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Preface

Catalytic hydrogenation is a powerful means of achieving controlled
transformations of organic compounds. This work is concerned with the
kinds of transformations that can occur and how they can be achieved over
platinum metal catalysts. The latter are the most widely used of all hydro-
genation catalysts, and much of what can be accomplished with hydro-
genation can be done best over platinum metals. The work is organized
according to the chemistry of hydrogenation of individual functional groups
with further subdivision dictated by available data. Particular emphasis is
given to the manner in which hydrogenation may be altered by the catalytic
metal, catalyst support, reaction environment, and catalyst modifiers.
There is very little discussion of the mechanisms of catalysis: practical
problems in catalysis are solved most easily by an empirical approach
coupled with a thorough knowledge of the literature.

I wish to express my thanks to Kathryn Engram for her outstanding
services as typist and draftsman, and to Lillian Hasbrouck for the tedious
tasks of proofreading the manuscript and of checking all the references.
My colleagues in the laboratory have contributed much data and are duly
credited in the text ; it is much more difficult to credit them adequately for the
diligence and cooperation which made these data possible. Special thanks
are due to Dr. J. G. Cohn, Research Director of Engelhard Industries, and
to Dr. E. F. Rosenblatt, President, for their encouragement in this under-
taking and for making time and help available.

Newark, New Jersey PAuL N. RYLANDER
June, 1967
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Platinum Metal Catalysts

I. PLATINUM METALS

The six elements in the platinum metals group (Table I) are all hydro-
genation catalysts. Palladium and platinum catalysts have been widely used
for decades. Rhodium and ruthenium also make excellent hydrogenation
catalysts, but their merits are not yet so widely appreciated (most references
to these catalysts date from the middle fifties). Iridium and osmium have
found still less use. Osmium hydrogenation catalysts do not appear to have
exceptional merit; whether this is due to some intrinsic property of osmium
or to inadequate procedures in the catalyst preparation is not yet known.
Iridium, on the other hand, makes a fair catalyst and its lack of use stems
partly from neglect and partly from the fact that some platinum metal has
usually proved more suitable whenever a comparison was made.

The platinum metals make exceptionally active hydrogenation catalysts,
and most functional groups can be reduced under mild conditions over one
or another of these catalysts. Many industrial hydrogenation processes are
carried out at elevated pressure and/or temperature, however, to make more

TABLE 1

PLATINUM METALS®

Element Symbol Atomic number Atomic weight
Ruthenium Ru 44 101.07
Rhodium Rh 45 102.905
Palladium Pd 46 106.4
Osmium Os 76 190.2
Iridium Ir 77 192.2
Platinum Pt 78 195.09

7 A review of the physical properties of the platinum metals and gold and silver has been
published in Engelhard Ind. Tech. Bull. 6, 61 (1965).
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4 1. PLATINUM METAL CATALYSTS

efficient use of the metal and hydrogenation equipment. The most effective
metal varies with each substrate, but enough data have accumulated to
permit a satisfactory selection of catalyst and conditions for successful
reduction of most substrates without undue difficulty.

II. TYPES OF CATALYST

Platinum metal hydrogenation catalysts are of two types—supported and
unsupported, with the latter group being further divided into those for use in
slurry processes and those for use in fixed-bed operation. In batch-type
hydrogenations the support is usually a fine powder. Occasionally a coarser
support is used, so that on completion of the reaction the catalyst settles and
can be recovered by decantation rather than filtration. Catalyst supports for
use in fixed-bed operation are usually in the form of cylinders, spheres, or
granules with particle size of roughly £ — 45 inches.

A. UNSUPPORTED CATALYSTS

Early in the century, platinum metal catalysts were usually in the form of
finely divided metal or metal oxide (Sabatier, 1923). The metals are referred
to as blacks, and, if stabilized in solution by substances such as gum arabic
(Skita, 1912) or polyvinyl alcohol (Rampino and Nord, 1941), as colloidal
catalysts. Platinum metal oxides and blacks are still widely used and may be
preferred to supported catalysts with compounds difficult to hydrogenate, or
when substantial yield losses occur through absorption of products by the
catalyst support (Barnes and Fales, 1953), or when overly strong adsorption
on the support poisons the catalyst. Unsupported metal is used less efficiently
than supported metal and recovery losses are likely to be higher.

B. SuPPORTED CATALYSTS

Supported platinum metal catalysts have a number of advantages over
unsupported catalysts. The support permits greater efficiency in use of the
metal by increasing the active metal surface and by facilitating metal recovery.
Also, supported catalysts have a greater resistance to poisoning. Perhaps
the greatest value of a support is that it provides a further control over
selectivity.

Platinum metals have been supported on a variety of materials, including
such diverse substances as carbon, alumina, silica, alkaline earth carbonates
and sulfates, zinc, asbestos, and silk. The list could be extended greatly. One
gathers that almost any material of suitable form and stability can be used
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as a catalyst support. The relationship between performance and support is
extremely complex for, among other things, performance is related to the
particular sample of support examined (Maxted and Elkins, 1961), to the
precise method of metal deposition, and to the system in which the catalyst
is used. Among the physical properties of a support that may influence
performance are total surface area, average pore size, pore size distribution,
and particle size, insofar as these properties affect the metal dispersion and
control the transport of reactants and products to and from the catalyst
surface. .

Relatively little effort has been made in liquid phase catalysis to disentangle
the multiple contributions, both chemical and physical, of a support to
catalyst performance, but in special instances particular characteristics have
been singled out. For instance, the activity differences found in platinum-on-
alumina, platinum-on-zirconia, and platinum-on-chromium sesquioxide,
when used for hydrogenation of cyclohexene and ethyl crotonate, have been
related to mean pore radius of these supports; correlations between activity
and surface area of the platinum metal (Maxted and Elkins, 1961), or in
supported palladium catalysts between activity and surface area of the
support, were not evident (Maxted and Ali, 1961). On the other hand, the
marked difference in isomer distribution obtained on hydrogenation of
hexahydroxybenzene over colloidal palladium and over 109 palladium-on-
carbon was attributed to the greater surface area of the latter (Angyal and
McHugh, 1957). The products of hydrogenation may also change with the
support, inasmuch as various supports, for whatever reason, give catalysts
of differing activities and consequently different levels of hydrogen availa-
bility at the catalyst surface (Zajcew, 1960; Augustine, 1963). Supports, or
the catalyst as a whole, may also influence the product insofar as they contain
trace quantities of free acid or alkali.

1. Agglomeration

Supports may affect catalyst activity, as the support partly determines
the tendency of a catalyst to agglomerate or to stick to the reactor walls. The
factors determining the degree of agglomeration are indeed subtle, for the
extent of agglomeration may change markedly with the support, the reaction,
and minor changes in the reaction system. Catalyst clumping is a common
cause of unsatisfactory results. This difficulty can usually be overcome by a
change of support, amount of catalyst, agitation, solvent, or even reactor size.

2. Resistance to Poisoning

Metals on different supports vary in resistance to poisoning by extraneous
contaminants and by products of the reduction. The effect that a product
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of reduction may have on the catalyst is illustrated by hydrogenation of
nitrobenzene in cyclohexane solvent over 59 palladium-on-carbon and 59
palladium-on-alumina. Both catalysts had the same initial rate, and over
the carbon-supported catalyst the reaction continued unabated almost until
completion. However, over the alumina catalyst the rate declined sharply
to one sixth of the original rate when the reaction was about 309, complete.
When water, equal to the amount formed at this point, was added initially
the reduction began at and maintained this lower rate. In this system,
palladium-on-calcium carbonate tended to stick to the walls of the reactor
and was largely unavailable for use (Rylander et al., 1965). The support may
also influence the course of reduction and the amount of various inhibiting
by-products.

In general, supported catalysts show a greater resistance to poisoning than
nonsupported catalysts, probably because the support increases the active
surface (Germain et al., 1961). Also, the support itself may sop up catalyst
poisons and inhibitors; the performance of unsupported catalysts can often
be improved by adding a catalyst support, such as high surface carbon, to
the reaction mixture.

3. Effect of Particle Size on Activity

The activity of a catalyst is related to the particle size of the support, as
illustrated by the data of Table II (Rylander et al., 1965). A 19 platinum-on-
carbon catalyst was divided by screening into five portions, and an equal
weight of each portion was used in hydrogenation of nitrobenzene dissolved
in acetic acid. Only part of the marked increase in rate with decreasing
particle size can be attributed to the higher percentages of metal found on
the smaller particles; most of the increase must be attributed to better
transport of reactants to the catalysts. The rate advantages obtained by

TABLE II
EFFECT OF PARTICLE SIZE ON RATE OF HYDROGENATION?

(Hydrogenation of Nitrobenzene in Acetic Acid)

Particle size Percent Pt Relative.rates based on
on support equal weights of catalyst
40-60 mesh 1.0 1.0
60-80 mesh 1.0 1.6
80—100 mesh 1.02 1.9
100-150 mesh 1.07 25
through 150 mesh 1.43 59

“ 100 mg platinum-on-carbon catalyst, room temperature, atmospheric pressure.
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using very fine particles are in practice offset by increasing catalyst cost and
by difficulties in filtration. The best catalysts combine a sufficiently fast rate
with easy recovery. Rampino and Nord (1941) have examined the complex
relationship between particle size and rate of hydrogenation over palladium
and platinum-polyvinyl alcohol colloidal catalysts.*

4. Economical Use of Metal

In general, supported catalysts provide much more economical use of the
metal. For example, hydrogenation of heptaldehyde over equal weights (on
a metal basis) of 5% platinum-on-carbon and over platinum oxide proceeded
about eight times more rapidly over the former (Rylander and Kaplan, 1961).
Similar comparisons are common. In addition, supported catalysts may be
more easily filtered, and mechanical losses of the metal will be proportion-
ately less when handling a metal diluted by a support.

5. Concentration of Metal

Platinum metal catalysts for use in batch processing usually contain
about 1-10% by weight of metal, although special purpose catalysts con-
taining as much as 30-40%, by weight of metal are made and used commerci-
ally. Fixed-bed catalysts contain generally about one tenth as much metal as
powdered catalysts. The percentage of metal on a catalyst has, with a number
of exceptions, little effect on the product, and the question of appropriate
metal concentrations is determined in most instances more by economic
than technical considerations. More efficient use is made of the metal as the
concentration of the metal is lowered (Table III) (Karpenko, 1964), but the

TABLE 111

HYDROGENATION OF NITROBENZENE IN ACETIC ACID?

Catalyst Catalyst (mg) Pd (mg) Relative rate
1% Pd-on-carbon 500 5 7.6
39 Pd-on-carbon 166 5 35
5%, Pd-on-carbon 100 5 1.8
10% Pd-on-carbon 50 5 1.2
309, Pd-on-carbon 16.6 5 1.0

2 Each experiment was carried out at room temperature and atmospheric pressure with
500 mg total carbon carrier present. Not all substrates show as large a variation in rate with
percent metal as shown here ; the magnitude of the change depends among other things on the
substrate (Young and Hartung, 1953).

* Manufactured by Engelhard Industries, Newark, N.J.
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increased efficiency is offset by increasing catalyst costs. Since the platinum
metal is ordinarily reclaimed, the metal cost is not the major factor in the
total cost of the catalyst. In the United States, 5% metal-on-powdered
carrier catalysts are used widely, the economics being such that metal
concentrations in this range will give the most product per dollar of total
catalyst cost. When the metal is recovered, 10%, metal-on-carrier catalysts
are only slightly more expensive to use than 5%. In England, where labor
costs are different, 3%, catalysts are more popular.

6. Asymmetric Supports

Asymmetric syntheses may be achieved by catalytic hydrogenations
carried out over a platinum metal deposited on an asymmetric surface, as
d- or l-quartz or silk fibroin, but the optical purity is usually not high.
Optically active phenylalanine was obtained in 259 optical purity by the
hydrogenation of ethyl a-acetoximino-S-phenylpyruvate over palladium-on-
silk fibroin at 70°C and 1350 psig pressure, followed by acid hydrolysis of
the product. Optically active phenylalanine was also derived by hydro-
genation of 4-benzylidene-2-methyloxazol-5-one under similar conditions
over a palladium-on-silk catalyst (Akabori et al., 1956, 1957). There is some
evidence that catalyst sites may be asymmetric and present with an equal
number of the mirror images. In support of this suggestion was the observa-
tion that an optically active compound was not reduced as fast as the racemic
mixture (Beamer et al., 1960).

7. Choice of Support

The rate and, at times, the products of reduction vary with the catalyst
support. The literature records many examples (Rylander et al., 1965) where
one catalyst support was preferred to another, but guiding principles for
choice have yet to be developed. An understanding of the influence of
carrier on the rate and course of reduction from preferences recorded in the
literature is particularly difficult to achieve, because one is never certain
whether it was the support itself, the method of catalyst preparation, or some
unknown factor that was responsible for the differential results. Even in
controlled studies it is difficult to disentangle effects produced by the support
itself from various other factors involved in the comparison. For instance,
optimum catalysts are not produced if all catalysts are prepared by the same
technique regardless of support, but if the technique is altered an additional
variable will be introduced.

In practice it is usually not difficult to pick a satisfactory support. Unless
there is evidence to the contrary, either carbon or alumina is an excellent
first choice and either will prove adequate for most reductions. Beyond this
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broad generality the best guide is a suitable precedent; examples of satis-
factory results with other carriers are given throughout this text. Alkaline
earth carbonate or sulfate supports seem to give quite often better selectivity
than carbon- or alumina-supported catalysts. For instance, hydrogenation
of trans-dibenzoylethylene over palladium-on-carbon afforded dibenzoyl-
ethane in 589 yield and 1,2,3,4-tetrabenzoylbutane in 369, yield; over
palladium-on-strontium carbonate the product was 979, dibenzoylethane
(McQuillin et al., 1963).

III. SYNERGISM

Two platinum metal catalysts when used together may sometimes give
better rates or better yields than either catalyst individually. Synergistic
effects have been observed when two separate catalysts were mixed together
mechanically, and also when two metals were incorporated in a single
catalyst. Synergism by mixtures of two catalysts has been accounted for by
the assumption that hydrogenation involves two or more discrete stages, or
multiple intermediates, some of which may be reduced more easily by one
catalyst and some by the other (Rylander and Cohn, 1961). Synergism in
coprecipitated or co-fused mixed metal catalysts may be accounted for
similarly, as well as by formation of alloys, by alterations in electronic
constitution, and by changes in particle size and surface area.

A. MIXTURES OF CATALYSTS

Two platinum metal catalysts used simultaneously may give better results
than the catalysts used individually or consecutively (Baer et al., 1952).
Overberger and Lapkin (1955) were able to reduce a complex cyclic azine
only over a mixture of platinum oxide and 109 palladium-on-carbon.
Reductions over the individual catalysts were unsuccessful. A mixture of
5% platinum-on-carbon and 59, palladium-on-carbon gave better yields
of 2-amino-1-phenyl-1-propanol by hydrogenation of isonitrosopropio-
phenone than were obtained with either catalyst individually (Wilbert and
Sosis, 1962). This particular reduction is sensitive to only a few percent of
platinum or rhodium incorporated in the palladium catalyst (Hartung and
Chang, 1952). Synergism occurred also in hydrogenation of nitro compounds,
nitriles, and acetylenes over mixtures of palladium or platinum catalysts
and ruthenium catalysts (Rylander and Cohn, 1961). In these reductions,
ruthenium alone was completely inactive.

Except for certain selected examples, there seems to be no way of predicting
when mixtures of catalysts will prove advantageous. Their use complicates
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recovery and extends the already large number of reasonable choices.
Nonetheless, a mixture may well be worth resorting to when individual
catalysts have proved unsatisfactory. A number of workers have used mix-
tures for no clearly stated reason (Gutsche et al., 1961 ; Butz et al., 1947 ; Mari-
ella and Havlik, 1952 ; Mariella and Belcher, 1951 ; Harris and Folkers, 1939
Wright, 1959).

B. MIXED-METAL CATALYSTS

Many catalysts with two platinum metals intermingled have been pre-
pared and some show large synergistic effects. The metals may be colloidal
mixtures, fused oxides, or co-supported. As with mixtures of catalysts,
there seems to be no way of predicting in general when mixed-metal catalysts
will prove effective. These catalysts often have special properties and are
worthy of consideration when other catalysts have proved unsatisfactory.
Inasmuch as the effectiveness of this type of catalyst varies markedly with
both the metal ratio and the substrate, catalyst testing is tedious. A useful
but not infallible guide to the probable effectiveness of coprecipitated metal
catalysts is the performance of a mechanical mixture of the two metals. If
synergism results from the mechanical mixture, it probably will also in a
catalyst of coprecipitated metals. In this way various combinations of metals
may be tested without actually preparing the mixed metal catalyst.

Impressive examples of synergism with colloidal palladium and platinum
catalysts have been reported (Rideal, 1920). A series of catalysts, stabilized
by gum arabic, was made with varying proportions of palladium and
platinum. The addition of only a small amount of palladium to a platinum
sol greatly enhanced its activity and extended the life. The suggestion was
made that promoters may in part function as peptizing agent for colloidal
catalysts, or for catalysts that pass through a colloidal stage at some point
in their preparation.

Mixed rhodium-platinum oxides* prepared by fusion with sodium
nitrate showed properties not found in either oxide separately. These mixed
catalysts were especially recommended when hydrogenolysis was to be
avoided (Nishimura, 1961a). Platinum-ruthenium oxides, prepared in
similar manner, showed surprisingly high activities in certain reductions.
The optimum ruthenium content depended in a striking way on the substrate ;
for pyridine and 2-methylbut-3-yn-2-ol it was 3 atom percent ruthenium,
for cyclohexene, cyclohexanone, and acetophenone 30 atom percent ruth-
enium. Mechanical mixtures of platinum oxide and rhodium oxide did not
function in the same way as the co-fused metals (Bond and Webster, 1964).

* Many binary and ternary platinum metal catalysts have been prepared by this and other
methods (O. J. Adlhart and J. G. E. Cohn, French Patent 1,407,903).
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Platinum metals coprecipitated on a support (Koch, 1962, 1965; Rylander
and Koch, 1965) may have unusual properties. Reduction of 1,2,3,4-tetra-
hydroacridine in methanol occurred readily over a palladium-platinum-on-
carbon catalyst, but failed or was very slow over palladium-on-carbon,
platinum-on-carbon, or Raney nickel (Hayashi and Nagao, 1964). Enhanced
rates were observed in hydrogenation of butynediol over palladium-
ruthenium-on-carbon catalysts and of nitrobenzene over platinum-
ruthenium catalysts (Rylander and Cohn, 1961). Certain advantages have
been claimed for ruthenium—palladium catalysts in hydrogenation of glucose
to sorbitol (British Patent 867,689).

Even very small percentages of a second platinum metal may cause
marked synergism. The reduction of quinone over palladium-on-carbon
was more rapid when only 2 atoms per hundred (based on palladium) of
rhodium, ruthenium, platinum, osmium, or iridium was incorporated in
the catalyst. On the other hand, all these mixed metal catalysts were less
active than pure palladium-on-carbon when the substrate was benzaldehyde.
Reduction of piperonal oxime over palladium-on-carbon was promoted by
ruthenium but strongly inhibited by platinum or iridium (Young and
Hartung, 1953). The authors advanced some explanations for these results.

IV. CATALYST STABILITY

Most platinum metal catalysts can be kept apparently unchanged for
years, provided they are stored in a container sealed against contaminants in
the atmosphere. There are some exceptions. A number of workers have
commented on the loss of activity of platinum oxide catalysts with aging,
and the suggestion has been made that platinum oxide catalysts should
preferably be made as needed, for in certain cases (unspecified) the catalyst
decreases in activity after standing several weeks (Adams et al., 1946). A
decline in activity of platinum oxide was observed during a study extending
over only 2 months. The authors (Siegel and Dmuchovsky, 1964) commented
that platinum oxide does not seem to be ideally suited for quantitative
work. Smith and Burwell (1962) noted that if platinum oxide is evacuated
for 4 days before use, during which time the catalyst changes color, the initial
activity is about 1.6 times greater than usual. That platinum oxide some-
times changes activity with aging is certain, but under what circumstances
has not been established ; we and others have kept platinum oxide for years
apparently unchanged.

Despite various reports that catalysts age, and some assuredly do, it is
substantially correct to assume that most catalysts, for all practical purposes,
do not age. We have kept a variety of catalysts in our laboratory for many
years without any significant changes in activity. We have the impression
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that the induction period characteristically shown by ruthenium catalysts
increases with age of the catalyst, but the activity remains essentially constant.
An accurate check on a change in activity after a lapse of considerable time
is a formidable problem. Organic substrates are themselves subject to
change over long periods of time and there is no guarantee that a new sample
of substrate will be identical to an earlier material. A colloidal palladium
stored for 15 years was found to be more active than a fresh preparation
in hydrogenation of tetraphenylbutynediol but less active toward tetra-
methylbutynediol (Sokol’skii, 1964a); one explanation for these results is
that the substrates differed.

V. SAFETY

Platinum metal catalysts are generally nonpyrophoric and can be safely
held in the hand. However, they catalyze the oxidation of organic com-
pounds and great care must be taken when the catalysts are brought into
contact with organic liquids or combustible vapors. Platinum metal catalysts,
especially platinum or palladium, are prone to ignite lower alcohols. In our
laboratory it is routine practice to cool both the dry catalyst and alcohol
in ice or Dry Ice before mixing. Alternatively, the alcohol is added to the
catalyst in a flask filled with nitrogen. Especially active catalysts are both
cooled and blanketed with nitrogen. Once the catalyst has been wet with
alcohol, the possibility of ignition is greatly diminished. It is therefore a
mistake to try to prevent fires by adding the solvent dropwise; it is safer to
drown the catalyst with liquid.

Platinum metal catalysts-on-carbon can be supplied commercially as
509 water-wet, free-flowing powders* and are recommended when using
alcohol as a solvent. The chance of fire is greatly diminished when using these
catalysts, but nonetheless safety precautions should not be relaxed. Water-wet
powders also reduce the possibility of a dust explosion. Although dry,
powdered carbon catalysts have been used for years without mishap, they
present the same hazards as any other finely divided, combustible powder
and adequate precautions should be taken.

Over many years we have never had fires in our laboratory when mixing
catalysts with carboxylic acids, alcohol-free esters, ethers, or hydrocarbons
as solvents, although no special precautions were taken. This statement is
intended to imply only that materials of these types are not readily ignited
by hydrogen-free catalysts; in no sense does it imply that they cannot be.
After a catalyst has been used and is saturated with hydrogen, any com-
bustible vapor might be ignited, inasmuch as the catalyst itself may catch

* Manufactured by Engelhard Industries, Newark, N.J.
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fire when exposed to air. A used filtered catalyst should be wetted and kept
out of contact with combustible vapors.

In large-scale processing, the hazards of damage and injury by fire are
increased. Rebenstorf (1966) has recommended that procedures in large-
scale hydrogenation be standardized and the sequence of operations reduced
to a check-list. This scheme is particularly useful when the actual handling
of catalysts and reaction materials is carried out by nontechnical personnel.

VI. CATALYST REUSE

In commercial operation a catalyst should be reused as many times as
possible, for each reuse lowers the cost of the catalyst per pound of product.
There is apparently no way of knowing in advance how many times a
catalyst can be reused. The total catalyst life, with or without intervening
regenerations, is best determined experimentally with the materials to be
actually used in the reduction. Often there is some decline in activity with
each reuse, and it is common practice to add a small amount of fresh catalyst
occasionally so as to maintain a constant overall activity and reaction time
for the batch (McElvain and Adams, 1923). Ruthenium catalysts typically
do not reach maximum activity until the second or third use (Rylander
et al., 1963). The amount of material that may be reduced through repeated
reuse of a catalyst is sometimes very large. In one set of pilot plant experi-
ments on hydrogenation of fatty oils, 1 gm palladium as 2% palladium-on-
carbon reduced 545.000 gm oil to a satisfactory product (Zajcew, 1960).

Not infrequently the product changes somewhat when a catalyst is reused
(Hartung and Chang, 1952; Skita and Rdssler, 1939; Eliel and Ro, 1957;
Farmer and Galley, 1933a,b; Haller and Schaffer, 1933; Mayo and Hurwitz,
1949). The change is often of the same type brought out by deliberate de-
activation of the catalyst by addition of various inhibitors. A reused catalyst
may give better results than a fresh catalyst (Gensler and Schlein, 1955),
but not necessarily so. It would seem desirable in general research work
not to reuse catalyst, for reuse may introduce an uncontrolled and irrepro-
ducible variable.

CATALYST REGENERATION

Spent catalysts are regenerated usually by oxidation, by steam, by heat,
by solvent extraction, or by various combinations thereof. The method of
choice depends upon the cause of deactivation and on the equipment
available for regeneration. A few examples from the literature will suffice
to illustrate the general methods. No method is universally applicable and
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apparently a procedure has to be worked out anew for each catalyst system.
Poisoning and general methods of revivification have been discussed at
length by Maxted (1951). It should be noted that restoration of the original
catalyst activity is not in itself a sign of successful regeneration. The re-
generated catalyst should in addition have an adequate life, which is by
no means always the case.

1. Oxidation

Catalyst regeneration through oxidation may involve restitution of a
catalyst to its original active form, as in oxidation of inactive platinum to
active platinum oxide (Carothers and Adams, 1923), or conversion of
strongly adsorbed inactivating materials to compounds more easily removed,
as in oxidation of divalent sulfur, or actual burning off of carbonaceous
deposits. The last type of regeneration may be accompanied by very large
increases in temperature and the oxidation must be carefully controlled to
avoid irreparable catalyst damage (Schulman, 1963).

Catalysts poisoned by various metal ions have been restored by treatment
with an excess of an organic sulfide, which displaces the metal ions through
mass action, followed by oxidation with hydrogen peroxide to convert the
sulfur compound to nontoxic form (Maxted and Ali, 1962).

2. Steam

Catalysts may often be regenerated by treatment with wet or dry steam.
Catalysts deactivated by use in an anthraquinone-hydrogen peroxide
process were reactivated by treatment with wet steam containing about 10%
water at 80-200°C (Jenny et al., 1963). Platinum metals-on-carbon catalysts,
deactivated in a vinyl ester process, were regenerated by treatment with
superheated steam at 700-900°C (Japanese Patent 25,498/65).

3. Heat

If the deactivating adsorbed substances are sufficiently volatile, catalysts
may be regenerated by heating. Rhodium catalysts deactivated during
hydrogenation of anilines were reactivated by heating to 200-500°C for
4-24 hours (British Patent 906,858).

4. Solvent Extraction

Many spent catalysts may be restored by removal of strongly adsorbed
deactivating species through extraction of the catalyst with an appropriate
solvent. Spent palladium-on-carbon catalysts used in the selective hydrogena-
tion of limonene, and deactivated through 30 reuses, were easily reactivated
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by washing with acetone and drying for 1 hour at 110°C (Newhall, 1958).
Alkali or dilute acid washes are used frequently in restoration of spent
catalysts. For instance, a palladium-on-carbon catalyst spent from use in
hydrogenation of butyrolactone was reactivated by washing with an alkaline
solution and then with water, drying, and exposure to air (Kolyer, 1965).
The appropriate solvent to be used can often be judged from the probable
nature of the adsorbed deactivating species. Toxic metal ions may also be
removed by solvent wash, to an extent that varies inversely with the tempera-
ture at which they were adsorbed (Maxted and Ali, 1962).

VII. INDUCTION PERIODS

Some reductions have induction periods, that is, some time is required
before the maximum rate is obtained or before hydrogenation occurs at all.
Ruthenium catalysts are particularly inclined to exhibit induction periods,
especially at low pressures. The rate curve for a typical hydrogenation over
ruthenium is shown in Fig. 1 (page 239). After almost an hour, hydrogen
absorption began abruptly at nearly maximum rate. With this catalyst the
induction period was eliminated completely by shaking the catalyst and sol-
vent together with hydrogen for 1 hour before the substrate was added.
The induction period was eliminated also by addition of 1 atom of stannous
ion per atom of ruthenium.

The length of the induction periods appears to bear no relation to the
activity of the catalysts. Induction periods with ruthenium catalysts seem
to increase in length with age of the catalyst, but inasmuch as induction
periods are highly variable it is difficult to establish a quantitative relation-
ship. In our laboratory, induction periods of at least 1 hour have been
observed over palladium, platinum, and ruthenium catalysts at atmospheric
pressure. One reduction over 5%, ruthenium-on-carbon absorbed no hydro-
gen in at least 7 hours; the reduction went to a successful completion some-
time during the night. It would seem to be good practice never to abandon
an apparently unsuccessful reduction too hastily.

PREREDUCTION

It is common practice to prereduce platinum metal catalysts; that is, the
catalyst and solvent are shaken together with hydrogen before the substrate
is added. One purpose of prereduction is to ensure that the measured
hydrogen absorption arises only from absorption by the substrate. Another
purpose is to activate the catalyst.
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Prereductions are usually not necessary and are sometimes harmful.
For instance, platinum oxide is inactive, or essentially so, for hydrogenation
of aldehydes when it has been reduced to the metal (Willstatter and Jaquet,
1918). On the other hand, platinum oxide was shown to be catalytically
inactive for reduction of nitro compounds; hydrogenation took place only
over the reduced metal (Yao and Emmett, 1961). Many of the effects of pre-
reduction of platinum oxide catalysts seem to be connected with its sodium
content (Yao and Emmett, 1961).

In our laboratory, it is routine practice to prereduce ruthenium catalysts
when they are to be used at low pressures. Hydrogenations over these
catalysts are prone to show induction periods, which are sometimes lengthy
and frequently erratic. A prereduction of 1 hour usually eliminates the
induction period.

