¬ 

sult of the four possible modes of complexation of propylene.^^’ They suggested that 

diastereomeric and rotameric equilibria between these 7t complexes and/or activa¬ 

tion energy for the insertion reaction control the large regioselectivity and enantio- 

face discrimination necessary for stereoregular polymerization. 

An interesting suggestion to the possibility of a carbene mechanism was also 

raised’"" but was disproved by NMR studies.’"* In the polymerization of propylene 

with TiClj 4- ('’CH3)jA1I only labeled methyls, but no methylenes were observed. The 

formation of the latter could be expected if the carbene mechanism were operative. 

Stimulated by their great industrial importance, high-activity MgCl^-supported ti¬ 

tanium catalysts have been studied extensivelyMgCl^ + TiCl^ treated with 
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alkylaluminum is a highly active catalyst system with poor stereoselectivity (isotac- 

ticity index 50-70%). When treated with suitable electron-donor molecules (prefer¬ 

ably with aromatic esters) called selectivity control agents, highly selective catalysts 

are formed. On the basis of structural similarities between MgCl^ and 6-TiCl, and 

the similar nonselectivity exhibited by P-TiCljand the nontreated MgCl^ + TiCl sys¬ 

tems, two types of active centers were suggested^-”: one with two chlorine vacancies 

(nonstereoselective site), and the other with one vacancy and one loosely bound 

chlorine (low isospecificity site). Donor molecules (;£)) transform the nonstereose¬ 

lective sites into highly isospecific centers [Eq. (12.77)], while the low isospecificity 
site is poisoned. 

P 
I 

I 
Cl—T1— 

c/l 
.Cl 

,Mg 

P 
I 

CHo 
I ,sVO 

Cl—T1—^ 

c/I 
.Cl 

.Mg 

(12.77) 

Soluble Ziegler-Natta catalysts can exhibit unique stereochemical properties. 

Group IV metallocenes in combination with methylaluminoxanes produce isotactic 

polypropylene with two different isotactic microstructures. The usual enantiomor- 

phic site control is characteristic of enantiomeric racemic titano- and zirconocene 

complexes (e.g., ethylene-bridged indenyl derivatives^’*’^'**). In contrast, achiral ti- 

tanocenes (e.g., [Cp^TiPhJ) yield isotactic polypropylene with microstructure 49, 
which is consistent with a chain end control mechanism.”*’*''*'”° It has recently been 

found that isotactic polypropylene produced by unbridged biscyclopentadienyl zir¬ 

conium catalysts is formed through a mixed chain end control and enantiomorphic 

control.*^' Molecular mechanics calculations led to the development of a model that 

takes into account nonbonded interactions to rationalize observed selectivities and 

predict properties of new catalyst systems.*” 

49 

Syndiospecific Polymerization. Syndiotactic polymers have no practical import¬ 

ance, and syndiotactic polymerization is of interest only academically. Syndiotactic 

polypropylene was first isolated by Natta and coworkers using titanium-based 

catalysts.*” Since then vanadium-based homogeneous systems proved to be 

excellent catalysts for syndiotactic polymerization.*™**'*-*” A high A1: V ratio (2-10) 

or a Lewis base (e.g., anisole), and low temperature (-78°C) are necessary to achieve 

high syndioselectivity.**'*-*” In the active species trivalent vanadium complexed with 

the olefin is suggested to be pentacoordinated with one coordinative vacancy and 
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becomes tetracoordinated after insertion.^” The highly active and versatile 

metallocene-aluminoxane catalyst systems developed by Ewen and Kaminsky are 

also capable of producing syndiotactic, polypropylene.^™’^*”’^®® 

Characteristic features of syndiotactic polymerization are as follows 

1. The addition of the monomer^*' is syn, but in contrast to isotactic polymeriza¬ 

tion, secondary or type 2-1 insertion is characteristic of syndiotactic polymeriza¬ 

tion^””* [Eq. (12.78)]. The different mode of insertion is attributed to the different 

polarities of the Ti—C and V—C bonds. The regioselectivity of the syndiotactic cat¬ 

alysts, however, is much lower than that of isospecific catalysts; inversion, namely, 

head-to-head and tail-to-tail additions (type 1-2 addition), are more frequent.”* 

M-P + CH2= 

CHg 

2. The structure of ethylene-propylene copolymers shows that in the case of syn- 

diospecific polymerization the steric control is due to the chirality of the asymmetric 

carbon of the last unit of the growing chain end.”® 

Considering Zambelli’s model,”®’^® syndiotactic propagation is ensured by the 

higher stability of the intermediate four-center complex 50, in which the methyl 

group of the chain end and the methyl group of the complexed monomer are in trans 

position, compared to 51 with cis methyl groups. 
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Soluble catalysts again may exhibit unique selectivities. Hafnium and zirconium 

fluorenyl metallocenes with methylaluminoxanes give syndiotactic polymers in 

high yields. The microstructure of the products indicates site stereochemical con¬ 

trol with chain migratory insertion resulting in site isomerization with each 
monomer addition. 

StBrBorsgular Polymerization of Dienes. Coordination polymerization 

exhibiting a high degree of chemo- and stereoselectivity is the method of choice to 

synthesize ci5'-l,4-polybutadiene, the commercially most important product'*^'*®*® 

(see Section 12.2.6). The classic Ziegler catalyst (TiCl^ + Et^Al) gives polymers with 

high proportion of trans content.***’*®”^ Depending on the Ti : A1 ratio and the 

polymerization temperature, polymers with trans content up to 98% can be 

prepared.^®^ Pure 1,4-poly butadiene has little application because of its 
crystallinity and high melting point. 
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The presence of iodine in Ti-Al catalyst combinations is essential to get cw-1,4- 

poly butadiene. Til^ -t- isoBUjAl, for instance, converts 1,3-butadiene to polymers 

with 92-94% cis content.^®^^®® Ternary systems, such as the commercially used TiCl^ 

-I-+ isoBUjAl combination, have similar characteristics. They contain an insoluble 

and a soluble component both essential to activity and selectivity.^®’ Both catalytic 

activity and cis selectivity increase with increasing A1 : Ti ratio reaching maximum 

values at about 3-5 depending on the particular alkylaluminum.^®’’^®® Both cis selec¬ 

tivity and molecular weight are affected by catalyst concentration. 

Cobalt compounds,^®*-^” particularly salts of organic acids, such as cobalt(II) oc- 

tanoate^®*-^™ with aluminum alkyls, are also suitable catalysts in hydrocarbon sol¬ 

vents. An A1 : Co ratio higher than 1 and water^®’-”' are essential to get high catalyt¬ 
ic activity and high cis selectivity.'”’^®’ 

Polybutadiene with a high cis content can also be synthesized by nickel-based 

catalysts.'” '®®’^®’ Of the many different catalysts, fluorine-containing three-compo¬ 

nent systems'”'”’ ’’® such as nickel naphthenate -i- Et^Al -i- Et^O-BF^ are the most 

widely used commercially, while 7C-allylnickel complexes”’” are versatile catalysts 
to give polybutadienes of different steric structures. 

The same catalysts employed in the polymerization of 1,3-butadiene can be used 

to obtain polyisoprenes, except they exhibit lower activity.'”'*®’®’ Neglecting the 

structures arising from the three different monomer enchainments, eight possible 

polyisoprenes can exist. Of these polymers only the highly stereoregular crystalline 

c/Y-l,4-polyisoprene, corresponding to natural rubber and tranj’-l,4-polyisoprene, as 

well as the amorphous atactic 3,4-polyisoprene, were synthesized. 

The mechanism of coordination polymerization of 1,3-butadiene, and in general, 

that of conjugated dienes follows the same pathway discussed for alkene polymer¬ 

ization. That is, monomer insertion into the transition-metal-carbon bond of the 

growing polymer chain occurs. One important difference, however, was recognized 

very early:”’””* In the polymerization of dienes the growing chain end is Jt-allyl 

complexed to the transition metal [Eq. (12.79)]. Insertion involves a transitory a- 

allyl-bonded chain and ^-coordinated monomer eventually leading to the reforma¬ 

tion of the 7t-allyl chain complex.’”"’*' 

H 
r. 

P-CH2-HC CH2 

M 
CH2=CHCH=CH2 

H 

P-CH2-HC''^ /CH2 “-CH2 (12.79) P-CH2CH=CHCH 2-CH2-HC i 
M 

CHCH 

Stereoselectivity, or, the formation of a cis-1,4 or trans-lA unit, is connected to 

the structure of the chain end 7t-allyl complex (Scheme 12.8). The j-yn-allyl (52) and 
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the anti-SL\\y\ (53) forms, which are in equilibrium,^*' give rise to the formation of the 

trans-\A or cis-\,A groups, respectively.'®''™ 

H 

p-CH2-C^i''^CH2 
■ \ H 

tt-C^ I ' CH2 

H M 52 p 

CH2=CHCH = CH2 

I j 
-CH^ 53 

H 

P-CH2-C^^/CH2 

i f 54 

CH2=CH 

,CH=CH2 

H 
-.C' 

H-C^ y:JH2 

P-CH2 /L 
^2*^ '^CH2 

^CHCH 

H 

i 
H 

P-CH2-C^ ^CH2-CH2HC^T"'CH2 ^CH2-CH2HC- T -CH2 

I 
P-CH2 

i 

Scheme 12.8 

Although not all the governing factors are well understood, it is generally agreed 

that the mode of coordination of the monomer is the decisive factor in determining 

the structure of the butenyl group. The coordination is affected by solvents, cocata¬ 

lysts as ligands, and reaction conditions. A strongly coordinating ligand, for in¬ 

stance, can result in the formation of the monocoordinated complex 54 leading to a 

transAA unit. The hypothesis of back-biting coordination was advanced by 

Furukawa to interpret cis selective polymerization.'*' 

The chemoselectivity, specifically, 1,2- versus 1,4-insertion depends on the at¬ 

tachment of the new monomer to the C(l) or C(3) reaction centers during insertion'*^ 
(Scheme 12.9). 

H 

p-CHo-HC' y- CHj 

M 

1,2 1.4 

H 

P-CH2-CH^ ^CH2 
M 

H 
.C, 

p-ch2-hc^ 

CH2=CHCH=CH2 

CH-CH2 g l-l 

p-CH2-CH-CH2-HC^i^CH2 p-CH2CH=CHCH 2-CH2-HCi^r"'>CH2 

lUl ' 
Scheme 12.9 
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Both catalytic activity and polymer structure strongly depend on the metal in¬ 

volved and on the ligands. Ti, Co, and Ni derivatives catalyze the formation of 1,4- 

polybutadienes, while 1,2-polymer is usually obtained by other metals (V, Cr, Mo) 

in halide-free systems."*^''® Nickel complexes of the type (allyl)NiX are excellent ex¬ 

amples to demonstrate the role of ligands. High-trans polymer is formed with the io¬ 

dide derivative,^*’’^*® while the chloride^*®’^*® and trifluoroacetate^*® give high-cw prod¬ 

ucts. Addition of electron donors [e.g., P(OPh)J to the latter catalyst shifts the 

selectivity to the formation of tranj'-l,4-polybutadiene.Equibinary polymers con¬ 

sisting of cis and trans units in approximately 1 : 1 ratio are obtained in benzene or 
with added CF^COOH.^*’ 

12.2.5. Conducting Polymers 

Polyacetylene and polyO-phenylene) are two polymeric hydrocarbons with a unique 
property: Both are conducting polymers on doping. 

Polyacetylene, a crystalline polymer, has a conjugated 7i-system with four differ¬ 

ent structures (55-58).^*^''” cw-Polyacetylene is an electrical insulator, while trans- 

polyacetylene is a semiconductor. When cw-polyacetylene, however, is treated with 

strong oxidizing or reducing agents called dopants, an increase over 10 orders of 

magnitude in conductivity takes place.^'^^” Radical ions and double-charged species 
are formed and serve as charge carriers. 

c/s-cisoid c/s-transoid trans-cisoid trans -transoid 

55 56 57 58 

Numerous catalysts are active in the polymerization of acetylene and susbtituted 

acetylenes.Natta et al. were the first to prepare poly acetylene as a black 

powder using the Ti(0«-Bu)^ + Et^Al catalyst system.^^^ Later Shirakawa et al. 

found'^ that high-quality free-standing films could be produced at high catalyst con¬ 

centrations (Al : Ti ratios of about 3^) at the gas-liquid interface. Under these con¬ 

ditions polymerization and simultaneous formation of a characteristic crystalline, 

fibrillar structure take place. Reaction temperature strongly affects the structure of 

the polymer. The cis isomer is formed at low temperature (-78°C, 98.1% cis con¬ 

tent), while the trans isomer is the product of high-temperature polymerization 

(150°C, 100% trans content).'^ Later Naarmann'“'‘“^ and others''”'^ found that age¬ 

ing of the catalyst at high temperature (up to 150°C) results in the formation of a 

highly strechable, highly conducting polymer. A polymer with roughly equal 

amounts of the cis and trans forms synthesized in this way at room temperature was 

reported to exhibit conductivity similar to that of copper.'”® Because of the low ion¬ 

ization potential and low activation energy, heating or high-level doping of the cis 

polymer can readily lead to isomerization to the trans polymer. Polyacetylene is 

sensitive to moisture and oxidation, and its synthesis requires extremely high-purity 

criteria.®*’'®’® 
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Besides the Ti(On-Bu)^ + Et3Al catalyst, which is exclusively used for the poly¬ 

merization of acetylene, many other catalyst systems were employed m polyacety¬ 

lene synthesis.^*'' In most cases side reactions, primarily cyclotrimerization to ben¬ 

zene, interfere in polymerization. Nickel halides with metal hydrides (NaBH^, 
KBH or with tertiary phosphines'*®’ are the best of these catalysts. Ring-opening 

metathesis polymerization of cyclooctatetraene and substituted derivatives^*^'® is an 

effective indirect way to produce polyacetylenes (see Section 11.2). 
Experimental observations with the Ti(On-Bu)^ + Et^Al catalyst support the in¬ 

sertion mechanism versus metathesis polymerization."" Propagation occurs via the 

cis opening of the triple bond of the coordinated monomer, leading to addition to the 

Xi_c bond between the growing polymer chain and the catalyst center [Eq. 

(12.80)]. The process results in a cw-transoid structure. The formation of trans- 

polyacctylenc is suggested to take place through isomerization of the new segment 

formed by cis insertion before it can crystallize."" 
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Many monosubstituted and a few disubstituted acetylenes were also polymer- 

ized.*****""”""" Ziegler-Natta catalysts usually transform monosubstituted acetylenes 

into benzene derivatives via trimerization or to low-molecular-weight oligomers. 

Certain catalyst systems may yield polymers if the alkyl substituent is small and 

noncrowded."'" In contrast, terminal alkynes with bulky alkyl or aryl substituents can 

be polymerized with Mo- and W-based systems,"'* such as carbene"'* and carbyne 

derivatives."'* MoCl^ and WCl^ alone"'’"'* or with organometallic cocatalysts"'" as 

well as iron complexes"’®"*' are also effective. 
Ziegler-Natta catalysts are not active at all in polymerization of disubstituted 

acetylenes."'" Mo- and W-based systems (for alkynes with small substituents) and 

Nb- and Ta-based catalysts (for alkynes with bulky groups), in turn, are very effec¬ 

tive catalysts to convert disubstituted acetylenes into polymers with very high mole¬ 

cular weight."'*"'" A polymerization mechanism similar to that of metathesis poly¬ 

merization of cycloalkenes are supported by most experimental observations."'*"”"’* 

Anionic polymerization of phenylacetylene to a fran^-cisoid polymer in the pres¬ 

ence of crown ether phase-transfer catalysts initiated by sodium amide has recently 

been reported."’"'* In contrast, the zwitterionic rhodium complex Rh"(COD)BPh^ 

yields a cw-transoid product in the presence of Et^SiH."’"'* 

Unlike polyacetylene, substituted polyacetylenes are amorphous, electrically in¬ 

sulator, soluble polymers."'’ They are highly stable and not sensitive to oxidation. 

Since the substituents exert a strong steric effect, the polyene backbone is not copla- 

nar, and as a result, only limited conjugation is possible. 

Direct polymerization of benzene through oxidative coupling yields poly(p- 
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phenylene) (PPP), an insoluble polymer of low molecular weight.'*^^^’ Kovacic’s 

original synthesis'*^* using a Lewis acid-oxidant combination [Eq. (12.81)] is the 

most widely employed and still the most effective procedure for the synthesis of 
PPP. 

AICI3, CuClg 

HgO, 35-37°C, 0.5 h \ /) vrv/ 
n 

PPP 60% yield 

(12.81) 

Two principal pathways have been suggested to interprete formation of PPP: the 

radical cation route and the a-complex route with intermediates 59 and 60, respec¬ 
tively 

According to a recent view, association of benzene molecules generates 61 re¬ 

sembling a stepladder structure if viewed from the side'*^*'^^^ [Eq. (12.82)]. With in¬ 

creasing chain length the structure becomes too delocalized, leading to diminution 

of reactivity of the chain end groups. This results in covalent bond formation be¬ 

tween the associated benzene molecules. Aromatization of the two end rings via a 

second one-electron oxidation and loss of a proton and a hydrogen atom gives 62. A 

final oxidative rearomatization of the cyclohexadiene units leads to PPP. 

n -H+,-H r\ 
62 

Polymerization of toluene under analogous conditions yields polymer with a 

poly(o-phenylene) backbone,'*^^ while the polymer with meta linkages is synthesized 

from m-terphenyl.'*^ 
Besides the numerous other reagents employed, electrochemical methods may 

also be used in the synthesis of PPP.'*'’ Free-standing flexible films with structure 

similar to PPP produced chemically can be prepared in electrochemical oxidation of 

benzene'*'^ in the presence of Et20-BF3, or in nitrobenzene'*'® containing the compos¬ 

ite electrolyte CuCl^ and LiAsE^. Polymerization of naphthalene"*'’ with the latter 

system was also successful to produce a conductive polymer on doping with I^. 
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12.2.6. Practical Applications 

Ethylene Polymers. Depending on the ^jolymerization conditions, three major 

types of polyethylene are manufactured: low-density polyethylene (LDPE) by free- 

radical polymerization, linear low-density polyethylene (LLDPE) by copoly¬ 

merization of ehtylene with terminal olefins, and high-density polyethylene (HDPE) 

by coordination polymerization. The processes yield polymers with different 

characteristics (molecular weight, molecular-weight distribution, melt index, 

strength, crystallinity, density, processability). 

Polyethylene produced by oxygen- or peroxide-initiated polymerization at high 

pressure has a density of about 0.91-0.935 g/cm^ and is called low-density polyeth¬ 

ylene (LDPE).“^“^ The reason for this low density is that chain branching affects 

the crystallization of polyethylene: increasing short-chain branching (caused by in¬ 

tramolecular chain transfer) brings about lowep melting point and crystallinity, and 

decreasing density. LDPE has a crystallinity of about 40-50% and typically con¬ 

tains 15-30 C^-Cg alkyl side chains (mostly butyl groups) per 1000 carbon atoms. It 

also contains long branches formed through (less frequent) intermolecular chain 

transfer, but these long side chains are more flexible. Typical LDPE has a molecu¬ 

lar weight of about 100,000-150,000. The stucture of LDPE is analogous to that of 

linear low-density polyethylene (LLPDE), which is a copolymer of ethylene with 
a-olefins. 

A number of processes have been developed to obtain products of different phys¬ 

ical properties. The nature of the product is affected by the addition of diluents or 

other additives before the polymerization is carried out. Autoclaves or stirred-tank 

reactors, and tubular reactors, or their combinations have been developed for the in¬ 

dustrial production of high-pressure polyethylene.^^''^* Pressures up to 3500 atm and 
temperatures near 300°C are typically applied. 

Linear low density polyethylene''^*^ is a copolymer of ethylene and a terminal 

alkene with improved physical properties as compared to LDPE. The practically 

most important copolymer is made with propylene, but 1-butene, 4-methyl-1-pen- 

tene, 1-hexene, and 1-octene are also employed.*^* LLDPE is characterized by linear 

chains without long-chain branches. Short-chain branches result from the terminal 

alkene comonomer. Copolymer content and distribution as well as branch length in¬ 

troduced permit one to control the properties of the copolymer formed. 

Improvement of certain physical properties (toughness, tensile strength, melt index, 

elongation characteristics) directly connected to the type of terminal alkene used can 
be achieved with copolymerization.''''® 

In principle, all Ziegler-Natta catalysts and Phillips supported Cr03 catalyst dis¬ 

cussed before are suitable for copolymerization. However, since the reactivity of ter¬ 

minal alkenes is much less than that of ethylene, suitable catalysts are required to 

produce copolymers with optimum elastomeric properties (i.e., without crystallinity 

and the presence of homopolymers). The best catalysts are vanadium compounds 

[VOCI3, ^^^2’ V(acac)3] soluble in hydrocarbons with R^AICI cocatalystsA low- 

pressure, gas-phase fluidized-bed process (e.g., UNIPOL^' and BP Chimie proc¬ 

esses*"*) or solution polymerization is employed industrially.^*®*** The latest version 
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of the catalyst applied in Union Carbide’s UNIPOL process is Cr03 on silica con¬ 

taining titanium and a fluorine compound.'^^ The role of fluorine is to improve 

comonomer incorporation and achieve narrower molecular-weight distribution by 

reducing the low-molecular-weight polymer. A slurry process with Montedison’s 

“particle-forming catalyst” produces highly uniform spherical particles (average 
size 1200 flm) that require no pelletizing.'*^ 

Incorporation of a small amount of propylene in ethylene polymerization lowers 

crystallinity, density, and melting point of the product. The copolymer thus formed 

has a narrower molecular-weight distribution and exhibits better optical properties. 

With larger amount of propylene a random copolymer known as ethylene-propy¬ 

lene-monomer (EPM) copolymer is formed, which is a useful elastomer with easy 

processability and improved optical properties.^’'*^’ Copolymerization of ethylene 

and propylene with a nonconjugated diene [ethylene-propylene-diene-monomer 

(EPDM) copolymer] introduces unsaturation into the polymer structure, allowing 

the further improvement of physical properties by crosslinking (sulfur vulcaniza¬ 

tion) Only three dienes are employed commercially in EPDM manufacture: di- 

cyclopentadiene, 1,4-hexadiene, and the most extensively used 5-ethylidene-2-nor- 

bornene. 