VIII. REPRODUCIBILITY OF CATALYSTS

The question of catalyst reproducibility cannot be separated from the
criteria used to measure reproducibility. Catalysts may be compared with
respect to density, hardness, content, surface area, selectivity, activity, poison-
ing resistance, etc. The usual and most useful criteria of reproducibility are
related to some aspect of performance, for instance activity or selectivity.
Another meaningful measure related to performance is resistance to
poisoning, and another, in certain uses, is resistance to attrition. In any
event it is a formidable task to ascertain whether two catalysts are identical.

One important factor tending to make catalysts reproducible is constancy
of preparation, but this in itself is not an adequate guarantee of reproduci-
bility inasmuch as all catalyst preparations are subject to various subtle
and often unknown influences that alter catalyst quality. Wide variations
in activity were found in “duplicate” palladium-on-carbon catalysts made
by shaking a mixture of palladous chloride and charcoal in water with hydro-
gen (Young et al, 1953). Some catalyst preparations give much more con-
sistent results than others, and the art of making “duplicate” catalysts is an
important part of industrial know-how.

In practice it is poor policy to assume that duplicate catalysts are obtained
from presumably identical preparations. All catalysts should be checked for
activity, selectivity, or other meaningful criteria of performance.

IX. INHIBITORS AND POISONS

Platinum metal catalysts are subject to partial or total deactivation by
many substances, including heavy metal ions, halides, divalent sulfur
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compounds, carbon monoxide, amines, phosphine, etc. (Maxted, 1951), as
well as, in some instances, by the substrate itself* (Smutny et al, 1960).
Whether deactivation is partial or total often depends only on the quantity
of the inhibitor. Catalyst inhibition may occur in various ways, as through
blocking of the catalyst sites by overly strong adsorption (Maxted, 1951),
by interaction of the inhibitor and substrate to alter the nature of the material
undergoing hydrogenation (Adams et al., 1927), or by preventing conversion
of the catalyst to an active form (Yao and Emmett, 1961). Partial catalyst
deactivation may be accompanied by various favorable effects, such as
increased selectivity. A catalyst modifier may therefore be simultaneously
both an inhibitor and a promoter, the approprlate name being determined
by the focus of interest.

A quantitative determination of the inhibiting effect of any substance is
easily made by measuring the decrease in reaction rate when known quan-
tities are added to the catalytic system (Maxted, 1951). Such measurements
are of both theoretical and commercial interest (Montgomery et al., 1958;
Greenfield, 1963). However, in most applications the nature of the inhibiting
substances is never elucidated, nor need it be. When satisfactory methods of
removing poisons from a reaction system have been found, or when, by
proper choice of reaction conditions, formation of poisons is prevented, then
the poisoning problem is, for practical purposes, solved. In fact, the nature
of the inhibiting substances is often deduced from the types of procedure
that were effective in their removal.

A. HALIDE IONS

Platinum metal catalysts may be-strongly inhibited by halide ions, par-
ticularly iodide. Sodium fluoride, chloride, and bromide had little effect
on the reduction of p-nitrotoluene over 5 % palladium-on-carbon, but sodium
iodide caused severe poisoning (Greenfield, 1963). Sodium iodide was the
most poisonous of the sodium halide salts for reduction of cinnamic acid
over palladium-on-carbon (Isogai, 1960). Hydrofluoric acid and hydrochloric
acid were promoters in hydrogenation of cinnamaldehyde over palladium-
on-carbon ; hydrobromic and hydroiodic acids were inhibitors (Rylander and
Himelstein, 1964). Palladium-on-carbon was completely and irreversibly
poisoned by iodide ion in hydrogenation of 2- or 4-stilbazole methiodides,
but the reduction proceeded smoothly over platinum oxide in methanol
(Phillips, 1950). Reduction of a complex acridizinium bromide over platinum
oxide failed but, if the bromide were exchanged for chloride by passage
through an anion-exchange resin, hydrogenation then proceeded readily.

* Inhibition of the catalyst by overly strong adsorption of the substrate may frequently be
prevented by dropwise addition of the substrate to the reaction mixture.
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The authors suggested alternatively that the success of the procedure may
derive from removal of a small, quantity of phosphate ion rather than ex-
change of halogen (Bradsher and Berger, 1958).

It appears that inhibition of hydrogenation over platinum metal catalysts
by halide ions usually increases with increasing molecular weight of the
halogen. The extent of inhibition also depends on the substrate (Zakumbaeva
and Sokol’skii, 1961) and the catalyst. Potassium halides are said to inhibit
hydrogenation over platinum catalysts primarily by lowering the rate of
hydrogen activation, while over palladium and nickel they lower the rate
of activation of the unsaturated compound (Sokol’skii, 1964b).

B. ACIDS AND BASES

Catalytic reductions are sometimes markedly affected by the presence
of small quantities of acids or bases. Each may act as an inhibitor or a
promoter in itself, or its influence may be due to counteracting the effect
of the other. If an inhibiting base is a product of the reaction, an equivalent
of acid or more may be needed. Traces of acids may affect reductions adversely
if they catalyze homogeneous reactions that compete with the normal
course of reduction. For instance, reduction of benzaldehyde over platinum
oxide in technical methanol stopped at 709, of theoretical absorption.
All the benzaldehyde had disappeared, but the unreduced portion had been
converted to the dimethyl acetal by trace quantities of acid in the solvent
(Carothers and Adams, 1924). Acids may affect activity adversely by promo-
ting, especially in oxidizing media, solution of the catalytic metal. For
example, the deactivation by hydrochloric acid of platinum catalysts used
in the decomposition of hydrogen peroxide was attributed to partial solution
of the platinum (Strel’nikova and Lebedev, 1963).

Many examples of promotion by acid may be attributed to counteracting
the inhibiting effect of small quantities of alkali in platinum oxide catalysts,
which evidently inhibit at least ring saturation (Keenan et al., 1954), ketone
reduction (Phillips and Mentha, 1956), and hydrogenolysis of benzyl hydroxyl
(Shriner and Witte, 1941). There is also sometimes a promoting effect of
acids in reduction of aromatic rings over rhodium catalysts. Reduction of
a-substituted benzyl alcohols to the corresponding cyclohexyl analogs over
5% rhodium-on-alumina in methanol proceeded more than twice as rapidly
if 1% acetic acid were present. Hydrogenolysis of the hydroxyl function is
evidently negligible, for mandelic acid afforded hexahydromandelic acid
in 94 9% yield (Stocker, 1962). On the other hand, hydrochloric acid (in large
quantities) was shown to be a strong inhibitor for reduction in methanol of
benzoic acid or toluene over 5%, rhodium-on-carbon or -alumina (Freifelder,
1961). Acetic acid in ethanol had a detrimental effect on reduction of aniline
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to cyclohexylamine over rhodium-platinum catalyst. With no. acetic acid,
the yield of cyclohexylamine was 92 %, unaccompanied by dicyclohexylamine.
With 1 % aceticacid, the yield dropped to 75 % and 12 %, of dicyclohexylamine
was formed (Nishimura and Taguchi, 1963).

Small amounts of sulfuric acid in palladium black catalysts are strong
promoters for reduction of aliphatic-aromatic ketones. The catalytic activity
is partly lost when the acid is removed, but can be restored by treatment with
sulfuric acid (Kindler et al., 1949). This acid was also a specific promoter
for reductions of 4-halo-2-acyl phenols to 4-halo-2-alkyl phenols over
platinum black. The presence of sulfuric acid minimized unwanted dehydro-
halogenation (Kindler et al., 1953).

C. METAL Ions

Metal cations of all types may cause severe inhibition of platinum metal
catalysts, but there seems to be no way of generalizing just what effect the
cations will have. Sodium and magnesium, usually not considered par-
ticularly toxic, were very objectionable at 60 parts per 1,000,000 parts of
palladium in hydrogenation of rosin acids (Montgomery et al., 1958). Silver
nitrate inhibited hydrogenation of acetophenone and octene-1 over platinum
catalysts, whereas it was a strong promoter for hydrogenation of nitrobenzene
over platinum (but not over palladium) (Rylander and Karpenko, 1966).
Zinc acetate was a strong inhibitor for hydrogenation of nitrobenzene over
platinum, but its effect was to a large extent counteracted when safrol was
added to the system (Adams et al, 1927). These examples will suffice to
show that the effect a heavy metal may have is contingent on the particular
catalyst and also on the substrate. Many catalysts are deliberately inhibited
by heavy metals, usually to increase selectivity. In any event it is safe to
say that heavy metal ions in a catalytic system will have some sort of effect
on the catalyst, and their presence is always something to be reckoned with.

D. OXYGEN

Small amounts of oxygen may function as either a promoter or inhibitor
in catalytic hydrogenations. One might surmise that oxygen would have
adverse effects in reductions where the substrate, intermediates, or products
are easily oxidized, and where these oxidation products are catalyst in-
hibitors. For instance, traces of oxygen in reduction of N-nitrosodimethyl-
amine over palladium-on-carbon cause catalyst deactivation and the use
of deaerated water as a solvent is suggested (Feldman and Frampton, 1964).
A successful reduction of pyrrole was achieved only by rigid exclusion of
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oxygen (Hess, 1913); however, later workers used frequent oxygen regenera-
tions of the catalyst to achieve success (Andrews and McElvain, 1929).

The presence of oxygen might be expected to prove beneficial in reductions
where the active catalyst is oxygenated. The rationale for regeneration of
platinum oxide catalysts by oxygen is that platinum catalysts deprived of
oxygen are inactive (at least in certain reductions) (Tuley and Adams, 1925).
The activity of platinum-on-carbon and ruthenium-on-carbon, as well as
of platinum oxide, can be improved by periodic shaking with oxygen, when
these catalysts are used in hydrogenation of an aliphatic aldehyde. An
increase in catalytic activity may also be obtained by adding oxygen initially
to the hydrogen. These beneficial effects of oxygen are not general; oxygen
was an inhibitor in hy rogenation of octene and nitropropane (Rylander and
Kaplan, 1961). Oxygen (not over 0.5%) is said to improve catalyst activity
in vapor phase hydrogenation of benzoic acid to cyclohexane carboxylic
acid (Belgian Patent 608,776).

Platinum metals are often effective catalysts in oxidations as well as
hydrogenations. For this reason, and apart from the possibility of fire, it is
good practice to remove the catalyst from the reaction mixture when the
reaction is finished to avoid complications. For instance, 1,6-dimesitoyl-1-
cyclohexene absorbed one equivalent of hydrogen on reduction over platinum
oxide in absolute ethanol. But when the reaction mixture was exposed to air
an instantaneous, quantitative, catalytic oxidation occurred (Fuson, et al.,
1960).

E. CARBON MONOXIDE AND CARBON DIOXIDE

Inhibition by carbon monoxide or by carbon dioxide is a problem of
considerable consequence in hydrogenation of certain organic compounds.
With suitable substrate large quantities of these materials may be formed
through decarbonylations or decarboxylations accompanying hydrogena-
tion. Palladium is in fact an excellent catalyst for decarbonylation of certain
aldehydes (Hoffman and Puthenpurackal, 1965; Hawthorne and Wilt, 1960 ;
Hoffman et al, 1962). Extensive decarboxylation is apt to accompany
hydrogenation of certain carboxylic acids, for instance nicotinic acid, and
special techniques must be employed to prevent it (Freifelder and Stone,
1961); Freifelder, 1963). Decarboxylation may be both thermal and catalytic,
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and its extent may vary with the catalyst ; ruthenium caused more decarboxy-
lation of rosin acids than rhodium or palladium. In this study of rosin acids,
the efficiency of a catalyst for hydrogenation was found to be roughly
inversely proportional to the amount of decarboxylation that it causes
{(Montgomery et al, 1958). In another study, resistance to poisoning by
carbon monoxide was found to depend on catalyst activity and the support.
Palladium-on-carbon was more active and less sensitive to poisoning than
palladium-on-barium sulfate, pumice, or kieselguhr (Rosenmund and
Langer, 1923). Catalyst inhibition by carbon monoxide or carbon dioxide
can be diminished by continuous or periodic venting of the reactor.

F. SuLrur COMPOUNDS

Platinum metal catalysts are strongly inhibited by compounds containing
divalent sulfur. Oxidized sulfur, on the other hand, in a form not easily
reduced, is nontoxic, and materials such as dimethyl sulfoxide and sulfuric
acid may make excellent solvents for catalytic hydrogenations. Conversion
of divalent sulfur to an oxidized form by treatment with an oxidizing agent
is one way of rendering nontoxic feeds containing toxic sulfur. Oxidizing
agents may also be used to detoxicate catalysts that have become inactive
through sulfur poisoning (Maxted, 1951).

The relative toxicity of various sulfur compounds has been correlated
with their structure and molecular weight (Maxted, 1951). In a practical
situation, however, one does not choose the toxic impurities in a system,
and in fact, except on rare occasions, one has no inkling of what they may
be. If the toxicity of a system is moderately low it may be overcome by simply
using more catalyst. But if this expedient fails, or if the amount of catalyst
required is excessive, then some attempt must be made to detoxify the system.
The methods of detoxication are numerous and a suitable one can usually
be found. A method of wide applicability consists in stirring the reaction
mixture with spent catalyst, with or without hydrogen present. After this
treatment fresh catalyst may be added directly, or it may prove desirable to
first remove the spent catalyst. A frequently used variation is to pretreat the
reaction mixture with a base metal catalyst, such as Raney nickel. Treat-
ment of the reaction mixture with an active absorbent, such as high surface
carbon or alumina, may be sufficient for detoxification. Other treatments
that have proved successful include shaking or refluxing the reaction mixture,
when suitable, over sodium, zinc, nickel, sodium hydroxide, and magnesium
oxide. Oxidizing agents, such as hydrogen peroxide or chromic acid, have
also been used as detoxicants. These various treatments are often remarkably
successful, but exactly what they accomplish usually remains unknown;
the toxicants may well be other things besides sulfur compounds.
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The presence of sulfur compounds is not always detrimental. Catalysts
are frequently deactivated deliberately by sulfur compounds to increase
selectivity, as in the well-known Rosenmund reduction of acid chlorides.
Excellent results have been obtained by use of sulfided platinum or rhodium
catalysts* in reductive alkylations of aromatic amines or in reduction
of halonitroaromatics to amines, unaccompanied by dehydrohalogena-
tion (Dovell and Greenfield, 1965). Traces of thiophene completely pre-
vented hydrogenation of benzene over platinum without altering its activity
for olefin hydrogenation (Foresti, 1951). Similarly, a 59, palladium-on-
carbon catalyst inhibited by 7.5-9 mg thiophene per gm catalyst allowed
selective hydrogenation of the ethylenic function of furfurylidenephenylace-
tonitrile (Belgian Patent 650,321). The addition of sulfur compounds in
carefully adjusted amounts proved very useful in preventing hydrogenolysis
of the benzyl oxygen during saturation of an olefin in an unsaturated benzyl
ether over palladium (Oelschlager, 1960).

The problems of reduction in systems containing trace amounts of sulfur
are exaggerated when the substrates themselves are sulfur compounds.
Substrates containing divalent sulfur are usually difficult to hydrogenate.
Nonetheless, many successful reductions of this type of compound have been
carried out. High catalyst loadings are required and the reduction proceeds
very slowly. Palladium-on-carbon is usually used in these reductions (Tarbell
and McCall, 1952; Mozingo et al., 1945 ; Messina and Brown, 1952; Parham
et al., 1953; Sheehan and Beck, 1955; Bolhofer et al., 1960), sometimes at
elevated temperatures and pressures (Pines et al., 1951 ; Schneider et al., 1961 ;
Weitkamp, 1959). Some reductions are apparently best carried out in alkaline
solution (Bateman and Shipley, 1958; Johnston and Gallagher, 1963).
Platinum oxide (Petropoulos et al., 1953) and ruthenium (Cope and Farkas,
1954 ; Vinton, 1949) have also been used with success.

X. PROMOTERS

Small quantities of various substances that have favorable effects on
activity, selectivity, or catalyst lift may be loosely termed promoters.t
In liquid phase hydrogenations, promoters are often the same types of
material that are also inhibitors or, in larger quantities, poisons. Promotion
is not an intrinsic property of the modifier and catalyst, but also depends
critically on the substrate. What may prove to be a promoter with one
substrate may be detrimental to another, and for this reason promotion is
discussed under hydrogenation of the various functional groups.

* Manufactured by Engelhard Industries, Newar!(, N.J.
t For fine distinctions among various types of promoter, see Innes (1954).
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XI. PREPARATION OF CATALYSTS

Catalyst preparation is an artful business, much of which is proprietary.
The properties of a catalyst are determined by the total history of its prepara-
tion, which includes also the history of the ingredients, a point invariably
disregarded in descriptions of catalyst preparation. Good reviews of catalyst
preparation have been given by Ciapetta and Plank (1954) and by Innes
(1954). The present discussion is intended only to exemplify general pro-
cedures and to point out various ways in which catalysts can be made,
without attempting to evaluate the procedure or the resulting catalyst.

A. UNSUPPORTED CATALYSTS

Adams and Shriner (1923) carefully examined the factors affecting the
activity of platinum oxide catalysts prepared by fusion of chloroplatinic
acid with nitrates. A fusion temperature of about 500°C was most satisfactory
for a catalyst of maximum activity and minimum lag (the time required to
reduce platinum oxide to platinum black). Fusion with nitrates of lithium,
potassium, calcium, barium, or strontium was not nearly so satisfactory
as with sodium nitrate. The use of very pure chloroplatinic acid may give a
less satisfactory catalyst in some reductions than catalysts prepared from less
pure reagents (Carothers and Adams, 1923). Platinum oxides prepared by
this fusion method are more active than those prepared by earlier procedures,
and the fusion method, or variation thereof, has become a popular method
of preparation. Platinum oxides prepared in this way usually contain residual
sodium, which in some reactions has an adverse effect. The sodium can be
removed by washing with dilute acid (Keenan et al., 1954). A procedure has
been described for preparation of a platinum oxide catalyst of reproducible
activity, which involves the essentially instantaneous heating of platinic
chloride to 520°C in the presence of sodium nitrate (Frampton et al., 1951).
Ammonium chloroplatinate has also been used in the sodium nitrate fusion
(Bruce, 1936).* A technique for obtaining adequate temperature control in
synthesis of platinum oxides has been described (Short, 1936); fusion is
done in a 50-ml Pyrex beaker resting in the cavity of a copper block, heated
by a ring burner. Activity is affected by fusion temperature, and several
maxima at 160°, 220°, 250°, and 500°C were obtained on the curve of catalytic
activity vs. calcination temperature (Strel'nikova et al, 1956). Platinum
catalysts may be stabilized by reduction of platinum oxide with hydrogen,
washing with water, drying in vacuo, and treating with carbon dioxide
(Yamanaka, 1959). The activity of platinum black for use in hydrogenation

w

* An erratum appeared amending footnote 4 of this reference to read, “(4) The addition of
a trace of FeSO, served to promote the reaction.”
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of carbon—carbon double bonds and carbonyl functionsis said to be increased
2-3 times by heating the catalyst to 150-180°C under oxygen at 1000 psig
(Laffitte and Grandadam, 1935). A method for preparation of platinum
sponge (Willstatter and Hatt, 1912) was improved (Willstdtter and Wald-
schmidt-Leitz, 1921) through use of potassium hydroxide instead of sodium
hydroxide. Solution of the less soluble potassium platinum salt proceeded
more slowly, and foaming and sudden temperature rises were more easily
avoided. A novel preparation of a platinum catalyst consists of heating
platinum with a 10-fold mole excess of lithium above 500°C under an argon
atmosphere, followed by hydrolysis (Nash et al, 1960). Some of these
preparations are said to make highly effective catalysts for hydrogenation
of olefins. An active palladium black, termed ‘‘S-catalyst,” was prepared
by treating a palladium black several times with 159 sulfuric acid, washing
with water and then methanol, and heating (Kindler et al., 1949). Removal
of about 5 x 107° mole of sulfuric acid from 0.5 gm catalyst by shaking
with water and hydrogen caused a partial deactivation. Most of the lost
activity could be regained by treating the deactivated catalyst with 0.0003
mole of sulfuric acid. The catalyst was strongly deactivated by treatment
with trace amounts of sodium hydroxide. This catalyst was very much more
active for reduction of acetophenone than that prepared by an earlier
procedure (Willstatter and Waldschmidtt-Leitz, 1921). Borides of palladium,
platinum, and rhodium were prepared from aqueous solutions of the metal
chlorides and sodium or potassium borohydride. The catalysts are said to
be more resistant to loss of activity through aging than are the simple blacks
of the metals (Polkovnikov et al., 1962). Reduction of hexachloroplatinic
acid with silicon hydride (Bott et al., 1962) gave a platinum catalyst said
to be many times more active than that prepared by either sodium nitrate
fusion or sodium borohydride reduction (Brown.and Brown, 1962).

Tetrammineplatinum(II) bromide (Watt et al., 1953) and bromopentam-
mineiridium(III) bromide (Watt and Mayfield, 1953) have been reduced
with potassium in liquid’ammonia at its boiling point to yield products
that on decomposition, are active catalysts for reduction of allyl alcohol.

Palladous oxide may be prepared by fusion of palladous chloride and
sodium nitrate (Shriner and Adams, 1924). Optimum fusion temperature is
about 600°C. The melt is cooled, dissolved in water, and palladous oxide
filtered off. Catalysts prepared in this way compare favorably with those
made by other earlier techniques (Kern et al., 1925). It was found that the
activity of palladium black, with respect to selective oxidation of hydrogen
in carbon monoxide, decreased markedly in case alkali was either added in
excess or exhaustively removed. The surface area of the catalysts decreases
along with a decrease in alkali content (Soto and Ishizuka, 1958).

A preparation of a ruthenium catalyst involves fusion at 400°C of
ruthenium metal powder, potassium hydroxide, and potassium nitrate.
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The melt is dissolved in water, boiled with activated carbon, and ruthenium
dioxide precipitated by addition of methanol. This catalyst, when suitably
inhibited, is used for selective reduction of unsaturated aldehydes or ketones
to unsaturated alcohols (Japanese Patent 25,654/63). Ruthenium catalysts
prepared by reduction of ruthenium oxide at 80-100°C were more active
than those reduced at either higher or lower temperatures (Takagi, 1963).
Mixed rhodium—platinum oxide (Nishimura, 1960, 1961a,b) and platinum—
ruthenium oxide catalysts (Bond and Webster, 1964) have been prepared by
suitable modification of the sodium nitrate fusion method. The mixed
catalysts are said to possess properties different from those of either metal
alone.

Palladium and platinum catalysts have been prepared with synthetic
high polymers as protective colloids (Rampino and Nord, 1941). Catalysts
suitable for use in water or water—alcohol mixtures use polyvinyl alcohol
or polyacrylic acid; for hydrogenations in organic solvents, polymethyl
methacrylate or the methyl ester of polyacrylic acid can be used. A palladium
catalyst can be made from a 29 aqueous solution of polyvinyl alcohol and
palladium chloride by converting the palladium salt to the hydroxide with
sodium carbonate and reducing with hydrogen. Other catalysts are made
similarly. Divalent vanadium can be used for the reducing agent instead of
hydrogen (Rampino and Nord, 1943). Iridium (Dunworth and Nord, 1950)
and rhodium-on-polyvinyl alcohol (Hernandez and Nord, 1948) have also
been prepared. The uses and mechanism of action of noble metal-synthetic
polymer catalysts have been reviewed by Dunworth and Nord (1954).
Palladium-platinum catalysts stabilized by gum arabic were prepared by
Rideal (1920).

B. SUPPORTED CATALYSTS

All supported platinum metal catalysts are prepared by limitless variation
of a few procedures (Innes, 1954), an object of which is to obtain metal or
metal salt in highly dispersed form. A frequently used procedure involves
precipitation of the catalytic metal onto a support by converting a solution
of the metal to an insoluble form. One such preparation is 5% palladium-
on-barium sulfate, in which palladium chloride is reduced to palladium by
alkaline formaldehyde in the presence of finely divided barium sulfate.
Palladium-on-barium carbonate, carbon (Mozingo, 1955), or strontium
carbonate may be prepared similarly (Johnson et al., 1956).

Na,PdCl, + CH,0 + 3NaOH — Pd + HCOONa + 4NaCl + 2H,0

Hydrogen is often used as a reducing agent. Palladium-on-carbon, for
instance, may be prepared by adding sodium acetate to a solution of
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palladium chloride and shaking the mixture under hydrogen in the presence
of carbon (Mozingo, 1955). Other suitable reducing agents are hydrazine
(Paal and Amberger, 1904), sodium formate (Zelinsky and Glinka, 1911), and
sodium borohydride (Brown and Brown, 1962). Platinum-on-carbon
catalysts have been prepared by reducing with hydrogen chloroplatinic acid
and a trace of palladium chloride in the presence of carbon (Baltzly, 1952).

Another common method of preparation involves impregnation. A 5%
palladium-on-carbon, for instance, may be prepared in this way by evaporat-
ing a solution of palladium chloride in hydrochloric acid in the presence
of carbon. The catalyst is dried and stored until needed. When it is to be used
the catalyst is shaken with hydrogen, preferably in the solvent to be used in
the hydrogenation (Mozingo, 1955). A 30% palladium hydroxide-on-
strontium carbonate catalyst may be prepared by heating an aqueous solution
of palladium chloride in the presence of strontium carbonate (Johnson et al.,
1956).
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Hydrogenation Reactors

All hydrogenation reactors serve the purpose of bringing hydrogen, the
catalyst, and the substrate into contact in the absence of air. Some sort of
mixing is provided to increase the rate of contact between the reactants and
catalyst, and to increase the rate of diffusion of the products away from the
catalyst surface. Reactors are also provided with some device to remove air
from the system before hydrogen is introduced. Air is removed usually by
evacuating the system and/or sweeping the reactor with an inert gas.

I. ATMOSPHERIC PRESSURE REACTORS

Reactors for hydrogenation at atmospheric pressure may be improvised
readily. A flask equipped with a gas diffusor and a vent line is useful when
it is desirable to examine the off-gas, as in hydrogenation of carbobenzyloxy
groups or acid chlorides. Flasks may also be equipped with dropping funnels
to add the substrate portionwise, or with reflux condensers or knock-backs
to return all or a portion of a refluxing product to the flask. Detailed direc-
tions for carrying out a Rosenmund reduction in a three-necked flask
equipped with ground joints, a stirrer, and reflux condenser have been given
by Hershberg and Cason (1955) in Organic Syntheses.

A more generally used system consists of a glass reaction flask attached to
a water burette and provided with stopcocks that permit evacuation of air
from the system prior to introduction of hydrogen. Agitation is provided
by a magnetic stirring bar or, better, by shaking the reaction flask. Numerous
variations of this basic system have been described (Joshel, 1943 ; Morritz
et al, 1953; Fieser and Hershberg, 1938; Meschke and Hartung, 1960;
Noller and Barusch, 1942; Frampton et al., 1951). The reduction proceeds
at constant pressure, and the rate and extent of hydrogenation are followed
by measuring with a leveled water burette the decrease in system volume
from time to time. Since the gas above the water in the burette is presumably
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saturated, the actual hydrogen partial pressure is less than 1 atm and the
measured gas volume change should be corrected accordingly. Other liquids
can be used in the burettes as well as water; mercury-filled burettes may
prove desirable when hydrogenations are carried out at low temperatures
(Nickon and Bagli, 1961).

I. LOW PRESSURE REACTORS

Apparatus for carrying out hydrogenations at several atmospheres of
pressure may be readily constructed (Adams and Voorhees, 1932; Snyder
et al., 1957). However, the most commonly used low pressure apparatus is
the commercial Parr hydrogenator (manufactured by the Parr Instrument
Co., Moline, Illinois). The apparatus is recommended for hydrogenations
not exceeding 60 psig or 100°C. Heavy-walled 500-ml Pyrex glass bottles
are usually used, but adapters can be had for 250-, 1000-, and 2000-ml
bottles. The bottles are held in place by a sturdy clamp in a motor-driven
shaker mechanism and are connected to a 4-liter hydrogen reservoir equipped
with two pressure gauges. One gauge indicates the gas pressure in the
reaction bottle and the other the supply pressure in the hydrogen tank. As
the reduction proceeds the pressure in the tank falls and the moles of hydrogen
absorbed may be calculated from the pressure drop. Some models are sup-
plied with electric heaters that heat the base of the reaction bottle. Buck and
Jenkins (1929) modified this apparatus to work with 0.005-0.01 mole of
substrate by inserting'a needle valve between the bottle and hydrogen tank.
With the valve closed only the hydrogen in the bottle was available for
reduction. Russotto (1964) has suggested using machined polytrifluoro-
chloroethylene stoppers sealed in the bottle with a sleeve of thin poly-
tetrafluoroethylene instead of the conventional stoppers.

Reductions may be conducted and followed at constant pressure, if
hydrogen enters the hydrogenation vessel from an external reservoir through
a Dome regulator. The absorption of hydrogen is calculated from the pressure
decrease in the external reservoir. Engelhard Industries markets an automatic
hydrogen control unit that delivers hydrogen at constant pressure to the
reactor while tracing out a permanent record of hydrogen consumption on
a recorder chart. By use of limit switches on the recorder the gas supply can
be switched off after absorption of a pre-set volume of gas.

Kasman (1965) of Polaroid Corporation has devised a compact multiple
hydrogenator that permits hydrogenation of twelve samples simultaneously.
The apparatus consists of a manifold that bears twelve pressure gauges, a
box partitioned into a dozen bottle compartments strung with neoprene
tubing to cushion the bottles, and a shaker on which the box is mounted.
The manifold is bent in a U and contains twelve threaded stainless sockets
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welded in at the closest spacing permitted by the gauge. Beyond the weld is
a toggle switch, a connection to the bottle, a second toggle switch, and the
pressure gauge. Each bottle is connected to its gauge with clear vinyl tubing.
In operation, each bottle is charged with catalyst, solvent, and substrate,
inserted in its compartment, and connected to its gauge. To protect the
gauges, the upper valves are closed when the system is evacuated. The lower
valves can be opened in any combination to connect the corresponding
bottles to the manifold for evacuation, purging with nitrogen, or pressurizing
with hydrogen. When all the bottles are charged, the lower toggle valves
are closed to isolate each bottle with its gauge from the rest of the system.
The void volume of each bottle is its hydrogen reservoir, and, if larger
samples are hydrogenated, it is necessary to recharge the bottle with hydrogen
from time to time.

III. MICROREACTORS

A number of investigators have described equipment suitable for hydro-
genation of small quantities of material (Weygand and Werner, 1937;
Cheronis and Levin, 1944 ; Vandenheuvel, 1952; Pack et al., 1952; Clauson-
Kaas and Limborg, 1947), based on measurement of volume change at
constant pressure. An apparatus with an accuracy of +29,, based on the
principle of measuring a change in pressure at constant volume, has been
described in detail by Hyde and Scherp (1930).

Hydrogen absorption has also been measured from the electrical current
used to make electrically generated hydrogen (Miller and DeFord, 1958),
and from the quantity of sodium borohydride solution consumed in pro-
ducing hydrogen (Brown et al., 1963). A microhydrogenation technique for
volatile compounds has been described by Engelbrecht (1957). Ogg and
Cooper (1949) developed a simple magnetically stirred apparatus. A par-
ticularly simple system to construct, giving values on 10 mg steroidsto +29%,
without a thermostat, has been described by Harrison and Harrison (1964).
Compounds difficult to reduce may be hydrogenated under pressure (Gould
and Drake, 1951). Southworth (1956) converted a standard Burgess-Parr
apparatus to an apparatus intermediate between analytical and preparative
organic hydrogenators. A good discussion of equipment and technique for
quantitative microhydrogenation has been given by Siggia (1963).

Microreactors combined with chromatographic technique provide an
interesting way of studying catalytic reactions in packed columns. Small
quantities (0.03 ml) of substrate are injected as liquids through a serum cap
into a hydrogen stream, passed over the catalyst, and the effluent led directly
into a chromatographic column (Kokes et al., 1955). The technique is par-
ticularly suited for giving information about the behavior of catalysts in the
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first fraction of a second of exposure (Emmett, 1959). Steady state with respect
to the catalyst may not be reached by this pulsing technique and the results
may prove misleading (Carberry, 1964).

IV. HIGH PRESSURE REACTORS

Good general descriptions of high pressure hydrogenation reactors have
been given by Adkins (1937) and by Komarewsky et al. (1956). More recently
Bowen (1966), Rebenstorf (1966), and Blackburn (1966) have each discussed
various aspects of safety, design, and control of pressure processing.* High
pressure processing requires specially constructed reactors and equipment,
and it is in precisely this area that commercial suppliers have been most
active. Abundant literature, expert advice, and equipment of all kinds and
sizes can be readily obtained from manufacturers. Some companies will
design and build complete packaged units including instrumentation.
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Reaction Conditions

The successful outcome of a catalytic hydrogenation depends upon the
propitious choice of a number of factors. Foremost among these is the proper
choice of a catalyst, a choice most easily made by uncovering a suitable
precedent. Other factors that include temperature, pressure, agitation,
amount of catalyst, mode of addition, and solvent may also have a decisive
influence. Fortunately, acceptable results can often be obtained throughout
such a wide range of conditions that, unless there is a need to optimize a
process, little attention need be given to these factors. But when the most
appropriate catalyst is already in use and the reduction still fails in some
respect, it is only through a change in process conditions that a satisfactory
result can be obtained. An unavoidable complication in an examination of
the effect of process variables on the outcome of a reduction is the fact that
“the most appropriate catalyst” is not necessarily invariable, but may itself
change with a change in process conditions.

I. TEMPERATURE

Usually but not always, as the temperature of hydrogenation is increased
the rate is increased, and accordingly more efficient use may be made of the
catalyst and equipment. Also there are some reductions that occur only at
elevated temperatures. Offsetting these important advantages in operating
at elevated temperatures are the possibilities:

(1) The catalyst may deactivate more rapidly.

(2) Selectivity may be less.

(3) The reactants or products may be thermally unstable.
(4) More side-reactions may occur.

(5) A different major product may be obtained.

Some reductions seem to have a temperature threshold, i.e., a temperature
below which no reduction will occur. For instance, the hydrogenation of a

35
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number of pyridines over palladium in acetic acid was successfully achieved
at 70-80°C, whereas no reduction whatever was observed at room tempera-
ture (Walker, 1962). A more striking example occurred in reduction of a
furoquinoline; a successful reduction was achieved at 54°C, while no re-
duction occurred at temperatures below 50°C (Huffman and Browder, 1964).
In view of these and many other examples, it would seem to be sound practice
to raise the reaction temperature before abandoning a reduction that either
failed entirely or was too sluggish to be useful.

Raising the temperature in reductions, which were already successful at
room temperature, need not necessarily be advantageous. The rate of hydro-
genation of 2-butyne-1,4-diol in dimethylformamide passes through a
maximum at 36°C, hydrogen solubility being a limiting factor (Tsybina and
Mokhova, 1964). An increased reaction temperature may cause side-
reactions to become prohibitively important (Tuley and Adams, 1925) or
cause catalyst deactivation. For instance, the rate of reduction of furfural
over platinum oxide in ethanol increased steadily with increasing tempera-
ture in the range 0—60°C, but, inasmuch as the rate of catalyst deactivation
was highest at 60°C, it was found most convenient to work at 40°C (Pierce
and Parks, 1929). Similarly, the rate of reduction of nitriles over platinum
oxide in acetic anhydride was very rapid in the range 50-100°C, but the
catalyst was poisoned before reduction was complete. Optimum tempera-
tures were judged to be 30-50°C (Carothers and Jones, 1925). Reduction of
p-methoxyphenol over 5% rhodium-on-alumina in ethanol proceeded to
complete saturation at room temperature, but stopped uncompleted when
the reduction was carried out at 60°C (Himelstein, 1964). Optimum tempera-
tures may vary with the catalyst. In the reduction of nitrosodimethylamine
the optimum temperature was 45-60°C over 5%, palladium-on-carbon, but
25-30°C over 5% rhodium-on-carbon (Smith and Thatcher, 1962). In this
reduction the yield was influenced strongly by the temperature, and higher
temperatures were unfavorable for both catalysts, particularly rhodium,
because hydrogenolysis of the nitrogen—nitrogen bond became prominent.

The effect of temperature on the rate of reduction may vary with the
catalyst. For instance, in hydrogenation of soybean oil over 5%, palladium-,
5%, platinum-, and 59 rhodium-on-carbon, the rate over platinum and
rhodium was found to be less temperature-dependent than over palladium
(Riesz and Weber, 1964) (see Table I).

Presumably it would be easier to maintain a constant rate by raising the
temperature, as the catalyst deactivated with use in this reduction, when the
catalyst is palladium than when it is rhodium or ruthenium. In theory, a
constant activity can be maintained most easily through raising the tempera-
ture with those catalysts whose apparent activation energy is highest. On
the other hand, the rate of deactivation will vary with the temperature and
also with the catalyst. Just how many times a catalyst can be reused, and
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TABLE 1

EFFECT OF TEMPERATURE ON RATE OF HYDROGENATION OF SOYBEAN OIL?

Rate (mmoles/minute)

Catalyst

35°C 100°C
5% Pd/C 0.36 0.97
5% Pt/C 0.28 0.51
5% Rh/C 0.27 0.57

% Metal concentration based on oil = 0.025%,.

how much its effective life may be extended by raising the temperature,
need to be ascertained experimentally for each system. The possibility that
initial activity can be partially or completely restored by operating at an
increased temperature offers the possibility that the effective catalyst life
may be appreciably extended.

The fact that the reduction rate often increases with an increase in reduc-
tion temperature, and sometimes the increase is marked, carries with it an
inherent danger. Once a reduction has begun, the exothermic heat of hydro-
genation drives the temperature higher with a consequent increase in rate
of reduction and rate of heat liberation, etc. This cycle once begun can be
difficult to stop and can result in loss of product, catalyst deactivation, or
worse. In batch type of operation the reduction can usually be brought
quickly under control by stopping the agitation.

EFFECT ON PRODUCT

In many hydrogenations the product varies with the reaction temperature.
In general, hydrogenation at lower temperatures is less extensive and less
random than reduction at higher temperatures. The percentage of cis isomers
derived from reduction of ring compounds is usually greater at lower
temperatures: cis-pinane from hydrogenation of a-pinene decreased from
809 at 0°C to 48.5%; at 138°C (Cocker et al., 1966); cis-dimethylcyclohexane
from reduction of p-xylene decreased from 86.2 % at 15°C to 56.1%; at 160°C
(Rylander and Steele, 1962). Hydrogenolysis increases with temperature and
is minimized at lower temperatures (Nickon and Bagli, 1961 ; Walker, 1958 ;
Smith and Stump, 1961). Partial hydrogenation of a function is sometimes
effected conveniently at diminished temperature ; cyclohexylhydroxylamine
was obtained by hydrogenation of nitrocyclohexane at 10-20°C (Meister
and Franke, 1959). Secondary amine formation during hydrogenation of
nitriles is minimized by reduction at 14°C, higher temperatures favor
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secondary amines (Young, 1958). Hydrogenations at reduced temperatures
may prove advantageous when either the substrate or product is temperature-
sensitive. Reduction of the nitroacetate (I) over 5% palladium-on-carbon
in methanol at room temperature gave an impure product. The authors
thought it likely that the newly formed aromatic amino group had been
transacetylated by one of the acetamido groups of the pyrimidine ring.
Accordingly, they subsequently conducted the hydrogenation at 0—-15°C and
obtained a good yield of II (DeGraw et al., 1961).
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II. AMOUNT OF CATALYST

The important question of how much catalyst should be used arises in
every problem. The amount of catalyst affects the rate, sometimes the product,
and in commercial operation the economics of the process. The choice
available covers extreme ranges; successful hydrogenations have been
carried out with-amounts of catalyst based on substrate ranging from a very
small fraction of a percent to several hundred percent. Frequently a conven-
ient amount of catalyst for a laboratory preparation under mild conditions is
1-59; of 59 metal-on-carrier based on the weight of substrate. This is more
catalyst than would often be needed, but allows, in part, for the effect of
accidental poisons and for an improper choice of solvent. The amount of
catalyst can be subsequently Towered as optimum conditions are found.
Cottonseed oil hydrogenations, for instance, are conveniently made with
0.01% of 5% palladium-on-carbon.

The guide is stated in terms of the commonly used 5%, concentration of
metal. If the metal concentration is appreciably different, or if an unsupport-
ed catalyst is used, an adjustment should be made accordingly. Beyond this,
the guide should be tempered by judgment. Easily reduced functions, such
as unhindered olefins or nitro groups, need relatively little catalyst for con-
venient rates; functions reduced with more difficulty need more catalyst.
Compounds containing divalent sulfur will generally require very high
catalyst loading levels. In any event, in preliminary tests it is certainly less
aggravating to err on the side of having too much catalyst rather than too
little.

The effect of the amount of catalyst on rate of reduction is complex and
has been the subject of considerable study; a review in 1959 contained 126
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references to the problem (Fasman and Sokol’skii, 1959). The subject has
considerable practical interest inasmuch as the rate of reduction is related to
the cost of using a catalyst. Some idea of how the rate of reduction may vary
with the amount of catalyst may be gleaned from the rate data of Table I,
related to the hydrogenation of nitrobenzene in ethanol over various
amounts of 5% palladium-on-carbon (Karpenko, 1962). The catalyst was
used at four loading levels and at each level the reduction was carried out in
an equipoise shaker, which gives very vigorous agitation, and in a flask
stirred by a magnetic stirring bar, which gives relatively poor agitation.
Each reduction proceeded at nearly constant rate until the substrate was
almost exhausted.

TABLE 11

HYDROGENATION OF NITROBENZENE IN ETHANOL®

Catalyst Metal m! H,/minute m! H,/min/mg metal
(mg) (mg) Shaker Stirrer Shaker Stirrer
52 2.6 2.5 2.5 0.96 096
105 52 43 31 8.2 59
210 10.5 118 55 11.2 52
420 21 154 55 7.3 26

59 palladium-on-carbon, atmospheric pressure, room temperature.

The complex relationship between the rate and the amount of catalyst
may be considered to be the resultant primarily of two factors, inhibition
of rate by poisoning and by diffusion, superimposed on a linear relationship
between the rate and the amount of catalyst. At low catalyst loading levels
where very small amounts of metal are present, the rate is controlled primarily
by the amount of poison in the system. A comparison of the rates obtained
with 2.6 mg and 5.2 mg palladium suggests that in this system there was
enough catalyst poison to deactivate almost all the 2.6 mg metal. The amount
of effective metal in 5.2 mg is accordingly much greater than double that in
2.6 mg. The rate obtained with 5.2 mg metal is lower in the poorly agitated,
stirred system than in the more vigorously agitated system, suggesting that
even at these low loading levels the rate is partially controlled by diffusion
phenomena in the poorly agitated system. A clearer indication of the effect
of diffusion in limiting the rate is seen in the identical rates obtained with
10.5 mg and 21 mg palladium in the stirred system.

Data showing similar trends have been obtained with many other systems,
and invariably may be interpreted qualitatively in the same manner. It is
important to recognize the pervasive influence that the effects of poisoning
and diffusion may have on the rate of reduction in any evaluation of the
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effectiveness of a catalyst; failure to do so may lead to gross errors. An
estimate of how much catalyst is required to obtain some convenient rate
of reduction cannot, with any certainty, be made by measurement at only
one catalyst loading level. If the evaluation is made with an amount of
catalyst so small that poisons in the system inactivate most of it, the reduction
will appear to require much larger amounts of catalyst than, in fact, need
actually be used. On the other hand, if too large amounts of catalyst are used
(and the amount may be really quite small), the rate will be controlled by
diffusion and a large portion of the catalyst may contribute nothing to the
rate.

A good illustration of the latter point is found in the hydrogenation of
cottonseed oil over 0.5% palladium-on-carbon at 185°C and atmospheric
pressure in a 1-gallon stirred autoclave provided with good mechanical
agitation. The rate of reduction steadily increased as the concentration of
palladium based on oil was increased in increments from 0.00059%, to
0.00259%,. But beyond 0.0025% no further increase in rate was observed
even when 10 times this much catalyst was used. A calculation of the catalyst-
functioning rate indicated that with the lowest amount of catalyst tested,
0.0005 9 palladium, the rate was still in part controlled by hydrogen trans-
port (Zajcew, 1960).

The foregoing description of the factors influencing rate, while correct as
far as it goes, is incomplete, and certainly other factors must contribute.
Watt and Walling (1955) have established quantitative relationships between
catalyst loading and rate. For instance, data showing trends similar to that
given in Table II have been obtained for hydrogenation of hexene-1 and allyl
alcohol under a variety of conditions. All the results were shown to fit the
empirical expression,

_ AWPy,
"1+ BW

0

where R, is the rate of the zero-order reaction, W is the weight of the catalyst,
Py, is the hydrogen pressure, and A and B are constants. In this work the
weights of catalysts were sufficiently large so that poisoning was not observed,
and the equation applies only to the limitations on rate by diffusion of
hydrogen. A more complex kinetic equation has been derived, based on
experimental results from hydrogenation of nitro compounds, which shows
the reduction to be first order with respect to hydrogen pressure and frac-
tional order with respect to both substrate and catalyst. As the amount of
catalyst is reduced to low levels, the reduction approaches first order with
respect to hydrogen pressure, substrate, and catalyst (Yao and Emmett, 1959).
For those interested in rationalizing the effect of the amount of catalyst on
products obtained, the implications of this equation may provide new
avenues of speculation.
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Quite apart from a consideration of rate, which is not always constant
but at times shows a continuous decline, the amount of catalyst needed is
just enough to carry the reduction to completion in a reasonable time.
While declining rates are sometimes interpreted as showing a relationship
between substrate concentration and rate, the decline is often caused by
deactivation of the catalyst. Deactivation can result from a change in the
catalyst itself, from some reaction occurring on the catalyst surface, or from
some reaction occurring in the bulk of the solution that forms catalyst
deactivators. In any event, regardless of the reason for deactivation, it is a
fact that better use may sometimes be made of the catalyst if all the catalyst
is not in the system during the entire reduction. That is, better use can be
made of the catalyst if it is added in several portions rather than all at once
(Carothers and Jones, 1925).

EFFecTt ON PrRODUCT

The products of reduction may vary with the amount of catalyst used in
the reaction (DePuy and Story, 1960; Cromwell and Mitsch, 1961; Dobson
et al., 1961; Taub et al., 1963), sometimes in a very complex way (Csuros,
1951; Augustine, 1963). As the amount of catalyst in a system is increased,
diffusion of hydrogen to the catalyst ultimately becomes rate-limiting and
the catalyst becomes hydrogen-poor. Many phenomena connected with the
amount of catalyst can be explained in terms of a reversible half-hydrogenated
substrate adsorbed on a hydrogen-deficient surface (House et al., 1962;
Zajcew, 1960).

Sometimes overhydrogenation may be decreased and selectively improved
by use of small amounts of catalyst. For instance, dehydrohalogenation was
minimized by use of low catalyst loading levels during reduction of aromatic
chloronitro compounds (Rylander et al., 1965) and 1-halobenzoyl-2-iso-
propylidenehydrazines (Freifelder et al., 1961), and during debenzylation of
aromatic chloro compounds (Adams and Acker, 1952). Improved yields of
product may be obtained with high catalyst loading levels when the substrate
or products are not stable and undergo other transformations not catalyzed
by platinum metals. Very high catalyst loading levels were required to
achieve satisfactory reductions of III and IV. Good yields were obtained in
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hydrogenation of III with 0.8-1.2 gm 59 palladium-on-calcium carbonate
per 2-3 gm substrate, whereas it was necessary to reduce IV over 3.5 times
its weight of catalyst to prevent resinification (Schinz, 1955).

III. PRESSURE

Most catalytic hydrogenations over platinum metal catalysts are made at
low pressure, 50 psig or less. This fact reflects one of the virtues of platinum
metal catalysts. However, as the pressure is raised the rate usually increases,
and most reductions can be achieved satisfactorily with appreciably less
catalyst at higher pressures. For some reductions, especially those giving
a low-cost product, the use of elevated pressures is, on an economic basis,
mandatory. There are a few reductions, for example the conversion of car-
boxylic acids to alcohols, that can be accomplished at present only at high
pressure. There are other reductions in which the product changes as the
pressure is changed. Pressure is thus one of the important variables bearing
on the chemistry and economics of hydrogenation processes.

The effect of pressure on the rate of reduction is not always predictable.
For instance, over 59 ruthenium-on-alumina an aqueous glucose solution
remained unchanged for 24 hours at 50 psig and room temperature but, at
1000 psig, hydrogenation was complete in a few hours (Karpenko, 1962).
On the other hand, the rate of reduction of dimethylnitrosoamine over 109
palladium-on-carbon changed only slightly over this same pressure range;
over 5% rhodium-on-carbon a much greater effect of pressure on rate was
noted (Smith and Thatcher, 1962). The effect just quoted with palladium is
not common and, in general a substantial saving in time and/or catalyst can
be made by operating at elevated pressures.

The pressure may also have an important bearing on the yield of product
as well as on the rate of reduction. The yield and rate are often related. In
all those cases where the substrate, intermediate, or product can interact
at substantial rates, or where some intramolecular reaction (for instance,
decarboxylation) may occur, it would seem advantageous to reach the final
reduction product as soon as possible in order to minimize the time available
for unwanted side-reactions. For instance, only by use of high pressure could
good yields of 1-phenyl-2-hydrazinopropane be obtained in hydrogenation
of phenylacetone hydrazone. Optimum conditions involved the use of
platinum oxide or platinum-on-a carrier in alcoholic acetic acid at 2000 psig.
Coupling or hydrogenolysis products predominated when, with a variety
of solvents and catalysts, the reduction proceeded slowly (Biel et al., 1959).

In the contrary situation where the desired product is derived through a
side-reaction, it may be desirable to operate at subatmospheric pressure so
as to reduce the rate of hydrogenation relative to the rate of the alternative
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reaction. A case in point is the reduction of nitrobenzene over platinum-on-
carbon in acid solution to p-aminophenol (Spiegler, 1956). Yields of p-amino-
phenol approaching 1009 are obtained when the hydrogen partial pressure
is 100 mm mercury; the yields are only about 409, when the pressure is
500 mm.

In those reductions where both major and minor products are derived
by hydrogenation, it is difficult to assess a priori how a change in pressure
will alter the product distribution. The direction of change may depend
both on the pressure range examined and on the substrate. For instance,
in hydrogenation of 4-t-butyl-1-methylcyclohexene over platinum oxide
in acetic acid, the ratio of cis to trans isomers in the resulting cyclohexane
increased with increased pressure over a wide pressure range, but the ratio
steadily decreased when isomeric 4-¢-butyl-1-methylenecyclohexane was the
substrate (Siegel and Dmuchovsky, 1962). The effect of pressure on the
proportion of cis-trans isomers obtained in reduction of the isomeric xylenes
and of t-butyltoluene depends both on the pressure range examined and on
the substrate. The proportion of cis isomer increased for each substrate with
an increase in the pressure of hydrogen for pressures over 2 atm. At lower
pressures the ratios changed in a manner characteristic of each substrate
(Siegel et al., 1962).

Reduction of ethyl p-hydroxybenzoate at 43 psig over palladium-on-
strontium carbonate gave 2.7 parts of the ring-saturated product, ethyl
4-hydroxycyclohexanecarboxylate, and 1.0 part of the hydrogenolysis
product, ethyl cyclohexanecarboxylate; reduction at high pressure gave a
quantitative yield of the 4-hydroxy ester. High pressure evidently favors
hydrogenation relative to hydrogenolys1s in this reduction (Levin and
Pendergrass, 1947).

IV. AGITATION

Adequate agitation in catalytic hydrogenation is important, especially
in industrial processes where economy becomes a decisive issue, for the
rate of reduction is related to and may be limited by the rate hydrogen is
supplied to the catalyst surface. Poor agitation in laboratory work usually
carries no untoward consequences, except perhaps a faulty appraisal of the
catalyst activity, but in large-scale processing failure to provide sufficient
agitation can be and has been very costly. This deficiency is not always
recognized as such, because it may appear that adequate agitation has been
provided when in fact it has not. The problem of inadequate mixing some-
times disappears when a process is scaled-up; reductions frequently proceed
better in large equipment than in small. Inadequate agitation may be deliber-
ately employed as a convenient and effective way of moderating highly
exothermic hydrogenations.
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Poor mixing may have an adverse effect on catalyst life as well as on
rate. The effect on life is not well documented, but nonetheless the problem
seems worthy of consideration. It has been observed, for instance, that in
certain but not all reductions the rate showed a decline when the reduction
was continued after the agitation had been stopped for a time (Hasbrouck,
1966). Other workers have also noted catalyst damage when a hydrogenation
was interrupted (Martin and Robinson, 1943). The adverse effect on catalyst
life of inadequate mixing may be expected to increase as the conditions
become more vigorous, inasmuch as an unnecessarily lengthy reduction
allows more time for formation of thermally induced catalyst deactivators.

Catalyst deactivation may arise on hydrogen-deficient catalysts through
condensation and polymerization of half-hydrogenated products. Failure to
reduce hydroquinone in water over rhodium-on-carbon granules in fixed-bed
processing at atmospheric pressure was attributed to this cause. In a short
time so much insoluble yellow material had formed on the catalyst that it
could be scraped off manually. On the other hand, this reduction proceeds
smoothly to cyclohexanediol over powdered rhodium-on-carbon in a
vigorously stirred system (Rylander and Wisla, 1957). Hydrogenation of
3-cyclohexene-1-carboxaldehyde to cyclohexanecarboxyaldehyde was un-
successful in a rocker bomb, but proceeded smoothly with the better agitation
of a stirred autoclave (Hennis and Trapp, 1961).

Sometimes relatively small increases in agitation cause disproportionately
large increases in rate of reduction. For instance, in hydrogenation of the
d-lactone of d-gluconic acid over platinum oxide, carried out in a Burgess—
Parr apparatus, the time necessary for 509 reduction was decreased from
20 hours to 30 minutes when the rate of shaking was increased from 120 to
350 cycles per minute (Glattfeld and Schimpff, 1935).

EFFECT ON PRODUCT

The product as well as the rate of hydrogenation may be influenced by
the amount of agitation. For instance, in hydrogenation of fatty oils both the
selectivity (preferential hydrogenation of multiple unsaturation) and the
percentage of trans isomers formed depend on the agitation. The trans
content of a partially hydrogenated oil was 38 %, when the reduction was
stirred at 800 rpm, but at 290 rpm rose to 559, These effects were inter-
preted in terms of varying hydrogen supply at the catalyst surface (Zajcew,
1960). Conversely, in the following example increased agitation led to
increased trans isomer content. The cis-trans isomer ratio obtained in
partial hydrogenation of 1-chloro-4,7,10,13-nonadecatetrayne to the tetraene
depended on the catalyst activity, temperature, and rate of hydrogenation.
Trans isomers were minimized by maintaining the rate of hydrogen
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absorption in a magnetically stirred reactor at 5-6 ml H,/min ; higher rates led
to increasing proportions of trans double-bonded products (Ege et al., 1961).
Although the effect of agitation on the products of hydrogenation may be
difficult to predict, it would seem that this effect, once ascertained, should
provide a convenient guide for the effects of changing other variables,
provided all changes in product are brought about by varying hydrogen
supply at the catalyst surface. For instance, if it is ascertained that the
relative amount of a product is increased by increasing the agitation (i.e.,
by making the catalyst hydrogen-rich), then it might be assumed that other
changes that will make the catalyst more hydrogen-rich will also increase
the product. Following this reasoning, the product would be increased by
increasing the pressure, lowering the temperature, and using a partially
deactivated catalyst. The product would also be favored by using less
catalyst so that the available hydrogen is divided among fewer particles.

V. MODE OF ADDITION

Usually in a catalytic hydrogenation the substrate with or without solvent
is present throughout the entire reduction. Often the catalyst in solvent is
prereduced by shaking with hydrogen, the substrate added all at once,
and the reduction begun. However, sometimes superior yields of product
can be obtained by adding the substrate gradually instead of having it all
initially present. For example, 1,2-epoxyphenylethane can be reduced with
Raney nickel or ruthenium-on-alumina to cyclohexylethyl alcohol. By
addition of 1000 gm substrate in ethanol over a 3-hour period at 140°C
and 100 atm a 75.59% yield of cyclohexylethyl alcohol is obtained. Under
identical conditions the yield is only 459 if the substrate is introduced all
at once (Bo and Perras, 1963). Another application of a dropwise addition
technique is the preparation of 7-amino-6-ethyl-1-ketomerimine (VI).
The substrate (V) dissolved in acetic acid was added dropwise over a 2-hour
period to an unusual palladium-on-carbon catalyst in hydrochloric acid.
The catalyst was prepared in situ by hydrogenating a mixture of activated
charcoal and an aqueous acid palladium chloride solution at —40°C

(Gadekar et al., 1961).
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Dropwise addition might be expected to be a generally useful technique
when the catalyst is deactivated by overly strong adsorption of the substrate
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(Breitner et al., 1959a). The technique might also prove useful when the
substrate is not sufficiently miscible with the solvent, as in reduction of
nitrobenzene to p-hydroxyaniline in sulfuric acid. By adding the substrate
at such a rate that no appreciable amount of it remained undissolved, a
considerably increased rate was achieved (Spiegler, 1956). Dropwise addition
of the substrate is also generally useful when the hydrogenation reaction
competes with other types of reaction. The improved yields of cyclohexyl-
ethyl alcohol cited above can be attributed to diminished chance of inter-
action of the substrate with itself or with the solvent before undergoing
hydrogenation.

VI. SOLVENTS

A solvent* is used in most liquid phase hydrogenations with advantage;
solids, of course, cannot be hydrogenated otherwise, unless melted (Winstrom
and Snider, 1964). Normally liquid substrates are reduced more easily, and
handling of small quantities of substrates is facilitated ; in large reductions,
the solvent is useful for controlling the temperature rise resulting from
highly exothermic reactions. But the solvent is much more than an inert
medium in which to dissolve the substrate ; the rate and sometimes the course
of reduction depend critically on the solvent used.

Most liquid materials that are stable under hydrogenation conditions and
do not inactivate the catalyst can be used as solvents. Mineral and carboxylic
acids, esters, ethers, amines, amides, anhydrides, sulfoxides, sulfones,
hydrocarbons, and water have all been used as solvents in hydrogenation
reactions. Acetic acid, methanol, and ethanol are the most commonly
used. Dioxane may react explosively with hydrogen and Raney nickel
above 200°C (Mozingo, 1955). Whether dioxane also undergoes explosive
decomposition over platinum metal catalysts at elevated temperatures does
not seem to have been reported.

In the following sections, some general influences of solvent on hydrogena-
tion are considered. Many specific references to solvent effects are given
throughout the sections on hydrogenation of various functional groups.