Compared to LDPE prepared by radical polymerization, HDPE (with densities 

higher than 0.940 g/cm^) contains mainly methyl branches, and the branching is 

much less frequent (0.5-3 per 1000 carbon atoms). As a result, HDPE is character¬ 

ized by higher crystallinity, higher density, and higher melting point. High-density 

polyethylene can also be produced by free-radical polymerization by changing 

process conditions.Lower polymerization temperatures and very high pressures 

(up to 7500 atm) decrease the frequency of short-chain branching, resulting in al¬ 

most linear polyethylene with higher density (0.955 g/cm^) and with less than 0.8 

alkyl group per 1000 carbon atorns.'*^® The process, however, is not commercially vi¬ 

able because of the extremely high pressure necessary. 

Most of the worldwide production of polyethylene (and polypropylene) is based 

on low- and medium-pressure catalytic processes. Polymerization is carried out in 

the liquid or the gas The catalysts used are unsupported Ziegler 

catalysts (usually TiCl^ with organomagnesium or organoaluminum compounds and 

additives), supported Ziegler catalysts (on MgCl^ support, e.g., Solvay’s supported 

catalysO, supported chromium oxide (Phillips) catalysts, and supported organo- 

transition-metal catalysts. 
The slurry process or the solution process is applied in the liquid phase. In slur¬ 

ry processes (e.g., the Hoechst process,'*” which was the first to produce HDPE, 

and the Montedison process'*”) polymerization is carried out below the melting 

point of the polymer in a hydrocarbon solvent (isobutane, isopentane, «-hexane) in 

which the product polyethylene is insoluble and obtained as fine free particles. 

Usually 70-90°C temperature and 7-30 atm pressure are applied and yields be¬ 

tween 95-98% are achieved. Slurry processes tend to give polyethylene with very 

high molecular weight unless chain-transfer agents are used. With Ziegler cata¬ 

lysts hydrogen is commonly used. Solvent operation (e.g., the Stamicarbon 

process'*””"), in turn, carried out usually above the melting point of the polymer in 
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cyclohexane, allows better molecular-weight control and higher rate (shorter resi¬ 

dence time) because of the homogeneous nature and the higher temperature 

(140-150°C). Compared to slurry processes, however, solvent removal (distilla¬ 

tion) is more complicated. 
Gas-phase processes commercialized in the late 1960s offer much simpler opera¬ 

tion. Since they eliminate solvent, solvent separation, recovery, and purification are 

unnecessary. Polymerization is earned out in stirred-vessel reactors or in fluidized 

beds. A very successful fluidized-bed process is Union Carbide’s UNIPOL technolo¬ 

gy'*^^ designed originally for producing HDPE and extended later to LLDPE. Ethylene 

is polymerized by injecting the fine catalyst powder (organotitanium or organochromi- 

um compounds) into a fluidized bed of polyethylene maintained by circulating ethyl¬ 

ene, which also serves to remove the heat generated (75-100‘’C, 20-25 atm). 
A new generation of catalysts, metallocene complexes^*’ (with aluminoxane or 

noncoordinating anion activators), are gaining industrial importance. Because of 

their single-site character, polyethylene (and polypropylene) with narrow molecular- 

weight and controlled molecular-weight distribution can be produced. Supported 

catalysts with controlled morphology (narrower particle size distribution) are the lat¬ 

est development.'*^*' 

Polypropylene. Only coordination catalysts are capable of producing crystalline, 

isotactic polypropylene.^'”'''’'***^' The majority of the catalysts used in industrial 

practice are still based on TiClj with alkylaluminum or magnesium compounds. A 

high-activity unsupported catalyst known as Solvay catalyst is prepared by reducing 

TiCl^ with Et^AlCl to produce P-TiCl^ followed by dissolving the complex 

STiCl^.AlClj with diisoamylether.'“ Further treatment with a solution of TiCl^ in 

hexane results in TiCl^ deposition and formation of 5-TiClj. Supported Ziegler-Natta 

catalysts are produced by ball milling TiCl^ and MgCl^ in the presence of Lewis 

bases (e.g., the Montedison catalyst) or reacting TiCl^, a Grignard reagent and an 

electron donor compound. 
Slurry, solvent, gas-phase, and bulk processes are used."'’''**®'**' The slurry process, 

used most widely, is carried out in a hydrocarbon solvent below 90°C under pressure 

to maintain propylene in the liquid phase. In the bulk process liquefied propylene is 

the reaction medium, allowing the formation of a slurry since polypropylene is in¬ 

soluble in liquid propylene. Bulk processes developed by Sumimoto'**^ and jointly by 

Mitsui and Montedison'**’'*** employing the high activity MgCl^-supported catalyst 

systems with internal modifiers (aromatic esters)'**' are highly efficient technologies. 

Removal of catalyst residues and extraction of atactic polypropylene are seldom 

necessary, which makes the operation simpler and reduces operating costs signifi¬ 

cantly.'**' With these catalysts and simplified technologies, polypropylene with iso- 

tacticity index of 94-99% can be manufactured.'*’*’ The final product contains less 

than 10 ppm (parts per million) Ti and less than 30 ppm chlorine impurities. 

Polybutylenes. Polyisobutylene is the only hydrocarbon polymer of commercial 

importance that is manufactured by cationic polymerization. Commercial 

polyisobutylenes with broad molecular weights'®''*’*'***^''’ can be produced with the 
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initiators AlCl^ and BF^. Molecular weights can be readily regulated by controlling 

the temperature, the monomer, and catalyst concentrations, and by using suitable 

transfer agents. The rate of transfer reactions decreases as the temperature is lowered 

and as a result, high-molecular-weight polymers are formed. Side reactions (hydride 

transfer, isomerization) are virtually absent during polymerization. The overall 

structure of the polymer chain is uniformly linear with head-to-tail enchainment of 
monomers. 

Low- to medium-molecular-weight polyisobutylenes are produced at -10 to 

-40°C. In the Exxon process 30% isobutylene in hexane is polymerized in the pres¬ 

ence of powdered AlCl^ in hexane. Since the polymerization process is exothermic, 

effective refrigeration is achieved by vaporizing ethane in external heat exchangers. 

In the BASF process the catalyst is BF^ in methanol and the diluent is isobutane, 

which controls the temperature through evaporation (-10°C). The products are lubri¬ 

cating oils with outstanding viscosity-temperature characterisitcs. 

In contrast, high-molecular-weight (up to 500,000) elastomeric materials are 

formed by lowering the polymerization temperature. Two important continuous 

slurry processes are used: the Exxon (Vistanex) process with AICI3 catalyst and the 

BASF process (Oppanol), which polymerizes isobutylene dissolved in ethylene (in a 

ratio of about 1 : 2) in the presence of BF^. Ethylene serves as the internal cooler. 

Solution polymerization of refinery streams in the presence of AlCl^ or BF^ 

catalyst yields liquid polymers called polybutenes. Because of the large difference in 

stability of tertiary and secondary carbocations involved, isobutylene cannot be ef¬ 

fectively copolymerized with butenes. As a result, the majority of the product 

formed is polyisobutylene. 

Butyl rubber is one product formed when isobutylene is copolymerized with a 

few percents of isoprene. In the Exxon process an isobutylene-methyl chloride mix¬ 

ture containing a small amount of isoprene is mixed at -100°C with a solution of 

AICI3 in methyl chloride. An almost instantaneous reaction yields the product, 

which is insoluble in methyl chloride and forms a fine slurry. Molecular weight can 

be controlled by adding diisobutylene as a chain-transfer agent. Increased catalyst 

concentration and temperature also result in lowering molecular weight. The product 

can be vulcanized and is superior to natural rubber. A solution process carried out in 

hydrocarbons was developed in the former Soviet Union.'^'''*™ 
Huels and Mobil developed technologies'"' to manufacture isotactic poly(l- 

butene), a less important and more expensive polymer, by Ziegler-Natta catalysts. 

The Mobil process"^ is carried out in excess 1-butene and produces highly isotactic 

polymer. The Huels technology'*^^ is a slurry operation and requires removal of the 

atactic isomer. 

Styrene Polymers. Styrene polymers of practical significance include 

polystyrene produced by free-radical polymerization and numerous copolymers.''^^''“ 

The most important hydrocarbon copolymers are styrene-butadiene rubbers (SBRs) 

produced by free-radical emulsion or anionic polymerization. Anionic 

polymerization allows the manufacture of styrene-butadiene and styrene-isoprene 

three-block copolymers. 
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At present all commercial polystyrene (with average molecular weights between 

100,000 and 400,000) is manufactured by radical polymerization, which yields atac¬ 

tic polymersPeroxides and azo compoutjds are commonly used initiators. The 

suspension process (usually as a batch process in water at 8O-140°C) produces a 

product with relatively high residual monomer content.^^ More important is the con¬ 

tinuous solution process (usually in ethylbenzene solvent at 90-180°C), which 

yields high-purity product. Styrene can be copolymerized with numerous other 

monomers.''” One of these copolymers, the styrene-divinylbenzene copolymer pro¬ 

duced by free-radical polymerization, has a crosslinked stucture and is used in ion- 

exchange resins. 
Styrene-butadiene rubbers produced by free-radical-initiated emulsion polymer¬ 

ization''” played an important role in World War II to supply synthetic rubber for tire 

tread production. Known as Buna-S in Germany and GR-S in the United States it 

was manufactured in a water-monomer two-phase system that also contained an ini¬ 

tiator and an emulsifier at 50°C (hot polymerization).A molecular-weight mod¬ 

ifier was also used to avoid the formation of unprocessably high-molecular-weight 

polymer. Because of the relatively high temperature, crosslinking resulted in signifi¬ 

cant gel formation. Later the use of more active initiators operating at lower temper¬ 

atures allowed to perform polymerization at about S^C, thus significantly reducing 

crosslinking. Continuous operation was an additional important development.''” 

The nonterminating nature of living anionic polymerization allows the synthesis 

of block copolymers,''”'” which are useful thermoplastic elastomers. They have 

many properties of rubber (softness, flexibility, resilience) but in contrast to rubber, 

can be processed as thermoplastics.''*®'"" Block copolymers can be manufactured by 

polymerizing a mixture of two monomers or by using sequential polymerization. 

When a mixture of styrene and 1,3-butadiene (or isoprene) undergoes lithium-ini¬ 

tiated anionic polymerization in hydrocarbon solution, the diene polymerizes first. It 

is unexpected, since styrene, when polymerized alone, is more reactive than, for ex¬ 

ample, 1,3-butadiene. The explanation is based on the differences of the rates of the 

four possible propagation reactions; the rate of the reaction of the styryl chain end 

with butadiene (crossover rate) is much faster than the those of the other three reac¬ 

tions'*^'"'^ (styryl with styrene, butadienyl with butadiene or styrene). This means that 
the styryl chain end reacts preferentially with butadiene. 

In hydrocarbon solution butadiene polymerizes first, incorporating only a small 

amount of styrene, then the residual styrene homopolymerizes into the polybutadi- 

enyllithium. The resulting copolymer (termed solution styrene-butadiene rubber) 

contains long blocks of polybutadiene and polystyrene. The first such polymer con¬ 

taining 75% butadiene and 25% styrene was marketed by Phillips as Solprene 1205. 

With increasing relative concentration of styrene, or by the addition of polar sub¬ 

stances (ethers, tertiary amines), more styrene can be incorporated from the begin¬ 

ning of polymerization changing the block nature into a more random copolymer. 

Styrene-1,3-butadiene-styrene (SBS) or styrene-isoprene-styrene (SIS) triblock 
copolymers are manufactured by a three-stage sequential polymerization. One possi¬ 

ble way of the synthesis is to start with the polymerization of styrene. Since all poly¬ 

styrene chains have an active anionic chain end, adding butadiene to this reaction 
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mixture resumes polymerization, leading to the formation of a polybutadiene block. 

The third block is formed after the addition of styrene again. The polymer thus pro¬ 

duced contains glassy (or crystalline) polystyrene domains dispersed in a matrix of 
rubbery polybutadiene. 

Polydienes. The most important diene homopolymers are polybutadiene and 

polyisoprene produced by anionic or coordination polymerization.Highly 

purified starting materials free from acetylenes, oxygen, and sulfur compounds are 
required. 

The commerical polybutadiene (a highly 1,4 polymer with about equal amounts 

of cis and trans content) produced by anionic polymerization of 1,3-butadiene (lithi¬ 

um or organolithium initiation in a hydrocarbon solvent) offers some advantages 

compared to those manufactured by other polymerization methods (e.g., it is free 

from metal impurities). In addition, molecular-weight distributions and microstruc¬ 

ture can easily be modifed by applying appropriate experimental conditions. In con¬ 

trast with polyisoprene, where high cis content is necessary for suitable mechanical 

properties, these nonstereoselective but dominantly 1,4-polybutadienes are suitable 

for practical applications.'”'^® 

Predominantly cw-1,4-polybutadiene is produced by coordination polymerization 

with mixed catalysts.Three catalyst systems based on titanium, cobalt, or nick¬ 

el are used in industrial practice. Iodine is an inevitable component in titanium-alky- 

laluminum sytems to get high cis content. Numerous different technologies are 

used.'""*'""' A unique process was developed by Snamprogetti employing a (%- 

allyl)uranium halide catalyst with a Lewis acid cocatalyst.'*''®^''^ This catalyst system 

produces polybutadiene with 1,4-cis content up to 99%. 

cis-1,4-Polyisoprene corresponds to a natural rubber called synthetic natural rub¬ 

ber. Goodrich-Gulf company was the first to produce it in the United States.”*” It can 

be manufactured by lithium alkyls in hydrocarbon solvents'”"**'""' or by 

Ziegler-Natta catalysts. Three catalyst systems are employed in the commercial 

polymerization of isoprene. TiCl^ + R3AI and TiCl^ + AIH3 (alane) are coordination 

catalysts used in hydrocarbon solvents. Preformed TiCl^ + isoBu3Al catalysts are 

preferred, ensuring better product characteristics."” The alane catalyst system that 

does not contain a direct metal-carbon bond is often combined with trialkyl- 

amines."” Polyiiminoalanes (—[AIHNR] —) with TiCl^ are the best catalyst combi¬ 

nations."”"” Polymerization is carried out near room temperature at high monomer 

conversion to produce a polymer with higher than 95% of l,4-ci5' content."”*®® 
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INDEX 

Acetaldehyde: 

as cooxidant, 308,375 

formation of, 74, 301, 308, 334, 337 

as intermediate, in manufacture of acetic acid, 

366 

manufacture of, 205, 370 

Acetals, formation of, in alcoholysis of alkynes, 

202 
Acetic acid: 

formation of, in carbonylation, 277, 280, 281 

manufacture of, 282, 366 

Acetone: 

formation of, by vinyhc oxidation, 335, 337 

manufacture of, 370, 374 

Acetoxylation: 

of alkanes, 302, 303 

aUylic, 348, 349 

of aromatics, 357, 365 

of dienes, 338, 339, 371 

vinyhc, 338 

Acetylene: 

carbocupration of, 245 

carboxylation of, 278, 280 

cycloaddition of, with cyclopentadiene, 249 

cyclooligomerization of, 531 

haloboration of, 242 

hydroamination of, 228 

hydrogenation of, 454,455, 489 

hydrosilylation of, 238 

manufacture of, 79, 80 

in manufacture of: 

acetaldehyde, 205 

acrylic acid and acrylates, 282 

acrylonitrile, 217 

vinyl chloride, 216 

oxidation of, 351 

polymerization of, 567, 568 

Acetylene-aUene transformation, 120 

Acetylenes, see also Alkynes 

bromination of, 224 

carboalumination of, 244 

carboxylation of, 280 

cyclotrimerization of, mechanism, 531 

in Diels-Alder reaction, 248 

hydrogenation of, 455,489 

oxidation of, to carbonyl compounds, 351, 352 

polymerization of, 568 

Acrolein, manufacture of, 371 

Acrylates, manufacture of, from acetylene, 280, 

282 

Acrylic acid, manufacture of, 280, 282, 371 

Acrylonitrile, manufacture of, 217, 372 

Activator-alkyl mechanism, 554, 555 

Activity, see also Reactivity 

of Friedel-Crafts catalysts, 159, 160 

of Lewis acids, in cationic polymerization, 539 

of metals: 

in hydrogenation, 447 

in hydrogenolysis, 481,482 

in isomerization of alkenes, 127,449 

in methanation, 75 

Acyloxylation, 347,357 

Adamantane: 

alkylation of, with alkenes, 151, 152 

alkylation with, 172 

amination of, 433 

chlorination of, 426 

oxygenation of, 304, 306, 312 

phenylselenation of, 435 

polyhydroxylation of, 299 

tertiary hydroxylation of, 302 

Adamantane rearrangement, 106 

Adams platinum, as catalyst, in hydrogenation, 

447 

Addition, 199 

free-radical, 208,210, 213,221 

oxidative, 236, 270, 271 

Addition-eUmination mechanism, 127 

Adg2 mechanism: 

in additions to alkenes, 207,208,219 

595 
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Ad_2 mechanism (Continued) 

in alkylation of phenylacetylene, 156 

in bromination of phenylacetylenes, 224 

Adg3 mechanism, in hydrohalogenation of: 

alkenes, 207, 208 

alkynes, 212 

Adiponitrile, manufacture of, 216,217, 219 

Adsorbed species, see Surface species 

Ag(l), in carboxylation, 276, 277,281 

Ag on alumina, in manufacture of ethylene oxide, 

367 

AgSbFg, in halogenation of alkanes, 415,416 

AICI3-CH3OH, in alkylation, 145, 146, 159 

AICI3-H2O, in isomerization of dialkylbenzenes, 

112 

Alcohols: 

addition of, 200, 201, 202 

alkylation with, 172 

in carboxylation, 277,280, 281 

in Fischer-Tropsch synthesis, 71 

formation of: 

in Fischer-Tropsch synthesis, 66,68, 71,74 

in hydroformylation, 273 

in isosynthesis, 75 

in Kolbel-Engelhardt synthesis, 74 

in methanol synthesis, 81, 83 

in oxidation, 291, 346, 362, 366, 367 

as hydrogen donors, in transfer hydrogenation, 

454 

manufacture of, by hydration of alkenes, 202 

synthesis of, by the 0x0 reaction, 274,275 

sec-Alcohols, manufacture of, 367 

Aldehydes: 

as cooxidants, 308, 315, 316, 320, 323, 375 

formation of: 

in Fischer-Tropsch synthesis, 71 

in hydroformylation, 272, 274 

in oxidation, 301, 308, 334, 337, 343, 344, 

345, 362, 363 

Aldolization, in hydroformylation, 275 

Aldox process, for manufacture of 2- 

ethylhexanol, 275 

Alfin catalyst, for polymerization of dienes, 543 

Alfol process, for manufacture of a-olefins, 533 

Alkali alcoholates, in base-catalyzed 

oligomerization, 528 

Alkali metals: 

in alkylation, 178 

in anionic polymerization, 542 

in base-catalyzed oligomerization, 528 

in dissolving metal reductions, 472,473,474,475 

in hydroamination, 227,228 

Alkali metals on alumina, in double-bond 

migration, 118 

Alkali periodates, oxidative cleavage by, 345 

Alkali promoters, in methane coupling, 77 

Alkanes: 

Mn alkylation, 144, 150,169 

amination of, 433 

autoxidation of, 291 

bond cleavage of, oxidative, 308 

branched, 23, 35, 38, 48,75 

dehydrocyclization of, mechanisms, 51, 52 

dehydrogenation of, 42, 44 

formation of: 

in Fischer-Tropsch synthesis, 66 

in isosynthesis, 75 

in methanol conversion, 84 

halogenation of, 415,423, 430 

hydrogenolysis of, 481,487 

isomerization equilibria of, 103, 105 

isomerization of, 103,122,132 

nitration of, 416,428,432 

oxidation of, 291, 298, 303, 305, 366 

ozonation of, 299, 300, 301, 302 

self-alkylative condensation of, 153 

substitution of, 415,423 

sulfochlorination of, 428, 432 

sulfuration, 417 

n-Alkanes, in manufacture of jcc-alcohols, 367 

Alkar process, for manufacture of ethylbenzene, 

185 

Alkenes: 

as additives, in carboxylation, 281 

alkylation of, acid-catalyzed, 154,156 

alkylation of alkanes, with, 144 

allylic chlorination of, 427,432 

allylic oxidation of, 346, 371, 372 

aminomethylation of, 283 

ammoxidation of, 372, 374 

in aromatization, 52, 53 

autoxidation of, 324 

bis-hydroxylation of, 330 

branched, 35 

carboxylation of, 276,278 

chemical reduction of, 470 

dehydrocyclization of, 51, 52, 53 

in Diels-Alder reaction, 245,246, 247,248 

dimerization of, 525, 527, 528, 530, 532, 533 

mechanism, 529 

dissociatively adsorbed, in hydrogenation, 448 

epoxidation of, 313, 367, 369 

formation of: 

in cracking, 31, 32, 33, 34, 35, 53 

in dehydrogenation, 42,44,45 

in Fischer-Tropsch synthesis, 66,73, 74 

in Kolbel-Engelhardt synthesis, 74 

in methanol conversion, 84, 85, 86, 88, 89 
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in gasoline, 30 

halogenation of, 218 

halometalation of, 240 

homologation of, with methane, 181 

hydration of, 200, 202 

hydroalanation of, 234 

hydroamination of, 227 

hydroboration of, 230 

hydrocarboxymethylation of, 281 

hydrocyanation of, 215 

hydroformylation of, 269 

hydrogenation of, 447,460, 476 

mechanisms, 448,460 

stereochemistry, 450 

hydrohalogenation of, 205 

hydrosilylation of, 237 

hydrozirconation of, 239 

isomerization of, 115,118,125 

manufacture of, 45, 46, 47, 133 

in manufacture of octane enhancing 

oxygenates, 204, 205 

metathesis of, 503, 504, 505 

octane number of, 36 

oligomerization of, 524, 527, 528 

one-electron oxidation of, in initiation, 538 

oxidative cleavage of, 340 

oxymercuration of, 243 

polymerization of, 535, 541, 544, 550 

reaction of; 

with hypohalous acids, 212 

with singlet oxygen, 325 

solvomercuration of, 243 

vinylic oxidation of, 334, 338, 370, 371 

Alkenylarenes, see also Arylalkenes 

isomerization of, base-catalyzed, 119 

reaction of, with singlet oxygen, 329, 360 

vinylic oxidation of, 337 

Alkylacetylenes, bromination of, 224 

Alkylaluminum compounds, see Aluminum 

alkyls 

Alkylaromatics, see also Arylalkanes 

benzylic oxidation of, 362, 364 

side-chain alkylation of, 176 

side-chain nitration of, 428 

Alkylation, 12, 23 

of alkanes, with alkenes, 21,144 

of alkenes, 154, 156 

of alkynes, with organic halides, 156 

of aromatics, 21,157,176 

with alcohols, 172 

with alkanes, 169 

with alkenes, 166 

destructive, with branched alkanes, 169 

with dihaloalkanes, 165,166 

with organic halides, 161 

in side chain, 176,177,180, 181,182,185 

stereochemistry of, 164 

catalysts for, 144,159 

isoalkane-alkene, 182 

isomerization, during, 149,161,164,165,168 

through organometallics, 178 

superacidic, 150 

thermal, 145 

Alkylative cleavage, see Alkylolysis 

Alkylbenzenes: 

dealkylation of, 54,176 

electrophilic hydroxylation of, 356, 357 

halogenation of, 418 

hydrogenation of, 456, 457 

isomerization of, in alkylation, 164,165 

linear, manufacture of, 187, 188 

meta substitution of, in alkylation, 158 

nitration of, 419,420 

side-chain alkylation of, 176, 177 

sulfonation of, 422 

transalkylation of, 175 

Alkylbenzenesulfonic acids, manufacture of, 

423 

n-Alkyl chlorides, in manufacture of detergent 

alkylates, 188 

Alkylcyclohexanes: 

aromatization of, 32, 41, 49, 50 

isomerization of, acid-catalyzed, 104, 110 

Alky Icy clohexenes, isomerization of, 117 

Alky Icy clopentanes: 

aromatization of, 41 

isomerization of, to polymethylcyclohexanes, 

104 

Alkyl fluoride-SbFj complexes: 

in alkylolysis, 154 

in superacidic alkylation, 152 

Alkyl halides: 

activation of, in alkylations, 160 

alkylation with, 154,161 

as coinitiators, in cationic polymerization, 536 

as sacrificial reagents, in alkylation, 170 

superacidic alkylation with, 152 

Alkylidene complexes, in metathesis, 512 

Alkylidenecyclohexadienes, isomerization of, 177 

Alkylidene exchange, in metathesis, 507 

Alkyllithiums, as initiators, in polymerization, 

543 

Alkylnaphthalenes: 

dealkylation of, 54 

isomerization of, 114 

side-chain alkylation of, 177 

Alkylolysis, 152,154 

Alkylphenylacetylenes, oxymercuration of, 243 
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^ec-Alkyl sulfochlorides, manufacture of, 432 