A. EFFECT ON RATE

Solvents may cause extreme variations in the rate of hydrogenation.
Often the solvent has more influence on the rate than the catalytic metal or

*The term “‘solvent” is used with broad implications. It may actually be a reactant (e.g.,
acetic anhydride solvent in reduction of nitro compounds). It may be the product itself (e.g.,
cyclohexanol as a solvent in reduction of phenol). We have extended the definition, for lack of
a better term, to include cases where the substrate is essentially insoluble in the “solvent”
(e.g., water in reduction of olefins over ruthenium).
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carrier. Very few generalities can be given as guides in choosing a solvent,
where the criterion for usefulness is a rapid rate of reduction; a conclusion
reached four decades ago, that the effect of solvent on rate seems to some
extent to be specific for each system, still stands (Carothers and Adams,
1923). Various efforts to correlate the rate with physical properties of the
solvent have not been too successful (Maxted and Stone, 1938; Sokol’skii,
1964). Considering that the rate of hydrogenation is influenced by such
factors involving the solvent as tendency of the catalyst to agglomerate,
inhibitors initially in the solvent or formed in the reduction, substrate
solubility (Zhanalinova and Sokol’skii, 1958), competition of solvent,
substrate, and product for catalytic sites, interaction of solvent and substrate,
and hydrogen solubility,* it is unlikely that general correlations between
rate and solvent will be forthcoming. Often the rate of reduction in solvents
constituting a homologous series decreases appreciably as the series is
ascended, but even this generality is subject to exception (Klemm and Mann,
1964). Hydrogenations over ruthenium catalysts at low pressures are most
rapidly carried out in water, even though the substrate may be water-
insoluble (Berkowitz and Rylander, 1959).

1. Acidic Media

An acidic solvent is frequently useful in nullifying the inhibiting effect
of amine substrates (Devereux et al., 1957) or of amines formed in reduction
of oximes (Breitner et al, 1959b), nitro compounds (Oelschldger, 1956),
nitriles (Rosenmund and Pfannkuch, 1923), or pyridines (Freifelder, 1963).
All acidic media are not necessarily equivalent ; N-methylpyrrole was reduced
easily over platinum oxide in absolute alcohol containing one equivalent
of hydrochloric acid (Craig and Hixon, 1931), but the reduction was very
sluggish in glacial acetic acid (Wibaut, 1925).

Tetrasubstituted carbon—-carbon double bonds may be reduced over
platinum oxide in acetic acid but not in neutral solvent. This rate difference
has been used as a diagnostic test for presence of tetrasubstituted bonds
(Kealy and Benson, 1961).

2. Agglomeration

Occasionally catalysts show a marked tendency to agglomerate. For
instance, reduction of 2-benzoylpyridine to phenyl-2-piperidylcarbinol
over platinum oxide required an excess of hydrochloric acid to avoid catalyst
deactivation through agglomeration. A solution of the hydrochloride of

* Battino and Clever (1966) have reviewed solubility data for hydrogen and other gases in
various solvents.
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this pyridine in water appeared cloudy due to hydrolysis; attempted hydro-
genation caused clumping of the catalyst and no hydrogen was absorbed.
A series of experiments established the optimum amount of acid to be
100-1259; excess hydrochloric acid over that necessary to form the hydro-
chloride in a 7% solution of the pyridine in water (Crook and McElvain,
1930). Agglomeration of a catalyst always affects the rate adversely and, if
severe, may spell failure for the reduction. Agglomeration may frequently
be overcome by changing the pH of the medium, or by changing the solvent,
the solvent-to-substrate ratio, or the catalyst carrier.

B. EFFecT ON THE PRrRODUCT

The effect of solvent on the products of reduction is usually more predict-
able than the effect on rate, for, whereas the rate depends on all the vagaries
inherent in catalytic phenomena, the products are often but not always
predictable from the better established rationale of organic chemistry.

1. Interaction between Solvent and Substrate or Product

Solvents may alter a reduction through interaction with either the substrate
or product. Esters may be formed during catalytic hydrogenation of carboxy-
lic acids in alcohol solvent. Ester formation occurred during hydrogenation of
benzoic acid and cinnamic acid in ethanol; the esterification was catalyzed
by traces of hydrogen chloride still bound to the catalyst (Kindler and Helling,
1957). Extensive ester exchange occurred during reduction of a series of
p-nitrobenzoic acid esters in ethanol over either Raney nickel or palladium-
on-carbon; this difficulty was circumvented by using benzene as a solvent
(Kaye and Roberts, 1951.* Under vigorous conditions alcoholysis of amides
may occur (Wojcik and Adkins, 1934). Reduction of alcohols in an acid
solvent may also afford esters. Hydrogenation of cholesterol in acetic acid
over platinum oxide resulted in formation of a considerable amount of
cholestanyl acetate, necessitating hydrolysis of the entire product to obtain
pure cholestanol. The reduction is also frequently sluggish. Both these
difficulties were obviated by use of ethyl acetate containing a promoter
(Hershberg et al., 1951). Another modification in hydrogenation of cholesterol
was the use of cyclohexane-acetic acid solvent, which prevented catalyst
deactivation through crystallization of the hydrogenation products (Nace,
1951).

Alcohol solvents and aldehydes are apt to interact during catalytic hydro-
genation to afford acetals. Very small amounts of ferrous chloride, in iron-

* In other work, ester exchange occurred over platinum oxide but not over platinum oxide-
on-silicic acid (Ackman and Burgher, 1964).
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promoted platinum oxide catalysts, caused heptaldehyde in 959 ethanol
to interact with liberation of heat, and the reductions ceased at 809, of
completion. The use of 70 %, ethanol diminished acetal formation and reduc-
tions were 90-95 % complete (Carothers and Adams, 1923). Acetal formation
occurred also when benzaldehyde was reduced in methanol. The degree
of completion of the hydrogenation varied with the methanol used; with
technical methanol the reaction stopped at 709, of completion, with per-
fectly neutral absolute methanol at 94 %, of completion, and with methanol
distilled from sodium at 100 %, of completion (Carothers and Adams, 1924).
Alcohol proved to be a useless solvent for hydrogenation of a pivalaldehyde
over platinum oxide, whereas acetic acid was excellent (Cheney, 1951).

Hydrogenation of 3-oxo-4-ene steroids in ethanol over palladium hyd-
roxide afforded large amounts of 3-ethoxy compounds together with small
amounts of saturated alcohol. This reaction was suppressed strongly by
addition of either alkali or hydrochloric acid. The ethoxy compounds may
have arisen from interaction of the solvent with either the saturated or un-
saturated ketones; examination of the products at intermediate stages of
hydrogenation provided evidence for both courses (Nishimura et al., 1966).

Alcohols, under vigorous conditions in the presence of amines, undergo
reductive alkylation (Adkins and Cramer, 1930), a difficulty obviated by
use of ruthenium catalysts (Freifelder and Stone, 1961).

a. Condensations and Rearrangements. The solvent may catalyze conden-
sation of the substrate. Catalytic hydrogenation of cholestanone over
platinum in di-n-butyl ether containing a small amount of concentrated
aqueous hydrobromic acid affords epicholestanol as the major product
together with a small amount of cholestanol (Vavon and Jakubowicz, 1933;
Ruzicka et al., 1934) but, if an acetic acid solution of hydrogen bromide
is used instead of a concentrated aqueous solution, an aldol coupling
product of cholestanone is obtained in 409 yield (Corey and Young, 1955).
Another example of the solvent influencing the product through its con-
densing action is the reduction over palladium of p-nitroanisole in liquid
hydrogen fluoride containing phenol; 4-hydroxy-4-methoxydiphenylamine
was obtained in 66 % yield (Weinmayr, 1956).

The solvent may cause rearrangement of a partially hydrogenated inter-
mediate. Nitrobenzene hydrogenated in sulfuric acid affords p-amino-
phenol (Spiegler, 1956) and, in hydrogen fluoride, p-fluoroaniline (Fidler
et al., 1961).

b. Acylations Acid anhydrides are used as solvents in some reductions
with the intention of obtaining an acylated product. When a nitro compound
is reduced in acetic anhydride, the acetyl derivative is obtained directly
from the reaction mixture. Reduction of ethyl 2-methyl-5-nitronicotinate in
acetic anhydride-acetic acid over platinum oxide gave, as expected, ethyl
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5-acetylamino-2-methylnicotinate, whereas reduction in ethanol gave a
mixture of the free amine and partially reduced products (Fanta, 1953).
Acetylated primary amines are obtained by reduction of nitriles in acetic
anhydride. Acetylation effectively removes the primary amine as it is formed
and prevents coupling reactions (Carothers and Jones, 1925).

2. Stabilization of Products

Sensitive compounds may be readily obtained by catalytic hydrogenations
if the solvent is chosen with care and in accordance with the chemical
properties of the product. Three examples below illustrate the point. The
amine obtained by reduction of optically active 2-nitrooctane over platinum
oxide in ethanol was 96 % racemized, whereas in acetic acid solvent at least
729, stereospecificity was preserved. Acetic acid neutralized the basic amine
as it was formed and prevented racemization of the unchanged nitrooctane
by the free amine (Kornblum and Fishbein, 1955). Reductive cleavage of
acetylated benzylglycosides, which permitted isolation of unmutarotated
1-hydroxy acetylated aldoses, was achieved by palladium and hydrogen
with absolute ether as a solvent; acetic acid or ethyl alcohol solvent caused
extensive mutarotation (Ballou et al, 1951). A buffered solution was used
advantageously in hydrogenolysis of the carbobenzoxy groups of O,N-
dicarbobenzoxy-des-N-methylerythromycin to protect the acid-sensitive
hydrogenolysis product against acid-catalyzed hydrolysis or alcoholysis.
Use of a sodium acetate-acetic acid-buffered solution protected the acid-
sensitive product against trace amounts of hydrogen chloride arising through
hydrogenolysis of trace amounts of contaminating carbobenzoxy chloride
(Flynn et al., 1955).

3. Neutral and Charged Substrates

In many reductions the solvent may influence the products by changing
the charge on the species actually undergoing hydrogenation. Extensive
decarboxylation accompanies hydrogenation of nicotinic acid in neutral
solution, whereas neither the hydrochloride or sodium salt undergoes appre-
ciable decarboxylation (Freifelder and Stone, 1961). Poor results were
obtained in attempts to reduce chlorocyanopyridine to aminomethylpyridine
in either acidic or strongly basic media, whereas in neutral or slightly alkaline
media one mole of hydrogen was rapidly absorbed followed by two more
after the solution was acidified (Godar and Mariella, 1960). Formation of a
stable, protonated, ionic intermediate was postulated to explain failure to
obtain 5,6,7-trimethylindole from 3,4,5-trimethyl-2,8-dinitrostyrene on
reduction in a methanol-acetic acid—ethyl acetate solution in the presence
of 10 9, palladium-on-carbon. The reduction stopped at 60 %, of the theoretical
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absorption and none of the indole could be isolated. However, when the
hydrogenation was carried out with ethyl acetate—methanol as a solvent,
hydrogen absorption was rapid and complete and the indole was isolated
in 509 yield (Benington et al., 1960).

Protonation of a substrate may change either or both the conformation
of the reacting species and the mode of adsorption on the catalyst. Reduction
of the azabicyclic ketones (VII, VIII, and IX) varied with the ring size and
with the solvent, as indicated. The authors suggested that the effect of
solvent is indicative of at least partial protonation on nitrogen in acetic
acid, or alternatively, that the effect could be interpreted as evidence for
an interaction between the nitrogen atom and the catalyst surface in neutral
media (House et al, 1963). Similarly, the relative amounts of epimeric
hydroxyquinolizidines derived by hydrogenation of 1-, 2-, or 3-ketoquinol-
izidine were found to vary widely with neutral and acidic solvents and also
with catalyst (see page 285) (Rader et al., 1964).

0 H OH HO H
PtO,
\ \’ ~

(CH),  CHs (CHp),  CHs  (CHp,  CHs
(VII) n =1 HOAc 81% 199%

n =1 i-PrOH 98% 2%
(VIII) n =2 HOAc 4% 96 %

n =2 i-PrOH 389% 62%
(IX) n =3 HOAc <1% >999%

n =3 i-PrOH 1% 99 %

4. Strong Acids

Kindler and co-workers, in a series of papers under the general heading of
the importance of molecular compounds in catalytic hydrogenation,
developed the advantageous use of strong acid in solvents. Reduction of
B-nitrostyrene in acetic acid—sulfuric acid is rapid and affords phenylethyl-
amine in 909 yield ; in the absence of sulfuric acid, reduction is slow and the
yield of amine low (Kindler et al., 1934). Reduction of m-nitroacylbenzenes
to m-alkylamines proceeded smoothly over palladium in acetic acid—sulfuric
acid monohydrate. In the absence of sulfuric acid, no trace of the aniline was
found (Oelschldger, 1956). Hydrogenation of esters of mandelonitrile over
palladium chloride-on-carbon affords phenylethylamine in high yield in
methanol containing sulfuric acid or hydrochloric acid, but when the strong
acid is omitted the principal product is benzyl cyanide (Kindler and Schrader,
1949). Hydrogenation of O-acetylmandelic esters in the presence of sulfuric
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acid and palladium gives in addition to phenylacetic esters considerable
quantities of ring-saturated esters; ring saturation may be prevented by
addition of hydrogen bromide or zinc chloride. The effect of sulfuric acid
and perchloric acid on product distribution in hydrogenation of ethyl
benzoylmalonate and ethyl benzoylacetate (Kindler and Blaas, 1943) and
mandelic acid and its esters (Kindler and Dschi-yin-Kwok, 1943) has been
discussed. Sulfuric acid, zinc chloride, and boron trifluoride may all be used
as activators in synthesis of f-arylalkylamines over palladium-on-barium
sulfate, but perchloric acid is more effective (Rosenmund et al, 1942).
Use of sulfuric acid-water rather than sulfuric acid has been recommended
to prevent catalyst poisoning by hydrogen sulfide (Kindler et al., 1948).
Other papers describe the advantageous use of sulfuric acid in synthesis of
amines (Kindler et al, 1935) and in promoting hydrogenolysis (Kindler
and Peschke, 1935). Large amounts of perchloric acid promote reduction
of aromatic rings. For example, cyclohexylethylamine was obtained in
729 yield from reduction over palladium of S-nitrostyrene in a solvent of
139 perchloric acid (70 % solution) and 87 %, acetic acid (Kindler et al., 1948).

Strong acids may influence the product through interaction with an inter-
mediate. Reduction of ethyl p-isatylidene-f-hydroxypropionate over pal-
ladium-on-carbon in ethanol stopped spontaneously after absorption of one
mole to give ethyl S-hydroxy-B-oxindole-3-propionate. However, when
reduction was carried out in glacial acetic acid containing a small amount
of sulfuric acid, two moles of hydrogen were absorbed, to afford ethyl
oxindole-3-propionate. The acetic acid—sulfuric acid solution was shown to
dehydrate readily the intermediate hydroxy compound to give ethyl S-isa-
tylidenepropionate, a compound easily reduced to ethyl oxindole-3-
propionate (Julian and Printy, 1953).

5. Solvent-to-Substrate Ratio

In general the ratio of solvent to substrate in a hydrogenation may be
varied widely with little effect on the reduction. However, in some reductions
the rate (Glattfeld and Schimpff, 1935) and, of more interest, the product
change with the substrate concentration (Huffman and Browder, 1964 ;
Londergan et al., 1953 ; Skinner, 1966). Selective hydrogenation of multiple
unsaturation in a steroid was achieved satisfactorily only with strict ad-
herence to a weight-volume ratio, e.g.,, 4.54 gm substrate in 105ml1959%,
methanol (Kurath et al., 1963).

6. Competition, Complex Formation, and Diffusion Control

The solvent, beyond actually interacting with the substrate or intermediate
in a clearly definable way, may also influence the course of reduction in
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more subtle ways, the details of which usually can only be inferred. Three
of these ways may be conveniently called competition, complex formation,
and diffusion control.

a. Competition. The results obtained in reduction of cholestenone and
testosterone suggest that the product is controlled through direct competition
of substrate and solvent for catalyst sites. The proportions of a- and f-isomers
formed on reduction of these steroids over palladium-on-carbon varied
widely with the solvent. The ratio of f- to a-isomer obtained in reduction of
cholestenone varied from 10 in alkaline methanol to 2.4 in hexane. The
authors suggested that the correlation between isomer ratio and solvent
properties is to be found in the electron-donor capacity of the solvent
(McQuillin et al., 1963). The solvent was thought to more or less control
by competition the extent to which the carbonyl function of the substrate
was adsorbed on the catalyst. In the alcohol series—methanol, ethanol,
isopropanol, and t-butanol, the isomer ratio fell from 8 in the first to 2.1 in
the last, paralleling the progressive masking of the hydroxyl function, which
rendered the heavier alcohol less prone to adsorb competitively on the
catalyst. The effect of solvent on the stereochemistry of hydrogenation of
3-0x0-4-ene steroids over unsupported palladium has also been examined
(Nishimura et al., 1966).

b. Complex Formation. The concept of complex formation was used
to explain the different products arising from hydrogenation of benzoyl-
carbinyl acetate. Catalytic reduction of this substrate in the presence
of palladium ceased after absorption of one mole of hydrogen to give
C¢H;CH(OH)CH,OAc when the solvent was cyclohexane, benzene, or
toluene, but, when an oxygenated solvent (methanol, dioxane, ethyl acetate,
or acetic acid) was used, two moles of hydrogen were absorbed to give
C¢H;CH,CH,OAc in 70-80%; yield. It was assumed, with supporting
evidence, that oxygen-containing solvents coordinated with the hydroxyl
group formed on absorption of one mole and facilitated further reduction
(Kindler and Blaas, 1944). A similar explanation accounts for the effect of
solvent on the extent of dehydrohalogenation occurring in selective reduction
of allylhalophenols to propylhalophenols over palladium. Hydrogenation of
4-chloro- or 4-bromo-2-allylphenol in 809, aqueous ethanol, absolute
ethanol, isopropanol, butanol, acetic acid, or dioxane resulted in appreciable
dehydrohalogenation, but in benzene or cyclohexane no detectable halogen
was eliminated (Kindler er al., 1953).

c. Diffusion Control. Finally, the solvent may in part determine the com-
position of the product by influencing the availability of hydrogen at the
catalyst surface (Yao and Emmett, 1959). Both selectivity and trans isomer
formation in hydrogenation of natural fats have been linked to hydrogen
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availability at the catalyst surface, and the effect of solvent on product
composition can probably be correctly attributed to the role of the solvent
in facilitating hydrogen transport (Zajcew, 1960).
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4

Acetylenes

Catalytic hydrogenation of acetylenes proceeds predominantly stepwise,
the intermediate olefin being, with few exceptions, very largely of cis con-
figuration: Hy W,
Acetylene —— Qlefin —* Paraffin
It has been found experimentally that the absolute and relative rates of
each step, measured in competition, may vary with catalyst, solvent, in-
hibitor, temperature, agitation, and amount of catalyst and substrate.
Despite the many variables, it is usually possible to achieve good to excellent
yields of either the olefin or paraffin without much difficulty. Acetylenes
are in general, much more strongly adsorbed than the corresponding olefin.
When this is the case, very little olefin will be hydrogenated as long as the
acetylene is present, since the acetylene will occupy preferentially the available
catalytic sites. For the same reason, other easily reduced functional groups,
such as aromatic nitro, may remain unchanged during hydrogenation of
acetylenes (Hennion and Barrett, 1957). A few acetylenes on partial hydro-
genation afford only mixtures of unchanged starting material and completely
saturated product with little or no intermediate olefin (Takei and Ono,
1942b; Berkowitz and Rylander, 1959).

Acetylenes carrying adjacent oxygen functions form a readily available
and synthetically important group of compounds whose hydrogenation has
been studied extensively, especially by Russian workers (Soko!’skii, 1964).
Reduction of these compounds to the corresponding olefins or paraffins is
complicated by varying degrees of concomitant hydrogenolysis of the oxygen
function. The extent of hydrogenolysis depends on a great many variables,
but conditions can usually be found so that it may be adequately controlled.

1. CATALYTIC METAL

Acetylenes have been hydrogenated over all six platinum metals, but
palladium and to a lesser extent platinum are by far the most commonly

59
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used. A number of comparisons of catalysts in hydrogenation of acetylenes
has been made. The conclusion was reached, in a study of the hydrogenation
of acetylene over palladium-, platinum-, and rhodium-on-carbon, that apart
from the activity of the metals, which falls in the order palladium > plati-
num > rhodium, the metals were not exceptionally different in behavior
(Bond et al., 1958). In another study on the hydrogenation of acetylene,
methylacetylene, and dimethylacetylene, the order of decreasing selectivity
assigned was : palladium > rhodium > platinum > ruthenium > osmium >
iridium (Bond et al., 1962). Freidlin and Kaup (1963) proposed the order,
palladium black > platinum black > rhodium black > Raney nickel >
Raney cobalt, for decreasing selectivity in hydrogenation of terminal
acetylenes; and the order, palladium black > Raney nickel > platinum
black > Raney cobalt > rhodium black, for decreasing selectivity in
hydrogenation of internal acetylenes.

Palladium catalysts are generally considered to be more selective than
platinum catalysts in hydrogenation of acetylenes (Johnson, 1946; Siegel
and Smith, 1960). For example, hydrogenation of dialkylethynylcarbinols
over palladium gave exclusively the olefin after absorption of one equivalent
of hydrogen, but over platinum the product was about 159 unchanged
substrate, 709 olefin, and 159, saturated alcohol (Nazarov et al., 1946).
The selectivity shown by a catalyst cannot be separated from the substrate
and, in some reductions, platinum is as selective as palladium (Nikitin and
Timofeeva, 1957); in still others, platinum is more selective than palladium.
Hydrogenation of di(A2-cyclopentyl)acetylene over platinum afforded, after
absorption of three moles of hydrogen, 1,2-dicyclopentylethene, whereas
under similar conditions palladium produced a mixture of unsaturated
compounds containing mainly 1,2-dicyclopentylethene and 1-(1-cyclo-
pentenyl)cyclopentylethane (Plate and Stanko, 1960).

Mool ] = [ Dronmen( |

In practice most hydrogenations of acetylenes are carried out over pal-
ladium, frequently in conjugation with various modifiers that increase the
selectivity. Under special circumstances, rhodium may prove unusually
effective (Tedeschi and Clark 1962).

A. CATALYST ACTIVITY
The activity of platinum metal catalysts in acetylene hydrogenations

varies widely. Comparative rates for hydrogenation of 2-methyl-3-butyn-2-ol
over each platinum metal are given in Table I. The rhodium rate curve was
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TABLE 1
HYDROGENATION OF 2-METHYL-3-BUTYN-2-0OL°

Rate (ml H,/minute)

Catalyst
Ist mole H, 2nd mole H,
5%, Palladium-on-carbon 10 13
59 Platinum-on-carbon 3 5
59% Rhodium-on-carbon | g®
5% Ruthenium-on-carbon 0.0 —
5% Iridium-on-carbon 0.1 —
5% Osmium-on-carbon 0.0 —
Platinum oxide 12 15

% Each experiment was done with 10 mg catalyst, 3 mmoles substrate, and 100 ml absolute
ethanol at room temperature and pressure.
b The rate changed abruptly at 160 %, of one mole absorbed.

of peculiar shape, for the change in rate occurred at a point far removed
from the usual point of inflection, in the neighborhood of one mole of hydro-
gen absorbed. The shape of this curve hinted at poor selectivity, but analysis
of the product after absorption of one mole of hydrogen showed the material
to be substantially olefinic, as was also the case in the palladium- and
platinum-catalyzed reductions. The absolute and relative rates of hydro-
genation for the first and second mole of hydrogen absorbed were found to
vary with the amount of catalyst and also with the carrier (Rylander and
Himelstein, 1964).

B. AMOUNT OF CATALYST

The absolute and relative rates of hydrogenation of acetylenes and the
resulting olefins seem to be unusually sensitive to the amount of catalyst
(Sokol’skii, 1964). The rate ratio of hydrogenation to other side-reactions
may also change with the amount of catalyst used (Csuros et al., 1951;
Schinz, 1955). An example of the effect of the amount of catalyst on the
relative rates of reduction of an acetylene and the intermediate olefin is the
work of Gensler and Thomas (1951) on hydrogenation of octadecadiyn-9,12-
oic acid over 5% palladium-on-strontium carbonate.

CH4(CH,) ,C =CCH,C=C(CH,),CO0H —>
CHy(CH,) ,CH=CHCH,CH=CH(CH,),COOH —> CH(CH,) ;sCOOH

With 10 mg catalyst and 0.348 mmole of substrate in 20 ml ethanol the rates
for the acetylene and olefin reductions were 0.8 and 0.025 ml hydrogen
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per minute, respectively. However, when the substrate was increased to
1.8 mmoles and the catalyst to 45 mg in 45 ml ethanol, the rate of absorption
of the first stage increased 3.75 times (roughly as might be expected), while
the rate for the second stage increased 28 times. Part of the change in rate
ratio may have been caused by the increase in amount of substrate. It was
found, for instance, in hydrogenation of the sodium salt of propiolic acid
over platinum that as the substrate concentration increased the rate of
hydrogenation of acetylene decreased, while that of the olefin increased
(Sokol’skii and Dunina, 1960). The effect of amount of catalyst on rate has
been discussed at some length by Sokol’skii (1964).

The effect of temperature on rate may also be related to the amount of
catalyst. In the presence of 1.4 mg palladium per ml solution, tetramethyl-
butynediol and bis(hydroxycyclopentyl)acetylene were reduced twice as fast
at 25°C as at 15°C, but this change in temperature had little effect on the
rate of reduction of tetraphenylbutynediol or tetracthylbutynediol, unless
the concentration of palladium was raised to 10-20 mg per ml (Levinzon,
1957).

II. MODIFIED CATALYST SYSTEMS

Platinum metal catalysts are used in hydrogenation of acetylenes fre-
quently in conjugation with a modifier whose function is to alter the selec-
tivity or stereochemistry of hydrogenation or to inhibit side-reactions.
Considerable effort has been expended in a search for modifiers; a brief
examination of patent literature revealed that a goodly portion of all
elements as well as a considerable number of compounds have been claimed
or taught to be suitable additives. So many modifiers of widely diverse types
have been found to give improved performance in hydrogenation of acetyl-
enes that one is inclined to the view that modifiers may function in part by
increasing the availability of hydrogen at the catalyst surface, a consequence
of the generally lower rate of hydrogenation. However, all additives are not
equal in effectiveness, and rates of hydrogenation do not necessarily parallel
selectivity.

A. METAL ADDITIVES

Many metal additives have been found that will alter the characteristics
of platinum metal catalysts in acetylene hydrogenation. The additives may
be incorporated in the catalyst as it made, or added subsequently to the pre-
formed catalyst at the time of use. A suitable level of modifier is frequently
of the order of one atom of metal additive to one atom of platinum metal,
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but different additives show extreme variations in the extent to which they
may influence the reduction. For instance, zinc was effective at the level of
one atom of zinc per atom of palladium in 5% palladium-on-carbon in
improving the selectivity of hydrogenation of 2-methyl-3-butyn-2-ol, and
the ratio could be increased to as much as 40:1 without too adverse an
effect on the rate. On the other hand, lead, also effective and useful in the
same reduction at a 1:1 ratio, almost completely poisoned this catalyst at a
2:1 level. The optimum ratio of additive to platinum metal may change
with a change in method of preparing the catalyst, with catalyst carrier, and
with the substrate.

An evaluation of the effect of an additive on catalyst performance may be
complicated by a gradual alteration in the catalyst. For instance, under
certain conditions hydrogenation of 2-methyl-3-butyn-2-ol was complete in
about 10 minutes. Addition of 10 atoms of gold, as gold chloride, to the
system so inhibited the catalyst that in 200 minutes an identical reduction
was only 8 9/ complete. This long, slow hydrogenation proved to be only an
induction period, for shortly thereafter the reduction picked up speed and
hydrogenation of the substrate was complete within the next 25 minutes.
More substrate, added to the system, was reduced at the fast terminal rate
(Rylander and Himelstein, 1964).

Ruthenium has been used as a modifier in hydrogenation of acetylenic
glycols. Under the conditions used, ruthenium had no catalytic activity
toward butynediol-1,4, but when coprecipitated with palladium produced a
substantial synergistic effect. The rates of hydrogenation and the moles of
hydrogen absorbed are shown in Table II. Absorption in excess of two moles
is indicative of hydrogenolysis and formation of butanol. The rate curves
were all zero order except for tailing near the end, during which a slow

TABLE 11

HYDROGENATION OF BUTYNEDIOL-1,4 OVER PALLADIUM AND RUTHENIUM?

Metal Methanol Acetic acid
Catalyst (mg)
& ml H,/min moles H, ml H,/min moles H,
5%, Pd-on-carbon 15 20 2 64 2
3.49% Pd, 1.6%, Ru-on-carbon 15 47 3 27 2
2.5% Pd, 2.5% Ru-on-carbon 15 100 3 37 2
4.0% Pd, 1.0% Ru-on-carbon 15 26 2.5 24 2
5% Pd-on-carbon 7.5
5% Ru-on-carbon 7.5} 32 2 40 2

2 Each experiment was done with 300 mg catalyst, 200 mg butynediol, and 100 ml solvent at
atmospheric pressure and room temperature.
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absorption occurred in excess of that indicated in Table II. Partial sub-
stitution of palladium by ruthenium led to catalysts that showed increased
activity in methanol but less activity in acetic acid, and produced butanol
instead of butanediol in methanol solvent. Of particular interest is the
synergistic effect obtained just on mixing 150 mg each of 5% palladium-
on-carbon and 59 ruthenium-on-carbon. On a weight of palladium basis,
the mixed catalyst was much superior to palladium alone; ruthenium alone
was completely inactive. The course of the reduction was influenced also by
the catalyst-to-substrate ratio. When less catalyst and more substrate were
used, no hydrogenolysis occurred, the rate curves were complex, but the
synergistic effects remained (Rylander and Cohn, 1961).

A few examples from the literature will suffice to illustrate the variety of
metal additives that have been used in hydrogenation of acetylenes. A
palladium—copper-on-carbon catalyst, selective for hydrogenation of 1,4-
butynediol, was made by shaking a copper acetate solution with 5%
palladium-on-carbon at 40°C and 75 psig (Hort, 1960). A palladium—copper-
on-alumina catalyst for the same use was prepared by treating a palladium-
on-alumina catalyst with copper acetate and hydrazine hydrate (British
Patent 832,141). A selective catalyst for hydrogenation of acetylenic alcohols
to olefinic alcohols was made from kieslguhr, palladium chloride, and ferric
chloride (Reppe et al., 1955). Selective reduction of acetylene to olefin was
achieved in derivatives of a-ethynyl-f-ionol with mixtures of palladium-on-
carbon and palladium-on-calcium carbonate catalysts inhibited by zinc
acetate and diethylamine (Oroshnik, 1958). A selective catalyst for hydro-
genation of acetylenic to olefinic alcohols has been made from calcium
carbonate, stannous chloride, and palladium chloride (French Patent
1,224,182). Lead-inhibited palladium-on-calcium carbonate catalysts
(Lindlar, 1952) have been widely used in selective hydrogenations with
excellent results (Crombie, 1955; Seher, 1955). Selective catalysts for hydro-
genation of acetylenes can be made in many ways and it is usually possible
without much effort to obtain such a catalyst, which, if not optimum, is at
least good enough.

B. OTHER ADDITIVES

Acetylenes are frequently hydrogenated in the presence of nonmetallic
additives such as amines, sulfur compounds, acids, and bases. Often metallic
and nonmetallic modifiers are used together. Perhaps the best known of
such systems is the Lindlar catalyst further modified by addition of quinoline.
Other amines have been used in selective hydrogenations, but all amines are
not necessarily equivalent in action. For instance, selective hydrogenation
of 1,4-butynediol was achieved with palladium-on-calcium carbonate
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inhibited by quinoline, but not pyridine or piperidine (Fukuda and Kusama,
1958). In a further example, the selectivity of reduction of vinylacetylene to
butadiene over colloidal palladium was increased by lead or copper acetate
and by quinoline, and decreased by pyridine, aniline, and diethylamine
(Bal’yan and Borovikova, 1959a).

Amines have been used as solvents in selective hydrogenation of acetylenes
(Bowers et al., 1958 ; Chase and Galender, 1959). Ethinyl androstenediol (I)
was reduced selectively to vinyl androstenediol (II) over palladium-on-
calcium carbonate in pyridine solvent. The ethyl derivative (I1I) was obtained
by reduction over 5% palladium-on-carbon in ethanol (Hershberg et al.,
1951). This paper contains a number of interesting examples of selective
reduction.

CH=CH, C=CH
i OH i OH*
pyridine ethanol
Pd/CaCO, Pd/C
———
95% 99%
HO HO
(I 0]
C2Hs
i OH
HO

(m

The selectivity of an acetylene reduction may be strongly influenced by
the presence of small amounts of acid or alkali. Small amounts of either
phosphoric acid or p-toluenesulfonic acid (0.10 gm acid per mole of acetylenic
diol) resulted in the formation of large amounts of tetrahydrofurans and
hydrocarbons during reduction of 1,4-acetylenic glycols over 5% palladium-
on-carbon. In the absence of added acid no furans were found (Tedeschi,
1962). Hydrogenolysis that occurs readily even in the absence of acid during
reduction of 1,4-acetylenic glycols can be eliminated by carrying out the
reduction in the presence of very small amounts of base. A suitable system
for converting acetylenic 1,4-glycols to the corresponding olefinic glycols is
a mixture of 0.50 mole of acetylenic 1,4-glycol, 100 ml n-heptane, 1.0 gm 5%,
palladium-on-carbon, and 0.025-0.05 gm powdered potassium hydroxide,
sodium hydroxide, or triethylamine. For relatively insoluble glycols,
methanol or isopropanol may be preferred to heptane. Selective hydro-
genation of this system proceeded readily at 60-65°C and 30-55 psig
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(Tedeschi, 1962). Reduction of the acetylene to olefin proceeded rapidly over
palladium-on-carbon in the absence or presence of base, but the olefin-to-
paraffin stage of the reduction was inhibited by base. Sodium hydroxide was
found to be a stronger inhibitor than potassium hydroxide, and consequently
potassium hydroxide is preferred when the goal of the hydrogenation is the
saturated glycol. Potassium carbonate was about one tenth as effective as
potassium hydroxide in preventing hydrogenolysis; potassium bicarbonate
was without effect.

Tedeschi and Clark (1962) applied the use of bases to selective semi-
hydrogenation of ethynylcarbinols to vinylcarbinols. Palladium, platinum,
and rhodium in the presence of various bases were evaluated. In the selective
reduction of 3-methyl-1-butyn-3-ol, rhodium-on-carbon inhibited by sodium
methoxide proved to be superior to palladium or platinum, but this rhodium—
methoxide system was not further examined. The authors found the catalyst
system, palladium-on-barium sulfate in the presence of powdered potassium
hydroxide, to be generally the most useful studied. Hydrogenations over
palladium-on-carbon inhibited by base did not stop spontaneously after
absorption of one equivalent of hydrogen, but nonetheless excellent yields
of vinylcarbinols could be obtained if the reduction were interrupted. Better
products were obtained by using base-modified palladium than by using
Lindlar catalyst or very small amounts of palladium-on-barium carbonate
(Hennion et al., 1956). In the absence of a basic modifier, the half-hydro-
genated product always contained varying amounts of unreduced acetylenic
carbinol and an equal amount of saturated material.

The presence of base also effected a significant decrease in rate of hydro-
genation after absorption of one mole of hydrogen. Typical conditions for
selective semihydrogenation were: 1.0 mole of tertiary acetylenic carbinol,
100 ml n-hexane or 20-40°C petroleum ether, 0.15 gm 59 palladium-on-
carbon, -barium carbonate, -calcium carbonate, or -barium sulfate, and
0.30 gm powdered 90-100 9 potassium hydroxide. The reaction temperature
was maintained at 25-30°C, which necessitated occasional cooling.

C. ROLE OF MODIFIER

There is evidence to suggest that some nonmetallic additives may function
through complex formation with the substrate. For instance, Bal’'yan (1951)
examined the action of a variety of inhibitors, such as chlorobenzenes and
phenylthiocyanates, on the reduction of acetylenic glycols, and presented
evidence to show that the inhibitor does not act on the catalyst but forms a
compound with the substrate. Tedeschi (1962) reached a similar conclusion
regarding the role of potassium and sodium hydroxides in hydrogenation of
acetylenic glycols. Complex formation was indicated by the observation
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that the powdered base is completely soluble in hexane solutions containing
an equivalent of acetylenic glycol. Further, anhydrous potassium hydroxide
interacts with 2,5-dimethyl-3-hexyne-2,5-diol in dry inert solvent to afford
a white, stable, one-to-one mole complex. A similar complex was formed
with the corresponding olefin but not with the saturated diol. These com-
plexes behave differently in hydrogenation than the compounds formed by
interaction of potassium metal with acetylenic glycol dissolved in inert
solvent.

Adventitious Modifiers

The course of an acetylene hydrogenation may be influenced strongly by
the presence of various impurities that enter the system inadvertently. For
instance, hydrogenation of highly purified 9-octadecynedioic acid over 109
palladium-on-carbon in absolute methanol afforded, after absorption of
one equivalent of hydrogen, a mixture of products, whereas hydrogenations
using a somewhat less pure substrate stopped automatically after absorption
of one equivalent, and afforded 9-octadecenedioic acid in nearly quantitative
yield (Gensler and Schlein, 1955). When the highly purified material was
reduced with catalysts recovered from reductions using less pure material,
absorption again stopped at one mole, and gave 9-octadecenedioic acid in
nearly quantitative yield. Evidently the less pure substrate contained a
highly effective catalyst modifier. Similar modifiers may enter the system in
the solvent, in a quinoline additive, or from the reactor itself. Adventitious
modification of the catalyst in this way undoubtedly accounts for some of
the conflicting reports in the literature.

The hydrogenation of 1,1-diethoxy-5-hydroxyhex-2-yne (IV) was strongly
influenced by traces of impurity, the nature of which was deduced from the
products of the reaction. Hydrogenation of IV over 109, palladium-on-
carbon or over Lindlar catalyst in hexane was erratic; in some cases the
product was a dihydropyran (V)and in others 1,1-diethoxy-5-hydroxyhexene-
2 (VI). Since the latter compound could be readily converted to the pyran by
acid, it was felt that the erratic results could be attributed to chénce traces of
acid; indeed, when a trace of quinoline was added to the system the acyclic
olefin was obtained consistently (Newman, 1964).

)
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III. STEREOCHEMISTRY

Hydrogenation of disubstituted acetylenes to olefins usually give pre-
dominantly the thermodynamically less stable cis isomer accompanied by
various lesser amounts of trans isomer. Whether the trans isomer is a primary
product is often a moot question (Burwell, 1957), for cis and trans isomers
are readily interconvertible over platinum metal catalysts in the presence of
hydrogen. Burwell and Hamilton (1959), studying the hydrogenation of
dimethylacetylene over a 0.03 %, palladium-on-alumina catalyst, concluded
that the initial product was almost exclusively cis-2-butene, and that after
all the acetylene was gone the. olefin then isomerized to trans-2-butene.
Other workers have obtained evidence to show that trans isomer may be
formed directly in hydrogenation of acetylenes, and a mechanistic inter-
pretation of the process has been suggested (Bond, 1962).

A. CATALYSTS AND CONDITIONS

The stereospecificity of acetylene reduction depends in part on the
catalytic metal. Freidlin and Kaup (1963) established the following order of
decreasing stercospecificity in hydrogenation of 2-pentyne: palladium
black > Raney nickel > platinum black > rhodium black > Raney cobalt.
Palladium, especially when modified by an additive, is widely used to obtain
olefins of predominantly cis configuration. The most popular catalyst of
these is the Lindlar catalyst, palladium-on-calcium carbonate modified by
addition of lead (Lindlar, 1952). Bismuth also makes a suitable modifier
(Lindlar, 1954). The catalyst is frequently used with small amounts of quino-
line (Lindlar, 1952), which increases selectivity. For instance, 1.1 gm 10-
hydroxy-7-hexadecynoic acid in 10 ml methanol containing a few drops of
quinoline was reduced over 0.5 gm palladium-lead-on-calcium carbonate
to afford, after absorption of one equivalent of hydrogen, 10-hydroxy-cis-7-
hexadecenoic acid (Jacobson et al, 1961). The quality of quinoline may be
important. In other work, pure synthetic quinoline was satisfactory whereas
quinoline from coal tar was unsuitable (Cram and Allinger, 1956). The
amount of quinoline may also affect the results. Hydrogenation of stearolic
acid over Lindlar catalyst in ethyl acetate containing quinoline gave olelic
acid containing 5%, of the trans olefin; with double the amount of quinoline
the trans isomer was only 1-29/ (Baker et al., 1955).

The amount of catalyst and the catalyst support may have a marked
effect on the percentage of trans isomer. Partial hydrogenation of undec-4-yne
in cyclohexane over 109 (by weight) and 17.49/ (by weight), based on sub-
strate, of 109, palladium-on-carbon afforded 68 %, and 319 trans isomer in
the resulting olefin, respectively. In ethyl acetate solvent, the trans olefin
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content from hydrogenation over about 109 (by weight), based on substrate,
of 109, palladium-on-calcium carbonate, 10 %, palladium-on-barium sulfate,
and 109 palladium on-carbon was 639, 409, and 32 9%, respectively. By
addition of triethylamine to the palladium-on-carbon-catalyzed reductions,
the trans olefin content was decreased from 329 to 179, but only by the
use of Lindlar catalyst with quinoline could small percentages (4 %) of trans
olefin be obtained. The amount of trans isomer formed in reduction of
undec-4-yne over unmodified palladium catalysts is unusually high. It was
shown in this work that, when very small amounts of catalysts were used,
cis-undec-4-ene was transformed with hydrogen present to a mixture
containing about 709 trans isomer with virtually no saturation of the
double bond. The trans isomer, on the other hand, could not be isomerized
in this way, for it underwent rapid hydrogenation. The results imply that,
in a mixture of cis and trans isomers, the cis isomer preferentially occupies
the available hydrogenation sites and thus inhibits hydrogenation of the
trans isomer (Dobson et al., 1961).

Marked variations in the cis-trans isomer ratio are achieved sometimes
by minor changes in the ratio of reactants. Mondon (1952) obtained either
predominantly the cis or trans olefin on hydrogenation of 1-(4-hydroxy-4-
methylpentynyl)cyclohexanol by changing the catalyst-to-substrate ratio
and the amount of quinoline modifier. The cis olefin was obtained by hydro-
genation of 0.5 gm substrate over 0.5 gm 5% palladium-on-carbon in 10 ml
methanol containing 2 drops of quinoline, whereas 2.0 gm substrate and
1 drop of quinoline similarly reduced gave largely the trans olefin.

CHs OH (Hs OH
CHy— C—C=CCH, —> CHy—C—CH=CHCH,
OH OH

Certain hydrogenations of acetylenes seem unusually sensitive to the pres-
ence of alkali. Hydrogenation of butyne-1,4-diol generally gives cis-but-2-
ene-1,4-diol, but in the presence of alkali a high proportion of trans isomer
is found. Acetylenedicarboxylic acid and its ester afford predominantly the
trans olefins under alkaline conditions. The fumarate is obtained from
hydrogenation of monopotassium acetylenedicarboxylate in water or
aqueous alkali (McQuillin and Ord, 1959).

B. AGITATION AND RATE OF REDUCTION

The percentage of trans isomer formed in partial hydrogenation of
acetylenes may depend on the agitation and rate of reduction. For instance,
hydrogenation of 1-chloro-4,7,10,13-nonadecatetrayne (VII) under care-
fully controlled conditions afforded the all-cis tetraene (VIII) in 809 yield
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(Ege et al., 1961). The hydrogenation was carried out after adding 3.26 gm
freshly distilled VII in 50 ml hexane to 3.26 gm Lindlar catalyst in 550 ml
hexane containing 0.82 gm synthetic quinoline. The rate of hydrogen
absorption, controlled by the rate of magnetic stirring, was maintained at
5-6 ml per minute. After absorption of about four equivalents of hydrogen
the rate dropped spontaneously to a low level and the reaction was dis-
continued. Higher rates of hydrogenation gave increasingly greater amounts
of trans isomer. The amount of trans isomer also depended on the amount
of quinoline, on the activity of the catalyst, and on the temperature of re-
duction. Successful reductions required the use of freshly distilled tetrayne;
very little hydrogenation occurred when the substrate was 2 days old
(Gensler, 1963).

(Vi) CH4(CH,),C=CCH,C=CCH,C=CCH,C=C(CH,),CI —>
(Vi) CH4(CH,) ,CH =CHCH,CH=CHCH,CH=CHCH,CH=CH(CH,)Cl

Other workers have also noted the effect of rate of reduction on the product.
Polyesters, prepared by condensing diols with acetylenedicarboxylic acid,
were partially hydrogenated, as a 2% solution in acetone, over a palladium—
lead catalyst. If the hydrogenation rate was high the polyester had a cis
configuration, and if low the trans configuration (Batzer and Weissenberger,
1954). In a more general study, Ott and Schroter (1927), using catalysts
modified by partial poisoning, reached the same conclusion; faster rates
give more cis isomer, slower rates more trans.

C. TEMPERATURE

The percentage of trans isomer formed on hydrogenation of acetylenes
may depend also on the temperature. Partial hydrogenation of 3-hexyn-1-ol
over platinum oxide at — 19°C afforded a mixture of 409, trans-3-hexen-1-ol
and 60% of an isomerized compound, 4-hexen-1-ol, of uncertain stereo-
chemistry; at 60°C or above only 4-hexen-1-ol was obtained (Takei and Ono,
1942a). The isomerization seems remarkably specific; the system would
provide an interesting vehicle for mechanistic studies.

CH4CH,C=CCH,CH,0H —
CHZCH,CH=CHCH,CH,0H + CH,CH=CHCH,CH,CH,OH

The effect of temperature on the products formed, in partial hydro-
genation of three disubstituted acetylenes over palladium-on-barium sulfate
and over platinum black, is shown in Table III. Little selectivity was shown
in partial hydrogenation of acetylenedicarboxylic acid over palladium-on-
barium sulfate at —18°C; the products obtained on half-hydrogenation
were succinic acid and unchanged starting material (Takei and Ono, 1942b).



IV. DIACETYLENES 71

TABLE III
EFFecT OF TEMPERATURE IN PARTIAL HYDROGENATION OF ACETYLENES

Substrate Catalyst Temperature Product
0
Acetylene- Pd-on-BaSO, —18 Succinic acid
dicarboxylic acid 100 Maleic acid
Pt black —18 Succinic acid
100 Succinic acid
Phenylacetylene- Pd-on-BaSO, —~18 20-259%, trans isomer
carboxylic acid 100 09 trans, 1009, cis
Pt black —-18 25-33 9, trans isomer
100 25-28 % trans isomer
p-Methoxypheny!l- Pd-on-BaSO, -18 20-259, trans isomer
acetylenecarboxylic acid 100 15-20% trans isomer
Pt black —18 23-259, trans isomer

100 24-259, trans isomer

At 100°C, reduction over palladium-on-barium sulfate afforded maleic acid.
The dependence of selectivity and stereochemistry on temperature is seen to
vary with both the catalyst and substrate. In other compounds (3-hexyn-1-ol,
stearolic acid, and behenolic acid) a clearer trend emerged, and Takei and
Ono (1942b) favored the generality that cis forms are produced at high
temperature, trans forms at low temperature.

IV. DIACETYLENES

Diacetylenes have been reduced stepwise to an enyne, a diene, an olefin,
and a hydrocarbon. The selectivity of reduction at each step depends in
large measure on whether the diacetylene is conjugated; high selectivity is
more difficult to achieve in a conjugated system. Essentially only one
hydrocarbon was obtained at each stage of hydrogenation of the noncon-
jugated undeca-1,7-diyne (IX) over 109 palladium-on-carbon, the products
in sequence being undec-1-en-7-yne (X), undeca-1,7-diene (XI), and undec-4-
ene (XII). The central double bond in undeca-1,7-diene was predominantly

CHy(CH,) ,C=C(CH,) ,€ =CH —> CH(CH,) ,C=C(CH,),CH=CH,
(1X) (X

CH,(CH,) ,CH=CH(CH,)sCHz —— CHy(CH,) ,CH=CH(CH,),CH=CH,
(X1) (X1)
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of cis configuration, but the next product, undec-4-ene, contained about
509 of the trans isomer.

The preference for hydrogenation of a terminal triple bond to an internal
one, and of an internal acetylene to an external olefin, was maintained even
when the triple bonds concerned were in separate molecules. In partial
hydrogenation of an equimolar mixture of oct-1-yne and oct-4-yne, the
products after absorption of one equivalent of hydrogen were oct-1-ene and
unchanged oct-4-yne, and after absorption of two equivalents oct-1-ene and
oct-4-ene (Dobson et al., 1961).

Various macrocyclic nonconjugated diynes and tetraynes have been
reduced smoothly to the corresponding cis polyenes over Lindlar catalyst;
the absorption virtually stopped at the theoretical quantity of hydrogen.
On the other hand, similar reductions of conjugated diynes continued on
past theoretical absorption, but even so some starting material remained
and no definite partial reduction products could be obtained (Dale et al.,
1963).

CATALYSTS

Some pronounced effects of catalyst on the products of reduction of
diacetylenes have been reported. Reduction of the macrocyclic diyne lactone
(XIII) over platinum in ethyl acetate afforded the saturated lactone (XIV).
Over Lindlar catalyst, the reduction slowed considerably after absorption
of two equivalents of hydrogen to afford the dienolide (XV) in 869 yield.
With 109, palladium-on-carbon, a marked decrease in rate occurred after
absorption of three equivalents of hydrogen, and the product at this stage
wasa mixture of 27 % A'°, 109 A'!, and 20% A'? monoenes and 32 %, satura-
ted lactone (McCrae, 1964).

i ° o
(GHg (gHZ)yP—‘(gHZ)B (gHz)zF"’ﬁngz)8 (CH,),
CH,CH,CH,CH, C=C—C=C CH=CHCH =CH
(XIV) (X1n) (XV)
Pd

(0]

(in)8 ((Ha),

H=CHCH,CH,

+ isomers + XIV

It appears that partial hydrogenation of diacetylenes can best be achieved
over palladium and a more complete hydrogenation over platinum. The
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diene, 2,9-dimethyl-5,6-diphenyl-3,7-decadiene-2,5,6,9-tetrol, was obtained
from the corresponding diacetylene when reduction over palladium in ethyl
acetate stopped spontaneously after absorption of two equivalents of
hydrogen, whereas over platinum four equivalents were rapidly absorbed
(Zal’kind and Zhuravleva, 1948). Similarly, reduction of 2,7-di-p-tolyl-3,5-
octadiyne-2,7-diol with colloidal palladium gave the octadiene and over
platinum the octane (Zal’kind and Iremadze, 1948). The selectivity of partial
hydrogenation of diacetylenes may be increased by use of suitable
modifiers.

V. VINYLACETYLENES

Selective hydrogenation of vinylacetylenes to dienes is more difficult than
selective hydrogenation of an isolated triple bond to a double bond. Attempts
to reduce selectively 6, 9-dimethyltetradecadiene-5,9-ine-7 in glacial acetic
acid over platinum oxide by absorption of one or two moles of hydrogen
failed ; the product was a complex mixture showing no point of preferential
absorption (Blomquist and Marvel, 1933). Selective hydrogenation of con-
jugated enynes to dienes is easier if the triple bond is in a terminal position
(Bal’yan and Borovikova, 1959b).

A quantitative measure of selectivity in partial hydrogenation of some
vinylacetylenes over Lindlar catalyst, further inhibited by quinoline, has
been obtained by Marvell and Tashiro (1965). The compounds and reaction

examined were:
Q—CEC—R — QCHZCH—R

(XX)

(XVl) R=H
(XVIl) R = —CH,
(XVIIl) R = —C,Hj
(XIX) R = —CH=CH,

Each reduction, carried out in petroleum ether, was interrupted after
absorption of one equivalent of hydrogen and the resulting products were
analyzed by gas chromatography. The corresponding diene (XX) was
obtained in 80-90% yield when the substrate was XVI, XVII, or XVIII,
but hydrogenation of XIX gave a complex mixture consisting of 479,
cis- and 7% trans-CcH,CH=CH—CH=CH,, 13%, cis- and 89, trans-
CcH,CH=CH—C,H,, 8%, C;(H,C=C—C,H,, 4%, C;H,CH,CH,C,H;,
8% CcHyC=C—CH=CH,, and 59, unidentified material. Each of the
three enynes (XVI-XVIII) studied was reduced exclusively at the triple bond.
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Selectivity was somewhat less than that observed with isolated triple bonds,
as some complete saturation of the triple bond occurred even while the enyne
was still present. The poor selectivity obtained in hydrogenation of XIX has
a parallel in earlier work (see Marvell and Tashiro, 1965) on partial hydro-
genation of dienynes. However, excellent selectivity has been reported in
hydrogenation of long, conjugated systems containing an interior triple
bond (Akhtar and Weedon, 1959; Isler et al., 1956).

An unusual reduction of a complex vinylacetylene is the conversion of
tridehydro[ 18]annulene (XXI) to [18]annulene (XXII). Both the chemistry
of this reduction and the techniques employed have interesting aspects.
Hydrogenations over lead—palladium-on-calcium carbonate (Lindlar, 1952)
proved to be erratic, and at times the reduction stopped spontaneously
before three equivalents of hydrogen were absorbed. Hydrogenation over
109, palladium-on-carbon in benzene gave reproducible yields of XXII,
although there was a certain variation in unchanged starting material
Maximum conversion of substrate to product was obtained not after
absorption of the stoichiometric three equivalents of hydrogen but after
5-6 molar equivalents had been absorbed. The optimum amount of hydrogen
to be absorbed was determined by allowing the reduction to proceed to
completion, with aliquots withdrawn at intervals and analyzed for product
and unchanged starting material by ultraviolet examination. The actual
yield based on unrecovered substrate was higher when less than 5-6 molar
equivalents were absorbed, but for preparative purposes it was advantageous
to have little unchanged starting material remaining. Under optimum
conditions [18]annulene could be obtained in 259 yield.

Catalytic partial hydrogenation of acetylenes leads predominantly to the
corresponding cis ethylenes, and 18[annulene] would therefore be expected
to have 6 cis and 3 trans double bonds. However, the ultraviolet spectrum
indicated, and X-ray structure analysis confirmed, that the product con-
tained 3 cis and 6 trans double bonds derived by overall frans addition of
hydrogen. A similar partial hydrogenation of tetradehydro[24]annulene
afforded [24]annulene (Sondheimer et al., 1962).

(XX11)
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CATALYSTS

Palladium-on-barium sulfate proved more selective than platinum-on-
carbon or Raney nickel in hydrogenation of vinylacetylene in liquid phase.
This is clearly shown by the data of Table IV, which gives the composition
of the product at a point where vinylacetylene had just disappeared. A
maximum yield of 229 butadiene was obtained in gas phase reductions
along with polymerization products (Albrecht, 1961). The results may also
beinfluenced by the support. In hydrogenation of vinylacetylene to butadiene,

TABLE 1V
HYDROGENATION OF VINYLACETYLENE®

Products (%)

Catalyst
Butadiene Butenes Butane
Pd-on-barium sulfate 69 30 1
Pt-on-carbon 48 39 13
Raney nickel 35 42 23

“ Product analysis made at point of disappearance of vinylacetylene.

palladium-on-barium sulfate was preferred to palladium-on-calcium car-
bonate, -starch, -bauxite, -kaolin, or -pumice (Rieche et al., 1961). Palladium-
on-barium sulfate has been said to be generally superior to Lindlar catalyst
for selective hydrogenations (Cram and Allinger, 1956). The differences
between palladium and platinum were accentuated in hydrogenation of the
substituted vinylacetylenes, 1-(3-buten-1-ynyl)cyclopentanol, diethyl(3-
buten-1-ynyl)carbinol, and dipropyl(3-buten-1-ynyl)carbinol. In the presence
of platinum black all three compounds absorbed three moles of hydrogen,
forming the saturated alcohol, but in the presence of palladium the last two
compounds absorbed only two moles of hydrogen. Although there was no
break in the hydrogenation rate curve for the first two moles absorbed over
palladium, the diene could be obtained if the reduction were interrupted
after absorption of one mole (Zal’kind and Boroda, 1945).

(CaHg) ,C—C=C—CH=CH, i (Csz)zi—CH =CH—CH=CH, -
H

OH
(CaHe),G—CH =CH—CH,CH; —1> (CaHg)aG—CH,CH,CHCH,
OH OH

VI. HYDROGENOLYSIS

Hydrogenation of acetylenes carrying adjacent oxygen or nitrogen
functions is apt to be accompanied by loss of the function in varying degree.
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Loss of oxygen during hydrogenation of a series of 1,4-acetylenic glycols
was convincingly shown to occur predominantly after formation of the
olefinic glycol and before complete saturation (Tedeschi, 1962). Allylic
functions are particularly susceptible to hydrogenolysis, and it is probably
generally true that hydrogenolysis in most. acetylene reductions occurs
after formation of the olefin. The influence of substituents was examined
on the extent of hydrogenolysis during complete reduction of a series of
acetylenic glycols; the results are shown in Table V (Tedeschi, 1962a).

TABLE V
CH, CH,
HYDROGENOLYSIS® OF R—CI——CEC—CI—R
OH OH
R Moles H,O formed per mole substrate

Methyl 1.13
Phenyl 1.02
Isobutyl 1.00
Ethyl 0.835
Cyclohexy! 0.823
n-Propyl 0.757

¢ Catalyst: 59 palladium-on-carbon

The percentage of hydrogenolysis decreased steadily in the series methyl,
ethyl, propyl, but an overall generality to encompass all the data is not
evident. With each of these compounds, hydrogenolysis could be reduced
to virtually zero by the presence of 0.05-0.10 gm potassium hydroxide per
mole of substrate (discussed in detail in Section II, “Modified Catalyst
Systems”). Hydrogenolysis of acetylenic carbinols is also diminished by the
presence of base (Tedeschi and Clark, 1962), but hydrogenolysis of carbinols
is usually a minor side-reaction. Substantial hydrogenolysis may accompany
reduction of esters of hindered acetylenic carbinols. The hydrogen phthalate
ester of 3,4,4-trimethylpent-1-yn-3-ol (XXIII) was reduced in ethyl acetate
to the corresponding olefin (XXIV) over Lindlar catalyst, and to the saturated
alcohol (XXV) over platinum oxide. Reduction in both cases was accom-
panied by 20-309%; hydrogenolysis (Evans et al., 1963).

CH; CH, CHy GHy CHy CH,
CH3—é—C—C =CH— CH3—(|:——-(I:—CH =CH,—> CH3—(|:—(I:—CZH5
CH, OR CH, OR CH, OR

(XXt (XXIV) (XXV)
R = phthalate
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In certain compounds, hydrogenolysis may occur even after the acetylene
is completely saturated. Exhaustive hydrogenation of the diol (XXVI) over
palladium-on-calcium carbonate afforded the saturated glycol (XXVII),
but hydrogenation of XXVIII gave first the saturated diacetate and, if the
reduction were allowed to continue beyond absorption of two moles, an
ester group was lost (Nogaideli and Vardosanidze, 1963).