Alkynes: 

alcoholysis of, 202 

alkylation of, 156, 181 

carboxylation of, 279 

chemical reduction of, 472 

to c«-alkene, 473 

to tra/ij-alkene, 472, 473 

in cycloaddition, 248 

haloboration of, 241 

halogenation of, 224 

hydration of, 201 

hydroalanation of, 235 

hydroamination of, 228 

hydroboration of, 234 

hydrocyanation of, 215 

hydroformylation of, 274 

hydrogenation of, 454, 466 

to c«-alkene, 455,466 

to trani-alkene, 467 

hydrohalogenation of, 211 

hydrosilylation of, 238 

hydrozirconation of, 240 

ionic hydrogenation of, to cis-aUcene, 479 

metathesis of, 504, 510 

oxidation of, 350 

oxymercuration of, 243 

ozonation of, 352 

propargylic rearrangement of, 121 

Allenes: 

halogenation of, 222,223 

hydration of, 201 

hydroamination of, 228 

hydrohalogenation of, 210 

propargylic rearrangement of, 121 

Allyl acetate, formation of, 349 

Allylbenzene, isomerization of, 129 

Allyl chloride, manufacture of, 432 

Allylic alcohols, 156, 201 

T|^-Allyl intermediate, in hydrocyanation, 215 

rt-Allyl intermediates: 

in acetoxylation, 339, 348 

in ammoxidation, 373 

in hydrogenation of alkenes, 449,451 

in hydrosilylation, 238 

in polymerization of 1,3-butadiene, 565 

Allylmetal intermediates, in heterosubstitution, 

435, 436 

(jt-Allyl)uranium halide, in manufacture of cis- 

1,4-polybutadiene, 575 

Alma (Alusuisse) process, for manufacture of 

maleic anhydride, 377 

Alphabutol process, for manufacture of 1-butene, 
532 

Alumina: 

chloride-treated, in isomerization of n-butane, 

132 

' -fluorinated, in oligomerization of isobutylene, 

526 

in isomerization of olefins, 115,116, 117 

as support, 367,462,469 

in surface-mediated additions, 209, 212, 224 

Aluminoxanes, as cocatalysts, in polymerization, 

553, 563, 564 

Aluminum alkyls: 

in dimerization of ethylene, 529, 530 

in polymerization, 550, 551, 552, 553, 564, 

565, 570 

Aluminum bromide: 

in alkylation, 145,159,163,168 

in aprotic superacids, 110,153 

in halometalation, 242 

as initiator, in cationic polymerization, 537 

in isomerization during alkylation, 168 

in isomerization of cycloheptane, 104 

Aluminum chloride: 

in alkylation, 145, 155, 158,159, 161, 162, 

164, 168, 169, 170, 172 

in carboxylation of saturated hydrocarbons, 

280 

in catalytic cracking, 29 

in coal liquefaction, 10 

in cycloaddition, 246 

in dealkylation, 176 

in halogenation of alkanes, 415,416 

in hydrosilylation, 238 

in isomerization of cycloheptane, 104 

in manufacture of: 

cumene, 186 

detergent alkylates, 188 

ethylbenzene, 185 

ethyl chloride, 215 

polybutylenes, 573 

in metathesis, 506 

in oligomerization of ethylene, 550, 551 

in positional isomerization, 112, 115 

promoted, 103,104, 107,110,112, 145,146, 

167,183,418 

in racemization, 110 

in side-chain isomerization of aromatics. 111 

in skeletal isomerization of alkanes, 103,104, 

105, no, 132 

in transfer hydrogenation, 454 

Aluminum halides: 

dimeric, self-ionization of, 537 

as Friedel-Crafts catalysts, 145,154,159 

in halometalation, 240 

in hydrosilylation, 239 
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Aluminum hydrides, in hydroalanation, 234 

Aluminum iodide, as Friedel-Crafts catalyst, 159 

Aluminum subhalides, addition of, to alkenes, 

242 

Alusuisse LAR process, for manufacture of 

phthalic anhydride, 379 

Amination, 432 

Amine A-oxides, in catalytic osmylation, 331 

Amines: 

in aminomethylation, 283 

in catalytic osmylation, 331, 332, 351 

as cocatalysts, in manufacture of ^ec-alcohols, 

367 

in hydroamination, 227, 228,229 

Anoinomethylation, 283 

Ammonia: 

in dissolving metal reductions, 472, 474,475 

in hydroamination, 227, 228 

Ammonium fluoride, in ionic hydrogenation, 478 

Ammoxidation, 372 

Amyl chloride, alkylation of benzene with, 158 

Anderson-Avery mechanism, 123 

Anthracene: 

oxidation of, to anthraquinone, 359, 364, 380 

partial hydrogenation of, 458,475, 480 

reaction of, with singlet oxygen, 360, 361 

Anthraquinone, manufacture of, 380 

Anti-Markovnikov product: 

in addition of hypohalous acids, 213 

in hydroboration, 229 

in hydrobromination, 208, 209 

in hydrocyanation, 215 

in hydroformylation, 272 

in hydrosilylation, 237, 238, 239 

Antimony pentafluoride: 

in alkylation, 150, 152 

in alkylolysis, 154 

in carboxylation of methane, 281 

in chlorination, 415 

in methane coupling, 18, 79 

Arco process, for manufacture of: 

cyclohexane from benzene, 491 

propylene by metathesis, 515 

Arene diols, formation of, 359 

Arene oxides, formation of, 359 

Areniumions, 113,160,162, 165,418 

Aromatics: 

alkylation of, 157, 161,169, 172 

benzylic oxidation of, 362, 374, 375, 378 

chemical reduction of, 473 

in crude oil, 48 

electrophilic substitution of, 417 

in FCC gasoline, 48 

formation of: 

in cracking, 34, 35, 36 

in methanol conversion, 84, 85, 86 

from methyl chloride, 90 

in MTG process, 88 

in reforming, 37, 38, 39, 40, 41, 42 

from sulfurated methanes, 90 

halogenation of, 418,422 

hydrogenation of, 456, 467, 480 

nitration of, 419, 422 

octane number of, 36 

oxidation of, 353 

oxidative ring cleavage of, 361, 376, 377 

photooxygenation of, 360 

production of, 48 

reaction of, with singlet oxygen, 360 

ring oxygenation of, 353 

sulfonation of, 421,422 

transalkylation and dealkylation of, 174 

Aromatization, see also Dehydrocyclization 

in cracking, 32, 53 

of cycloalkanes, 50 

on Ga-doped ZSM-5,42, 53, 54 

Aromax process, for aromatization, 54 

Arylalkanes, see also Alkylaromatics 

free-radical halogenation of, 423,426,431 

positional isomerization of, 112 

side-chain isomerization of. 111 

Arylalkenes, see also Alkenylarenes 

hydrosilylation of, 237 

hydrozirconation of, 240 

reduction of, by transfer hydrogenation, 

454 

Ascaridol, 328 

A-Sg2 mechanism, in hydration of alkenes, 200 

Asymmetric reactions: 

epoxidation, 323 

hydrocarboxylation, 279 

hydroformylation, 273 

hydrogenation of alkenes, 465 

hydrosilylation, 237 

osmylation, 331 

Au(lll), in hydration and alcoholysis of alkynes, 

202 
Aufbau reaction, 555 

Autoxidation: 

of alkanes, 291 

of alkenes, 324 

of alkylaromatics, 362, 374, 375 

Badger process, for manufacture of phthalic 

anhydride, 379 

Baeyer-Villiger oxidation, 309 

Ball milling, in catalyst preparation for 

coordination polymerization, 552, 572 
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BASF process, for manufacture of: 

acetic acid, 282 

acryilic acid, 282 

n-butyraldehyde, 274 

methanol, 80 

phthalic anhydride, 379 

polybutylene, 573 

Bashkirov method, in manufacture of sec- 

alcohols, 367 

Bayer-Degussa process, for manufacture of 

propylene oxide, 369 

Bayer-Hoechst process, for manufacture of vinyl 

acetate, 371 

Bayer process: 

for hydrorefming, 489,490 

for manufacture of diisobutylene, 527 

Benkeser method, for reduction of aromatics, 

473, 475 

Benzene: 

acetoxylation of, 357 

alkylation of, 157, 158, 161, 162, 164-174 

deuteration of, 468, 470 

electrochemical oxidation of, 358, 569 

formation of: 

in catalytic cracking, 41 

in cyclotrimerization of acetylene, 531 

from hexane, 51 

from methylcyclopentane, 50 

hydrogenation of, 456, 467, 480 

hydroxylation of, 353, 354, 355, 356 

manufacture of: 

by disproportionation, 186 

by hydrodealkylation, 54 

in manufacture of: 

chlorobenzene, 422 

cumene, 186 

eyclohexane, 490 

detergent alkylates, 187, 188 

ethylbenzene, 185 

maleic anhydride, 376 

nitrobenzene, 422 

nitration of, 420 

polymerization of, 568, 569 

reduction of, 474 

in reformulated gasoline, 30, 54 

silylation of, 435 

sulfonation of, 422 

Benzene oxide, 359 

Benzenesulfonic acids, manufacture of, 422, 423 

Benzenium ion, 171 

Benzoic acid, manufacture of, 375 

Benzonitrile, manufacture of, 374 

p-Benzoquinone, 349, 377 

Benzylation, 159, 160, 162, 163, 165 

Benzyl chloride, manufacture of, 431 

BFj-HjO: 
in alkylation with alkyl halides, 163 

xin carboxylation, 276 

BFj on alumina, in Alkar process, 185 

2,2’-Biadamantylidene, reaction of, with singlet 

oxygen, 328 

Bicycloalkanes: 

oxidative bond cleavage of, 310 

tertiary hydroxylation of, 302 

Bicyclo[2.2.2]octane, chlorination of, 426 

Bifunctional catalysts: 

in aromatization, 50 

in hydrocracking, 30, 33 

in hydroisomerization of alkanes, 132 

in manufactme of neohexene, 516 

in methane condensation, 79 

in methanol conversion, 16, 88 

in methyl chloride conversion, 90 

in reforming, 37, 39 

Bimetallic catalysts: 

in hydrogenolysis, 485 

in reforming, 40 

Bi^Oj-SnOj, in oxidation of methane, 296 

Biphenyls, hydrogenation of, 457, 474 

Birch rule, 474 

Bis-hydroxylation, of alkenes, 330 

anti, 332, 333 

syn, 330,331,332 

Bismuth molybdate, in oxidation and 

ammoxidation, 372, 373 

Bismuth phosphomolybdate, in oxidation of 

propylene, 372 

Bismuth trichloride, in alkylation, 154 

Bis(trimethylsilyl)peroxide-triflic acid, 

oxygenation with, 312 

Bond shift mechanism, in skeletal rearrangement 

of alkanes, 123 

9-Borabicyclo[3.3. Ijnonane (9-BBN): 

in hydroboration, 231, 233, 234 

synthesis of, 233 

Boric acid, in autoxidation of alkanes, 293, 367 

Boron trifluoride: 

in carboxylation, 275, 276, 281 

in cationic polymerization, 539, 573 

as Friedel-Crafts catalyst, 145,159,161, 163, 

165,172 

as promoter, in cumene manufacture, 186 

in synthesis of halohydrin derivatives, 214 

Boron trihalides: 

in haloalkylation, 165 

in haloboration, 240, 241 

BP Chimie process, in manufacture of LLDPE, 
570 
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BP process, for ammoxidation of propane, 373 

Bromination: 

ofalkenes,219, 220, 221 

of alkynes, 224 

of dienes, 222, 223 

shape-selective, 221 

Bromine compounds, as promoters in 

autoxidation, 375 

Bromoalkynes, 436 

2-Bromocarbocation, in bromination, 220 

(S)-l-Bromo-2-chloropropane, alkylation with, 

166 

Bromonium ion, in bromination, 219, 220 

Bromotoluenes, in transfer bromination, 418 

Brpnsted acids, see also Protic acids: 

in carboxylation, 105,281 

in cationic polymerization, 536, 540 

in cycloaddition, 248 

in isomerization, 105 

in metal-catalyzed hydroxylation, 302 

in oligomerization, 524 

in Prins reaction, 156 

in transalkylation, 174 

BTX (benzene, toluene, xylenes) processing, 54 

n-BuLi-tert-BuOK, metalation with, 178, 180 

1.2- Butadiene, hydrogenation of, 452 

1.3- Butadiene: 

carboxylation of, 279 

codimerization of, 533 

copolymerization of, with styrene, 574 

in cycloaddition, 246, 247, 248 

cyclooligomerization of, 530, 531, 534 

diacetoxylation of, 338, 371, 491 

formation of, in pyrolysis of ethane, 43 

halogenation of, 223, 226 

hydroamination of, 228 

hydroboration of, 233 

hydrochlorination of, 210, 216 

hydrocyanation of, 217 

hydroformylation of, 274 

hydrogenation of, 452,464, 465,489 

in butene feeds, 133,183 

manufacture of, 46 

in manufacture of polybutadiene, 575 

polymerization of, 543, 565 

Butamer technology, for isomerization of alkanes, 

132 

Butane: 
alkylation of, in superacids, 150 

dehydrogenation of, 46, 47 

hydrogenolysis of, 483 

isomerization of, 103,104,105, 107,108,109, 

no, 132 

in manufacture of: 

acetic acid, 366 

maleic anhydride, 376, 377, 378 

in natural gas, 5 

oxidation of, 299, 301, 308 

in reformulated gasoline, 30 

[1-'^C]-Butane, isomerization of, 123 

1,4-Butanediol, manufacture of, 491 

Butanes, alkylation of, with carbocations, 152 

1- Butene: 

copolymerization of, with ethylene, 570 

hydroisomerization of, 490 

manufacture of, 532 

2- Butene: 

formation of, in triolefin process, 515 

metathesis of, 507, 515 

Butenes: 

in alkylation, 145,147,167,179,183 

asymmetric hydroformylation of, 273 

in ethane pyrolysis, 43, 44 

haloboration of, 242 

hydration of, 203 

hydroisomerization of, 133,184 

isomerization of, 114,116,117,118,127,128, 

130, 143, 149 

in manufacture of maleic anhydride, 377 

oligomerization of, 532 

in Prins reaction, stereochemistry of, 157 

production of, by dehydrogenation, 45,46 

as promoters, 105,106 

vinylic oxidation of, 335 

Butterfly mechanism, in epoxidation, 313, 317 

n-Butylbenzene, cyclization of, 52 

tert-Butyl chloride, in alkylation, 154,155, 156, 

170 

Butylcyclohexanes, isomerization of, 104 

iec-Butylcyclopentane, isomerization of, 104, 

no 
Butylenes: 

codimerization of, with isobutylene, 527 

isomerization of, to isobutylene, 116,117 

quality of alkylates from, 182 

separation of, through ether formation, 205 

fert-Butyl hydroperoxide: 

in allylic oxidation, 347, 350, 349 

in catalytic osmylation, 331 

in epoxidation, 318, 319,322, 323 

formation of, in oxidation of isobutane, 292 

in manufacture of propylene oxide, 370 

in oxidation of: 

alkanes, 306 

aromatics, 358,364 

in vinylic oxidation, 336 

fert-Butyl hypohalites, halogenation with, 418, 

426 
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rer/-Butyl iodate, addition of, to alkenes, 214 

n-Butyllithium: 

in hydroamination of 1,3-butadiene, 228 

as initiator, in polymerization of isoprene, 544 

metalation with, 178 

n-Butylpotassium, metalation with, 180 

Butyl rubber, 573 

2-Butyne, haloboration of, 242 

n-Butyraldehyde, manufacture of, by 

hydroformylation, 274, 275 

alkenes, hydration of, 204 

Cj alkanes, formation of, in alkane-alkene 

alkylation, 149 

Ca-Ni phosphate, in manufacture of 1,3- 

butadiene, 46 

Carbanionic mechanism, in base-catalyzed 

alkylation, 177 

Carb anions: 

allylic: 

in isomerization, 119 

in oligomerization, 528 

in anionic polymerization, 541, 542, 543, 544 

benzylic, in dealkylation, 178 

Carbene, in methanol conversion, 86, 87 

Carbene complexes, as catalysts, in metathesis, 

506, 509 

Carbene species, in skeletal rearrangement, 125 

Carbide, in Fischer-Tropsch synthesis, 69, 74 

Carbide mechanism, in Fischer-Tropsch 

synthesis, 70, 72 

Carbocationic mechanism, in alkylation, 147, 

148, 170 

Carbocations: 

allylic, 211 

7t-bridged, in alkylation, 164 

in bromination, 220 

as chain carriers, in cationic polymerization, 

538 

in cracking, 40 

in dealkylation, 176 

in dehydrocyclization, 52 

five-coordinate, 108, 151, 152, 153, 154, 171 

in ionic hydrogenation, 476,477 

in isomerization, 107 

in oligomerization, 525 

pentacoordinated, 310 

rearrangement of, 33, 148, 149, 200 

P scission of, 20, 33, 107, 149 

thermodynamic equilibria of, 103 

Carbocation salts, as initiators, in cationic 

polymerization, 538 

Carbocupration, 245 

Carbomagnesation, 245 

Carbometalation, 244 

Carbon dioxide: 

conversion of, to hydrocarbons, 16, 65 

‘ vole of, in methanol synthesis, 83 

Carbon molecular sieves, in Diels-Alder reaction, 

247 

Carbon monoxide: 

in carboxylation, 276 

in Cj hydrorefining, 489 

in Fischer-Tropsch synthesis, 14, 66, 67, 69, 

70, 72, 73 

in hydroformylation, 268 

insertion mechanism of, 71, 72 

in Kolbel-Engelhardt synthesis, 74 

in methanol synthesis, 80, 81, 82, 83 

Carbon tetrachloride, alkylation with, 165 

Carbonylation, 268, 282 

Carbonyl oxide, in ozonation, 340, 341 

Carboxylation, 276 

of alcohols, 280 

of alkenes, 276, 278 

of alkynes, 279 

of dienes, 279 

of methane, 281 

of saturated hydrocarbons, 280 

Catadiene process, for manufacture of 

1,3-butadiene, 46 

Catecholborane, hydroboration with, 233 

Cation-exchange resins: 

in alkylation, 161 

in hydration of alkenes, 203 

in ionic hydrogenation, 478 

in oligomerization of isobutylene, 526 

Cation radicals: 

in cycloaddition, 248 

as initiators, in cationic polymerization, 538 

Catofin process, for manufacture of C^-Cj 

alkenes, 45, 46 

C,-C^ alkanes, condensation of, 153 

Cj-Cj alkanes, alkylation with, 171 

C^-Cg alkanes, isomerization equilibria of, 103 

Cj/Cg Isom technology, for isomerization, 132 

C^ coproduct route, in manufacture of propylene 

oxide, 370 

CgDg, hydrogenation of, 469 

Ceric ammonium nitrate, oxidation with, 308, 

358, 363 

Cetane, cracking of, 31, 32 

'^CH^, alkylation with, 150, 151 

Chain branching, in free-radical polymerization, 547 

Chain reactions: 

free-radical: 

in autoxidation of alkanes, 291, 362, 366 

in halogenation of alkanes, 423 
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isomerization of alkanes, 107 

in metathesis, 509 

in polymerization, 535 

radical hydrobromination of alkenes, 208 

Chain transfer: 

in cationic polymerization, 538 

in coordination polymerization, 557 

in free-radical polymerization, 546, 547,548,549 

('^CHjl^All, in polymerization, 560, 562 

Chalk-Harrod mechanism, 236 

Chevron/Gulf process, for manufacture of 

a-olefins, 533, 534 

Chlorination: 

of alkanes, 415, 424, 430 

of alkenes, 219, 225 

of alkynes, 224 

allylic, 427 

of aromatics, 422, 426 

of dienes, 223, 226 

of ethane, 216 

Chlorine, as promoter, in oxidation of methane, 

295 

Chlorine compounds: 

in methane coupling, 76 

in oxidations, 295, 367, 369 

Chlorine T, in chlorohydrination of alkenes, 213 

A^-Chloroamines, chlorination with, 426 

Chlorobenzene, manufacture of, 422 

Chlorofluorohydrocarbons, 431 

Chlorohydrination, 212,216 

1,3-Chlorohydrins, formation of, in Prins 

reaction, 157 

Chlorolysis, 415 

Chloromethanes, manufacture of, 430, 431 

Chloronium ion, cyclic: 

in alkylation with 1,4-dichlorobutane, 166 

in chlorination, 219 

m-Chloroperbenzoic acid: 

bis-hydroxylation with, 333 

epoxidation with, 313, 314 

hydroxylation of alkanes with, 298 

in oxidation of aromatics, 359 

Chloroplatinic acid, in hydrosilylation, 236, 237, 

239 

Chromia-alumina: 

in aromatization, 50, 51 

in dehydrogenation, 44,45 

in hydroforming, 38 

in isomerization of dienes, 117 

in manufacture of 1,3-butadiene, 46 

Chromia pillared clays, in allylic oxidation, 350 

Chromic acid: 

in allylic oxidation, 349, 350 

in manufacture of anthraquinone, 380 

in oxidation of: 

alkanes, 302, 309 

aromatics, 363, 365 

Chromium complexes: 

in hydrogenation, 465, 466 

in oxidation, 352, 364 

in photocatalytic hydrosilylation, 238 

Chromium compounds: 

in allylic oxidation, 349, 350 

in bond cleavage, 344, 345 

in oxidation of aromatics, 358 

Chromium oxide-pyridine, oxidation with, 349, 

351 

Chromyl chloride, oxidation with, 338, 363,364 

Cinchona alkaloids, in asymmetric osmylation, 331 

Clays: 

in alkylation, 160,161, 173 

in Diels-Alder reaction, 246 

in isomerization, 115 

in MTBE synthesis, 200 

P-Cleavage: 

in Fischer-Tropsch synthesis, 71 

in hydrogenolysis, 484, 488 

in manufacture of acetic acid, 366 

Cleavage, oxidative: 

of alkanes, 301, 308, 366 

superacidic, 309, 310,311, 312 

of alkenes, 340, 344 

of alkynes, 352 

of aromatics, 361, 376, 378 

Clj-ShFj-SO^ClF, in electrophihc chlorination, 

415 

Coals: 

conversion of, to syngas, 14,15,64 

ionic hydrogenation of, 480 

liquefaction of, 8,14 

reserves, 12 

Cobalt: 

in aromatization, 51 

CO dissociation on, 72 

in Fischer-Tropsch synthesis, 66, 67, 68, 69 

in homologation of alkenes, 181 

in hydrocarboxymethylation, 281 

in hydroformylation, 268 

in hydrogenolysis, 484 

in Kobel-Engelhardt reaction, 74 

Cobalt acetates: 

in acetoxylation, 302 

in autoxidation of methylaromatics, 362 

in manufacture of: 

acetic acid, 366 

benzoic acid, 375 

terephthalic acid, 375 

in oxidative cleavage, 308 
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Cobalt carbonyls: 

in aminomethylation, 283 

in carboxylation, 277,278, 279 

in synthesis of ethylene glycol from syngas, 74 

Cobalt complexes; 

in cyclotrimerization of acetylenes, 531 

in epoxidation, 320 

in hydrogenation of aromatics, 468 

in vinylic oxidation, 337 

Cobalt iodide, in manufacture of acetic acid, 282 

Cobalt oxide-molybdena-alumina, in 

hydrodealkylation, 55 

Cobalt oxide-molybdenum oxide, in metathesis, 

503 

Cobalt salts; 

in manufacture of benzoic acid, 375 

in oxidation of alkanes, 308, 366 

in polymerization of dienes, 565 

Cobalt-thoria on kieselguhr, in Fischer-Tropsch 

synthesis, 67 

[Co(CO),]2: 
in carboxylation, 279,280 

in cyclooligomerization, 531 

in hydrocyanation, 214 

in hydroformylation, 269, 274 

in hydrogenation of aromatics, 467 

[CoH(CO)3], in hydroformylation, 269 

[CoH(CO)J, 128 

in hydroformylation, 268, 269, 270, 271, 274 

Coking, 16, 29, 34, 48 

Co-Mo on alumina, in hydrocracking, 30, 36 

CT-Complex mechanism, in polymerization of 

benzene, 569 

Concerted mechanism, in Diels-Alder reaction, 

246, 247 

Condensation: 

of alkanes, 153 

of methane, oxidative, 13,18,75,91,153 

of methyl halides, 89 

Co-Ni-Mo oxide on alumina, in hydrocracking, 

36 

Conjunct polymerization, 150, 524, 525, 526 

CoCOOCCFjjj, oxidation of methane with, 297 

Cooxidants: 

in epoxidation, 315, 316, 320, 323 

in manufacture of terephthalic acid, 375 

in oxidation of cyclohexane, 308 

Copolymerization, in manufacture of: 

LLDPE, 570 

styrene polymers, 574 

Copper: 

in acetoxylation, 347 

in aromatization, 51 

in C^ hydrorefming, 489 

in Fischer-Tropsch synthesis, as catalyst 

additive, 69 

in hydrogenation of dienes, 453 

-4n manufacture of 1,4-butanediol, 491 

in methanol synthesis, 81, 82, 83 

in Udenfriend reagent, 355 

Copper chromite, in hydrogenation, 447 

Copper(I) compounds, in valence isomerization 

of norbomadiene, 249 

Copper salts, in epoxidation, 320 

Cossee-Arlman mechanism, 555, 561 

Coupling: 

of cycloalkanes, oxidative, 153 

of methane, 75, 79 

Co-zeolite, in l-aUcene production, 73 

Co-ZSM-5, in production of Cj^ hydrocarbons 

from sulfurated methanes, 91 

[Cp^TiCy, in polymerization, 552 

[Cp^TiPhJ, in polymerization, 563 

[CpjZrHCl], in hydrozirconation, 239, 240 

Cracking, 11,128 

in acid-catalyzed isomerization, 104, 132 

in alkylation over zeolites, 150 

catalytic, 29, 30, 31, 32, 33, 35 

ofMTBE,205 

in reforming, 40,41 

thermal, 28,29, 31, 34, 37 

Cracking pattern, in hydrogenolysis, 481,482 

Criegee mechanism, 340 

C1O3, see Chromic acid 

Cr^Oj on pumice, in oxidation of methane, 295 

CrOj on silica; 

in coordination polymerization, 550, 553, 556, 

570, 571 

initiation on, 557 

oxidation with, 345 

Cross-metathesis, 504, 508, 511 

CrSO^, reduction of aUcynes with, 473 

Crude oil, 6,10, 36 

Cs-faujasite, in manufacture of ethylbenzene, 185 

alkylation, 168 

Cs-zeolite X, in alkylation, 182 

Cu(I), in carboxylation, 276, 277,281 

Cu^: 

in hydrocyanation of acetylene, 215 

in methanol synthesis, 81, 83 

Cu/AljOj aerogel, in hydrogenation of 

cyclopentadiene, 453 

Cu(I) and Cu(II): 

in oxidation of aromatics to phenols, 354 

in vinylic oxidation, 334,370 

CuClj-KCl on alumina, in oxychlorination of 

ethylene, 226 

Cumene: 
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manufacture of, 167, 186 

in manufacture of phenol and acetone, 374 

Cumene hydroperoxide, 374 

CufNOj)^ on silica, in formation of quinones, 358 

Cu^O on Si-C, in manufacture of acrolein, 372 

CuO-ZnO, in methanol synthesis, 81 

Cupric chloride: 

in alkylation, 170, 171 

in carbomethoxylation, 278 

in chlorination of 1,3-butadiene, 226 

in Deacon catalyst, 226 

in ring acyloxylation, 358 

in vinylic oxidation, 334, 335, 370, 371 

Cuprous chloride, in manufacture of: 

acrylonitrile, 215, 217 

dimethyl carbonate, 282 

CuVzeolite, in cyclodimerization of 1,3- 

butadiene, 534 

Cu-ZnO, in methanol synthesis, 81 

Cu-ZnO-AljOj, in methanol synthesis, 81 

Cu-ZnO-Cr^Oj, in methanol synthesis, 81 

Cyclar process, for aromatization, 54 

Cyclialkylation, 166,169 

Cyclic mechanism, in alkane isomerization, 124, 

125 

Cycloaddition, 245, 246, 248, 249 

in bis-hydroxylation, 330, 332 

in fluorination, 218 

in hydroboration, 232 

in ozonation, 340 

in reactions with singlet oxygen, 328, 329, 360 

Cycloalkadienes: 

ozonolysis of, 344 

reaction of, with singlet oxygen, 328, 330 

1,3-Cycloalkadienes, halogenation of, 223 

Cycloalkanes: 

alkylation with, 172 

bromination of, 416 

dehydrogenation of, in reforming, 37, 38, 39 

formation of, in methanol conversion, 84, 86 

hydrogenative ring-opening of, 485, 486, 487 

ionic hydrogenolysis of, 488 

isomerization of, 38, 104, 105 

octane number of, 36 

oxidation of, 308 

oxidative coupling of, 153 

perfluorination of, 426 

in Platforming, 39 

pyrolysis of, 32 

Cycloalkenes: 

addition of alcohols, to, 200 

allylic oxidation of, 349, 350 

bis-hydroxylation of, 330, 333 

epoxidation of, 314 

metathesis of, 504 

oxidative cleavage of, 346 

ozonation of, 343, 344 

ring-opening metathesis polymerization of, 

504, 512 

skeletal rearrangement of, 117 

Cyclobutanes, formation of, in cycloaddition, 248 

Cyclobutenes, formation of, in cycloaddition, 248 

Cyclodimerization, 530, 534 

Cyclododecadiene, monoepoxidation of, 314 

Cyclododecane, oxidation of, 367 

1,5,9-Cyclododecatriene: 

formation of, in cyclooligomerization of 1,3- 

butadiene, 530, 531 

hydrogenation of, 465 

manufacture of, 534 

Cycloheptane, isomerization of, 104 

1,3,5-Cycloheptatriene: 

reaction of, with singlet oxygen, 329 

silylation of, 436 

Cycloheptenes, reactivity of, in methanolysis, 200 

1,3-Cyclohexadiene: 

in additions, 211, 215 

in cycloaddition, 247 

Cyclohexane: 

in alkylation, 147, 170, 172 

in dealkylation, as hydrogen donor, 176 

dehydrogenation of, 49 

halogenation of, by Gif systems, 435 

isomerization of, acid-catalyzed, 104, 107, 109 

manufacture of, 490 

in manufacture of nitrocylohexane, 432 

oxidation of, 299, 301, 308, 366 

selective ring opening of, 487 

sulfochlorination of, 428 

Cyclohexene: 

in alkylation, 168, 169 

allylic acetoxylation of, 349 

bis-hydroxylation of, 331, 333 

epoxidation of, 318 

formation of: 

from cyclohexane, 49 

from methylcyclopentane, 50 

haloboration of, 242 

halogenation of, free-radical, 221 

as hydrogen donor, in transfer hydrogenation, 

454 

skeletal rearrangement of, 117 

stereochemistry of, in Prins reaction, 157 

vinylic acetoxylation of, 338 

vinylic oxidation of, 335 

Cyclohexenes: 

photohydration of, 200 

transformation of, to iodohydrins, 213 
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Cyclononyne, in propargylic rearrangement, 121 

1,5-Cyclooctadiene: 

formation of, in cyclooligomerization, 530 

halogenation of, 224 

isomerization of, 129 

manufacture of, 534 

metathesis of, 515, 516 

vinylic oxidation of, 337 
1,3,5,7-Cyclooctatetraene, ring-opening 

metathesis polymerization of, 514 

Cyclooctene, metathesis of, 517 

Cyclooctenes, reactivity of, in hydration, 200 

Cyclooligomerization, 530 

Cyclopentadiene: 

in cycloaddition, 249 

formation of, in cracking, 32 

hydrogenation of, 453 

Cyclopentadienes, polymethylated, in conjunct 

polymerization, 526 

Cyclopentane: 

cracking of, 32 

superacidic oxidation of, 301 

Cyclopentanes: 

acid-catalyzed isomerization of, 110 

formation of, in hydrocracking, 42 

ring-opening mechanisms of, 486 

Cyclopentene: 

dry ozonolysis of, 343 

ring-opening metathesis polymerization of, 

513,517 

Cyclotetramerization, of acetylene, 532 

Cyclotrimerization, 530, 534 

Cytochrome P-450, 303 

Daicel process, for manufacture of propylene 

oxide, 369 

Davy process, for manufacture of 1,4-butanediol, 

491 

DDQ, 364 

Deacon catalyst, in oxychlorination of ethylene, 

226 

Deacon process, 90 

Dealkylation, 54, 158, 173, 174, 176 

1,9-Decadiene, manufacture of, by metathesis, 

516 

Decalin, in dealkylation, as hydrogen donor, 176 

Decalins: 

nitration of, 429 

oxidation of, 299, 303 

1 -Decene: 

metathesis of, 516 

oligomerization of, 527 

Dehydrochlorination, of 1,2-dichloroethane, 

225 

Dehydrocyclization, 11, 37 

in alkane isomerization, 124 

of alkylaromatics, 52 

' -un catalytic dehydrogenation, 44 

in reforming, 38, 39 

Dehydrocyclodimerization, 42 

Dehydrogenation, 11, 42 

of alkanes, 42, 44 

of alkylaromatics, 52 

of alkylcyclohexanes, 50 

of Cj-C^ alkanes, 45 

in cracking, 32, 34 

of cyclohexane, 49 

of ethylbenzene, 47 

in manufacture of: 

higher alkenes, 47 

styrene, 47 

of methane, thermal, 79 

of methanol, in side-chain alkylation, 182 

oxidative, 45, 46, 47, 534 

of propane, in ammoxidation, 373 

in reforming, 37, 38, 39,40 

Dehydroisomerization, of cycloalkanes, 49, 50 

Demethylation, 34,38,41,484 

Detergent alcohols, manufacture of, 275 

Detergent alkylates: 

manufacture of, 187 

sulfonation of, 423 

Detergent-range olefins, manufacture of, 47, 133 

Detol process, for hydrodealkylation, 55 

Deuterolysis, in haloalanation, 235 

Dewaxing, 36 

1.4- Diacetoxy-2-butenes, 338 

manufacture of, 371 

in manufacture of 1,4-butanediol, 491 

Diacetoxylation: 

of dienes, 338, 339 

of xylenes, 365 

Diacyl peroxides, ring acyloxylation with, 358 

Dialkylacetylenes, oxidation of, 351 

Dialkylbenzenes, isomerization of, 112 

Diamantane, electrophilic oxygenation of, 312 

Diamines, chiral, in asymmetric osmylation, 331 

1.1- Diarylalkane, as intermediate in 

transalkylation, 175 

Diborane, hydroboration with, 230 

o-Di-tert-butylbenzene, hydrogenation of, 456 

Di-terf-butylethylenes, ozonation of, 341 

Di-tert-butyl peroxide: 

hydroxylation of aromatics with, 356 

as initiator, in polymerization, 546 

1.2- Dicarbene mechanism, in hydrogenolysis, 

483, 486 

1.4- Dichlorobutane, alkylation with, 166 
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1.2- Dichloroethane, manufacture of, 225 

Dicyanobenzenes, manufacture of, 374 

Dicyclopentadiene: 

copolymerization of, with ethylene, 571 

metathesis of, 517 

2.3- Dideuteronorbomene, methanolysis of, 201 

Diels-Alder reaction, 245, 246, 247, 248 

in cyclotrimerization of acetylenes, 531 

in free-radical polymerization of styrene, 548 

Dienes; 

in base-catalyzed alkylation, 177 

carboxylation of, 279 

cyclooligomerization of, 530, 531 

1,4-diacetoxylation of, 338, 339, 371 

Diels-Alder reaction of, 245 

epoxidation of, 313, 314, 316, 319, 321 

formation of, in metathesis, 504 

haloboration of, 240, 241 

halogenation of, 222 

hydration of, 201 

hydroalanation of, 235 

hydroamination of, 228 

hydroboration of, 233 

hydrocyanation of, 215 

hydroformylation of, 274 

hydrogenation of, 452, 460, 463, 464, 465, 478 

hydrohalogenation of, 209 

hydrosilylation of, 238 

hydrozirconation of, 240 

in manufacture of: 

polydienes, 575 

styrene copolymers, 574 

nonconjugated, double-bond migration of, 117, 

119 

ozonation of, 344 

pericyclic rearrangement of, 130 

polymerization of: 

anionic, 541, 543, 544 

cationic, 540 

stereoregular, 564 

reaction of, with singlet oxygen, 328, 330 

vinylic oxidation of, 336 

1,5-Dienes, Cope rearrangement of, 130 

Dihaloalkanes, alkylation with, 165, 166 

cw-Dihydrodiols, formation of, in oxidation of 

aromatics, 359 

Dihydronaphthalenes, in ionic hydrogenation, 477 

Dihydroperoxides, in autoxidation of alkanes, 

293 

Diimide, in chemical reduction, 470, 471 

Diisobutylene: 

formation of, 525 

manufacture of, 527 

in manufacture of neohexene, 516 

Dimerization, of alkenes, 525, 527, 528, 529, 530, 

532, 533 

Dimersol processes, for oligomerization of 

alkenes, 532 

Dimesitylborane, 234 

Dimethyl adipate, synthesis of, 279 

1.1- Dimethylalkenes, epoxidation of, 315 

2.2- Dimethylbutane: 

hydroxylation of, 305 

ozonation of, superacidic, 311 

2.3- Dimethylbutane: 

alkylation with, 170 

chlorination of, 424, 425 

ozonation of, superacidic, 311 

2.3- Dimethyl-2-butene, epoxidation of, 316 

3.3- Dimethylbutene, skeletal rearrangement of, 

116 

2.3- Dimethylbutenes, formation of, in 

dimerization of propylene, 530 

Dimethyl carbonate, manufacture of, 280, 282 

cjj-l,2-Dimethylcyclobutane, ring opening of, 

486 

Dimethylcyclobutene, rearrangement of, 131 

Dimethy Icy clohexanes: 

epimerization of, 105 

oxidation of, 308 

Dimethylcyclohexenes: 

isomerization of, 127 

stereochemistry of hydrogenation of, 450, 

451 

Dimethylhexanes, aromatization of, 51 

1.3- Dimethylnaphthalene, alkylation of, 180 

7.7- Dimethylnorbomene: 

epoxidation of, 314 

hydroboration of, 232 

oxymercuration of, 243 

(-)-2,6-Dimethyloctane, hydroxylation of, 

retention in, 298 

3.7- Dimethyl-1-octene, polymerization of, 560 

2.4- Dimethyl-1,3-pentadiene, in cycloaddition, 

248 

2.4- Dimethylpentane, autoxidation of, 293 

Dimethylpentanes, product distribution of, in 

alkylation, 145 

Dimethyl terephthalate, 375 

1.2- Diols, formation of, in bis-hydroxylation, 

330, 331,332, 333, 359 

1.3- Diols, in Prins reaction, 157 

1.3- Dioxacycloalkanes, in Prins reaction, 157 

1,2-Dioxetanes, 327, 328 

Dioxiranes: 

epoxidation with, 316, 359 

hydroxylation of alkanes with, 299 

oxidative cleavage with, 351 
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Diphenylacetylene: 

hydrocyanation of, 215 

oxidation of, 351, 352 

oxymercuration of, 243 

2,3-Diphenyl-2-butenes, stereochemistry of 

hydrogenation of, 450 

1,1-Diphenylethylene, as initiator, in anionic 

polymerization, 542 

Disiamylborane, 231, 232, 234 

Disproportionation: 

in alkylation, 158, 171, 174 

in aromatics formation, 53 

in isomerization, 104, 107, 112, 117 

of toluene, 186, 187 

Dissolving metal reductions, 472, 473, 474, 475 

Divinylcyclobutanes, rearrangement of, 131 

Divinylcyclopropanes, Cope rearrangement of, 

130, 131 

Dodecahedrane, 106 

Double-bond migration, 22,115,116,117,118, 

119 

in carboxylation, 278 

in cracking, 32 

in etherification, 204 

in hydrocarboxymethylation, 281 

in hydroformylation, 272 

in hydrogenation, 448, 449, 464 

in hydrosilylation, 237 

in manufacrnre of: 

adiponitrile, 217 

isoprene, 133 

in metalation, 435 

metal-catalyzed, 125, 126, 127, 128, 129 

in oligomerization, 529 

in reaction of alkenes with singlet oxygen, 325 

Dow process, for manufacture of: 

benzoic acid, 375 

1,3-butadiene, 46 

cumene, 186 

ethylbenzene, 185 

styrene, 534 

Dry ozonation, 300, 301, 310, 343 

DSM process, for manufacture of cyclohexane, 
491 

Dual-function catalysts, in aromatization, 52 

DuPont process, for hydrocyanation of 

1,3-butadiene, 217 

Durene, formation of, in methanol conversion, 
85 

Dynamit Nobel-Hercules process, for 

manufacture of terephthalic acid, 375 

Eastman-Kodak process, for manufacture of 

terephthalic acid, 375 

Electrochemical reactions: 

oxidation, 303, 305, 335, 339, 345, 358 

in isomerization, 105 

' \ in polymerization, 538, 569 

reduction, 66, 470, 475 

Electrocyclization, 119,131 

Elimination, reductive, 214,270, 236,462 

Endoperoxides, formation of, 328, 329, 330, 360, 

361 

Ene reaction, 325, 327, 347, 360, 433 

Energy sources, 2, 3 

Engelhard process, for gasoline hydrorefining, 

490 

Enolic mechanism, in Fischer-Tropsch synthesis, 

70 

Enynes, conjugated, hydroamination of, 229 

Epoxidation, 313 

asymmetric, 323 

catalyzed by metalloporphyrins, 320 

with dioxiranes, 316, 359 

enzymatic, 323 

metal-catalyzed, 317 

with molecular oxygen, 315 

with ozone, 316 

with peracids, 313, 314 

shape-selective, 320, 322 

Erionite, in reforming, 40, 42 

Etard reaction, 363 

ETBE (tert-butyl ethyl ether), 23,204 

Ethane: 

alkylation of, 21, 150, 151 

bromination of, via organometallics, 434 

carboxylation of, 281 

chlorination of, 431 

cracking of, 32,45 

dehydrogenation of, 42, 43, 44, 45 

formation of: 

in cracking, 31, 32, 33, 35, 40, 43 

in Fischer-Tropsch synthesis, 74 

in methane coupling, 18,77, 78 

hydrogenolysis of, 481,483,484,485 

in manufacture of ethylene, 45 

in natural gas, 5 

nitration of, 416 

oxidation of, 299, 304, 307, 308 

ozonation of, superacidic, 301 

radical chlorination of, 216 

role of, in oxidation of natural gas, 294 

Ethanol: 

alkylation with, 185,187 

formation of, in Fischer-Tropsch synthesis on 
rhodium, 74 

manufacture of, 203 

Ethenolysis, 504 
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Etherification, of refinery streams, 205 