OR or OR  oR
| — |

CH, CHj
(XXVIl) R=H

(XXVl) R=H

(XXVIIl) R = COCH,

Hydrogenolysis of epoxides adjacent to acetylenes might be expected to
be extensive, inasmuch as even an unactivated epoxide will readily undergo
hydrogenolysis. Reduction of the acetylenic diepoxide (XXIX) in ethanol
over Lindlar catalyst, and subsequently when the reduction became very
slow over a palladium-on-carbon catalyst, afforded about equal amounts
of a di-sec-diol (XXX) and a sec-mono-ol (XXXI) (Ghera et al., 1962). For-
mation of secondary rather than tertiary alcohols implies hydrogenolysis
prior to complete loss of the carbon—carbon bond unsaturation. The loss of
oxygen leading to XXXI was unexpected; it might imply hydrogenolysis
of the epoxide ring in the reverse sense followed by hydrogenolysis of the
resulting unsaturated tertiary alcohol, or hydrogenolysis of the epoxide
ring at the tertiary carbon followed by isomerization of the carbon—carbon
double bond to an allylic position. There is precedent for the hydrogenolysis
of 3-acetylenic or ethylenic alcohols. Hydrogenation of hept-3-yne-1,7-diol
over 5% palladium-on-barium sulfate afforded a considerable amount of
n-heptanol (Crombie and Jacklin, 1957), and hydrogenation of 6-methyloct-
3-en-ol afforded 3-methyloctane (Crombie and Harper, 1950).

JRES I
5 5 8

(XXIX) (XXX) (XXXI)

Minor structural variations may have a decisive influence on the course
of reduction. Hydrogenation of XXXII over either Raney nickel or 10%
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palladium-on-carbon in petroleum ether afforded 2-pyrrolidino-2-methyl-
butane (XXXIII), whereas under the same conditions the diethylamino
derivative underwent extensive hydrogenolysis. If reduction of either sub-
strate were terminated after absorption of one mole of hydrogen, the corres-
ponding allylic amines could be obtained in good yield; hydrogenolysis
evidently occurred after formation of the allylic compound (Hennion and

Perrino, 1961).
KNj [ j

N
I I |
CH3C|—C_=_CH CH3C|CH2CH3
CHj; CH,
(XXXE) (XXXI11)

Hydrogenolysis during reduction of hindered acetylenic amines to
saturated amines may to a large extent be prevented by hydrogenating the
acetylenic amines as hydrochlorides over platinum oxide (Easton et al.,
1961). Platinum oxide proved superior to palladium-on-carbon in reduction
of XXXIV to the ethyl derivative. Reduction of XXXIV over palladium-on-
carbon in ethanol-acetic acid resulted in preferential hydrogenolysis of the
dimethylamino group; after absorption of two equivalents of hydrogen, the
product contained no basic amine groups. However, reduction over platinum
oxide in ethanol-acetic acid give the 17-dimethylamino-17«-ethyl derivative
(Morrow et al., 1965).

N(CH3)2

(XXXIV)
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Olefins

The carbon—arbon double bond is very easily reduced. Successful reduc-
tions have been carried out over all the platinum metals in a variety of
solvents and within a wide range of conditions. Only a few highly hindered
olefins are resistant to hydrogenation. Qlefins are the most popular of all
substrates for mechanistic investigations and a vast amount of data has
accumulated ; Bond and Wells (1964) have given a good review of this aspect
of olefin hydrogenation.

I. CATALYSTS

Several comparisons of platinum metals for hydrogenation of olefins
have been made. The tendency of platinum metals to promote double-bond
migration during hydrogenation of pentene-1 fell in the order, palladium >
ruthenium > rhodium > platinum > iridium. Of particular interest was
the observation that the results were mostly the property of the metal and
relatively little affected by the support or the solvent. The sequence of
selectivities for reduction of 1,3-pentadiene to monoolefin was palladium >
rhodium > ruthenium =~ platinum > iridium. That is, palladium on half-
hydrogenation of pentadiene gave the most pentene, iridium the least
(Bond and Rank, 1965). These results for order of selectivity are probably
applicable generally to simple diolefins, but not necessarily to those contain-
ing other functional groups.

Farmer and Galley (1933) have pointed out that selectivity in reduction
of diolefins depends both on the substrate structure and on the age of the
catalyst, where aging implies either a lapse of time or previous use. The
effect of catalyst age was demonstrated in partial hydrogenation of sorbic
acid, where new and aged (by use) platinum oxide catalysts gave quite dif-
ferent distributions of intermediate products. In our experience, aging by
time has relatively little effect on the outcome of reduction, provided the

81
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catalyst has been adequately protected from the atmosphere. Reuse, however,
frequently changes the products of reduction. With reuse, catalyst activity
diminishes (with some exceptions) at a gradual to fast rate, depending on
the system. If a broad generality can be made, it is that selectivity increases
as the catalyst is reused. Deliberate deactivation through additives and
deactivation by use often produce quite similar results.

Palladium, platinum, and nickel catalysts were compared for relative
ability to achieve preferential reduction of double bonds in methyl linolenate
compared to methyl linoleate (selectivity), and for relative ability to cause
isomerization of cis into trans isomers. The ratio of rates for these two reac-
tions ranged for nickel catalysts at 140°C between 1.48 and 2.71 ; for palladium
catalysts at 25°C between 1.68 and 1.99; and for platinum catalysts at 25°C
between 1.33 and 1.61 (Johnston et al., 1962). The hydrogenations were
done in a system agitated by a magnetic stirring bar, so that probably the
consequences inherent in maintaining a hydrogen-deficient catalyst are
reflected in these ratios (Zajcew, 1960a). Platinum catalysts produced the
lowest isomerization, but their selectivities were also low. Zajcew (1960b)
had noted the same selectivity order for platinum and palladium in a study
of linoleic-containing oils.

Zajcew (1960b) evaluated all the platinum metals-on-carbon except
osmium for reduction of tall oil fatty acids. The activity of the metals in-
creased in the order, ruthenium < iridium < platinum < rhodium < pal-
ladium. The tendency of these metals to promote cis-trans isomerization
increased in the order, platinum < iridium = ruthenium < rhodium = pal-
ladium. The order of metals with regard to selectivity (preferential removal of
greatest unsaturation was iridium < ruthenium < platinum < rhodium <
palladium. Palladium catalysts were examined in more detail. As palladium
was more highly dispersed on the carrier it became more active and more
selective. At the expense of activity, selectivity was increased, and the trans
isomers formed decreased by partial deactivation of the catalyst.

Other workers found a different order of activity of platinum metals for
cis-trans isomerization of cis-stilbene in ethanol. At half-hydrogenation
the amount of trans-stilbene in the product increased with the catalyst in
the order, ruthenium < platinum < palladium < rhodium. Ruthenium,
unique among the metals, gave the same degree of isomerization with or
without hydrogen present (Bellinzona and Bettinetti, 1960). The rate of
cis-trans isomerization relative to the rate of hydrogenation may depend
on the amount of catalyst and on the initial isomer. With very small amounts
of palladium-on-carbon, cis-undec-4-ene was transformed rapidly in the
presence of hydrogen to a mixture containing about 70 % of the trans isomer.
Under the same conditions trans-undec-4-ene was rapidly reduced. The
authors pointed out that the results indicate the pure trans isomer to undergo
hydrogenation more readily than the cis, and furthermore that, in a mixture



I. CATALYSTS 83

of the two, the cis isomer preferentially occupies the hydrogenation sites and
inhibits hydrogenation of the trans isomer (Dobson et al., 1961).

CHOICE OF CATALYST

Most catalytic reductions of olefins are carried out over palladium or
platinum. Both metals make extremely active catalysts for this purpose and
usually give excellent results. Preference for one or the other is determined
largely by other functions in the molecule, and in polyolefins by considera-
tions of selectivity. The literature indicates that platinum gives generally
more extensive hydrogenation, but this may stem from the unequal amounts
of metal used in most comparisons of supported palladium and unsupported
platinum. For instance, vinylcyclooctatetraene absorbed five equivalents
of hydrogen over platinum oxide in acetic acid, 4.5 equivalents over platinum
oxide in methanol, and only 4.0 equivalents over 10% palladium-on-
calcium carbonate (Larrabee and Craig, 1951). The converse situation is
also found, and in phenyl-substituted ethylenes the effect is pronounced.
With platinum, each additional phenyl group causes a decrease in rate of
hydrogenation and tetraphenylethylene is not reduced at all. With palladium,
the retarding effect of the phenyl group becomes evident only in the slow
hydrogenation of tetraphenylethylene (Yurashevskii, 1938). This example
points up one of the difficulties in correlating rate of hydrogenation with
structure ; that is, the relative rates of hydrogenation of various substrates
depend on the catalyst as well as the structure of the substrate.

Palladium-on-calcium carbonate and platinum oxide were quite different
in reduction of I in ethyl acetate. The palladium-catalyzed reduction prac-
tically ceased after absorption of one equivalent of hydrogen and afforded
an 859 yield of the dihydro adduct (II). On the other hand, over platinum
oxide the reduction continued and gave a mixture of tetrahydro derivative
III) and hexahydro derivative ( IV) with a structure presumably as shown.

an an (IV)

The authors pointed out that, of the two carbonyl groups in the adduct,
one is much less susceptible to reduction than the other. They attributed this
behavior to the interaction of the unreactive carbonyl with the methoxy
function through the double bond (Woodward et al., 1952),

—cLc2cdcH,

g
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The relative merits of platinum oxide, palladium oxide, palladium-on-
carbon, and palladium-on-barium sulfate in ethanol, acetic acid, and ethyl
acetate were evaluated for selective reduction of the exocyclic double bond
in a series of unsaturated 2-imidazolin-5-ones. Platinum oxide or palladium-
on-strontium carbonate in ethyl acetate provided the best conditions (Kidwai
and Devasia, 1962).

R R

| |
N NH N _NH

e he
R R

1. Iridium, Rhodium, and Ruthenium

These metals have been little used for hydrogenation of olefins, but some
very satisfactory results have been obtained. They seem most useful when a
selectivity problem is involved.

Iridium catalysts are claimed to be especially useful in stereospecific
hydrogenation of 17a-hydroxy-20-keto-16-methylene steroids of the preg-
nane series to the corresponding f-methyl derivatives. Examples were given
with 59 iridium-on-barium sulfate in ethanol or ethyl acetate, 5% iridium-
on-kieselguhr in ethanol, iridium dioxide in ethanol, and 7.5%, iridium-on-
calcium carbonate in ethyl acetate. In some cases the yield of p-isomer was
so high that the need for any purification step was eliminated (Phillipps, 1963 ;
Gregory et al., 1966).

Rhodium has proved quite useful in hydrogenation of olefins, when
concomitant hydrogenolysis of an oxygen function was to be avoided
(Bonner et al., 1964). An example where the oxygen function is an epoxide
was cited by Tarbell et al., (1961). Rhodium-on-alumina was found to be a
superior catalyst for hydrogenation of vinylic or allylic halogen-substituted
olefins to haloalkanes. Yields of 40-60 9%, were obtained from hydrogenation
of 1-chloropropene, allyl chloride, and 1,3-dichloropropene. The yields of
dichloropropane from hydrogenation of 1,3-dichloropropene at 100° and
400-600 psig were 47.9%, 19.29%, and 6.1%; when carried out over 5%
rhodium-, 5% palladium-, and 5% platinum-on-alumina, respectively.
Alumina proved to be a more effective support for rhodium than did carbon;
the yields of dichloropropane were 47.9 9/ and 37.4%,. The solvent had marked
effect on the yield of dichloropropane. With 5% rhodium-on-alumina the
yields of dichloropropane obtained at 100°C and 400-600 psig were with
cyclohexane, 1,3-dichloropropane, diethyl ether, ethanol, and acetic acid as
solvents, 47.9%, 39.4%, 30.8%, 2.5%, and 2.5% respectively (Ham and
Coker, 1964). The results on solvent effect found here agreed with other work,
in that the less polar solvents gave the least hydrogenolysis. However, unlike
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the earlier work (Kindler et al., 1953), the use of catalyst inhibitors, such as
thiophene, had an adverse effect on the yield.

Rhodium-on-alumina proved to be an excellent catalyst for reduction
of vinylene carbonate to ethylene carbonate (Newman and Addor, 1955).
This catalyst worked very well while all others tested failed in one way or
another to give the desired product (Addor, 1964). A selective reduction of
the unsaturated ketonic lactone (V) was achieved over 5% rhodium-on-
carbon in ethyl acetate. The double bond conjugated with the ketone
function was reduced rapidly (VI). Further hydrogenation resulted in
saturation of both double bonds (VII). Reduction over rhodium gave a 95%,
yield of the dihydrolactone; over palladium-on-carbon only 409, of crude
material was obtained, and the product was contaminated by an acid
presumably arising through hydrogenolysis of the lactone (Roy and Wheeler,

1963).
c)H OH c)H
— —

0—¢=0 0—=C=0 0—¢=0
(Vi V) (V1)

Rhodium proved much superior to palladium or platinum in selective
hydrogenation of the olefinic function of toxol (VIII). Hydrogenation of
toxol over palladium or platinum resulted in extensive hydrogenolysis and a
complex product mixture, but over 5% rhodium-on-alumina in 95 %, ethanol
the reduction ceased after absorption of one equivalent of hydrogen, smoothly
affording dihydrotoxol (IX). Further reduction of dihydrotoxol over 109
palladium-on-carbon in ethanol gave dihydrotremetone (X) (Bonner et al.,
1964).

H H
--OH --OH
04I :]\—j ° R omﬁ Pd o’{ jj )
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CH2 CH3 CH3
(vin (1X) (X)

Rhodium has also been used to achieve highly stereoselective reductions.
Hydrogenation of XI over 59 rhodium-on-alumina in acetic acid gave XIL

COOC,Hs
L — | I
N N
0 0

%) (X1

COOC,Hs
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The catalyst and hydrogen approached the less hindered side of the pyr-
rolizidine nucleus, thus pushing the carbethoxy function to the inside of the
fold (Nair and Adams, 1961).

Similarly, a highly stereoselective reduction of 1,3-cyclopentan-1-
enedipropionic acid over 5% rhodium-on-alumina in acetic acid gave
pure cis-dipropionic acid in 86 9 yield. The stereoselectivity obtained in this
reduction was an aid in assigning the structure of the substrate (Westman
and Kober, 1964).

Ruthenium has been used for selective saturation of conjugated dienes.
Hydrogenation of 19.5 gm XIII in 530 ml methanol over 4 gm 59} ruthenium-
on-carbon at room temperature and 40 psig afforded XIV in 71% yield
after recrystallization (Hasek et al., 1964).

OO

(X11) (XIV)

CH,4

Ruthenium catalysts were remarkably selective in hydrogenation of
mixtures of olefins. Monosubstituted olefins were reduced preferentially
in the presence of di- and trisubstituted olefins. For instance, in a mixture
of 2-octene and 1-octene the terminal olefin was completely reduced before
any of the 2-octene was saturated. Selectivity of this type is possible because
double-bond migration is relatively slow over ruthenium; over palladium,
1-octene had substantially disappeared through isomerization when
hydrogenation was only 109 complete. All reductions of these mixtures of
olefins over ruthenium were carried out in the presence of water; without
water the hydrogenation proceeded very slowly if at all (Berkowitz and
Rylander, 1959).

Ruthenium has made a useful catalyst for hydrogenation of allylic oxygen
compounds, when hydrogenolysis was to be avoided (Cope et al, 1957).
Ruthenium dioxide was the catalyst of choice for hydrogenation of the
tetrasubstituted double bond in guaiol (XV), a compound known to be
reduced with difficulty (Plattner and Lemay, 1940; Plattner and Magyar,

OH OH

(XV) (XVI)
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1942). Reduction of this compound is complicated by the tendency of the
tertiary hydroxyl to undergo hydrogenolysis and by formation of a mixture
of isomers. Ruthenium dioxide at 1500 psig provided the largest quantity
of dextrorotatory dihydroguaiol (XVI) (Eisenbraun et al., 1960).

2. Amount of Catalyst

The reduction of cinnamaldehyde provides an interesting example of the
complex and sensitive relationship sometimes found between the amount
of catalyst and the reaction products. Cinnamaldehyde was reduced over
various amounts of colloidal palladium and the product analyzed after
exactly one equivalent of hydrogen had been absorbed. Some results, taken
from a graph, are shown in Table 1. A high percentage of double bond reduc-
tion corresponds closely to a high yield of hydrocinnamaldehyde, and a low

TABLE 1

HYDROGENATION OF CINNAMALDEHYDE OVER COLLOIDAL PALLADIUM?

Percent
carbon—carbon bond Pd solution (ml)
hydrogenated
96 2
89 8
68 10
30 11
18 12
40 13
88 14

% Each reduction was stopped after absorption of one mole of hydrogen and the product
analyzed.

percentage to a high yield of cinnamyl alcohol. The products formed depen-
ded critically on the amount of catalyst used. Good yields of cinnamyl
alcohol could be obtained only over a very restricted range. The authors
pointed out that this type of dependency can occur only when the rates of
hydrogenation of the two groups are similar. A plot of the measured overall
rate versus the amount of catalyst was unusual and showed both a maximum
and a minimum. A plot of the rate of hydrogenation of the functions separately
{derived from analysis of the product) gave curves similar in shape to that of
the overall rate curve (Csuros, 1951).

The stereochemistry of reduction may also be changed by the amount of
catalyst used (discussed in Section V),
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3. Diene Hydrogenation

In general, palladium seems the most useful of the platinum metals for
selective hydrogenation of diolefins whether conjugated or not, except when
the diene is a potential aromatic system. The ability of platinum metals to
selectivity remove nonconjugated multiple unsaturation in a mixture of
natural fatty oils increased in the order, iridium < ruthenium < platinum <
rhodium < palladium (Zajcew, 1960b). Palladium was also the most
selective catalyst in hydrogenation of 1,3-pentadiene (Bond and Rank, 1965)
and 1,4-pentadiene (Freidlin et al., 1965). Palladium was much more selective
than platinum in partial hydrogenation of a series of conjugated aliphatic
dienes (Kanzanskii et al., 1958). Palladium-on-alumina was completely
selective for hydrogenation of 1,3-butadiene to butene; whereas other metals
gave some butane as an initial product, and butane was the major product
of iridium-catalyzed reductions (Bond et al., 1965). High yields of butenes
were obtained by partial hydrogenation of butadiene over palladium catalysts
at —12°C (Young et al., 1947). Palladium-on-alumina proved to be a very
satisfactory catalyst for selective, continuous hydrogenation of diolefins,
mainly cyclopentadiene, in dripolene (Keith and Rylander, 1965). Palladium
black selectively reduced cyclopentadiene to cyclopentene, whereas platinum
black and platinum-on-barium sulfate were nonselective (Freidlin and
Polkovnikov, 1957). Supported palladium is the preferred catalyst for
selective hydrogenation of cyclododecatriene at 130-180°C to cyclododecene
(Belgian Patent 654,990). Palladium chloride in water has been used for the
same reduction (Belgian Patent 664,906). The symmetrical diolefin, 1,5-cyclo-
octadiene, was selectively reduced over 5%, palladium-on-calcium carbonate
in methanol to cis-cyclooctene, isolated in 879 yield.* The rate of this
reduction over palladium catalysts decreases sharply after the first mole of
hydrogen has been absorbed. Cyclooctene is known to be reduced with
unusual slowness (Jardine and McQuillin, 1966). The ratio of the rates of
absorption of the first and second moles of hydrogen depends on the method
of preparation of the catalyst, on the carrier, and on various additives.
Two moles of hydrogen are absorbed over rhodium-on-carbon at a fast and
constant rate, making this the catalyst of choice for complete saturation
(Rylander and Karpenko, 1961).

Palladium may not be the best catalyst for hydrogenation of dienes con-
tained in potential aromatic systems. Attempts to hydrogenate such systems
may lead through disproportionation to a paraffin and an aromatic, the
latter being relatively difficult to reduce. The double bonds of 1,3-cyclo
hexadiene were reduced in heptane over palladium or platinum black with
intermediate formation of cyclohexene. The accompanying disproportiona-

* The heat of reaction was conveniently dissipated by wrapping the bottle with a towel and
periodically saturating it with acetone (Gardner and Narayana, 1961).
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tion-reduction to benzene and cyclohexane was favored by palladium,
whereas platinum promoted the hydrogenation (Freidlin et al, 1959).
Rosin acids are difficult to saturate because of a tendency under hydro-
genation conditions to undergo this type of disproportionation (Mont-
gomery et al., 1958).

II. EFFECT OF SOLVENT

The rate, selectivity, and stereochemistry of reduction of olefins may
each be profoundly affected by the solvent. The rate of reduction of olefins
over palladium-on-carbon in ethanol was considerably retarded by alkali,
but the rate of olefin saturation in a,f-unsaturated ketones was virtually
unchanged (McQuillin and Ord, 1959). The influence of alkali on the relative
rates of reduction of different types of olefin was put to excellent use in
achieving a selective reduction of the trienone, 4,6,22-ergostatriene-3-one,
to the 4,22-dienone.

A fair selectivity was obtained over palladium-on-carbon in a variety of
solvents. Optimum selectivity was found in alcoholic sodium or potassium
hydroxide solution of circumscribed concentration. Uniformly high con-
versions were obtained in 0.001-0.01 N potassium hydroxide, but above and
below this concentration the yields fell. Prereduction of the catalyst was
also necessary for optimum selectivity. Under these conditions the dienone
could be isolated in yields of 70-75%,. The authors believe the increased
selectivity observed in basic media to be caused by base-catalyzed enolization
of the various ketonic reactants, and differences between the enolates in
regard to rate of adsorption, reduction, and desorption to be greater than
between the corresponding ketones (Shepherd et al., 1955). A detailed kinetic
study of this hydrogenation has been made (Garrett et al., 1956). Alkaline
media are frequently employed in hydrogenation of o,f-ketones (further
examples are given in the section on stereochemistry).

Selectivity may be affected markedly by the polarity of the solvent. The
dienone (XVII) could be hydrogenated over palladium-on-carbon in the
presence of a small amount of alkali to either cholestan-7-one (XVIII) or
A3-cholesten-7-one (XIX), depending on the solvent.

B 3 3
Pd Pd
EtOH CeHg
0 or EtOAc (o] (0]

(XVIII) (XVII) (XIX)
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Hydrogenation of 6 gm XVII in 342 ml benzene, 137 ml ethanol, and 1 ml
159, aqueous potassium hydroxide over 0.96 gm 5% palladium-on-carbon
ceased spontaneously after 1.1 moles of hydrogen had been absorbed.
The work-up, which included an isomerization step to convert any non-
conjugated olefin to XIX, afforded XIX in 779 yield. Hydrogenation of
XVII in ethanol or ethyl acetate containing potassium hydroxide over 5%
palladium-on-carbon ceased after absorption of two moles of hydrogen
and afforded XVIII in 78 % yield (Nickon and Bagli, 1961).

The dependence on solvent observed with XVII is reminiscent of the be-
havior of the dienone system (XX), in which reductions over palladium in
polar solvents absorbed two moles of hydrogen and produced a complicated
mixture of products, whereas in benzene only one more of hydrogen was
absorbed and excellent yields of XXI were obtained. The authors thought
that the results obtained in polar solvent, particularly facile saturation of a
tetrasubstituted double bond, implicated the carbonyl function in the
reduction, and reasoned that in nonpolar solvents participation of the car-
bonyl group would be suppressed (Woodward et al., 1952).

OH OH

OH — OH

(XX) (XX1)

STRONG AcCIDS

Traces of strong acids may prove powerful catalysts in reduction of
olefins resistant to hydrogenation. For instance, hydrogenation of epi-
cholesterol did not proceed over platinum oxide in methanol containing
acetic acid, but hydrogen bromide, perchloric acid, or sulfuric acid all served
as promoters (Lewis and Shoppee, 1955). The strong acids—sulfuric, maleic,
oxalic, phosphoric, hydrochloric, p-toluenesulfonic, citric, and perchloric,
all with pK lower than 3, were effective promoters in hydrogenation of
cholesterol over platinum oxide. Of these acids, the authors noted that
perchloric, sulfuric, p-toluenesulfuric, hydrochloric, and oxalic acids were
known to form addition products with cholesterol. By use of perchloric
acid as a promoter, ethyl acetate instead of acetic acid could be used as a
solvent with the advantage that very little cholestanyl acetate was formed
(Hershberg et al., 1951). In the presence of perchloric acid some reduction of
the acetic acid solvent may occur also (Chanley and Mezzetti, 1964).

Strong acids may interact also with the catalyst. A%**°-Octalin was reduced
at a negligible rate over platinum oxide unless acetic acid was added or the



III. EFFECT OF OLEFIN STRUCTURE 91

catalyst was prereduced in dilute acid. In some experiments low hydrogena-
tion rates were obtained because of severe clumping of the catalyst. Clumping
during hydrogenation could be prevented in large measure by an acetone
wash of the prereduced catalyst and mechanical disintegration of the catalyst
with a stirring rod, followed by several washings with hexane. Catalysts so
treated suspended reasonably well (Smith and Burwell, 1962). [Other effects
of acid on platinum oxide catalysts are discussed in Chapter 25 (Dart and
Henbest, 1960).]

III. EFFECT OF OLEFIN STRUCTURE

Many studies correlating structure with rate of hydrogenation have been
made (Corson, 1955). The broadest, generally useful guide to emerge is that
the rate of hydrogenation of a double bond decreases as the number and
bulk of the substituents in the vicinity of this function increase. From this it
follows that, in competitive hydrogenation of a mixture of olefins or a single
molecule containing several olefinic functions, the least hindered olefin
will be preferentially reduced. When, as sometimes happens, this fails to be
the case, recourse may be had to various arguments—that the steric effect
was misjudged, another functional group intervened, isomerization occurred,
or the molecule was solvated. Nonetheless, for an a priori assessment of the
possibility of selective hydrogenation and of the direction it will take, the
above generality is useful.

A. TETRASUBSTITUTED OLEFINS

Tetrasubstituted olefins are reduced with some difficulty and survive
many reductions even though no effort is made to limit absorption (Over-
berger and Kabasakalian, 1957). Reduction of 1,2-dimethylcyclooctatetraene
over 1% palladium-on-calcium carbonate in methanol stopped spontaneous-
ly after absorption of three equivalents of hydrogen. The remaining tetra-
substituted double bond was saturated over platinum oxide in acetic acid
(Cope and Campbell, 1952):

(. = Qo= (.
CHj CHj CHj
These results suggest that platinum is a more potent catalyst than palladium
for reducing hindered double bonds. However, roughly 60 times as much
platinum as palladium per weight of substrate was used. If very large amounts

of metal are needed in a reduction, the use of a nonsupported catalyst may
facilitate recovery of the product.
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The presence of a tetrasubstituted double bond in genipic acid (XXII)
was inferred from its failure to absorb hydrogen over 59 palladium-on-
carbon in ethanol. However, when prereduced platinum oxide was used,
the substrate absorbed one equivalent of hydrogen. Among the products
isolated was the lactonic acid (XXIII), postulated to have arisen by migration
of the double bond (Tallent, 1964). Again, these comparisons do not necessar-
ily infer that platinum is a more potent catalyst than palladium for reduction
of a tetrasubstituted double bond; about twenty times more platinum than
palladium was used. Perhaps the inference to be drawn is that highly hindered
double bonds can be hydrogenated if sufficient catalyst is used.

COOH COOH
_
Z g” o)
0 0
(XXI1) (XX1i1)

B. STRAINED BONDS

It appears that hydrogenation of a double bond is facilitated by steric
strain. For instance, although tetrasubstituted olefins are usually resistant
to hydrogenation, isolanostadiene readily absorbed 1.8 moles of hydrogen.
The author suggested this unusual reactivity of the normally inert 89
double bond to be attributable to the steric strain introduced into the B ring
of the lanostane skeleton by the trans fusion of the five-membered A ring
(Huffman, 1959). Inasmuch as double-bond migration may have preceded
hydrogenation, no stereochemical relationships were implied.

ﬁ o g@
—_—
HOAc

Another example indicating preference for hydrogenation of strained
olefins is the reduction of the potassium salt of the diolefin (XXIV) obtained
from maleic anhydride and cyclooctatetraene. Hydrogenation proceeded
stepwise over 109, palladium-on-carbon in water; the double bond in the
strained four-membered ring was reduced first (Cope et al., 1952).

E@:COOK COOK COOK
COOK COOK |::iI[COOK

(XXIV)

gH17
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The photoisomer of isocolchicine (XXV) rapidly absorbed one mole of
hydrogen over platinum oxide in ethanol with saturation of the strained
ring (Chapman et al., 1963). A model of this compound provided no reason,
based on considerations of steric hindrance to the approach of the catalyst,
for this result; both centers of unsaturation appeared to be equally accessible
to the catalyst.

CH,0 CH,0
CHs0 Q CH30 O
CH30 CH30 .
% NHAC ‘] NHAc
OCH,4 0CH;,
J )
(XXV)

Similarly, the more strained internal double bond of 5-methylenebornene
was reduced in preference to the methylene group; after absorption of one
equivalent of hydrogen the product was essentially methylenenorbornane

(Cristol et al., 1965).
“CH y

2 CH;

C. SELECTIVE REDUCTION OF DIOLEFINS

In general, the less hindered double bond in a diolefin is preferentially
hydrogenated. Reduction of limonene over 5 % palladium-on-carbon without
solvent virtually stopped after complete removal of the disubstituted olefin,
and A'-p-menthane was obtained in practically quantitative yield (Newhall,

1958):
CH3 CH,

c CH
CH3” SCH, CH3” CHj

The author pointed out that it is imperative to use only freshly distilled
material, as the catalyst was rapidly poisoned by limonene stored in contact
with air for as little as 5 days. The same catalyst was used for as many as
thirty hydrogenations, and spent catalyst was easily reactivated by washing
with acetone and drying for 1 hour at 110°C. Selective reduction of limonene
was achieved long ago by Vavon (1911), using a platinum black catalyst;
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the reduction proceeded stepwise and continued until 2 moles of hydrogen
had been absorbed. Limonene has also been selectively reduced over platinum
oxide in methanol (Fujita and Matsuura, 1955). Impurities in limonene were
shown, in one series of experiments using platinum oxide, to affect the rate
of hydrogenation of the second double bond more than the rate of the first.
Before purification, the time required for absorption of the first and second
moles of hydrogen was 5 minutes and 138 minutes; after purification, the
respective times were 4 minutes and 15 minutes (Kern et al., 1925). From a
study of the reduction of several terpenes over platinum oxide, the generality
was made that exocyclic double bonds are reduced more easily than those in
the ring (Smith et al., 1949). Hydrogenation of 4-vinylcyclohexene afforded
only 4-ethylcyclohexene (Tepenitsyna et al., 1963).