Etherol process, for manufacture of methyl ethers, 

204 

Ethoxene process, for oxidative dehydrogenation 

of ethane, 45 

Ethylbenzene; 

formation of, from n-octane, 51 

manufacrnre of, 185 

in manufacture of styrene, 47 

[a-^H-l-*‘’C]-Ethylbenzene, transalkylation of, 

175 

Ethylbenzene hydroperoxide, in manufacture of 

propylene oxide, 370 

Ethyl chloride; 

manufacture of, 215,431 

as promoter, in manufacture of ethylbenzene, 

185 

Ethylene; 

alkylation of, 155 

alkylation with, 21, 145, 147, 150, 151, 158, 

167, 177 

aminomethylation of, 283 

carboalumination of, 244 

carboxylation of, 277, 282 

chlorohydrination of, 216 

codimerization of, with 1,3-butadiene, 533 

cooligomerization of, 528 

copolymerization of, 570, 571 

in cycloaddition, 246, 247, 249 

dimerization of, 529, 530, 532 

epoxidation of, 319, 367, 368, 369 

ethenolysis with, 504, 516 

formation of; 

from acetylene, 454, 455 

in cracking, 31, 32, 33, 34, 35, 43 

in ethane dehydrogenation, 43 

in Fischer-Tropsch synthesis, 73 

in methane coupling, 76, 77, 78 

in methanol conversion, 16, 85, 86 

from methyl halides, 16 

in triolefin process, 515 

halometalation of, 241, 242 

homologation of, 181 

hydroamination of, 227 

hydrochlorination of, 215 

in integrated ethyl chloride process, 431 

manufacture of, by steam cracking, 45 

in manufacture of; 

1-butene, 532 

ethanol, 203 

ethylbenzene, 185 

ethylene chlorohydrin, 216 

vinyl chloride, 225 

metalation of, 436 

metathesis of, 503, 504, 515 

oligomerization of, 525, 533, 555 

product composition in, 534 

ozonation of, 341 

polymerization of, 544, 545, 546, 550, 554, 

570, 571 

selfhydrogenation of, 450 

vinylic acetoxylation of, 338, 371 

vinylic oxidation of, 334, 337, 370 

[1,2-^H2]-Ethylene, ozonation of, 342 

Ethylene chlorohydrin, manufacture of, 216 

Ethylene glycol, 74 

Ethylene oxide, manufacture of, 367 

Ethylene-propylene-diene-monomer (EPDM), 

248, 571 

Ethylene-propylene-monomer (EPM), 571 

[2-^‘'C]-Ethyl halides, alkylation of benzene with, 

162, 163 

2-Ethylhexanol, manufacture of, 275 

5-Ethylidene-2-norbomene, copolymerization of, 

with ethylene, 248, 571 

Ethyhdyne moiety, in hydrogenation, 450, 

455 

Ethyl process, for manufacture of a-olefins, 533, 

534 

a-Ethylstyrene, asymmetric hydrogenation of, 

466 

p-Ethyltoluene, manufacture of, 187 

EtjO-BFj, in ionic hydrogenation, 478 

Exxon process, for manufacture of polybutylenes, 

573 

FB(OMe)2, heterosubstitution with, 435 

FCC cuts; 

hydrogenation of, 133 

in manufacture of maleic anhydride, 377 

FCC gasoline, 48 

Fe(II) and Fe(III), in hydroxylation of aromatics, 

353, 354 

FEAST process, 515 

Fe-Mg-K-Cr oxide, in manufacture of 

1,3-butadiene, 46 

Fe-Mn, in alkene production from syngas, 73 

FeMoO^, oxidation of methane with, 295 

Fe203-K2C03-Cr203, in manufacture of isoprene, 

46 

Fe on silica, in Fischer-Tropsch synthesis, 68 

Fe on silicalite, in modified Fischer-Tropsch 

synthesis, 73 

Fenton reagent, 355 

Ferric chloride; 

as catalyst, in alkylation, 159, 161,165 

in manufacture of chlorobenzene, 422 

as oxidant, 170 
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Fischer-Tropsch synthesis, 14, 66 

catalysts for, 68 

mechanisms of, 69 

modified, 74 ' 

Schulz-Flory distribution in, 70, 73 

selectivity of, 15,66,73 

slurry process, 74 

Fluid catalytic cracking (FCC), 31, 36 

Fluorination: 

of alkanes, 415,426 

of alkenes, 218 

of alkynes, 224 

Fluoroxytrifluoromethane, fluorination with, 415, 

419 

Formaldehyde: 

formation of, in oxidation of methane, 294, 

295, 296, 297 

manufacture of, 293 

in Prins reaction, 156 

Free-radical reactions, 17,19 

chlorination of 1,3-butadiene, 223 

in dehydrocyclization, 51 

halogenation, 221, 222, 423, 427 

hydrobromination, 208 

hydrosilylation, 236 

nitration, 428 

in oxidations, 291, 298, 324, 362, 366,374, 

375 

sulfochlorination, 428 

in thermal cracking, 31 

Friedel-Crafts alkylation, mechanism of, 162, 

163 

Friedel-Crafts catalysts, 144, 159, 161 

in dimerization of isobutylene, 525 

reactivity order of, 159, 160 

FSOjH-SbFj; 
in alkylative condensation of alkanes, 153 

in ionic hydrogenolysis, 487 

in Koch reaction, 277 

Fuel cells, 19, 308 

Fuels, 3,4, 22 

Gallium chloride, as Friedel-Crafts catalyst, 161 

Gasoline, 22, 23,29 

composition of, 30, 48 

high-octane, in World War II, 182 

hydrorefining of, 490 

from methanol, 15, 85, 88, 89 

production of, 29, 30, 35, 42, 54, 68, 74 

reforming of, 37 

reformulated, 22, 23, 30, 54,117 

undercutting of, 42, 54 

Gasoline polymers, manufacture of, 527 

Ga-ZSM-5, in aromatization, 42, 53, 54 

■V. 
Gif systems: 

heterosubstitution with, 435 

oxidation with, 305, 306 

, G^f-Orsay system, 305, 306 

GoAgg systems, 306 

Gold, in hydrogenation of dienes, 453 

Grignard reagent: 

addition of, to alkenes, 245 

metalation with, 178,435 

Group lA cations, as promoters in methane 

coupling, 76 

Group IIA oxides, in methane coupling, 76 

Group III halides, as additives in hydrosilylation, 

239 

Groups I-IV organometallics and hydrides, as 

cocatalysts in metathesis, 505 

Group IV halides, as additives in hydrosilylation, 

239 

Group IVB halides, as additives: 

in carboxylation, 278 

in hydroformylation, 269 

Group VIA oxides on alumina, in 

butylenes-isobutylene isomerization, 

117 

Group VIII metals: 

activity of, in hydrogenolysis, 481,482 

in carboxylation of alkenes, 277 

in catalytic hydrosilylation, 237 

in CO reduction, 68 

in dissociative adsorption of CO, 83 

in hydroformylation, 268 

in hydrogenation of dienes, 453 

in isomerization of n-butenes, 127 

methanation activity of, 74 

Halcon-Arco process, for manufacture of 

propylene oxide, 370 

Halcon process, for manufacture of: 

maleic anhydride, 376 

propionic acid, 282 

Half-hydrogenated intermediate, in CO 

hydrogenation, 71 

Half-hydrogenated state, 125, 126, 448 

V-Halo amides, halogenation with, 418 

Haloboranes, addition of, to alkynes, 241 

Haloboration, 240 

Halogenation: 

of alkanes, 415, 424,426,430 

of alkenes, 218 

free-radical, 221 

of alkynes, 224 

allylic, 427,432 

of aromatics, 418,422,426, 431 

of dienes, 222 
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1,2-Halohydrin derivatives, formation of, 214 

Halometalation, 240 

Halometalation mechanism, in cationic 

polymerization, 537 

Halonium ion, in halogenation of dienes, 

223 

P-Halovinyl carbocation, in halogenation of 

alkynes, 224 

Hamilton reagent, 354 

HBr-AlBr3: 
in alkylation, 147 

in isomerization, 107, 110 

HBr-GaBrj, in transalkylation, 175 

HjB-SMCj, hydroboration with, 230 

HjB-THF, hydroboration with, 230 

HCl-AlCl,: 

in alkylation, 145,146,147 

in isomerization, 107, 112, 132 

in manufacture of p-ethyltoluene, 187 

in oligomerization of ethylene, 525 

Heavy oils, 7 

Heck-Breslow mechanism, 269, 271 

n-Heptane: 

dehydrocyclization of, 41 

dehydrogenation of, 51 

hydrocracking of, 40 

hydrogenolysis of, 482, 483 

hydroxylation of, 305 

[1-*‘‘C]-Heptane, aromatization of, 51 

[l,l-^H2]-Heptene, metathesis of, 511 

Heptenes, dehydrocyclization of, 51 

Herington-Rideal mechanism, 51 

Heteropoly acids: 

in hydration, 200, 203 

in methanol conversion, 85 

in oxidation, 296, 318, 335, 346, 357, 434 

Hexaalkylbenzenes, formation of, in 

cyclooligomerization, 531 

1.4- Hexadiene: 

copolymerization of, with ethylene, 571 

manufacture of, 533 

1.5- Hexadiene, manufacture of, by metathesis, 

515 

Hexadienes, pericyclic rearrangements of, 130 

Hexall process, for dimerization of propylene, 

527 

n-Hexane: 

dehydrocyclization of, 41, 51 

hydrogenolysis of, 482 

isomerization of, 104 

oxygenation of, 307 

Hexanes: 

isomer distribution of, in alkylation, 152 

isomerization of, 105, 110 

1-Hexene: 

asymmetric hydroformylation of, 273 

copolymerization of, with ethylene, 570 

metathesis of, 511 

Hexenes: 

isomerization of, 127 

shape-selective epoxidation of, 320 

1- Hexyne, hydrosilylation of, 239 

2- Hexyne, hydroboration of, 234 

3- Hexyne, hydrochlorination of, 211 

HF, see Hydrogen fluoride 

HF-BFj: 

in alkylation, 165,168 

in coal liquefaction, 10 

in electrophilic: 

hydroxylation, 356 

nitration, 416 

in interconversion of xylenes, 113,134 

in ionic hydrogenation of coals, 480 

in isomerization of dimethylnaphthalenes, 

115 

in Koch reaction, 277 

in manufacture of detergent alkylates, 188 

in oligomerization of ethylene, 525 

in upgrading natural-gas liquids, 48,106 

HF-HSOjF, in isomerization, 105 

HF-SbFj: 

in adamantane rearrangement, 106 

in alkylation, 172 

in carboxylation, 280 

HF-TaFj: 

in alkylation, 150 

in ionic hydrogenolysis, 488 

Hg(n), in oxidation of methane, 297 

HgCl2 on carbon, in manufacture of vinyl 

chloride, 216 

Higher alkenes: 

alkylation with, 167 

manufacture of, 47 

H^O-BFj, in ionic hydrogenation, 480 

Hoechst process, for manufacture of: 

acetaldehyde, 370 

1,3-benzenedisulfonic acid, 423 

polyethylene, 571 

HOF.CHjCN, as oxidant, 299, 317 

Homogeneous complexes, supported, in 

hydrogenation, 459, 462 

Homologation, of alkenes, with methane, 181 

Homometathesis, 503 

Horiuti-Polanyi mechanism, 125,126,448 

Houdriforming, 40 

Houdry process, 29 

H2PtClg-2-propanol, in hydrosilylation, 236 

H2PtClg-PtCl4^, in heterosubstitution, 434 
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Huels process: 

for hydrocarboxymethylation, 281 

for manufacture of: 

cis. trans, Irons-1,5,9-cyclododecatriene, 534 

poly(l-butene), 573 

for oxidation of cyclododecane, 367 

Hydeal process, for hydrodealkylation, 55 

Hydration, 199 

of acetylene, 205 

of alkenes, 200, 202 

indirect, 200, 203 

of alkynes, 201 

of dienes, 201 

Hydride abstraction: 

in alkane isomerization, 108 

in catalytic cracking, 32, 33 

in polymerization, 526, 539 

Hydride shift: 

in alkane isomerization, 108 

in alkylation, 148 

in catalytic cracking, 33 

in dimerization of alkenes, 526 

in isomerization of aromatics, 114 

Hydride transfer: 

in alkane isomerization, 107,108 

in alkylation, 147,148,149, 152,153 

in carboxylation, 281 

Hydroalanation, 234 

Hydroalumination, see Hydroalanation 

Hydroamination, 226 

of alkenes, 227 

of alkynes, 228 

of dienes, 228 

Hydroboration, 229 

of alkenes, 230 

of alkynes, 234 

of dienes, 233 

rhodium-eatalyzed, 233 

Hydrobromination: 

of alkenes, 206, 207, 208, 209 

free-radical, 208 

of alkynes, 211 

of dienes, 210 

Hydrocarbons: 

classification of, 1 

conversion of, 19, 20, 21, 22 

origin of, 6 

from petroleum and natural gas, 28 

sources of, 4,12 

synthesis of, 13, 14, 15,16,17, 18, 64, 84, 89, 

90 

use of, 22 

Hydrocarboxylation, 276 

Hydrocarboxymethylation, 281 

Hydrochlorination: 

of acetylene, 216 

of alkenes, 206, 208 

pf alkynes, 211, 212 

of 1,3-butadiene, 210, 216 

of dienes, 209,210, 211 

of ethylene, 215 

Hydrocracking, 30, 33,34, 35, 36 

of n-heptane, 40,41 

of n-hexane, 41 

Hydrocyanation, 214 

for the manufacture of adiponitrile, 217 

Hydrodealkylation, of toluene, 54 

Hydrofluorination, of alkenes, 206 

Hydrofluorocarbons, 431 

Hydro forming, 38 

Hydroformylation, 268 

of alkenes, 269 “ 

of alkynes, 274 

in aminomethylation, 283 

asymmetric, 273 

catalysts in, 268, 269 

of dienes, 274 

Hydrogen abstraction, in thermal cracking, 31 

Hydrogenation, 446,447,459 

in aminomethylation, 283 

of butene feeds, before alkylation, 183 

during hydroformylation, 273, 274, 275 

in hydrosilylation, 238 

ionic, 476 

of petroleum-refining streams, 489 

Hydrogen bromide: 

in autoxidation of isobutane, 292 

free-radical addition of, 208,209 

Hydrogen fluoride: 

in alkylation, 145, 146,147,149, 150,160, 

168,183,184, 188 

in carboxylation, 276, 281 

in electrophilic hydroxylation of aromatics, 

356, 357 

Hydrogen halides: 

as promoters, in alkylation, 147,160,166 

reactivity of, in hydrohalogenation, 205 

Hydrogen mordenite, in alkylation, 167 

Hydrogenolysis, 481,487 

in hydrocracking, 33 

of methylcyclopentane, 124 

Hydrogen peroxide: 

in allylic oxidation, 347 

in bis-hydroxylation, 331, 332, 333 

in epoxidation, 317, 318, 320, 322, 323 

in hydroxylation of aromatics, 353, 354, 356, 

357 

in oxidation of: 
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alkanes, 299, 303, 304, 306, 307, 309 

alkynes, 351, 352 

methane, 297 

in oxidative cleavage of alkenes, 345, 346 

in vinylic oxidation, 337 

Hydiogen shift; 

in alkene isomerization, 116,120,127 

sigmatropic, 130 

Hydrogen switch mechanism, 115 

Hydrogen transfer: 

in alkene isomerization, 128 

in alkylation, 149, 150,170 

in aromatization, 53 

in coordination polymerization, 557 

in cracking, 32, 33, 35 

in free-radical polymerization, 546, 547 

in reforming, 42 

Hydrohalogenation, 205 

surface mediated, 212 

Hydroiodination, 206, 212 

Hydroisomerization, 122,126, 132,133,184, 

449, 490 

Hydrometalation, 229 

Hydroperoxide route, in manufacture of 

propylene oxide, 370 

Hydroperoxides: 

alkyl: 

formation of, in autoxidation of alkanes, 

291, 292, 366 

epoxidation with, 318, 319, 320, 321 

oxidation with, 303, 304 

allylic, formation of, in oxidation of alkenes, 

324, 325 

benzylic, formation of, in autoxidation of 

aromatics, 362 

as initiators, in free-radical polymerization, 545 

Hydroquinone: 

formation of, in oxidation of benzene, 355, 377 

in oxidation, 335, 339, 349 

Hydrorefining, catalytic, 489, 490 

Hydrosilylation, 235 

of alkenes, 237 

of alkynes, 238 

of dienes, 238 

radical, 236 

Hydrotreatment, 36 

Hydroxyepoxidation, 324 

Hydroxylation: 

allylic, 346 

of aromatics, 353, 354, 355, 356, 357, 365 

catalyzed by metalloporphyrins, 303, 304, 305 

electrophilic, 299, 356, 357 

photochemical, 307 

tertiary, 299, 300, 302, 303 

Hydroxymethylene mechanism, in 

Fischer-Tropsch synthesis, 70 

Hydrozirconation, 239 

Hypohalites, addition of, 212 

Hypohalous acids, addition of, 212 

Hysomer process, for alkane isomerization, 

132 

Hytoray process, for manufacture of cyclohexane, 
491 

HY zeolites, in alkylation of naphthalene, 168 

H-ZSM-5: 

in alkylation, 161,167, 174 

in aromatization, 53 

in methanol conversion, 15 

in M2 forming, 54 

modified, in Mobil-Badger process, 185 

in oligomerization, 527 

in reforming, 42 

ICI process: 

for manufacture of vinyl acetate, 371 

for methanol synthesis, 181 

I-forming process, for reforming, 42 

IFP process: 

for hydrorefining, 489,490 

for manufacture of cyclohexane, 490,491 

Imidazole, in metalloporphyrin oxidation, 304, 

321, 322 

Indans: 

formation of, 169,172, 177 

oxidation of, 364 

Initiators; 

in anionic polymerization, 541, 542 

in cationic polymerization, 536, 537, 538 

in free-radical polymerization, 545, 549, 

574 

Insertion, migratory, 70, 267, 273,462, 564 

lodination, 218, 221,222, 224, 419 

Iodine: 

in polymerization of dienes, 565, 575 

in ring acetoxylation, 358 

Iodine-silver acetate, 332, 333 

lodohydrins, formation of, 213 

lodonium ion, in iodination, 221 

lodosylbenzene: 

epoxidation with, 321, 322, 323 

in oxidation of; 

alkanes, 303, 306 

alkynes, 351, 352 

oxidative cleavage with, 346 

Ion-exchange resins: 

in hydration, 200, 204 

in oligomerization of isobutylene, 527 

in Prins reaction, 156 
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Inversion, of configuration, in alkylation with 

(5)-l-bromo-2-chloropropane, 166 

[IrCKCOXPPhj)^], 128,435,459 

Iridium: ' 
in hydrogenation of aromatics, 457 

in hydrogenolysis, 482,483, 485 

in skeletal rearrangement, 123,125 

Iridium complexes: 

in catalytic ionic hydrogenation, 479 

in hydroamination, 227 

Iridium(III) salts, in hydroamination, 227 

Iron: 
CO dissociation on, 72 

in Fischer-Tropsch synthesis, 66, 67, 68, 

69 
in Kdlbel-Engelhardt reaction, 74 

promotion of, 69 

Iron carbonyls, in carboxylations, 277 

Iron compounds, in oxidation, 306, 320, 356 

Iron nitrides, in Fischer-Tropsch synthesis, 68 

Iron oxide-chromia-KjO (Shell 015 catalyst), in 

manufacture of: 

1,3-butadiene, 46 

styrene, 47 

Iron pentacarbonyl, 129,279,283 

Iron phthalocyanine, 335, 349 

Iron porphyrins: 

in amination, 433 

in epoxidation, 322 

in hydroxylation, 303, 304, 305 

Isoamylenes: 

etherification of, 204 

manufacture of, by metathesis, 516 

purification of, through hydrogenation, 490 

Isobutane: 

in alkylation, 21, 145,149, 153, 182, 183, 

184 

alkylation of, with C,, alkenes, 146 

autoxidation of, 292 

cracking of, 44 

dehydrogenation of, 44, 46 

deuterium exchange of, acid-catalyzed, 108 

formation of: 

from cetane, by cracking, 32 

in hydrocracking, 35 

in I-forming, 42 

in isomerization of n-butane, 104,105,110 

in isosynthesis, 75 

in methanol conversion, 84, 86 

in modified Fischer-Tropsch synthesis, 75 

isomerization of, 108 

manufactme of, 132 

in manufacture of propylene oxide, 370 

oxidation of, 305, 309, 310 

Isobutylene: 

alkylation with, 21, 147,152, 168,176,183, 

184 

^arboxylation of, 281 

cationic polymerization of, 536, 539, 573 

copolymerization of, with isoprene, 573 

formation of: 

in alkylation, 149 

from butylenes, by skeletal isomerization, 

116, 117 

from cetane, by cracking, 32 

from isobutane, by cracking, 44 

in isosynthesis, 75 

in methanol conversion, 86 

hydration of, 200,204 

hydroamination of, 227 

manufacture of: 

through cracking of MTBE, 205 

by dehydrogenation, 46 

in manufacture of: 

diisobutylene, 527 

methacrolein and methacrylic acid, 372 

polyisobutylene, 572 

metathesis of, 516 

methanolysis of, 204 

oligomerization of, 525, 526, 528 

in Prins reaction, 157 

Isomerization, 11, 23, 37, 102 

of alkanes, 103,122,132 

of alkenes, 115, 118, 125, 133, 149, 188 

of alkenylarenes, base-catalyzed, 119 

of alkylcycloalkanes, acid-catalyzed, 50,104, 

110 
of alkylnaphthalenes, 114,115 

of aromatics, in alkylation, 158,159,161,164, 

165,168 

of arylalkanes. 111, 112 

of n-butane to isobutane, 108,109,110 

of butylenes to isobutylene, 117 

of carbocations, in alkylation, 151,155 

cis-trans, 102, 115, 126, 127, 448, 449 

of C,Q polycyclic hydrocarbons, 106 

in cracking, 30, 32, 34, 35 

of cycloalkenes, 117,118 

of cyclohexane, acid-catalyzed, 109 

in dealkylation, 176 

of dialkylbenzenes, 112,113 

of dienes, acid-catalyzed, 117 

of diisobutylene, 516 

in dimerization of propylene, 528 

of 3,3-dimethylbutene, 116 

of p-ethyltoluene, in alkylation, 187 

in hydroformylation, 275 

in hydrogenation, 448, 449, 450,452 



INDEX 615 

of isomeric hexanes, 110 

in manufacture of adiponitrile, 217 

in metathesis, 511, 512 

of 4-methyl-l-pentene, base-catalyzed, 118 

of nonconjugated dienes, in hydrocyanation, 

215 

of (+)-3-phenyl-l-butene, base-catalyzed, 120 

in reforming, 37, 38, 39, 49, 50 

of xylenes, 113, 114,133 

Isononyl alcohol, manufacture of, 275 

Isooctane, 36 

Isopentane: 

alkylation with, 170 

formation of, 42, 75, 149 

as hydride ion source, in ionic hydrogenation, 

480 

Isoprene: 

alkylation of, 179 

copolymerization of, 573, 574 

hydrohalogenation of, 210 

manufacture of 46,133 

in manufacture of cw-l,4-polyisoprene, 575 

polymerization of, 543, 544, 565 

Isopropenylacetylene, alkylation of, 179 

Isopropyl alcohol, manufacture of, 203 

Isosynthesis, 75 

Isotacticity index, 558 

Jones reagent, 337, 364 

KMnO^ on silica gel, in oxidative bond cleavage, 

345 

KIO montmorillonite: 

in alkylation, 165, 172, 173 

in cycloaddition, 247 

in Diels-Alder reaction, 247 

in hydrochlorination of alkenes, 209 

in nitration, 419 

Koch reaction, 276 

Koch-Haaf reaction, 276 

K on CaO, in side-chain alkylation, 177 

Korshak-Plesch-Marek theory, 537 

Kolbel-Engelhardt reaction, 74 

Kuhlmann process, for manufacture of n- 

butyraldehyde, 274 

Kuhn-Roth method, 309 

LaMar technique, for fluorination of alkanes, 426 

Lanthanide sesquioxides, in methane coupling, 76 

Lead oxide, in methane coupling, 76 

Lead tetraacetate: 

in bis-hydroxylation, 333 

in vinylic oxidation, 337 

Lebedev rule, 447 

Lemieux-von Rudloff reagent, 345 

Lewis acids: 

in alkylation, 144,154,156,161,165, 167,170 

in carboxylation, 281 

in cationic polymerization, 536, 540 

activity of, 539 

as cocatalysts, in manufacture of cis-1,4- 

polybutadiene, 575 

in Diels-Alder reaction, 246 

in halogenation of aromatics, 418,419 

in hydroxylation of aromatics, 356 

in isomerization, 105,114 

in metathesis, 506, 510 

in oligomerization, 524, 530 

with oxidants, in polymerization of benzene, 

569 

in Prins reaction, 156 

as promoters, in hydrocyanation, 214,217 

in transalkylation, 174 

Lewis bases: 

in coordination polymerization, 552, 572 

in free-radical chlorination, 424 

in hydroboration, 230 

in hydroformylation, 269 

in sulfonation, 421 

LiAlH^, in hydroalanation, 235 

LiAlH^-CoCl2, in chemical reduction, 471 

LLAlH^-NiCl^, in chemical reduction, 471 

LICKOR superbase, see n-BuLi-tert-BuOK 

Lindlar catalyst, 455 

Linear oxo alcohols, manufacture of, 274 

Lineaiitiy, in hydroformylation, 272 

Liquefaction, of coals, 9,10 

Liquefied petroleum gas, 54, 73 

Lithium: 

in dissolving metal reductions, 473,474,475 

as initiator, in anionic polymerization, 543, 

544, 574, 575 

Lithium alkyls, as initiators, in anionic 

polymerization, 541, 543, 575 

Living polymerization, 540, 541, 542 

Lochmann-Schlosser reagent, see n-BuLi-rcrt- 

BuOK 

Lubricating oils, manufacture of, 516 

Lummus process, for manufacture of: 

cumene, 186 

isobutane, 132 

propylene chlorohydrin, 217 

terephthalonitrile, 374 

Lurgi process, for methanol synthesis, 81 

Magic Acid, 153,299, 301, 309, 310, 311, 356, 

357 

Magnaforming process, for reforming, 40 
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Magnesium chloride, as support, in 

polymerization, 552, 562, 563, 571, 572 

Magnesium compounds, in polymerization, 552 

Magnesium in methanol, reduction with, 471 > 

Magnesium monoperoxyphthalate, 313 

Maleic anhydride, manufacture of, 376 

Manganese acetates, 302, 362, 365, 375 

Manganese dioxide, as oxidant, 335, 339, 349 

Manganese oxide, in methane coupling, 76 

Manganese porphyrins: 

in amination, 433 

in epoxidation, 321, 322 

in oxidation of alkanes, 303, 305 

Markovnikov product: 

in addition of hypohalous acids, 212 

in alkylation, 151 

in carbocupration, 245 

in carboxylation, 280 

in haloboration, 241 

in hydration, 200, 203 

in hydroamination, 227 

in hydrocyanation of styrene, 215 

in hydrohalogenation, 206, 209,211 

in hydrosilylation, 238, 239 

in Prins reaction, 156 

in solvomercuration, 243 

McKervey-Rooney-Samman mechanism, 123 

Melamine-HF, in hydrofluorination, 206 

Mercuric sulfate, in manufacture of acetaldehyde, 

205 

Mercurinium ion, cyclic, in oxymercuration, 243 

Mercury(Il) acetate: 

in alcoholysis of alkynes, 202 

oxidation with, 348, 351 

Mercury(ll) salts: 

in alkoholysis and hydration of alkynes, 202 

in hydroamination, 229 

in oxymercuration, 243 

in solvomercuration, 243 

Me4Sn-V205 on alumina, in metathesis, 506 

Metal acetates, in allylic acetoxylation, 348 

Metal alkoxides, in isomerization, 118 

Metal amides: 

in hydroamination, 227,228 

in isomerization, 118, 121 

Metal carboxylate mechanism, 279 

Metal complexes, in double-bond migration, 127, 
128, 129 

Metal dispersion, role of, in hydrogenolysis, 485, 

486 

Metal hydride mechanism, 279 

Metal hydroxides, in double-bond migration, 118 

Metal ions, in oxidations, 293, 353, 362, 363, 366 

Metallacyclobutanes, in metathesis, 508, 509, 512 

Metallacyclopentadienes, in cyclotrimerization of 

acetylenes, 531, 532 

Metallacyclopentane intermediates, in metathesis, 

, ^ 507 
Metallocarbenes, in metathesis, 508, 509, 510, 

513 

Metallocenes: 

in asymmetric hydrogenation, 466 

in coordination polymerization, 553, 563, 564, 

572 

Metalloporphyrins: 

in epoxidation, 320, 323 

in oxidation of alkanes, 303 

Metal-nitro complexes, in vinylic oxidation, 337 

Metal oxides: 

in aromatization, 49 

in catalytic epoxidation, 317 

in condensation of methane, 76 

in manufacture of acrolein and acrylic acid, 

372 

in oxidation of methane, 294, 295 

Metal-oxo compounds, in epoxidation, 315 

Metal-peroxo complexes, in epoxidation, 315 

Metals, activity of, in isomerization of alkenes, 

127 

Metal salts, in hydration of alkynes, 202 

Metathesis, 12, 503 

catalysts, 505, 506 

degenerative (nonproductive), 504, 507, 511 

mechanisms of, 507, 508, 509, 510 

photoinduced, 506, 510 

Methacrolein, manufacture of, 372 

Methacrylic acid, manufacture of, 372 

Methanation, 16, 64, 68,74,75 

Methane: 

alkylation of, superacidic, 21,150 

carboxylation of, 277, 281 

in C, chemistry, 14, 64 

chlorinative coupling of, 79 

conversion of, to hydrocarbons, 17 

coupling of, 75, 79, 91 

formation of: 

in cracking, 31, 32, 35,40 

in Fischer-Tropsch synthesis, 67 

in methanol conversion, 86 

from syngas, in isosynthesis, 75 

halogenation of, 89,90,415,416 

heterosubstitution of, via organometallics, 434 

homologation of olefins, with, 181 

in manufacture of chloromethanes, 430,431 

oxidation of, 293, 296, 297, 304,434 

oxidative condensation of, 153 

oxidative coupling of, 75, 79, 91 

sulfurated, transformation of, to hydrocarbons, 90 
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Methanol: 

addition of, 201 

alkylation with, 173, 174,182,185 

carbonylation of, 277 

complexation of, with AlClj, 159 

conversion of, to hydrocarbons, 15, 84 

formation of: 

in Fischer-Tropsch synthesis, 69 

from methane, 84 

in oxidation of methane, 294, 295, 296, 297, 

434 

in fuel cells, 19 

in manufacture of: 

acetic acid, 282 

octane enhancing oxygenates, 204 

oxidative carbonylation of, 282 

synthesis of, 80 

Methanol-to-gasoline (MTG) process, 16, 85, 88, 

527 

Methanol-to-olefin (MTO) process, 89, 527 

p-Methoxybenzenetelluric acid, in hydration of 

alkynes, 202 

Methylacetylene, selective hydrogenation of, 489 

Methyl alcohol, see Methanol 

Methylbenzenes: 

ammoxidation of, 374 

formation of, in methanol conversion, 85 

oxidation of, 362, 365 

side-chain alkylation of, 181 

7-Methylbicyclo[2.2. l]heptene-2, ring-opening 

metathesis polymerization of, 514 

Methyl cation, in methanol conversion, 87 

Methyl chloride, 430, 434 

Methylcycloalkanes, carboxylation of, 281 

1-Methylcyclobutene, ring-opening metathesis 

polymerization of, 514 

Methylcyclohexane, alkylation of, 147 

1-Methylcyclohexene, reduction of, 471 

3-Methylcyclohexene: 

allylic oxidation of, 349 

ionic hydrogenation of, 478 

Methylcyclohexenes, allylic oxidation of, 350 

Methylcyclopentane: 

alkylation of, 145, 147,148 

alkylation with, 170 

hydrogenolysis of, 486 

isomerization of, 104 

Methy lenecycloalkanes: 

double-bond isomerization of, 118 

reaction of, with hypohalous acids, 213 

Methyl halides: 

carbonylation of, 277 

conversion of, to hydrocarbons, 16, 89 

(-h)-3-Methylheptane, oxidation of, 302 

2-Methyl-2-heptene, alkylation of, 179 

5-Methyl-1-heptene, polymerization of, 560 

Methylnaphthalenes, reaction of, with singlet 

oxygen, 360 

Methy Ipentanes: 

hydrogenolysis of, 482 

skeletal isomerization of, 104 

4-Methyl-1-pentene, copolymerization of, with 

ethylene, 570 

2-Methyl-1-pentene, formation of, in dimerization 

of propylene, 530, 533 

cw-4-Methyl-2-pentene, metathesis of, 512 

Methylpentenes, isomerization of, 118, 133 

Methyl shift: 

in aromatization, 50 

in dimerization of isobutylene, 526 

in interconversion of xylenes, 114 

in sigmatropic rearrangement, 130 

in skeletal isomerization of hexanes, 110 

a-Methylstyrene, 374,491 

p-Methylstyrene, asymmetric hydroformylation 

of, 273 

M2 forming, 54 

MgHj + Cu(l), in reduction of alkynes, 473 

Mid-Century-Amaco process, for manufacture of 

terephthalic acid, 375 

Mid-Century process, for manufacture of benzoic 

acid, 375 

Mitsubishi Kasei process, for manufacture of 

isononyl alcohol, 275 

Mitsubishi process, for manufacture of: 

1.4- butanediol, 491 

1.4- diacetoxy-2-butene, 371 

Mitsui-Montedison process, for manufacture of 

polypropylene, 572 

Mixed acid, 419, 420, 422 

Mobil-Badger process, for manufacture of: 

cumene, 186 

ethylbenzene, 185 

Mobil process, for manufacture of: 

p-ethyltoluene, 187 

poly(l-butene), 573 

for selective toluene disproportionation, 

187 

terephthalic acid, 375 

MoClj-R^Sn on silica, in oxidation of methane, 

295 

MOGD technology, 89 

Molex process, in production of linear alkenes, 

188 

Molybdate salts, in oxidation of alkynes, 351 

Molybdena, in dehydrocyclization, 50 

Molybdena on alumina, in hydroforming, 38, 

39 
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Molybdenum: 

in methanation, 74 

in modified Fischer-Tropsch synthesis, 74 

Molybdenum carbonyls, in metathesis, 504, 505> 

506 

Molybdenum complexes: 

in epoxidation, 318, 319 

in hydrogenation, 464 

Molybdenum compounds: 

in metathesis, 505, 506 

in polymerization of acetylenes, 568 

Molybdenum hexacarbonyl: 

in epoxidation, 319 

in metathesis, 503, 505 

Molybdenum naphthenate, in manufacture of 

propylene oxide, 370 

Molybdenum polyoxometalates, in oxidative 

cleavage of alkynes, 352 

Molybdenum(V) porphyrin, in epoxidation, 

322 

Monometallic mechanism, 555, 556 

Monoterpenes, as hydrogen donors, in transfer 

hydrogenation, 454 

Monsanto-Kellog process, for manufacture of 

vinyl chloride, 226 

Monsanto process, for manufacture of: 

acetic acid, 282 

ethylbenzene, 185 

styrene, 517 

Montecatini process, for manufacture of 

acetaldehyde, 205 

Montedison catalyst, 572 

Montedison slurry process, in manufacture of 

polyethylene, 571 

Montmorillonites, see also KIO montmoriUonite 

acid-treated, in cracking, 29 

in hydration, 201 

in oxidation with metalloporphyrins, 305 

MoOjfacac)^, epoxidation with, 319 

MOjOj on alumina, in polymerization, 550, 553 

MoOj on silica: 

oxidation of methane with, 295,296 

in photoinduced metathesis, 506 

in photooxidation of ethane, 308 

MoOj, supported, in metathesis, 506, 509 

Mordenite, dealuminated, in manufacture of 

cumene, 186 

MTBE: 

cracking of, to isobutylene, 205 

formation of, prior to alkylation of cuts, 

184 

as octane enhancer, 23, 39,44 

production of, 204, 205 

Muller-Gault mechanism, 123 

NaBH^-CoCl^, in chemical reduction, 471 

Nafion-H: 

in alkylation, 161,174 

Ration incorporated, in hydration of alkynes, 

202 
in halogenation, 416 

in hydration of alkenes, 200,203 

in nitration, 419 

in transalkylation, 174,175 

Na-HMPA-tcrf-BuOH, in chemical reduction, 

471,472 

NalO^-OsO^, in oxidative bond cleavage, 344 

Na on CaO, in side-chain alkylation, 177 

Naphtha, in manufacture of acetic acid, 366 

Naphthalene: 

acetoxylation of, 357 

alkylation of, 167,168,174 

hydrogenation of, 458,480 

hydroxylation of, 356, 357 

in manufacture of: 

phthalic anhydride, 378, 379 

sebacic acid, 491 

polyepoxidation of, 359 

polymerization of, 569 

reaction of, with B^Cl^, 241 

reduction of, 475 

Naphthalenes, alkyl-substituted, hydrogenation 

of, 458 

Naphthalene-sodium: 

as initiator, in anionic polymerization, 541 

in side-chain alkylation, 177 

Naphthoquinones, as intermediates, in oxidation 

of naphthalene, 380 

Natural gas, 3, 5,7,12,13,18,64,294 

Natural-gas liquids: 

transformation of, to ethylene and propylene, 

43 

upgrading, 48,105 

NaX zeolite, in side-chain chlorination, 427 

Neocarboxylic acids, manufacture of, 281 

Neohexane: 

hydrogenolysis of, 482,483 

skeletal isomerization of, 123 

Neohexene, manufacture of, 516 

Neopentane: 

hydrogenolysis of, 483 

isomerization of, metal-catalyzed, 123,124 

oxidative cleavage of, 310, 311, 312 

perfluorination of, 426 

Neopentyl alcohol, alkylation with, 172 

Neopentyl chloride, alkylation with, 155 

Nickel: 

in CO dissociation, 72 

in dehydrogenation of cyclohexane, 49 
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in hydrogenation, 447, 455, 490 

in hydrogenolysis, 482, 484, 485 

in hydrosilylation, 238 

in Kdlbel-Engelhardt reaction, 74 

as methanation catalyst, 68 

in oligomerization, 529, 533 

sulfided, in Selectoforming, 40 

Nickel bromide, in manufacture of acrylic acid, 

282 

Nickel carbonyls, in carboxylation, 277 

Nickel complexes: 

in cyclooligomerization, 530, 531, 532, 534 

in double-bond migration, 128 

in epoxidation, 320 

in ethylene oligomerization, 133 

in formation of polybutadiene, 565, 567 

in hydroamination, 228 

in hydrocyanation, 214, 215 

in manufacture of adiponitrile, 217 

in SHOP process, 534 

Nickel halides, in hydroamination, 228 

Nickel salts, in cyclooligomerization of acetylene, 

531 

Nickel tetracarbonyl, in carboxylation, 277, 278, 

282 

NiCLj on KIO montmorillonite, in benzylation, 

165 

[NiCl^fPPhjlJ, in carbomagnesation, 245 

Ni-Cu, in hydrogenolysis, 485 

Nm shift, 355 

Ni-Mo on alumina, in hydrocracking, 30, 36 

Ni on alumina: 

in hydrodealkylation, 54 

in manufacture of cyclohexane, 490 

in methanation, 75 

Ni on kieselguhr, in demethylation, 34 

Nippon Shokubai process, for manufacmre of 

sec-alcohols, 367 

Nitration: 

of alkanes, 416,428 

of aromatics, 419,422, 428 

Nitric acid: 

oxidation with, 346, 365 

nitration with, 419, 422, 428, 429, 432 

Nitroalkanes, manufacture of, 432 

9-Nitroanthracene, transfer nitration with, 419 

Nitrobenzene, manufacture of, 422 

Nitrocyclohexane, manufacture of, 432 

Nitrogen dioxide, free-radical nitration with, 430 

Nitrogen oxides, nitration with, 419,428 

Nitrolysis, 416 
Nitronium cation, in nitration of aromatics, 419 

Nitronium salts, electrophilic nitration with, 416, 

420 

p-Nitroperbenzoic acid, oxidation with, 298 

Nitrotoluenes, manufacture of, 422 

Nitrous acid, in nitration, 420 

Nitrous oxide, in oxidation of methane, 296 

Ni-W sulfides, in gasoline hydrorefinig, 490 

Noble metals: 

in hydrocracking, 30 

supported: 

in electrophilic halogenation, 416 

in STAR process, 45, 46 

Noble metals on alumina, in toluene 

disproportionation, 186 

Norbomadiene: 

in cycloaddition, 248, 249 

epoxidation of, 317 

ring-opening metathesis polymerization of, 514 

silylation of, 436 

valence isomerization of, 249 

Norbomene: 

in cycloaddition, 248,249 

epoxidation of, 314, 321 

hydroboration of, 232 

oxymercuration of, 243 

ring-opening metathesis polymerization of, 

513,517 

Norcaradiene, reaction of, with singlet oxygen, 329 

1,7-Octadiene, metathesis of, 508 

[l,l,8,8-^HJ-l,7-Octadiene, metathesis of, 508 

Octalins, hydrogenation of, 452,471, 479 

n-Octane, aromatization of, 51 

Octane enhancement, 30, 35, 37,42,44, 103, 132 

Octane enhancing oxygenates, manufacture of, 

204 

Octane number, 23, 35, 36,40,42, 527 

Octane rating, 10, 35,182, 183,184 

1-Octene: 

copolymerization of, with ethylene, 570 

metathesis of, 516 

Octenes: 

epoxidation of, 315 

in manufacture of isononyl alcohol, 275 

Octol process, for dimerization of n-butenes, 532 

Olefins, see Alkenes 

a-Olefins: 

formation of, in modified Fischer-Tropsch 

synthesis, 74 

manufacture of, 533, 534 

in manufacture of LLDPE, 570 

Oleflex process, for dehydrogenation of alkanes, 

45,46 

Oligomerization, 524 

in alkylation, as side-reaction, 150,183 

carbocationic mechanism of, 525 
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Onium poly(hydrogen fluoride) complexes, in 

alkylation, 150,184 

Oppanol process, for manufacture of 

polyisobutylene, 573 ' 

Organoalkali compounds: 

in base-catalyzed oligomerization, 528 

metalation with, 435 

Organoalkali metal compounds, in double-bond 

migration, 118 

Organocopper reagents, in carbocupration, 245 

Organocuprates, in carbocupration, 245 

Organometallics: 

in alkylation, 178 

as initiators in cationic polymerization, 537 

in heterosubstitution, 433 

reaction of, with unsaturated compounds, 244 

supported, in coordination polymerization, 553 

Organothorium complexes, supported, in 

hydrogenation, 469 

Osmium, in hydrogenation of aromatics, 457 

Osmium complexes, in hydrogenation of 

aromatics, 467 

Osmium tetroxide: 

bis-hydroxylation with, 331, 332, 359 

in oxidation of alkynes, 351, 352 

in oxidative cleavage, 344, 345 

Osmium trichloride, in ring-opening metathesis 

polymerization of norbomadiene, 514 

0-X-D process, for manufacture of 

1,3-butadiene, 47 

Oxidative coupling, see Condensation, Coupling 

Oxo-D process, for manufacture of 

1,3-butadiene, 47 

Oxonium ylide, in methanol conversion, 16, 88 

Oxychlorination: 

of ethylene, 225 

of methane, 90 

Oxygen: 

as activator in metathesis, 506 

in acyloxylation, 358 

adsorption of, on silver, 368 

in allylic oxidation, 349, 371, 372 

in ammoxidation, 372, 373 

in autoxidation, 291, 324 

epoxidation with, 315, 321, 322, 323, 368 

as initiator, in free-radical polymerization, 545 

in oxidation with metalloporphyrins, 305 

in ring oxygenation of aromatics, 353, 358 

role of, in free-radical substitution, 428,430 

in vinylic oxidation, 334, 335,337,370, 371 

Oxygenates, as gasoline additives, 39,42,44,117 

Oxygenation, definition of, 291 

Oxygenolysis, 312 

Oxymercuration, 243 

'V 
Oxythallation, 244 

Ozonation: 

of alkanes, mechanism of, 300 

, (^f alkenes, 340 

of alkynes, 352 

of aromatics, 361 

oxidative hydrolysis in, 343 

reductive hydrolysis in, 342 

in superacids, 297, 299, 301, 302, 310, 311, 

312 

Ozone, protonated, in superacidic oxygenations, 

297, 299, 301,302,311,312 

Ozonides, 340, 341, 342, 343 

Ozonolysis: 

of dienes, stepwise, 344 

synthetic appUcations of, 342 

Pacol-Olex process, for manufacture of detergent 

olefins, 47 

Pacol process, for manufacture of alkenes, 45, 

188 

Palladium: 

cyclic mechanism, on, 125 

in dehydrogenation of cyclohexane, 49 

in hydrogenation, 447, 451, 452, 454, 455, 457, 

458, 479, 490 

1,3 hydrogen shift, on, 127 

in hydrogenolysis, 482, 484 

in hydrorefining, 489, 490 

isomerization activity of, 451 

in methanol formation, 83 

selectivity of, in ring opening of cycloalkanes, 

486 

in transfer hydrogenation, 454 

Palladium acetate: 

in acetoxylation, 338, 349, 357, 365 

in vinylic oxidation, 335 

Palladium chloride: 

in acetoxylation, 338, 349 

in carboxylation, 278 

in cyclotrimerization, 532 

in manufacture of vinyl acetate, 371 

in vinylic oxidation, 334, 335 

Palladium complexes: 

in carboxylation, 277, 278, 280 

in hydroamination, 228 

in hydrocyanation, 214,215 

in hydrogenation, 464,465,466,467 

in hydrosilylation of dienes, 238 

in vinylic oxidation, 336 

Palladium compounds, in allylic oxidation, 348, 
349 

Pd-Au on silica or alumina, in manufacture of 

vinyl acetate, 371 
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Pd-Cu on silica, in hydroxylation of benzene, 356 