The above results contrast with the complete tack of selectivity observed
in hydrogenation of an isomeric diene, 1(7),8-p-menthadiene, in which both
double bonds are disubstituted. After absorption of one mole of hydrogen
no monoolefin could be detected in the product, which consisted of about
509 unchanged starting material and 259% each of cis- and trans-p-methane
(Webb and Bain, 1953). One might guess that palladium would have offered
more chance of a selective partial hydrogenation.

¢/s and
trans

/ NCH,

Various factors may work to invalidate the simple generality that the less
hindered olefin is reduced preferentially. Reduction of XXVI over 109
palladium-on-calcium carbonate afforded XXVII in 67-69%, yield and
XXVIII in 309 yield, the major product being derived by reduction of the
more hindered olefin:

MMM/\

(67-69%)  (30%)
(XXVI) (XXVII) (XXVII)

When the corresponding alcohol (XXIX) was similarly reduced, the product
distribution after absorption of 0.82 mole of hydrogen was 3.7% XXX,
63.39, XXXI, and 339, XXXII and XXXIII together. The results suggest
that the more hindered double bond in XXVI was reduced preferentially
through participation of the carbonyl by 1,6-addition (Miropol’skaya et al.,
1962).
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>J\/o\
OH (XXX11)
N A
(3.7%) (63.3%) >_M
(XXIX) (XXX) (XXX1) (XXX11)

Hydrogenation of methyl and ethyl esters of XXXIV and XXXV, over
5%, palladium-on-carbon, proceeded in such a manner as to implicate the
ester group in the olefin saturation. On reduction, XXXIV rapidly absorbed
three moles of hydrogen, saturating all but the least substituted bond (a).
The fourth mole was absorbed very slowly, producing the cyclooctane in
quantitative yield. On the other hand, hydrogenation of XXXV rapidly
produced the corresponding cyclooctane ; no intermediate cyclooctene could
be isolated (Leto and Leto, 1961).

ROOC
COOR

ROOC
COOR R =CyHg
(XXXIV) (XXXV)

Selective reduction of diolefins may be influenced by substituents, remote
from either center of unsaturation, which control the orientation of the
substrate on the catalyst. Reduction of the dienone (XXXVI) over 5%,
palladium-on-carbon was essentially nonselective. Nor was much selectivity
observed in reduction of the endo alcohol (XXXVII). On the other hand,
high yields of a single product were obtained in reduction of the endo-acetate
(XXXVIII) and endo-tosylate (XXXIX). These results were surprising, for
it might have been expected that the bulky substituents would impede

H3C.. _CH CH CH CH CH
3 ﬁ/ 3 3\ﬁ/ 3 3\?H/ 3
Cc C CH
R e R + R
(XXXVI) R ==0 70 30
(XXXVII) R =—OH 60 40
(XXXVIIl) R = Acetate 95 5

(XXXIX) R = Tosylate >95 -
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reduction of the endocyclic double bond. The authors believe that the
substituents serve as points of adsorption on the catalyst surface, and con-
sequently control the manner in which the diene is attached to this surface.
Very low amounts of catalyst were used in this work ; when the amount of
catalyst was increased the reduction was more random (DePuy and Story,
1960).

Allenes

Allenes are reduced in two distinct stages. Olefins and alkanes are produced
in the first stage, in the second stage the olefin is saturated. The selectivity
of reduction varies appreciably with the metal, and for allene itself at various
temperatures decreased in the series, palladium > rhodium & platinum >
ruthenium > osmium > iridium (Bond and Wells, 1964). Allenes with
terminal double bonds are selectively reduced in the terminal position;
internal allenes afford a mixture of olefins (Bal’yan et al, 1960). Hydrogena-
tion of buta-2,3-dienoic acid over 1.5% palladium-on-calcium carbonate
in ethyl acetate afforded cis-crotonic acid (Eglinton et al., 1954). Hydrogena-
tion of cumulenes over palladium-lead-on-calcium carbonate (Lindlar,
1952) affords cis polyenes (Kuhn and Fischer, 1960). Reduction of 500 mg
XL over 800 mg Lindlar catalyst in 500 ml tetrahydrofuran gave XLI in
84 9; yield.

$,C=C=C=C¢,— $,C=CH—CH=C¢,
(XL) (XLI)

One mole of hydrogen was rapidly absorbed in reduction of 7 gm 1,2-
cyclononadiene in 200 ml methanol over 109 palladium-on-carbon,
affording cis-cyclononene in 76 %, yield after distillation. An abrupt decline
in rate occurred after absorption of the first mole (Gardner and Narayana,
1961). The cis isomer is not necessarily the primary product of allene hydro-
genation, for the trans olefin is rapidly isomerized under the reaction con-
ditions. Hydrogenation of 1,2-cyclononadiene and 1,2-cyclodecadiene in
methanol over 109, palladium-on-carbon produced initially 179 and 329
of the corresponding trans olefin (Moore, 1962).

1IV. DOUBLE-BOND MIGRATION

Double-bond migrations during hydrogenation are probably very
common but, unless tracers are used (Cookson et al., 1962) or special products
result or the new bond is resistant to hydrogenation, no evidence for the
migration remains on completion of the reduction. Some understanding
of the factors affecting isomerization has been acquired by measuring the
extent of racemization in the products of hydrogenation of optically active
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olefins. Reduction of (—)-3,7-dimethyl-1-octene over platinum oxide
resulted in only 3 %, racemization, but over varying amounts of palladium-
on-carbon, the product was 43-52 9 racemized. Racemization and therefore
by inference isomerization were decreased by pressure, by inhibited catalysts,
and by base. Reduction at 1500 psig over palladium-on-carbon gave only
239 racemized product, over a Lindlar catalyst at 1 atm gave 16 %, and over
palladium-on-carbon in the presence of small quantities of potassium
hydroxide or pyridine gave 129 and 18, respectively. The authors sug-
gested that certain sites on the catalyst surface show enhanced activity for
hydrogen addition, but particularly for double-bond migration; it is these
sites that are largely deactivated by base and also perhaps by lead ions in the
Lindlar catalyst (Huntsman et al., 1963). Other workers (Bonner et al., 1958),
using tracer technique, have ruled out double-bond migration as the path
by which optically active 3-phenyl-1-butene was racemized during hydro-
genation (Cram, 1952). Bond and Wells (1964) have offered a mechanistic
view of double-bond migration. Platinum metals vary widely in ability to
promote double-bond migration; palladium is by far the most effective
catalyst and should not be used when isomerization is to be avoided. The
order of isomerization activity adduced for pentene-1 was palladium »
ruthenium > rhodium > platinum > iridium (Bond and Rank, 1965). Pre-
sumably this order should be maintained for olefins generally. Hydro-
genation of olefins over platinum oxide in acetic acid has been shown to be
highly stereoselective in introducing both hydrogens from the same side of
the molecule and to cause little if any isomerization (Siegel and Smith,
1960a; Sauvage et al.,, 1961; Kaye and Matthews, 1964). In hydrogenation
of certain cyclohexenes, isomerization increased with the catalyst in the
order, platinum oxide < platinum-on-alumina < palladium-on-alumina
(Siegel and Dmuchovsky, 1962).

The extent of isomerization depends importantly on the substrate, and
certain conditions must be met for double-bond migrations to occur (Bream
et al., 1957). The allylic hydrogen to be removed must be sterically accessible
to the catalyst and on the same side of the molecule as the entering hydrogen.
Carboxyl groups conjugated to double bonds seem to reduce greatly the
extent of double-bond migration (Smith and Roth, 1965). Reduction of the
isomeric compounds dimethylitaconate (XLII), dimethylmesaconate (XLIII),
and dimethylcitraconate (XLIV) was achieved with virtually no cis-trans
isomerization or double-bond migration. Some striking results were obtained
when these compounds were reduced with deuterium. Little deuterium ended
up in the tertiary position of the resulting dimethylsuccinate when XLII or
XLIII was the substrate, but a large amount of deuterium ended up in this
position when XLIV was reduced. The authors point out that only in XLIV
is there no olefinic hydrogen cis to a carbomethoxy, and postulate involve-
ment of an enol-type species to account for the observed results. Each of the
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substrates was reduced over platinum oxide, 59 palladium-on-carbon,
and 5% rhodium-on-carbon. Distribution of deuterium in the resulting
succinate depended much more on the substrate than on the catalyst.

H CH,
N, S
c=cC (XLIV)
VAN
CH, CH,00C COOCH,
CH,00CCH,CCOOCH, CH,00C CH,
(XL Ne=c”
VAN
H COOCH,
(XL

A. TETRASUBSTITUTED OLEFINS

A frequent consequence of double-bond migration is that a tetrasubstituted
olefin results, which can be reduced only with difficulty. Reduction of XLV
over 59, palladium-on-barium sulfate in ethanol afforded XLVI. The rapid
reduction ceased after absorption of two moles of hydrogen (Rapoport

et al., 1955).
o] : 10

(XLV) (XLVI)

The amount of tetrasubstituted olefin formed may depend on the catalyst.
Reduction of pulchellin (XLVII) over prereduced platinum oxide in ethanol
gave dihydropulchellin (XLVIII). On the other hand, reduction of XLVII
over palladium-on-carbon or palladium-on-calcium carbonate afforded
XLVIII in 60-80 % yield accompanied by the isomerized product, isopulchel-
lin (XLIX). These results are in keeping with the greater tendency of palladium
to cause double-bond migration. The relative amounts of these products is
said to depend also on the experimental conditions (unspecified) (He «
et al., 1963).

OH OH OH
—_— +
o} 0 o}
OH 0 OH 0 OH N\
CHZ CH3 CH3
(XLVII) (XLVII) (XLIX)

The effect of catalyst is more pronounced in hydrogenation of L. Over
platinum oxide in acetic acid-ethyl acetate, 8(14)-ergostene (LI) resulted;
over Raney nickel in benzene, 7,9(11)-ergostadiene was formed by 1,2-
addition and without bond migration (Nes, 1956).
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CoHyy CgHqg

(L) (L

Attempted hydrogenation of the exocyclic double bond of hysterin over
platinum oxide resulted in isomerization to isohysterin, which was resistant
to hydrogenation, but reduction of hysterin was readily achieved over
ruthenium dioxide at elevated temperatures and pressures (deVivar et al.,
1966). Other examples of double-bond migration to a tetrasubstituted posi-
tion are found in hydrogenation of estafiatone over platinum oxide in acetic
acid (Sanchez-Viesca and Romo, 1963), of fiexuosin A over platinum oxide
in acetic acid (Herz et al., 1964), of azepine esters over platinum in cyclo-
hexane (Anderson and Johnson, 1964), of multiflorenol over platinum oxide
in acetic acid (Sengupta and K hastgir, 1963), of butyrospermol over platinum
(Dawson et al., 1955), and of methyl dihydromasticadienolate acetate over
platinum oxide in deuteroacetic acid (Barton and Seoane, 1956). The last
isomerization, carried out with deuterium, was used cleverly to deduce,
from the position of the entering deuterium, the position of the double bond
before migration.

B. AROMATIZATION

Aromatization may provide a driving force for double-bond migration.
For instance, reduction of 2,6-dimethyl-7,7-dicyanoquinonemethide over

5% palladium-on-carbon in benzene gave a 96 %, yield of the corresponding
phenol (Takimoto et al., 1964

il

Aromatization and isomerization accompanled hydrogenation over platinum
oxide in acetic acid of the conjugated polyolefin, hortiamine, to dihydro-
hortiamine (Pachter et al., 1960):

CH30 CH30

N
N 0
_} H
_N
cHy CH Y
N
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Aromatic systems may be formed during hydrogenation of olefins through
disproportionation. For instance, catalytic hydrogenation of ligustilide (LII)
over palladium-on-barium sulfate affords a mixture of dihydro- (LIII) and
tetrahydroligustilide (LIV), and 3-butyl phthalide (LV) (Mitsuhashi and
Nagai, 1963). A better yield of LIII is obtained on limited hydrogenation.

C4H3(n) C4H3(n) CAHS(n) C4H9(n)
©i>0 —_ o + I o + | 0
0] 0 0o 0]
(LI (LIt (LIV) (LV)

Disproportionation may be used deliberately as a source of hydrogen.
A quantitative yield of 3,4-dicarboxyhydrocinnamic acid was obtained
through an exchange reaction by refluxing the cinnamic acid in acetone and
cyclohexene over palladium black for 68 hours (Clendinning and Rauscher,
1961).

HOOC CH=CHCOOH HOOC _CH,CH,COOH
HOOC HOOC

V. STEREOCHEMISTRY

The stereochemistry of hydrogenation of olefins* is such that hydrogen
usually is added as if by cis addition from the catalyst to the side of the mole-
cule that is adsorbed on it. However, as has been pointed out (Stork and Hill,
1957), it is not always easy to decide which side of the molecule will adsorb
on the catalyst. The chance of correctly predicting the favored approach of
the catalyst is increased when the substrate has a high degree of rigidity
(Stork and Schulenberg, 1962). Correct prediction of the stereochemical
outcome of olefin hydrogenation is further complicated by the possibility
of prior isomerization over the hydrogenation catalyst. Hydrogenation of
1,2-dimethylcyclohexene over 59 palladium-on-alumina in acetic acid
afforded 739 trans-1,2-dimethylcyclohexane, certainly an unexpected
result. The percentage of trans isomer was changed by pressure and also by
the presence of alkali (Siegel and Smith, 1960ab).

A. EXO-ADDITION

Addition of hydrogen to certain bridged polycyclic systems follows an
exo-addition rule to give endo substituents. For example, hydrogenation of

* For a good review, sce Siegel. 1966.
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LVIover platinum oxide gave the endo-2,3-dicarboxylic acid (LVII). Attempt-
ed hydrogenations over palladium were unsuccessful (Cristol and LaLonde,
1959).

Br COOH Br

COOH
Br Br COOH
(LVI) (LVII)

COOH

Other examples of the preference for exo-addition are hydrogenation of
bicyclo[2.2.1]hept-2-ene-2,3-dicarboxylic acid to give the endo,cis-2,3-
dicarboxylic acid, of bicyclo[2.2.1]hept-2-ene-2-carboxylic acid to give
endo-2-carboxylic acid (Alder et al., 1936), and of 2,3-dimethylbicyclo[2.2.1]-
hept-2-ene to give the endo,cis-2,3-dimethyl compound (Alder and Roth,
1954). Reduction of each of a series of a-pinene derivatives over platinum
oxide in acetic acid proved highly stereoselective. Addition of hydrogen
was to the methylene-bridge side of the molecule (Eigenmann and Arnold,
1959).

B. ErFrect OF SUBSTITUENTS

Various substituents may have a marked effect on the stereochemistry
of olefin saturation, inasmuch as these substituents may participate directly
in the reduction, as through 1,4- or 1,6-addition, or may alter the steric
requirements (Dauben and Rogan, 1957) or influence the preferred mode of
adsorption through ““anchor” effects.

The stereochemistry of hydrogenation of various substituted octalins,
for instance, is influenced by both the position and nature of the substituents.
Hydrogenation of LVIII over 10% palladium-on-carbon in ethanol gave
products (LIX), whose stereochemistry varied with the angular substituent
(Burgstahler and Nordin, 1961).

cHzR CHZR
(LVIHD (LIX)
= CH, cis/trans. 3/4

R
R = CHO mostly cis
R = COOH mostly cis

Hydrogenation of the unsaturated ketone (LX) over palladium-on-carbon
in ethanol or acetic acid gave the trans-decalone (LXI), but hydrogenation
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of the acetoxy compound (LXII) gave the corresponding cis-decalone
(Halsall et al., 1959).

0 0
—_—
RO HO

(LX) R=H (LX)
(LXII) R = CH,CO—

Similarly, hydrogenation of the dienone (LXIII) gave a cis-decalone
(LXIV), while hydrogenation of the corresponding dienol gave the trans-
compound (Haynes and Timmons, 1958).

0 0

BzO BzO
(LXIN) (LXiv)

In some compounds the tendency to form a particular isomer is so strong
that only one product results regardless of the substituents. All efforts to
establish a trans ring junction by hydrogenation of LXV failed. The cis isomer
was always obtained despite the presence of bulky substituents introduced
in an effort to alter the course of reduction. The cis isomer was also obtained
when the double bond was in the five-membered ring (LXVI). Reduction of
LXVI over 29 palladium-on-calcium carbonate in ethanol followed by
hydrolysis after absorption of one equivalent of hydrogen, afforded the
cis-indane-1,5-dione. The selective reduction of one of two similarly substi-
tuted double bonds in LXVI is noteworthy (Boyce and Whitehurst, 1960).

OR 0

R C :/< C,H50” C :’/{

R
(LXV) (LXVI)
R=H R =R =0
R = R=H R = —OH
R=HR = —0H R” = C4H,0CH,
= —COCgHg R" = R" =0

C. CATALYSTS

The reductions of LXVII over platinum oxide and over 10%, palladium-
on-carbon in ethanol provide a striking example of the effect of catalyst on
stereospecificity. Reduction over platinum oxide afforded the saturated
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cis isomer (LXVIII) in 959 yield, whereas over palladium-on-carbon a
959 yield of the trans isomer was obtained. The authors comment that, while
it is tempting to suggest that over one of the catalysts prior isomerization
of the double bond to an endocyclic position occurred, no evidence was
obtained to support this hypothesis (Bergmann and Ikan, 1956). Perhaps
one of the reductions involved carbethoxy group participation (Smith and

Roth, 1965).
CH,COOC,H; CH,CO0C,Hg
—

clz—cooczH5 C|:HCOOC2H5
CN CN
(LXVII) (LXVII)

Different catalysts may give different stereochemical results through
varying amounts of 1,2- and 1,4-addition. Hydrogenation of LXIX over
platinum oxide was highly stereoselective, yielding only the trans-68,9-
dimethyldecahydronaphthalene derivative; both moles of hydrogen were
added, stepwise by 1,2-addition, to the face opposite the angular methyl
group. Over nickel, the reduction was nonselective but also afforded the
trans isomer. Over palladium-on-calcium carbonate, only one equivalent
of hydrogen was absorbed, apparently by 1,4-addition (LXX) (Nazarov et al.,

1956).
CH3\<:Q CHj
—
CH CHsYy

30
(LXIX) (LXX)

A complex relationship was found to exist between the products obtained
on hydrogenation of A!*-octalone-2 and the catalyst and solvent (Table II).
Augustine (1963) has discussed the work in some detail, but suffice it to point

TABLE II

HYDROGENATION OF A'°-OCTALONE-2

Percent cis-f-Decalone

Solvent
PtO, 5% Rh/C 109, Pd/C?
Ethanol 62.7 69.6 4465
Ethanol-HCl 71.5 86.9 80-89
Ethanol-NaOH 58.1 82.5 51-59

“Results were taken from a graph on the effect of the amount of catalyst on product. The
range given is that achieved by changing only the amount of catalyst.
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out that the products may be varied considerably by the solvent, catalyst,
and amount of catalyst. Both the magnitude and direction of change in the
percent of cis isomer formed in basic or acidic solvent depended on the
catalyst and on the amount of catalyst. Inflections in curves obtained on
plotting the percent of cis isomer vs. amount of catalyst occurred at just the
amount of catalyst where diffusion control became prominent. Hydrogen
availability at the catalyst surface was evidently a factor in determining the
products.

The stereochemistry of reduction of LXXI depended on the amount of
catalyst. The authors suggested that in the presence of a large amount of
catalyst, where hydrogenation is relatively rapid, the catalyst surface becomes
depleted in hydrogen. They interpreted their results in terms of a reversible
half-hydrogenated state, where the chances of reversal increased as the catalyst
surface became hydrogen-poor. The possibility that the results were due to
isomerization of the trans (LXXII) to cis (LXXIII) isomer at high catalyst
loading levels was ruled out (House et al., 1962).

(o]
(LXXI) (LXXIN) (LXXIH1)
Weight ratio of Percent Percent
substrate to catalyst (LXXII) (LXXIII)
5 19.5 55.5
10 40 28
40 52 31

The stereochemistry of reduction sometimes changes as the catalyst is
altered through use, by additives, or by changes in its preparation. The
percentages of the three products—coprostanol, cholestanol, and a saturated
hydrocarbon—derived from hydrogenation of cholest-4-en-38-0l over
platinum oxide were determined in large measure by the method of prepara-
tion of the catalyst, by its pretreatment, and by the presence of various
additives. [This reduction is discussed at length in Chapter 25 (Dart and
Henbest, 1960).]

D. SOLVENT

Various explanations are advanced from time to time to account for the
role of solvent in the stereochemistry of hydrogenation, or various rules
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proposed to facilitate predictions, but inasmuch as the effect of solvent
cannot always be divorced from the catalyst used or even the amount of
catalyst, or from the substrate, the explanations, if true at all, must be limited
and the rules must necessarily be used circumspectly. The examples that
follow illustrate well the profound effect that the solvent may have, as well
as some complexities.

Extensive work aimed at the selective and stereospecific reduction of
stigmastadienone to Sf-stigmast-22-en-3-one was eminently successful,
and illustrates the rather exacting conditions sometimes required:

CioH1g CioHyg

07oNF o)

Conditions were found under which the above product was formed in
939 vyield. Alkali was always necessary for good results but optimal con-
centrations were found to vary somewhat from one catalyst to another. For
example, in isopropyl alcohol over 5% palladium-on-carbon the best
results were obtained with a 4 % catalyst loading based on steroid and a 219
potassium hydroxide level; over 5% palladium-on-zinc oxide a catalyst
loading of 8% and a 59, potassium hydroxide level were best. Isopropanol
proved better than methanol or ethanol because of good solubility charac-
teristics. Reduction in Methyl Cellosolve was less stereospecific and in
ethyl acetate (without alkali present) less selective, resulting in considerable
saturation of the side chain. Selectivity could be increased by high catalyst
loading levels, but stereospecificity decreased. Substitution of sodium
hydroxide in place of potassium hydroxide resulted in lowered stereospecifi-
city, as did the use of lower concentrations of substrate (Slomp et al., 1955).

In contrast to the above and other work (Chemerda et al., 1951; Yashin
et al., 1951; Gabbard and Segaloff, 1962; Mancera et al, 1953), the use of
alkali in hydrogenation of cortisone acetate was found to be detrimental.
Good yields of the allopregnane product were obtained by hydrogenation
of cortisone acetate in neutral solution, using tetrahydrofuran or ethyl
acetate as the solvent and 59 palladium-on-carbon as catalyst. No evidence
was obtained for the presence of the cis A/B ring isomer (Oliveto et al., 1952).
The effect of alkali on the stereochemistry of reduction of olefins and of
unsaturated ketones in the steroid ring system has been discussed at some
length (Wilds et al., 1950).

A number of 3-substituted A*-steroids were reduced under acidic con-
ditions to give products of both the A/B-trans and A/B-cis series. Reductions
were carried out over platinum oxide in ethyl acetate and in ethyl acetate
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containing acetic, sulfuric, or perchloric acid. The presence of small amounts
of acids increased the rate but did not alter the stereochemical pattern.
Better yields of saturated products were obtained with acetic acid than with
sulfuric or perchloric acid; considerably less hydrogenolysis occurred with
acetic acid (Shoppee et al.,, 1957). The influence of solvent on the stereo-
chemistry of steroid reduction has been discussed at some length by
McQuillin et al., (1963).

The pH had a marked effect on the stereochemistry of reductions of hydro-
phenanthrones. Reduction of LXXIV over palladium-on-carbon in methanol
containing potassium hydroxide gave exclusively the cis ketone, whereas
reduction in ethyl acetate containing sulfuric acid gave equal amounts of the
cis and trans isomers (LXXV) (Wenkert and Jackson, 1959).

| O -
o9 .
(LXXIV) (LXXV)

While reduction in alkaline solution as above sometimes favors formation
of cis- rather than trans-decalones, reduction over palladium-on-carbon
of LXXVI gave predominantly the cis- and of LXXVII predominantly the
trans-decalone regardless of whether the solution was neutral or alkaline
(McQuillin and Ord, 1959). Reduction of LXXVIIL, in contradiction to
earlier reports, always gave preponderantly the cis ketone regardless of the
solvent, catalyst, or presence of acid or base (van Tamelen and Proost,
1954). Reductions of o,f-unsaturated ketones in the hexahydroindane series
always gave predominantly a cis ring juncture regardless of the position of
the unsaturation, the type of angular substituent, or the pH of the reduction
medium (Dauben et al., 1961).

CH COOCzHS

(LXXVI) (LXXVIN) (LXXVII)

Hydrogenation of 2-methyl-3-phenylindone over platinum oxide in
ethyl acetate or benzene gave the cisisomer ; in ethyl acetate—ethanol contain-
ing sodium hydroxide the trans isomer was formed. The more stable trans

0 0 o)
neutral OH~
CH; — CH; — CH3
¢ ¢ ¢
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isomer would be expected to be formed in alkaline solution, since alkaline
conditions allow epimerization at the a-carbon atom (Zimmerman, 1956).

VL OLEFIN SATURATION IN POLYFUNCTIONAL MOLECULES

Many molecules contain olefins together with other reducible functions.
In this section, the problem of selectively reducing the olefin in such molecules
is considered.

A. o,f-UNSATURATED ALDEHYDES

Reduction of aliphatic «,f-unsaturated aldehydes to saturated aldehydes
is readily achieved by most platinum metal catalysts under mild conditions,
in various solvents, in batch or continuous processing, and in liquid or vapor
phase. Reduction of aromatic o, f-unsaturated aldehydes, such as cinnamalde-
hyde, to the saturated aldehyde is more difficult because the carbonyl is
frequently partially reduced as well. Although the aliphatic saturated alde-
hyde can be obtained in high yield by reduction over palladium, platinum,
rhodium, and ruthenium on a variety of supports, it seems that, except in
some unusual circumstances, palladium is the metal of choice. Palladium
makes an extremely active catalyst for carbon—carbon double bond satura-
tion, but is the least active of these metals for aliphatic carbonyl reduction.
A highly selective reduction is obtained automatically when using palladium,
for the reduction virtually stops after absorption of one equivalent of hydro-
gen, except under vigorous conditions.

In batch processing, the reduction proceeds rapidly even at atmospheric
pressure and room temperature. The rate increases as the temperature and
pressure are raised. For most unsaturated aldehydes, convenient rates are
obtained within the ranges 20-80°C, 0-1500 psig, and 0.1-1.5%, catalyst.
A satisfactory catalyst for this type of reduction is 5%, palladium-on-carbon
or -on-alumina. For instance, crotonaldehyde was reduced to butyraldehyde
at atmospheric pressure and room temperature by 200 mg 5% palladium-
on-carbon at a rate of 100 ml hydrogen absorbed per minute (Rylander
et al., 1963).

The preparation of a platinum-palladium-on-magnesia catalyst for
selective hydrogenation of unsaturated aldehydes has been described by
Lacey (1960). Wet crotonaldehyde is converted in 959 yield to butyralde-
hyde at 140°C and 15 psig in continuous passage over a 0.29% palladium-on-
magnesia catalyst (Lacey, 1959a,b). Rhodium- or ruthenium-on-carbon
has been claimed to be superior to platinum-on-carbon for conversion of
acrolein to propionaldehyde (Howsmon, 1962). Hydrogenation of the
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sesquiterpene aldehyde, sinensal (LXXIX), over platinum oxide in ethanol at
1 atm ceased after saturation of the conjugated olefins, selectively affording
LXXX. When the reduction was carried out over 5% platinum-on-carbon
the completely saturated alcohol (LXXXI) was formed (Stevens et al., 1965).

N x
Pt/C S PtO,,
CH,0H CHO CHO
(LXXXI) (LXXIX) (LXXX)

Reduction of cinnamaldehyde was shown to be influenced by the catalyst
carrier, and by the amount of catalyst (Csuros, 1951). Palladium-on-barium
sulfate and palladium-on-strontium carbonate gave more products derived
by hydrogenolysis than did palladium-on-calcium carbonate. Over platinum
oxide, hydrocinnamaldehyde was obtained in high yield accompanied by
products derived from decarbonylation (Fukuda, 1962). (The reduction of
this compound is discussed at greater length in Chapter 14 on aldehydes.)

1. Nonconjugated Unsaturated Aldehydes

Ordinarily the olefinic function in compounds of this type may be easily
reduced preferentially over catalysts like palladium, which have low activity
for reduction of the aldehyde group. Citronellal was reduced preferentially
at the carbon—carbon double bond over platinum oxide or palladium-on-
barium sulfate, but with a nickel-on-kieselguhr catalyst the carbonyl was
reduced first (Ishikawa and Hyo, 1948).

Occasionally special techniques are required to obtain satisfactory results.
Cyclohexanecarboxaldehyde has been obtained in 819 yield and 99%
purity by selective hydrogenation of 3-cyclohexene-1-carboxaldehyde with-
out solvent over 5% palladium-on-carbon at 75-80°C and 200 psig. A
hydrogenation vessel with good agitation is necessary, if satisfactory results
are to be obtained. Hydrogenation in a rocker bomb was unsuccessful ;
reduction was too slow to be practical with the above conditions and selec-
tivity decreased if the temperature were raised. Successful reductions were
carried out in a stirred type of autoclave (Hennis and Trapp, 1961). This
procedure obviated the necessity of slurrying the substrate with Raney
nickel prior to reduction over palladium (Heilbron et al., 1949).