Pd-Cu-zeolite Y, in vinylic oxidation, 337 

Pd-Hg on SiOj, in hydrogenation of alkynes, 455 

Pd(II)-hydroquinone, 335, 339, 349 

Pd on alumina, in catalytic hydrorefining, 489 

Pd on BaSO^, in electrophilic halogenation, 416 

Pd on cation-exchange resin, in methanolysis, 204 

Pd on charcoal, in vinylic oxidation, 337, 349 

Pd on silica gel, in hydrogenation of acetylene, 

455 

PdfOOCCFj)^: 

in allyhc acetoxylation, 349 

in oxidation of methane, 297 

Pd-Te on carbon, in, 1,4-diacetoxylation, 339, 

371 

Pd-titanium sihcahte, 307, 356 

Penex process, for isomerization of alkanes, 132 

1,3-Pentadiene: 

hydroformylation of, 274 

hydrogenation of, 464 

(-)-2,3-Pentadiene, stereochemistry of 

bromination of, 222 

Pentane: 

alkylation with, 169 

hydrogenolysis of, 485 

hydroxylation of, 305 

isomerization of, 104,110 

ozonation of, superacidic, 301 

Pentasil zeoUtes: 

in alkylation, 170,174 

in oligomerization of isobutylene, 526 

in photochlorination, 425 

in synthesis of pivalic acid, 281 

2-Pentene: 

hydroformylation of, 272 

isomerization of, 128 

ozonation of, 341 

n-Pentylbenzene, cyclization of, 52 

n-Pentylsodium, metalation with, 180,436 

Peracetic acid process, for manufacture of 

propylene oxide, 369 

Peracid process, for manufacture of propylene 

oxide, 369 

Peracids: 

bis-hydroxylation with, 332 

epoxidation with, 313, 314, 323 

hydroxylation of benzene with, 356 

oxidation of: 

alkanes with, 298 

alkynes with, 353 

Perchloric acid: 

in ionic hydrogenation, 478 

in pseudocationic polymerization of styrene, 

540 

Perdeutero-2-butene, metathesis of, 507 

Perdeuteroethylene, ozonation of, 341 

Perfluorination, 426 

Perfluoroalkanesulfonic acid resins, see also 

Nafion-H: 

in alkylation, 161,168 

in carbomethoxylation, 278 

in polymerization of isobutylene, 526 

Permanganate ion, oxidation with, 344, 361, 364, 

365 

Peroxides: 

in hydrosilylation, 236 

as initiators, in free-radical polymerization, 

545, 574 

in radical hydrobromination, 208 

Peroxometallacycle intermediate, 319, 336 

Peroxyacetic acid, ring cleavage of aromatics 

with, 361 

Peroxy acids, see Peracids 

Peroxydiphosphate, in hydroxylation of 

aromatics, 354 

Peroxydisulfate, in hydroxylation of aromatics, 

354 

Peroxytrifluoroacetic acid-BFj, in vinyUc 

oxidation, 337 

Petroleum, see also Crude oil, 7,10,12, 22, 

28 

Phase-transfer catalysis: 

in epoxidation, 317, 318, 359 

in hydrogenation, 464,469 

in hydrohalogenation, 209 

in oxidation, 330, 344,345, 351, 364 

in polymerization of phenylacetylene, 568 

Phenanthrene: 

oxidative ring cleavage of, 361 

partial hydrogenation of, 458,469,475 

Phenol: 

formation of, in benzene oxidation, 353,354, 

355 

manufacture of, 374 

Phenonium ion. 111, 213 

Phenylacetylene: 

alkylation of, 156 

anionic polymerization of, 568 

haloboration of, 241, 242 

heterosubstitution of, 437 

hydrosilylation of, 239 

monoalkylation of, via organometallics, 180 

oxidation of, 351, 352 

photocatalytic hydration of, 202 

Phenylalkenes, cyclialkylation of, 169 

Phenylallene: 

halogenation of, 222 

hydrochlorination of, 210 
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1-Phenyl-1,3-butadiene, hydrochlorination of, 211 

(+).3.phenyl-l-butene, isomerization of, 120 

Phenylcyclohexane, oxidation of, 361 

Phenylpropanols, alkylation with, 173 , 

l-Phenylpropenes, bromination of, 220 

1-Phenylpropyne, surface-mediated 

hydrohalogenation of, 212 

Phillips catalyst, see CrOj on silica 

Phillips process, for manufacture of: 

lubricating oils, 516 

neohexene, 516 

Phosphoric acid: 

in alkylation, 160,167,170,186 

in hydration, 203 

in isomerization, 115, 116 

in Koch reaction, 276 

in manufacture of gasoline polymers, 527 

in Prins reaction, 156 

Phosphoric acid on kieselguhr, in manufacture of 

cumene, 186 

Phosphorus chlorides, chlorination with, 427 

Photochemical reactions: 

chlorination, 425 

cyclization, 132 

epoxidation, 316 

hydration, 200,202 

hydroamination, 227 

hydrobromination, 210 

hydrosilylation, 238 

metathesis, 506, 510 

oxidation, 296, 306, 307, 308, 360 

Photoinitiation, in polymerization, 538, 545 

Phthalic anhydride, manufacture of, 378 

ot-Pinene: 

hydroboration of, 232 

reaction of, with singlet oxygen, 326 

Pivalaldehyde, as cooxidant in epoxidation, 316,323 

Pivalic acid, manufacture of, 281 

Plant hydrocarbons, 65 

Platforming, 37, 39,40 

carbocationic isomerization, in, 50 

Platinum: 

in aromatization, 51 

in Cj and Cg cyclization, 52 

colloidal, in epoxidation, 322 

in dehydrogenation of cyclohexane, 49 

in hydrogenation, 447,451,457, 458,479,490 

in hydrogenolysis, 482, 483, 484, 485 

in hydrosilylation, 237, 238,239 

in isomerization of xylenes, 133 

in Platforming, 39,40 

selectivity of, in ring opening of cycloalkanes, 

486 

in skeletal rearrangement, 122,123,124, 125 

Platinum complexes: 

in carboxylation, 278 

in heterosubstitution, 434 

in hydroformylation, 269,272, 273 

in hydrogenation, 460,479 

in hydroxylation, 356 

Platinum(Il) halides, in hydration of alkynes, 202 

Platinum metals, in hydrogenation, 447,449, 

458 
P-2 nickel, in hydrogenation of alkynes, 455 

Polyacetylene, 514, 567, 568 

Polyalkenamers, 504, 513, 517 

Polyalkenylenes, structure determination of, 504 

Polyalkylation, 158,161,167 

Polyalkylbenzenes, positional isomerization of, 

112 
Polybutadiene, 543, 544, 565, 566, 567 

cir-1,4-Polybutadiene, manufacture of, 575 

Poly(l-butene), manufacture of, 573 

Polybutylenes, 572 

Polychlorination, 424 

Polycyclic aromatics, 6, 359 

alkylation of, 158,174 

hydrogenation of, 458,467, 469, 474,475 

as initiators, in polymerization, 541,542 

nitration of, 420 

oxidation of, 353, 358, 360, 365 

Poly(dicyclopentadiene), manufacture of, 517 

Poly dienes: 

manufacture of, 575 

microstructure of, 543, 544 

Polyethylene: 

high density (HDPE), 571 

linear low density (LLDPE), 570 

low density (LDPE), 570 

Polyhaloalkanes, alkylation with, 165 

Polyisobutylene, manufacture of, 572 

Polyisoprene, 543, 544, 565, 575 

cij-1,4-Polyisoprene, manufacture of, 575 

Polymerization, 535, 541, 544, 550 

Polymers, perfluorination of, 426 

Polymethylene, 68, 551 

Polynorbomene, manufacture of, 517 

Polyoctenamer, manufacture of, 517 

Polyoxometalates, oxidative cleavage with, 352 

Polypentenamers, 513, 517 

Poly(p-phenylene) (PPP), 568, 569 

Polyphosphoric acid, 85,160,478 

Polypropylene: 

isotacticity index of, 558 

manufacture of, 572 

Polystyrene, manufacture of, 574 

Polyvinylpyridinium poly(hydrogen fluoride) 

(PVPHF), hydrofluorination with, 206 
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Potassium; 

as promoter, in Fischer-Tropsch synthesis, 69 

in side-chain alkylation, 176 

Potassium hexacyanoferrate(lll), in catalytic 

osmylation, 331, 332 

Potassium hydrogen persulfate: 

bond cleavage with, 346 

epoxidation with, 321 

in oxidation of alkanes, 303, 306 

Potassium hydroxide, in propargylic 

rearrangement, 120 

Potassium pentacyanocobaltate(ll), in 

hydrogenation, 459,464 

Potassium permanganate: 

bis-hydroxylation with, 330 

bond cleavage with, 344, 345, 352 

oxidation of: 

alkanes with, 302 

aUcynes with, 351, 352 

Powerforming process, for reforming, 40 

Prins reaction, 156 

Promoters: 

in alkylation, 145,147,160, 166,185,186 

in autoxidation, 375 

in Fischer-Tropsch synthesis, 69 

in hydrocyanation, 214, 217 

in isomerization, 105, 106, 108,112 

in methane coupling, 76,77 

in oxidation of methane, 295 

Propadiene, selective hydrogenation of, 489 

Propagation: 

in anionic polymerization, 542 

in cationic polymerization, 536, 538 

in coordination polymerization, 554, 555, 

556 

isotactic, 561, 562 

syndiotactic, 564 

in copolymerization, 574 

in metathesis, 509, 510 

in oligomerization, 529 

in polymerization of; 

acetylene, 568 

styrene, 548, 549 

pseudocationic, in polymerization of styrene, 

540 

Propane; 
alkylation of, with carbocations, 145,152 

ammoxidation of, 373 

aromatization of, 54 

bromination of, via organometallics, 434 

cracking of, 32,45 

dehydrogenation of, 42, 43, 44 

formation of: 

in cracking, 32 

in Fischer-Tropsch synthesis, 74 

in reforming, 40 

in manufacture of propylene, 45 

in natural gas, 5 

nitration of, 432 

oxygenation, 299, 301, 305 

role of, in oxidation of natural gas, 294 

[l-'^C]-Propane, isomerization of, 110 

[l-^Hj]-Propenes, polymerization of, 559 

Propargylic rearrangement, 121 

Propene, see Propylene 

Propionic acid, manufacture of, 282 

Propylene: 

alkylation of, 154 

alkylation with, 145, 147,148, 150,167,168, 

177 

allylic acetoxylation of, 349 

allyUc chlorination of, 428, 432 

copolymerization of, with ethylene, 570, 571 

dimerization of, 133, 528, 530, 533 

epoxidation of, 320, 369, 370 

formation of; 

in eracking, 31, 32, 33, 43 

in methanol conversion, 85, 86 

in modified Fischer-Tropsch synthesis, 73 

homologation of, 181 

hydroamination of, 227 

manufacture of; 

by metathesis, 515 

by steam cracking, 45 

in manufacture of: 

acrolein and acrylic acid, 371 

acrylonitrile, 372 

n-butyraldehyde, 274 

cumene, 186 

isopropyl alcohol, 203 

propylene chlorohydrin, 216 

metathesis of, 510, 515 

oligomerization of, 525, 526, 527, 528 

stereoregular polymerization of, 558 

isospecific, 559 

syndiospecific, 563 

tetramer, in manufacture of detergent alkylates, 

187 

vinylic acetoxylation of, 338 

vinylic oxidation of, to acetone, 335, 337, 

370 
Propylene chlorohydrin, manufacture of, 216 

Propylene oxide, manufacture of, 369 

Protic acids, see also Brpnsted acids: 

in alkylation, 145,160,166,167,186 

in dimerization of isobutylene, 525 

as promoters, 145,147 

Protic solvents, in metathesis, 506 
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Protolysis: 

in ionic hydrogenolysis, 487,488 

of saturated hydrocarbons, in superacid, 20, 

105 

in superacidic ozonolysis, 311 

Protonation, of alkenes, in carbocation formation, 

117, 147, 167,276 

[PtCl2(PPh3)2] + SnCl^: 

in hydroformylation, 269 

as hydrogenation catalyst, 460 

Pt-H mordenite, in dewaxing, 36 

Pt on alumina: 

in adamantane rearrangement, 106 

in aromatization of alkylcyclohexanes, 50, 

52 

in chlorination of methane, 90 

in dehydrogenation, 44, 46, 47 

in electrophilic halogenation, 416 

in reforming, 39 

in ring opening of cyclopentanes, 486 

in synthesis of [ 1.1.1.1 ]pagodane, 106 

Pt on charcoal, in skeletal isomerization, 122 

Pt-Re on alumina, 40 

Pt-zeolite L: 

in Axomax process, 54 

in reforming of light naphthas, 42 

Pyridine: 

in metalloporphyrin oxidation, 321 

in sulfochlorination, 428 

Pyridine hydrobromide perbromide, bromination 

with, 220, 224 

Pyridinium poly(hydrogen fluoride) (PPHF): 

fluorination of methane with, 415 

hydrofluorination with, 206 

in hydroxylation, 356 

Pyrotol process, for hydrodealkylation, 55 

Quadricyclane, 249 

Quasimetallacyclobutane, in hydrogenolysis, 
484 

Quinones, formation of, 358, 359, 364, 380 

Racemization: 

in alkylation, 164 

of decalins, in nitration, 429 

of [a-^H-l-'‘'C]-ethylbenzene, in 

transalkylation, 175 

in hydroformylation, 273 

of (+)-(5)-3-methylhexane, 110 

Radiation, as initiation: 

in polymerization, 538, 545 

in radical hydrosilylation, 236 

Radical anions, as initiators, in anionic 

polymerization, 541 

Radical cation: 

in benzylic oxidation, 365 

in hydroxylation of aromatics, 354 

in nitration of aromatics, 420 

Radical cation mechanism, 569 

Radicals: 

acylperoxy, in epoxidation, 315, 316 

alley 1: 

in autoxidation, 291,292,293, 298 

in halogenation, 423 

in nitration, 429 

alkyloxy, in free-radical nitration, 430 

aUcylperoxy, in autoxidation of alkanes, 291, 

292, 293 

allylic, 324, 350 

benzylic, 362, 549 

caged, 302, 303 

chlorosulfonyl, 425 

in hydroformylation, 271 

hydroxyl, 296, 307, 353, 354 

methyl: 

in oxidation of methane, 295,296 

in oxidative methane coupling, 77,78 

P-peroxy alkyl, in epoxidation, 315 

Raney nickel, 447,449,453,457,491 

in manufacture of cyclohexane, 490 

in transfer hydrogenation, 454 

Rare earth oxides, in isosynthesis, 75 

Rare earths on alumina, in toluene 

disproportionation, 186 

Rare earth zeolite Y, in catalytic cracking, 29, 30, 

35 

Reactivity: 

of alcohols, in alkylation, 172 

of alkanes: 

in alkylation, 148 

in heterosubstitution, 424,429 

in oxidations, 292, 300, 302 

in oxygenolysis in superacids, 312 

of alkenes: 

in carboxylation, 278 

in cationic polymerization, 536 

in chemical reduction, 470 

in epoxidation, 314, 322 

in hydration, 200 

in hydroalanation, 235 

in hydroamination, 227 

in hydroformylation, 271,272 

in hydrogenation, 447,463 

in hydrosilylation, 237 

in hydrozirconation, 239 

in ionic hydrogenation, 477 

in metathesis, 510, 511 

in oxymercuration, 243 
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in Prins reaction, 156 

towards singlet oxygen, 325 

in vinylic oxidation, 335 

of alkenes and alkynes: 

in halogenation, 224 

in hydrohalogenation, 211 

of alkylaromatics, in side-chain alkylation, 177 

of alkylbenzenes: 

in alkylation, 161 

in autoxidation, 363 

in hydrogenation, 457 

of alkyl groups: 

in dealkylation, 176 

in transalkylation, 175 

of alkyl halides, in alkylation, 154, 161, 165 

of alkynes, in carbocupration, 245 

of aromatics, towards singlet oxygen, 360, 361 

of alkenes, in hydration, 204 

of C-H and C-C bonds, in alkylation, 171 

of C-H bonds: 

in allylic oxidation, 346, 347 

in metalation, 178 

of cycloalkanes, in hydrogenative ring¬ 

opening, 486 

of dienes: 

in base-catalyzed alkylation, 178 

in epoxidation, 316, 319 

in hydroboration, 233 

in ionic hydrogenation, 478 

of Friedel-Crafts catalysts, 159,160 

of hydrocarbons: 

in thermal and catalytic alkylation, 145 

in thermal cracking, 32 

of hydrogen halides, in hydrohalogenation, 205 

of Lewis acids, in cationic polymerization, 539 

of nonactivated hydrocarbons, in Diels-Alder 

reaction, 246 

of styrenes, in base-catalyzed alkylation, 178 

Rearrangement: 

of alkylating agents, in alkylation, 158,164, 

168 

of carbocations, 33, 148, 149, 200, 277 

in hydrohalogenation, 206, 210 

Red oil(s), 160, 185 

Refining, 7, 10,19, 37, 42 

Reforming, 11, 36, 49, 52, 54 

Re^O^ on alumina, in metathesis, 506, 507, 509, 

515 

Reppe reactions, 277, 282 

Retention, of configuration: 

in alkylation, 164, 166 

in epoxidation, 317, 322 

in hydroformylation, 273 

in hydrosilylation, 236 

in oxidation: 

of alkanes, 298, 300, 302, 303 

of C-B bond, 232 

with singlet oxygen, 328 

[RhCKPPhjlj]: 

in formation of quinones, 358 

in hydrogenations, 459,461,462, 463,464, 

466 

in isomerization, 128 

in vinylic oxidation, 336 

[Rh(COD)Cl2], in hydrosilylation of alkynes, 239 

Rheniforming process, for reforming, 40 

Rhenium: 

in aromatization, 51 

in metathesis, 505, 506 

in Platforming, 40 

Rhenium heptoxide, in catalytic osmylation, 332 

Rhenium pentachloride, in ring-opening 

metathesis polymerization of norbomene, 

513 

[RhH(CO)(PPh3)3], in hydroformylation, 269, 

271, 275 

Rhodium: 

in Fischer-Tropsch synthesis, 68, 74 

in homologation of alkenes, 181 

in hydroformylation, 268 

in hydrogenation, 447 

in hydrogenolysis, 485 

in hydrosilylation, 237, 239 

in oligomerization, 533 

Rhodium carbonyls: 

in aminomethylation, 283 

in synthesis of ethylene glycol from syngas, 

74 

Rhodium complexes: 

in asymmetric hydrogenation, 466 

in heterosubstitution, 434, 435 

in hydroformylation, 272, 273, 274, 275 

in hydrogenation of, 466,467,469 

in vinylic oxidation, 336 

Rhodium compounds: 

in hydroboration, 233 

in manufacture of acetic acid, 282 

in ring-opening metathesis polymerization, 517 

Rhodium dioxide: 

in aminomethylation, 283 

in hydroformylation, 274 

Rhodium(III) salts, in hydroamination, 227 

Rhodium trichloride: 

in hydroamination, 228 

in hydrogenation of aromatics, 469 

isomerization with, 129 

in oxidative carboxylation of methane, 281 

in vinylic oxidation, 336 
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Rh on Mg(OH)2, in Fischer-Tropsch synthesis, 

69 
Rice-Kossiakov mechanism, 31 

Ring opening, of cycloalkanes, 485, 486,487 

Ring-opening metathesis polymerization, 504, 

512 
stereochemistry of, 513, 514 

Rooney-Webb mechanism, 126 

Ru(Ill), in hydration of alkynes, 202 

[RuCl2(PPh3)3], hydrogenation with, 459 

Ruhrchemie process 

for Fischer-Tropsch synthesis, 67 

for manufacture of n-butyraldehyde, 274, 275 

RuNaY-sulfated zirconia, in isosynthesis, 75 

Ru-Ni, in methanation, 75 

Ruthenium: 

in CO dissociation, 72 

in hydrogenation of aromatics, 457 

in hydrogenolysis, 482 

in methanation, 68, 74 

in oxidations, 306, 351, 352 

Ruthenium carbonyls: 

in aminomethylation, 283 

in synthesis of ethylene glycol from syngas, 74 

Ruthenium complexes: 

in cycloaddition, 248 

in hydroformylation, 269 

in hydrogenation, 466, 479 

Ruthenium dioxide, bond cleavage with, 345 

Ruthenium tetroxide, oxidation with, 306,351, 

352, 361 

Ruthenium trichloride: 

in oxidative cleavage, 345 

in ring-opening metathesis polymerization of 

norbomene, 513 

Ru-zeolites, in isoalkane synthesis from syngas, 

75 

Salen complexes, in asymmetric epoxidation, 323 

SAPO molecular sieves, in cracking, 30 

Sasol, 15, 68 

SbClj-SOj, in carboxylation of alcohols, 277 

SbFj-graphite: 

in alkylation, 150 

in electrophilic halogenation, 416 

in halogenation of methane, 90 

in isomerization of hexanes, 105 

SbFj-TiOj, in isomerization of butane, 105 

SbFj-TiOj-SiOj, in isomerization of butane, 105 

Schulz-Flory distribution, in Fischer-Tropsch 

synthesis, 70,73 

P-Scission: 

in alkylation, 149 

in autoxidation, 292, 293 

in carboxylation, 280 

in cracking, 31,32, 33 

in free-radical polymerization, 548 

'Sebacic acid, manufacture of, 491 

Selectivity: 
in alkylation, 158, 162,163,168, 174 

in allylic oxidation, 326 

in carboalumination, 244 

in carboxylation, 278 

in chemical reduction, 472,473, 474 

in cross-metathesis of styrene, 504 

in Diels-Alder reaction, 246, 247 

in electrophilic substitution of aromatics, 418, 

419,420 

in epoxidation of dienes, 313, 314, 316, 319, 

321 

of Fischer-Tropsch synthesis, 15, 66, 73 

in fluorination of alkanes, 415 

in ftee-radical chlorination, 425,428 

of hydroalanation, 235 

in hydroboration, 231,234 

in hydroformylation, 272 

in hydrogenation, 452, 454, 455, 457, 458, 463, 

466, 467, 478 

in hydrogenolysis, 482 

in hydrohalogenation, 205 

in hydrosilylation, 237 

in hydroxylation of aromatics, 356, 363 

in hydrozirconation, 239, 240 

in metathesis, 511 

in methanol to hydrocarbons transformation, 85 

in nitration of aromatics, 420 

in oxidation of alkanes, 298, 299, 303, 305 

in ozonolysis of dienes, 344 

in polymerization, 543, 544, 559 

in ring opening of cycloalkanes, 486 

in side-chain chlorination, 427 

Selectoforming, for reforming, 40 

Selenium dioxide: 

allylic oxidation with, 346, 347, 350 

bis-hydroxylation with, 333 

oxidation of alkynes with, 351 

Selfhydrogenation, of ethylene, 450 

Shale, 7,20, 36 

Shape selectivity: 

in alkylation, 168,174 

in aromatics formation, 53 

in bromination of alkenes, 221 

in cracking, 35 

in dewaxing, 36 

in epoxidation, 320, 322 

in hydrocracking, 42 

in interconversion of xylenes, 114,134 

in manufacture of: 
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cumene, 186 

p-ethylbenzene, 187 

p-xylene, 187 

in methanol conversion, 15, 85 

in MTG and MTO processes, 527 

in oxidation of alkanes, 304 

in reforming, 40 

Shell higher olefin process (SHOP), 133,275, 

515, 533 

Shell process; 

for hydroformylation, 274, 275 

integrated, for manufacture of ethyl chloride, 

216 

for manufacture of: 

acrolein, 372 

propylene oxide, 370 

Silica: 

in hydrohalogenation, surface mediated, 209, 

212 
in oxidation of methane, 295 

as support, in Fischer-Tropsch synthesis, 

69 

Silica-alumina: 

in alkylation, 167 

in cracking, 29, 32, 35 

in dimerization of isobutylene, 525 

in isomerization, 104, 114, 116, 133 

as support, 52 

Silica-alumina-thoria, in isomerization of 

cyclohexene, 117 

Silica-BFj-HjO, in oligomerization of 1-decene, 

527 

Silica gel: 

in dry ozonation, 300, 301, 343 

in isomerization, 115 

Silicalite, in methanol conversion, 86 

Silicophosphoric acid, 527 

Silver: 

methanation activity of, 74 

in oxidation of ethylene, 367, 368, 369 

Sinclair-Engelhard process, for manufacture of 

cyclohexane, 491 

Singlet oxygen, 325, 360 

Skeletal rearrangement: 

of alkanes, 107,122 

of alkenes, 115,116 

of aUcylcyclopentanes, over bifunctional 

catalysts, 50 

in catalytic reforming, 38 

in hydrocracking, 30 

Slurry processes; 

in Fischer-Tropsch synthesis, 74 

in hydrogenation of a-methylstyrene, 491 

in polymerization, 571, 572, 573 

Snamprogetti process: 

for dehydrogenation, 46 

for manufacture of cw-l,4-polybutadiene, 575 

SNIA Viscosa process, for manufacture of 

benzoic acid, 375 

Sn02-Mo03, in oxidation of propylene to 

acetone, 337 

SOjClj, see Sulfuryl chloride 

Sodium: 

in dissolving metal reductions, 473, 474, 475 

in oligomerization, 528 

in side-chain alkylation, 176 

Sodium ascorbate, as reductant, 305 

Sodium chlorite, in metalloporphyrin oxidation, 

303 

Sodium hypochlorite, 321, 323, 345, 359 

Sodium perborate, in anti hydroxylation, 333 

Sodium perborate-triflic acid, in hydroxylation of 

aromatics, 356 

Sodium percarbonate-triflic acid, in oxygenation, 

312 

Sodium periodate, 306, 322, 345, 361 

Sodium zeolites, in Diels-Alder reaction, 247 

Sohio process, for oxidation and ammoxidation of 

propylene, 372, 373 

Solid acids: 

in alkylation, 150, 161, 184, 185 

in cracking of MTBE, 205 

Solid phosphoric acid, in oligomerization, 525, 

527 

Solid superacids, in electrophilic halogenation, 

416 

Solvay catalyst, in polymerization, 571, 572 

Solvomercuration, 243 

Solvometalation, 242 

Speier’s catalyst, 237 

Stamicarbon process, for manufacture of 

polyethylene, 571 

Stannic chloride, in alkylation, 154 

Steam, use of, in dehydrogenation, 47 

Steam active reforming (STAR) process, 45,46 

Steam cracking, 34,43,45, 54 

Steam reforming, of methane, 74, 293 

Stereochemistry: 

of alkene isomerization, 118,120,129 

of alkylation, 156,164,166,169 

of allylic heterosubstitution, 436 

of allylic oxidation, 347 

of bis-hydroxylation, 330, 332, 333 

of carboalumination, 244 

of 1,4-diacetoxylation of dienes, 339 

of Diels-Alder reaction, 247 

of epoxidation, 313, 316, 319,321, 322 

of haloboration, 242 
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Stereochemistry {Continued) 

of halogenation, 218, 219, 220, 222, 223, 224 

of hydration, 201 

of hydroboration, 231,232 ' 

of hydrocyanation, 214,215 

of hydroformylation, 273 

in hydrogenations, 450,462,467,468,470, 

471,479 

of hydrohalogenation, 206, 207, 208, 211 

of hydrosilylation, 239 

in metathesis, 511,512, 513 

of methanolysis of alkenes, 201 

of oxidation of alkanes, 298, 299 

of oxymercuration, 243 

of ozonation of alkenes, 341, 342 

in pericyclic rearrangement, 129 

in polymerization, 558, 564 

of Prins reaction, 157 

in ring-opening metathesis polymerization, 

513,514 

Stevens rearrangement, 188 

CK-Stilbene, photocyclization of, 132 

Stilbenes; 

epoxidation of, 317 

reduction of, 470 

Styrene: 

anionic polymerization of, 541, 542, 574 

asymmetric hydroformylation of, 273 

carboxylation of, 279 

cationic polymerization of, 540 

cross-metathesis of, 504 

dimerization of, 528 

formation of, 182 

free-radical polymerization of, 548, 549, 574 

hydroalanation of, 235 

hydrochlorination of, 206 

hydrocyanation of, 215 

hydroformylation of, 272 

hydrosilylation of, 237 

manufacture of, 47, 517, 534 

in manufacture of: 

propylene oxide, 370 

styrene polymers, 573 

Styrene-diene copolymers, 574 

Styrenes: 

alkylation of, 177 

base-catalyzed dimerization of, 528 

hydroamination of, 227 

photohydration of, 200 

in Prins reaction, stereochemistry of, 157 

vinylic oxidation of, 337 

Sulfate esters, 200,203 

Sulfochlorination, 428,432 

Sulfonation, 421, 422 

% 

Sulfuration, 417 

Sulfuric acid: 

in alkylation, 145,146,149,150, 160, 168, 

> X 183,184,186 

in carboxylation, 276, 277, 281 

in conjunct polymerization, 525, 526 

in electrophilic hydroxylation of aromatics, 356 

in hydration, 200, 202, 203,205 

in ionic hydrogenation, 478 

in isomerization of n-aUcanes, 104 

in manufacture of diisobutylene, 527 

in oligomerization, 525, 526 

in oxidation of methane, 297 

in Prins reaction, 156 

in racemization of (+)-5-3-methylhexane, 110 

sulfonation of aromatics with, 421, 422 

Sulfur trioxide, 421, 422,423 

SuUuryl chloride:' 

chlorination with, 418,425,427 

sulfochlorination with, 428 

Sumimoto process, for manufacture of: 

polypropylene, 572 

sebacic acid, 491 

Superacids: 

in adamantane rearrangement, 106 

in alkylation, 21, 150, 151, 152, 160, 171 

in alkylative condensation, 18 

in alkylolysis, 154 

aprotic, 110,153 

carbocation equilibria, in, 103 

in carboxylation, 277, 281 

in COj reduction, 66 

in halogenation of alkanes, 90,415 

in hydroxylation, 299, 356, 357 

in ionic hydrogenation, 480 

in ionic hydrogenolysis, 487 

in isomerization, 103,105 

in methanol conversion, 85 

in nitration, 416 

as oxidants, 18 

in oxidation of methane, 297 

in oxidative: 

bond cleavage, 309, 310, 311 

condensation of methane, 79 

in oxygenation of alkanes with ozone, 301, 302 

in oxygenolysis, 312 

in protolytic reactions, 20 

in upgrading natural-gas liquids, 48,105 

Surface species: 

7t-adsorbed, in dehydrogenation, 49 

of alkanes, in hydrogenolysis, 483,484,486, 
487 

of alkenes, in hydrogenation, 448 

Ji-allyl, in alkene isomerization, 126 
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of benzene, in hydrogenation, 456 

a-bonded, in dehydrogenation, 49 

carbenic and carbidic, in Fischer-Tropsch 

synthesis, 72 

Cu*, involvement in methanol synthesis, 81, 83 

of cycloalkanes, in ring opening, 486 

cyclohexenic, in dehydrogenation, 49 

in metal-catalyzed isomerization of alkanes, 

123,124,125 

methoxy, in methane coupling, 78 

Syngas, see Synthesis gas 

Synthesis gas, 65, 66, 67, 85, 89 

in Cj chemistry, 14 

in hydroformylation, 268 

in methanation, 74 

in methanol synthesis, 80, 83 

in synthesis of ethylene glycol, 74 

Synthol process, for CO hydrogenation, 66 

Synthol reactor, 68 

TaFj on AlFj, in alkylation, 150 

TAME (tert-amyl methyl ether), 204 

Tantalum pentafluoride, in alkylation, 150 

Tar sand, 7, 20, 36 

Telogens, in termination of polymerization, 546 

Terephthalonitrile, manufacture of, 374 

Termination: 

in anionic polymerization, 542 

in cationic polymerization, 539 

in free-radical polymerization, 546, 549 

Tetracarbene intermediates, in metathesis, 507 

Tetrahalodiboranes, in haloboration, 241, 242 

Tetralin, as hydrogen donor, in transfer 

hydrogenation, 454 

Tetralins, 172, 364, 464 

2,2,3,3 -T etramethylbutane: 

hydrogenolysis of, 484, 485 

perfluorination of, 426 

2,2,4,4-Tetramethylpentane, skeletal 

rearrangement of, 125 

Texaco-UOP process, for alkylation, 184 

Thallium(I) acetate, in bis-hydroxylation, 332, 

333 

Thallium triacetate, in hydroamination, 229 

Thallium triacetate-bromine, para bromination 

with, 418 

Thallium trinitrate, in oxidation, 337, 352 

Thexylborane, 231, 234 

Thoria, in isosynthesis, 75 

TiCl^ -t- EtjAl, 550, 558, 564 

TiCl^-EtAlCl^-Et^AlCl, in manufacture of 

cis, trans, trans-1,5,9-cyclododecatriene, 534 

Tin dioxide, in oxidation of methane, 295 

Ti(On-Bu)^ -I- EtjAl, in synthesis of 

polyacetylene, 567 

TiOj on SiOj, in manufacture of propylene oxide, 

370 

Titanium compounds, in hydroalanation, 234 

Titanium silicalites, in oxidation, 307, 320, 

356 

Titanium tetrachloride: 

in polymerization, 550, 551, 552, 563, 571, 

572, 575 

supported, 552, 562, 563 

Titanium trichloride, in polymerization, 550, 551, 

552, 556, 558, 560, 561, 562, 563, 572 

Tokuyama Soda process, for hydration of 

propylene, 203 

Tolualdehydes, 134, 379 

Toluene: 

alkylation of, 162, 164, 169, 173 

chlorination of, 427, 431 

in crude oil, 48 

formation of, 38,41, 51 

hydrodealkylation of, 54 

in manufacture of: 

benzoic acid, 375 

nitrotoluene, 422 

styrene, 517 

xylenes, 186, 187 

polymerization of, 569 

side-chain alkylation of, 181,185 

sulfonation of, 422 

in transalkylation, 174,186, 187 

transfer nitration of, 419 

p-Toluenesulfonic acid: 

in alkylation, 160 

in Prins reaction, 156 

Toray process, for manufacture of terephthalic 

acid, 375 

Toyo Soda process, for manufacture of: 

acrolein and acrylic acid, 372 

all-trans-1,5,9-cyclododecatriene, 534 

Transalkylation, 174,185 

in isomerization of dialkylbenzenes, 112 

in manufacture of: 

benzene and xylenes, 187 

ethylbenzene, 185 

in upgrading natural-gas liquids, 48 

Transfer bromination, 418 

Transfer hydrogenation, 453,457, 479 

Transfer nitration, 419 

Transition-metal complexes: 

in heterosubstitution, 433 

in photochemical hydroamination, 227 

in side-chain chlorination, 427 

Transition-metal oxides: 

in Fischer-Tropsch synthesis, 69,74 

in methanol conversion, 86 
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Transition metals: 

in allylic amination, 433 

in coordination polymerization, 553, 554 

in epoxidation, 318,319 ' 

in hydrogenolysis, 481 

Transition-metal salts: 

in chemical reduction, 471,473 

in manufacture of acetic acid, 366 

in metathesis, 509, 513 

in polymerization, 552 

Transition states: 

in alkylation of aromatics, 163 

boat-like, in pericyclic reaction, 131 

in bromination, 220, 224 

cyclic: 

in alkane oxidation, 298 

in epoxidation, 313, 317 

in pericyclic reaction, 130 

in reaction with singlet oxygen, 326 

five-coordinate carbocationic, 153,154 

four-center, 232, 242, 462, 463 

in hydrohalogenation, 208, 212 

quasicyclobutane, in metathesis, 507 

Transmetalation, 119,177 

Trialkylaluminums, in carboalumination, 244 

1,1,2-Trichloroethane, manufacture of, 431 

Trichlorolanthanides, as catalysts, in benzylation, 

160 

Trichloromethanesulfonyl chloride, chlorination 

with, 425 

Triethylaluminum: 

as cocatalyst, in polymerization, 529, 550, 551, 

552, 553, 558, 564, 565, 567, 568 

in ethylene oligomerization, 533, 555 

in hydrogenation, 467 

as initiator, in cationic polymerization, 537 

in metathesis catalysts, 506 

in oligomerization, 529, 533 

Triethylsilane, in ionic hydrogenation, 476, 478, 

480 

Triflates, in alkylation, 160 

Triflic acid, 312, 356,433,476, 540 

in alkane isomerization, 105 

in alkylation, 151, 160 

in Koch reaction, 277 

in upgrading natural-gas liquids, 48 

Trifluoroacetic acid: 

in alkane isomerization, 105 

in fluorination, 218 

in ionic hydrogenation, 476,478,479,480 

Trifluoromethanesulfonic acid, see Triflic acid 

Triisobutylaluminum, in hydroalanation, 235 

Trimerization, of dienes, 530 

Trimethylbenzenes, in transalkylation, 187 

2.2.3- Trimethylbutane, formation of, in methanol 

conversion, 85 

Trimethylchlorosilane, heterosubstitution with, 

, ,, 435 
2.2.4- Trimethylpentane, 21, 36,132 

Trimethylpentanes: 

in alkylation, 145, 149 

demethylation of, 34 

skeletal rearrangement of, 125 

2.4.4- Trimethyl-2-pentene, metathesis of, 516 

Trimethylsilyl azide-triflic acid, amination with, 

433 

Trimethylsilylmethyl potassium, 178,180 

Triolefin process, for metathesis of propylene, 

515 

Trioxolanes, 340 

1,2,3-Trioxolene, 352 

Triphenylene, polyepoxidation of, 359 

Triphenylphosphine, sulfonated, in 

hydroformylation, 275 

Triton B, 364 

Tungstate salts, in oxidation of alkynes, 351 

Tungsten complexes, in epoxidation, 317, 318 

Tungsten compounds: 

in metathesis, 505, 506, 517 

in polymerization of acetylenes, 568 

Tungsten hexacarbonyl, in metathesis, 503, 506, 

509 

Tungsten hexachloride, in metathesis, 506 

Tungsten peroxo complexes, bis-hydroxylation 

with, 332 

Tungsten polyoxometalates, in oxidative cleavage 

of alkynes, 352 

Tungsten trioxide, in bis-hydroxylation, 333 

Tungstic acid, 333, 346 

Udenfriend reagent, 354, 355 

Undercutting, 42, 54 

Union Carbide process, for manufacture of 

ethylbenzene, 185 

UNIPOL process, for manufacture of 

polyethylene, 570, 571, 572 

UOP process, for manufacture of: 

cumene, 186 

cyclohexane, 491 

detergent alkylates, 188 

Valence isomerization, of norbomene, 249 

Vanadium complexes: 

in coordination polymerization, 552, 553, 563 

in hydroxylation of benzene, 356 

in manufacture of LLDPE, 570 

Vanadium pentoxide, in manufacture of phthalic 

anhydride, 378 
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Vanadyl phosphate, in manufacture of maleic 

anhydride, 378 

Vaska complex, see [IrCl(CO)(PPh3)J 

Veba process, for hydration of ethylene, 203 

Vicinal effect, 424 

Vinyl acetate, formation of, 338, 371 

Vinylacetylene, selective hydrogenation of, 489 

Vinyl chloride, manufacture of, 216, 225 

4-Vinylcyclohexene, manufacture of, 534 

Vinylcyclopropanes, rearrangement of, 130 

Vinylic acetoxylation, 338, 371 

Vinylic oxidation, 334, 370 

Vinyl shift, 51 

Viscosity breaking, 35 

Vistanex process, for manufacture of 

polyisobutylene, 573 

VjOj-MoOj, in manufacture of maleic anhydride, 

376 

VjOj on alumina, in ammoxidation of p-xylene, 

374 

VjOj on silica: 

in manufacture of phthaUc anhydride, 380 

in oxidation of methane, 295 

VjOj on Ti02, in manufacture of phthalic 

anhydride, 379 

VjOj-TiOj, in oxidation of propylene, 337 

VPO catalyst, in manufacture of maleic 

anhydride, 377, 378 

Wacker process, 334, 370 

Wacker-von Heyden process, for manufacmre of 

phthalic anhydride, 379 

Water: 

addition of, 200, 203 

in carboxylation, 276,277, 278, 281, 282 

as cocatalyst, in cationic polymerization, 536, 

539 

in Diels-Alder reaction, 246 

in epoxidation, 318 

in Kolbel-Engelhardt synthesis, 74 

in montmorillonites, 201 

in photocatalytic oxidation of alkanes, 296, 307 

in polymerization of 1,3-butadiene, 565 

as promoter (cocatalyst): 

in acid-catalyzed isomerization, 108, 112 

in alkylation, 147,160,166 

in transfer bromination, 418 

Water-gas shift reaction, 10, 67, 74, 83, 283 

Wheland intermediate, 162,418 

Wilkinson complex, see [RhClCPPhj)^] 

WO3 on alumina: 

in conversion of methyl halides, 16, 90 

in methanol conversion, 16, 86 

in oxidative condensation of methane, 79 

in transformation of sulfurated methanes, 90 

WOjOn silica, in metathesis, 506, 515 

Xenon fluorides, 218 

m-Xylene: 

alkylation of, 168,180 

manufacture of, 134 

protonated, 113 

o-Xylene: 

hydrogenation of, 457 

in manufacture of phthalic anhydride, 378, 379 

ozonation of, 361 

p-Xylene: 

alkylation of, 161 

ammoxidation of, 374 

formation of, 114,174 

manufacture of, 133, 134, 186, 187 

in manufacture of terephthalic acid, 375 

Xylenes: 

in crude oil, 48 

diacetoxylation of, 365 

formation of: 

in alkylation, product distribution of, 162 

from n-octane, 51 

isomerization of, 112,113,114,133 

manufactme of, 186 

separation of, 54,134 

Zeise’s salt, 202 

Zeolites: 

in alkylation, 160,161, 167,174 

in aromatics formation, 49, 53 

in bromination of alkenes, 221 

in catalytic cracking, 29,30 

hydrogen transfer on, 33, 35 

in dewaxing, 36 

in Diels-Alder reaction, 246 

in disproportionation of toluene, 187 

in halogenation, 416,418,427 

in hydration, 200 

in hydroamination, 227 

in isomerization, 114, 116,132,133 

in manufacture of p-xylene, 187 

in methanol conversion, 85, 88, 89 

in oligomerization, 527 

in transalkylation, 174 

in transformation of sulfurated methanes, 90 

ZF520 zeolite: 

in halogenation, 418 

in hydrochlorination, 209 

Ziegler catalysts: 

in cyclooligomerization, 531 

in hydrogenation, 460,467 

in polymerization, 550, 558, 564, 571 
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Ziegler-Natta catalysts: 

chiral active centers on, 561 

in dimerization of alkenes, 529, 532 

in manufacture of: > 

LLDPE, 570 

poly(l-butene), 573 

cir-1,4-polyisoprene, 575 

in polymerization, 550, 551, 552, 561, 563 

supported, 572 

Zinc, 305,473 

Zinc chloride: 

in alkylation, 154,159 

supported, in manufacture of ethyl chloride, 

215 

Zinc halides, in methanol conversion, 85 

Zinc oxide: 

as catalyst, in hydrogenation, 447 

doped, in oxidation of methane, 295 

in methanol synthesis, 81, 82 

Zinc oxide-chromia, in methanol synthesis, 80 

Zirconia, in isosynthesis, 75 

Zirconia, sulfated: 

in alkylation, 168, 169 

in electrophilic halogenation of methane, 416 

Zirconium chloride, as Friedel-Crafts catalyst, 

X 145 
Zirconium compounds: 

in carboalumination, 244 

in carbomagnesation, 245 

in hydroalanation, 234 

ZnCl2 on KIO monmorillonite, in benzylation, 

165 

ZnfNOj)^ on silica gel, in formation of quinones, 

358 

ZSM-5: 

in catalytic cracking, 29, 30, 35 

in conversion of methyl chloride, 90 

in isomerization of xylenes, 133, 134 

in methanol conversion, 85, 86, 88 

steam-treated, in alkylation, 185,187 

in transformation of sulfurated methanes, 90, 

91 

Zwitterionic intermediate, 340, 352 
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