B. a,f-UNSATURATED KETONES

The course of reduction of a,f-unsaturated ketones, RCOCH=CHR’,
depends in large measure on the nature of R and R". When R and R’ are both
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aliphatic the olefinic function usually may be selectively reduced with ease.
Palladium is a useful catalyst since it reduces the carbon-carbon double
bond rapidly and the carbonyl slowly. Platinum, rhodium, and ruthenium
are apt to carry the reduction further to the saturated alcohol if the reaction
is not interrupted (Breitner et al., 1959). Acetylcycloheptene afforded acetyl-
cycloheptane in 97 % yield when reduced over 5%, palladium-on-carbon in
methanol (Taub and Szmuszkovicz, 1952). Tropones were reduced over
either platinum oxide or 10% palladium-on-carbon to cycloheptanones
(Doering and Hiskey, 1952). Tetrahydro-1,4-pyrone was obtained in 75%
yield, after distillation, by reduction of 1,4-pyrone in methanol over pallad-
ium-on-strontium carbonate at 150 psig (Sorkin et al, 1948). Chemical
methods of reduction of y-pyrones generally result in ring fission (Rodd,
1959).

It is said that improved yields of saturated ketones are obtained from
o,B-unsaturated ketones if the reduction is carried out in the presence of a
secondary amine with platinum or palladium catalysts (Drishaus, 1952).
The following example illustrates an application of this technique. Stereo-
specific hydrogenation of 7-keto-A*-androstene-38,17p-diol diacetate to
7-ketoandrostane-38,178-diol diacetate over 10% palladium-on-carbon
in methanol initially offered some difficulty. The yields were only about 509,
presumably because of some reduction of the 7-keto function. The yields were
raised to 90%, when a small amount of pyridine was added to the reduction
(Ringold, 1960).

OAc OAc

AcO (¢} AcO (o}

When R in RCOCH=CHR' is aromatic, a selective reduction of the olefin
can still be achieved, but the reduction should as a rule be stopped after
absorption of one mole of hydrogen, regardless of the catalyst, since aro-
matic ketones are often reduced with considerable ease. Palladium would
seem to be the catalyst of choice, as suggested by the following examples.
Palladium-on-carbon proved much superior to platinum oxide for reduction
of 2-benzylidene-1-indanone in methanol to the saturated ketone (LXXXII).
Over palladium this product was obtained in 80 % yield when the reduction
was stopped after absorption of one equivalent of hydrogen. Palladium-on-
barium sulfate in ethanol also gave good results (Campbell et al, 1963).
Cromwell and Ayer (1960) also preferred palladium to platinum oxide in
reduction of 2-benzylidene-1-indanones. The course and stereospecificity of
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reduction of a number of compounds of this type over a variety of catalysts
have been the subject of an extensive investigation (Hiickel et al., 1958).

e = LD

(LXXXIy

Other reactions besides reduction of the carbonyl may occur in certain
systems. Reduction of trans-1,4-diphenyl-2-butene-1,4-dione (LXXXIII)
gave several products in varying amounts, which depended to a large extent
on the catalyst. In platinum-catalyzed reductions, LXXXIV, LXXXV, and
LXXXVI were formed as well as LXXXVIL Over 109 palladium-on-carbon
in isopropanol-hydrochloric acid solvent at room temperature and atmos-
pheric pressure, LXXXVII was obtained in 67% yield (Kreutzberger and
Kalter, 1960). Dimerization may be prevented by addition of ferric chloride
or by carrying out the reduction at reflux (Weygand and Meusel, 1943).
The reduction of dibenzoylethylene was examined in detail by Lutz and
Palmer (1935), who noted that under conditions where the trans isomer is
reduced chiefly to the dimolecular product, the cis isomer gives mainly
dibenzoylethane (LXXXVII). The products obtained in reduction of
LXXXIII over palladium-on-carbon catalysts depend on the method of
catalyst preparation and on the presence of acid or alkali (Imanura, 1963).
Dimerization of a,f-unsaturated ketones has been accounted for in a general
mechanism of reduction for this class of compounds (Weidlich and Meyer-
Delius, 1941).

$—C C¢ o Pd
O// \\O <~ ¢CCH=CHC¢ — ¢CCH,CH,C¢
c—o I Il Il Il

HO ¢ I 0 0 0 o)
oy © 157/ (LXXXH) \\Q; (LXXXVII)
$C—CHCH,C ¢ HO. ¢
I 2 OH
(0] (0] ¢
¢ﬁ—CHmﬁﬁ¢ 0:?
c=0
¢
(LXXXV) A

(LXXXVI)
When R’ in RCOCH=CHR' is aromatic, the system may be viewed as
a vinylog of an aromatig ketone, and reduction of the ketone is apt to proceed
prior to or concomitant with reduction of the double bond. Palladium has
proved more selective than platinum in reductions of this type. For instance,
catalytic reduction of 2-benzylidenecyclopentanone over palladium-on-
carbon in methanol proceeded with absorption of only one mole of hydrogen



VI. OLEFIN SATURATION IN POLYFUNCTIONAL MOLECULES 111

to give 2-benzylcyclopentanone in high yield. But in a reduction over
platinum oxide, 809, of two moles were absorbed and a mixture of 2-benzyl-
cyclopentanone and 2-benzylcyclopentanol was formed. The authors suggest
that the mixture is formed because the reduction can proceed through
multiple routes (Phillips and Mentha, 1956).

L 9%@
% zY = %mz O

Some unsaturated ketones, while not containing an aromatic system per se,
yield an aromatic system through disproportionation during the reduction.
For instance, reduction of the dienone (LXXXVIII) over 5%, palladium-on-
carbon in ether gave a mixture consisting of about 209 indane, 209, cis-
hexahydro-1-indanone, and 459 4,5,6,7-tetrahydro-1-indanone (House and
Rasmusson, 1963).

I ) —> > + >+ )
(o) (o) (o)
(LXXXV1I)

1. Participation of the Carbonyl

There is considerable evidence to indicate that reduction of the olefinic
function in conjugated unsaturated ketones may involve participation of the
ketone. The hydrogenation of XXVI provides one such example (Miropol-
’skaya et al, 1962). The same unsaturated system is found in a steroid
(LXXXIX), which on reduction over palladium or platinum catalysts in the
presence of a proton acceptor, such as triethylamine, gave entirely the

CH3 CH

| e
Cc=0 C=0
- OH ~OH
CH, CH,
_
0 0
CX, CHj3
(LXXXIX) (XC)

X=Cl, Br
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corresponding 6a-methyl compound (XC) without reduction of the 16-
methylene group. The inventor pointed out that this surprising selective
reduction is without analogy in the field of steroids (Bork, 1964).

Participation of the ketone function was believed to account for the facile
hydrogenation over palladium of the usually resistant tetrasubstituted
double bond in A8-unsaturated 7-Keto steroids, leading directly to B/C-trans
(88,9a) juncture (Djerassi et al., 1952). The corresponding A®-11-ketone
required at least 10 times as long for complete reduction (Djerassi et al., 1953).
Involvement of the carbonyl as an enol is also believed to account for some
of the observed effects of solvent on selectivity in dienone systems (Shepherd
et al., 1955; Woodward et al., 1952).

C. UNSATURATED ALCOHOLS AND ETHERS

Reduction of unsaturated alcohols and ethers, with the exception of
allylic and vinylic systems, usually presents no problem. The alcohol or
ether function is inert in most instances and the molecule can be treated as
if it were a hydrocarbon. Certain structures may allow involvement of an
alcohol removed from the site of unsaturation. For instance, catalytic
hydrogenation of 5-cyclodecen-1-ol over platinum oxide in methanol
resulted in absorption of 0.97 molar equivalent of hydrogen to give the
saturated alcohol. However, when 109 palladium-on-carbon in alcohol
was used as a catalyst, reduction was incomplete due to formation of cyclo-
decanone through an exchange reaction. The exceptional ease of this type
of reaction in this case was explained by the spatial proximity of the alcohol
and olefin groups, favoring an intramolecular hydrogen transfer (Cope et al.,
1955). A similar transfer may also have occurred in the presence of platinum,
but might pass unobserved as platinum would reduce the ketone so formed
to the alcohol.

Allylic and Vinylic Systems

Reduction of the unsaturation in allylic and vinylic oxygen systems may
be complicated by concomitant hydrogenolysis of the oxygen function in
varying degrees, by isomerization to carbonyl compounds, by double-bond
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migration, by allylic rearrangements, and by dimerization. (These reactions
are discussed at some length in Chapter 25). In general, hydrogenolysis is
increased by acids and decreased by bases, but this is not always the case.
Bases promoted hydrogenolysis of phenyl cinnamyl ether, a compound that
in the absence of additives was reduced without hydrogenolysis over
palladium-on-carbon. The increased hydrogenolysis in the presence of bases
was attributed to easier desorption of acids formed by hydrogenolysis
(Oshima et al., 1963).

An interesting technique for achieving saturation of an allylic system
especially prone to hydrogenolysis has been described by Nickon and Bagli
(1961). A mixture of 0.52 gm XCI and 0.24 gm 10%, palladium-on-carbon in
40 ml dry ether was hydrogenated at —27°C in an apparatus equipped with
a mercury-filled manometer and burette. Two recrystallizations of the pro-
duct afforded XCII in 559 yield. When water-filled leveling burettes were
used, hydrogenation was incomplete presumably because of water con-
densation in the cold reaction flask.

'\.\ ‘\—\
Pd/C
—27¢C
o] < 0 <
h ‘0

0 H
(XClI) (XCII)

Several examples of the use of rhodium in reduction of allylic oxygen
compounds with minimum hydrogenolysis have been cited (page 84). Ru-
thenium has also proved useful in this type of reduction. The unsaturated
diacetate (XCIII) undergoes hydrogenolysis readily and over platinum oxide
absorbed 172 % of one molar equivalent, and over ruthenium dioxide 144 9,
The reduction with ruthenium was carried out with 100 mg prereduced
ruthenium dioxide, 5.5 gm XCIII, and 30 ml 959, ethanol (Cope et al., 1957).

OCOCH3 OCOCH3
OCOCH; OCOCH3
(XCI) (XCIV)

D. UNSATURATED HYDROXYLAMINES

Unsaturated hydroxylamines may be reduced to the corresponding
saturated compounds in good yield if hydrogen absorption is limited to
one equivalent. Further absorption results in hydrogenolysis of the nitrogen—
oxygen bond. N-Methyl-N-n-heptylhydroxylamine (XCV) was obtained in
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849 yield by hydrogenation of 1 gm XCVI in 15 ml methanol over 0.3 gm
prereduced 1.59% palladium-on-calcium carbonate. Hydrogenation of 1 gm
XCVI in 13ml acetic acid afforded methyl-n-heptylamine in 979, yield
(Cope and LeBel, 1960).

H3 H3
2H H
CH3CH,(CH,)NHCH; <5 CH,=CH(CH,)sNOH —2 CH4CH,(CH,)sNOH
(XCVI) (XCV)

E. UNSATURATED NITRO COMPOUNDS

Unsaturated nitro compounds usually may be reduced selectively with
ease to the corresponding saturated nitro compound, if the nitro group is
not aromatic. Reductions of this type are usually carried out over palladium
or platinum catalysts (deMauny, 1940; Roberts et al., 1954 ; Freeman, 1960),
and stopped after one equivalent of hydrogen has been absorbed if the
absorption does not stop spontaneously (Sowden and Fischer, 1947). Even
tetrasubstituted double bonds may be selectively reduced. Hydrogenation
of 38 gm XCVII in 175 ml ethanol over 3 gm 5% palladium chloride-on-
carbon afforded, after absorption of one equivalent of hydrogen, XCVIII
in 899, yield. In this substrate, hydrogenation may have been facilitated by
1,4-addition (Feuer and Harmetz, 1961). (The reduction of unsaturated nitro
compounds is discussed at greater length in Chapter 11).

o]

0
i i
CH;—C NO, CH;—C NO,
UCHZCHZCH:, _ CH,CH,CHy
CHs CHj

(Xcvin (XCvii)

F. UNSATURATED NITRILES

The carbon—carbon double bond is in general reduced much more readily
than the nitrile function, and a selective reduction presents little difficulty.
Even under fairly vigorous conditions the selectivity is maintained, as
indicated in the following reductions of dicyanobutene to adiponitrile.

NCCH,CH=CHCH,CN — NC(CH,),CN

Dicyanobutene was reduced in a slurry over palladium-on-carbon at
30-40°C and 400 psig to adiponitrile in quantitative conversion and 909
yield. Alcohols, water, ether, or acetonitrile were used as solvents (Romilly,
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1950). The hydrogenation may be done also in the gas phase over palladium-
on-carbon catalyst at 250-300°C and 15-75 psig with 10-100 mole excess of
hydrogen (Howk and Farlow, 1950; Calkins and Welton, 1956).

Palladium is a popular catalyst for this type of selective reduction.
3-Methylenecyclobutanecarbonitrile was selectively reduced over palladium
oxide in ethanol to the 3-methyl derivative. The reduction was stopped after
one equivalent of hydrogen had been absorbed (Cripps et al., 1959). Similarly,
unsaturated nitrile esters were selectively reduced over 109 palladium-on-
carbon in ethanol to saturated nitrile esters (Brockman and Fabio, 1957).
2-Cyano-2-n-propyl-6-methoxytetralone-1 (0.26 gm) was prepared by selec-
tive reduction of 0.30 gm of the corresponding 2-allyl compound over 16%,
palladium-on-carbon in ethanol (Nomine et al, 1963). Cycloalkylaceto-
nitriles were prepared in high yield by selective hydrogenation of the cor-
responding 1-cycloalkenylacetonitriles over 5% palladium-on-carbon in
ethanol (Whitehead et al., 1961).

Although increasing substitution hinders reduction of a carbon—carbon
double bond, a tetrasubstituted olefin was selectively reduced in the presence
of a nitrile function over platinum oxide in ethanol. The reduction was
carried out until 3-59% more than the theoretical had been absorbed. The
product, ethyl 2-carbethoxycyclopentanylcyanoacetate, was isolated in
869 yield after distillation (Anderson et al, 1963). The reduction may have
been facilitated by participation of the carbonyl function.

0 0
<I:|—oczl-|5 <|:|—oczl-|5
NC N NC
cszo—ﬁ cszo—ﬁ
0 0

G. SULFUR-CONTAINING OLEFINS

Reduction of compounds containing oxidized sulfur can usually be done
without difficulty. Oxidized sulfur has few toxic qualities toward platinum
metals. Sulfuric acid, for instance, makes an excellent solvent for many
platinum metal-catalyzed reductions. Divalent sulfur, on the other hand,
severely inhibits catalyst activity. Nonetheless, sulfur-containing olefins can
be successfully reduced with high catalyst loadings or vigorous conditions.
Palladium is probably less likely to be poisoned than platinum (Markgraf
et al., 1964).

Ketene di-n-butyl mercaptal was reduced to acetaldehyde di-n-butyl
mercaptal over palladium-on-alumina in isopropyl alcohol at 102-110°C
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and 800-1000 psig. A 79 catalyst loading based on substrate was used.
Approximately 989, of the theoretical hydrogen was absorbed, in an un-
specified time, and the product was obtained in 73 9% yield (Schneider et al.,
1961).

CH,=C(SC4Hg), —— CH,CH(SC,Hg),

A 689 yield of 1-chloro-1-phenylmercaptobutene-1 was obtained by
reduction of the corresponding diene over 5%, palladium-on-barium sulfate
in absolute ethanol. In this reduction, 28 gm catalyst was used with 7.0 gm
substrate.

@S—?=CH—CH=CH2 — @*S?ZCHCHch:,
Cl Cl

In another similar reduction, 1-t-butylmercapto-1-chlorobutadiene (10 gm)
was reduced in absolute ethanol over 26 gm 59 palladium-on-barium
sulfate to cis,trans-1-t-butylmercapto-1-chlorobutene-1 (Parham and Groen,
1964). Hydrogenation of sulfur containing compounds is discussed further in
Chapter 1.

(68%)

REFERENCES

Adams, R., and Gianturco, M., J. Am. Chem. Soc. 79, 166 (1957).

Addor, R. W., Personal communication, 1964.

Alder, K., and Roth, W., Chem. Ber. 87, 161 (1954).

Alder, K., Stein, G., Schneider, S., Liebmann, M., Rolland, E., and Schultze, G., Ann. Chem.
Liebigs 525, 183 (1936).

Anderson, A. G., Jr., Harrison, W. F., and Anderson, R. G., J. Am. Chem. Soc. 85, 3448 (1963).

Anderson, M., and Johnson, A. W., Proc. Chem. Soc. p. 263 (1964).

Augustine, R. L., J. Org. Chem. 28, 152 (1963).

Bal’yan, Kh. V., Petrov, A. A., Borovikova, N. A., Kormer, V. A., and Yakovleva, T. V.,
Zh. Obshch. Khim. 30, 3247 (1960).

Barton, D. H. R., and Seoane, E., J. Chem. Soc. p. 4150 (1956).

Bellinzona, G., and Bettinetti, G. F., Gazz. Chim. Ital. 90, 426 (1960).

Bergmann, E. D., and Ikan, R., J. Am. Chem. Soc. 78, 1482 (1956).

Berkowitz, L. M., and Rylander, P. N., J. Org. Chem. 24, 708 (1959).

Bond, G. C,, and Rank, J. S., Proc. 3rd Intern. Congr. Catalysis, Amsterdam, 1964 Vol. I,
p. 1225. North-Holland Publ., Amsterdam, 1965.

Bond, G. C., and Wells, P. B., Advan. Catalysis 15, 92 (1964).

Bond, G. C., Webb, G., Wells, P. B., and Winterbottom, J. M., J. Chem. Soc. p. 3218 (1965).

Bonner, W. A, Stehr, C. E., and doAmaral, J. R., J. Am. Chem. Soc. 80, 4732 (1958).

Bonner, W. A., Burke, N. I, Fleck, W. E,, Hill, R. K., Joule, J. A., Sjdberg, B., and Zalkow,
J. H., Tetrahedron 20, 1419 (1964).



REFERENCES 117

Bork, K.-H., U.S. Patent 3,157,679, Nov. 17, 1964.

Boyce, C. B. C., and Whitehurst, J. S., J. Chem. Soc. p. 4547 (1960).

Bream, J. B., Eaton, D. C., and Henbest, H. B, J. Chem. Soc. p. 1974 (1957).

Breitner, E., Roginski, E., and Rylander, P. N., J. Org. Chem. 24, 1855 (1959).

Brockman, J. A., Jr., and Fabio, P. F., J. Am. Chem. Soc. 79, 5027 (1957).

Burgstahler, A. W, and Nordin, I. C., J. Am. Chem. Soc. 83, 198 (1961).

Calkins, W. H., and Welton, D. E., U.S. Patent 2,749,359, June 5, 1956.

Campbell, N., Davison, P. S., and Heller, H. G., J. Chem. Soc., p. 993 (1963).

Chanley, J. D., and Mezzetti, T., J. Org. Chem. 29, 228 (1964).

Chapman, O. L., Smith, H. G, and Barks, P. A., J. Am. Chem. Soc. 85, 3171 (1963).

Chemerda, J. M., Chamberlain, E. M., Wilson, E. H., and Tishler, M., J. Am. Chem. Soc. 73,
4052 (1951).

Clendinning, R. A., and Rauscher, W. H., J. Org. Chem. 26, 2963 (1961).

Cookson, R. C., Hamon, D. P. G., and Parker, R. E., J. Chem. Soc. p. 5014 (1962).

Cope, A. C., and Campbell, H. C., J. Am. Chem. Soc. 74, 179 (1952).

Cope, A. C., and LeBel, N. A., J. Am. Chem. Soc. 82, 4656 (1960).

Cope, A. C., Haven, A. C,, Jr., Ramp, F. L., and Trumbull, E. R., J. Am. Chem. Soc. 74, 4867
(1952).

Cope, A. C,, Cotter, R.J., and Roller, G. G., J. Am. Chem. Soc. 77, 3594 (1955).

Cope, A. C., Liss, T. A., and Wood, G. W., J. Am. Chem. Soc. 79, 6287 (1957).

Corson, B. B., Catalysis 3, 79 (1955).

Cram, D.J., J. Am. Chem. Soc. 74, 5518 (1952).

Cripps, H. N., Williams, J. K., and Sharkey, W. H., J. Am. Chem. Soc. 81, 2723 (1959).

Cristol, S. J., and LaLonde, R. T., J. 4m. Chem. Soc. 81, 1655 (1959).

Cristol, S. J., Russell, T. W., and Davies, D. L., J. Org. Chem. 30, 207 (1965).

Cromwell, N. H., and Ayer, R. P., J. Am. Chem. Soc. 82, 133 (1960).

Csuros, Z., Research (London) 4, 52 (1951).

Dart, M. C., and Henbest, H. B., J. Chem. Soc. p. 3563 (1960).

Dauben, W. G., and Rogan, J. B., J. Am. Chem. Soc. 79, 5002 (1957).

Dauben, W. G., McFarland, J. W., and Rogan, J. B., J. Org. Chem. 26, 297 (1961).

Dawson, M. C., Halsall, T. G., Jones, E. R. H., Meakins, G. D., and Phillips, P. C., Chem.
Ind. (London) p. 918 (1955).

deMauny, H. C., Bull. Soc. Chim. France 7, 133 (1940).

DePuy, C. H., and Story, P. R., J. Am. Chem. Soc. 82, 627 (1960).

deVivar, A. R, Bratoeff, E. A., and Rios, T., J. Org. Chem. 31, 673 (1966).

Djerassi, C., Bates, E., Velasco, M., and Rosenkranz, G., J. Am. Chem. Soc. 74, 1712 (1952).

Djerassi, C., Frick, W., Rosenkranz, G., and Sondheimer, F., J. Am. Chem. Soc. 75, 3496
(1953).

Dobson, N. A, Eglinton, G., Krishnamurti, M., Raphael, R. A.,and Wells, R. G., Tetrahedron
16, 16 (1961).

Doering, W. von E. and Hiskey, C. F., J. Am. Chem. Soc. 74, 5688 (1952).

Drishaus, I., German Patent 828,244, Jan. 17, 1952.

Eglinton, G., Jones, E. R. H., Mansfield, G. H., and Whiting, M. C., J. Chem. Soc. p. 3197
(1954).

Eigenmann, G. W., and Arnold, R. T., J. Am. Chem. Soc. 81, 3440 (1959).

Eisenbraun, E.J., George, T., Riniker, B., and Djerassi, C.,J. Am. Chem. Soc. 82, 3648 (1960).

Farmer, E. H., and Galley, R. A. E., J. Chem. Soc. p. 687 (1933). Farmer, E. H., and Galley,
R. A E., Nature 131, 60 (1933).

Feuer, H., and Harmetz, R., J. Org. Chem. 26, 1061 (1961).

Freeman, J. P., J. Am. Chem. Soc. 82, 3869 (1960).

Freidlin, L. Kh., and Polkovnikov, B. D., Dokl. Akad. Nauk SSSR 112, 83 (1957).



118 5. OLEFINS

Freidlin, L. Kh., Polkovnikov, B. D., and Egorov, Yu. P., Izv. Adkad. Nauk SSSR Otd. Khim.
Nauk p. 910 (1959).

Freidlin, L. Kh., Litvin, E. F., and Krylova, L. M., Neftekhimiya 5, 468 (1965).

Fujita, K., and Matsuura, T., J. Sci. Hiroshima Univ. A18, 455 (1955).

Fukuda, T., Nippon Kagaku Zasshi 83 (10), 1122 (1962).

Gabbard, R. B., and Segaloff, A., J. Org. Chem. 27, 655 (1962).

Gardner, P. D., and Narayana, M., J. Org. Chem. 26, 3518 (1961).

Garrett, E. R., Donia, R. A_, Johnson, B. A., and Scholten, L., J. Am. Chem. Soc. 78, 3340
(1956).

Gregory. G. L. Hunt. J. S.. May. P. J.. Nice. F. A.. and Phillipps. G. H.. J. Chem. Soc. (C) p. 2201
(1966).

Halsall, T. G., Rodewald, W. J., and Willis, D., J. Chem. Soc. p. 2798 (1959).

Ham, G. E., and Coker, W. P., J. Org. Chem. 29, 194 (1964).

Hasek, R. H., Gott, P. G., and Martin, J. C., J. Org. Chem. 29, 2513 (1964).

Haynes, N. B., and Timmons, C. J., Proc. Chem. Soc. p. 345 (1958).

Heilbron, I. M., Jones, E. R. H., Richardson, R. W., and Sondheimer, F., J. Chem. Soc. p. 737
(1949).

Hennis, H. E., and Trapp, W. B., J. Org. Chem. 26, 4678 (1961).

Hershberg, E. B., Oliveto, E., Rubin, M., Staeudle, H., and Kuhlen, L., J. Am. Chem. Soc. 73,
1144 (1951).

Herz, W., Ueda, K., and Inayama, S., Tetrahedron 19, 483 (1963).

Herz, W., Kishida, Y., and Lakshmikantham, M. V., Tetrahedron 20, 979 (1964).

House, H. O., and Rasmusson, G. H., J. Org. Chem. 28, 27 (1963).

House, H. O., Carlson, R. G., Miiller, H., Noltes, A. W., and Slater, C. D., J. Am. Chem. Soc.
84, 2614 (1962).

Howk, B. W., and Farlow, M. W., U.S. Patent 2,532,311, Dec. 5, 1950.

Howsmon, W. B., Jr., U.S.-Patent 3,056,840, Oct. 2, 1962.

Hiickel, W., Maier, M., Jordan, E., and Seeger, W., Ann. Chem. Liebigs 616, 46 (1958).

Huffman, J. W., J. Org. Chem. 24, 447 (1959).

Huntsman, W. D., Madison, N. L., and Schlesinger, S. L., J. Catalysis 2, 498 (1963).

Imamura, Y., Nippon Kagaku Zasshi 84 (5) 416 (1963).

Ishikawa, S., and Hyo, B., Kagaku Kenkyusho Hokoko 24 (4), 113 (1948).

Jardine, I., and McQuillin, F. J., J. Chem. Soc. p. 458 (1966).

Johnston, A. E., MacMillan, D., Dutton, H. J., and Cowan, J. C., J. Am. Oil Chemists’ Soc.39,
273 (1962).

Kaye, I. A., and Matthews, R. S., J. Org. Chem. 29, 1341 (1964).

Kazanskii, B. A., Gostunskaya, I. V., Popova, N. I., and Dobroserdova, N. B., Vestn. Mosk.
Univ. Ser. Mat. Mekhan. Astron. Fiz. i Khim. 13, 207 (1958).

Keith, C. D., and Rylander, P. N., U.S. Patent 3,221,078, Nov. 30, 1965.

Kern, J. W., Shriner, R. L., and Adams, R., J. Am. Chem. Soc. 47, 1147 (1925).

Kidwai, A. R., and Devasia, G. M., J. Org. Chem. 27, 4527 (1962).

Kindler, K., Oelschlédger, H., and Henrich, P., Chem. Ber. 86, 167 (1953).

Kreutzberger, A., and Kalter, P. A., J. Org. Chem. 25, 554 (1960).

Kuhn, R., and Fischer, H., Chem. Ber. 93, 2285 (1960).

Lacey, R. N., British Patent 814,003, May 27, 1959a.

Lacey, R. N., British Patent 816,151, July 8, 1959b.

Lacey, R. N., U.S. Patent 2,930,766, Mar. 29, 1960.

Larrabee, C. E., and Craig, L. E., J. Am. Chem. Soc. 73, 5471 (1951).

Leto, J. R., and Leto, M. F., J. Am. Chem. Soc. 83, 2944 (1961).

Lewis, J. R., and Shoppee, C. W., J. Chem. Soc. p. 1365 (1955).

Lindlar, H., Helv. Chim. Acta 35, 446 (1952).



REFERENCES 119

Lutz, R. E., and Palmer, F. S., J. Am. Chem. Soc. 57, 1957 (1935).

McQuillin, F. J., and Ord, W. O., J. Chem. Soc. p. 2902 (1959).

McQuillin, F. J., Ord, W. O_, and Simpson, P. L., J. Chem. Soc. p. 5996 (1963).

Mancera, O., Ringold, H. J., Djerassi, C., Rosenkranz, G., and Sondheimer, F., J. 4m. Chem.
Soc. 75, 1286 (1953).

Markgraf, J. H., Hess, B. A, Jr., Nichols, C. W_,and King, R. W., J. Org. Chem. 29, 1499 (1964).

Miropol’skaya, M. A., Fedotova, N. I., Veinberg, A. Ya., Yanotovskii, M. Ts., and
Samokhvalov, G. 1., Zh. Obshch. Khim. 32, 2214 (1962).

Mitsuhashi, H., and Nagai, U., Tetrahedron 19, 1277 (1963).

Montgomery, J. B., Hoffmann, A. N_, Glasebrook, A. L., and Thigpen, J. L., Ind. Eng. Chem.
50, 313 (1958).

Moore, W. R., J. Am. Chem. Soc. 84, 3788 (1962).

Nair, M. D., and Adams, R., J. Org. Chem. 26, 3059 (1961).

Nazarov, I. N, Ananchenko, S. N., and Torgov, 1. V., Zh. Obshch. Khim. 26, 1175 (1956).

Nes, W. R_, J. Am. Chem. Soc. 78, 193 (1956).

Newhall, W. F., J. Org. Chem. 23, 1274 (1958).

Newman, M. S., and Addor, R. W., J. Am. Chem. Soc. 77, 3789 (1955).

Nickon, A., and Bagli, J. F., J. Am. Chem. Soc. 83, 1498 (1961).

Nomine, G., Bucourt, R., and Pierdet, A., U.S. Patent 3,115,507, Dec. 24, 1963.

Oliveto, E. P., Gerold, C., and Hershberg, E. B., J. Am. Chem. Soc. 74, 2248 (1952).

Oshima, N., Sato, K., and Mitsui, S., Nippon Kagaku Zasshi 84 (2), 177 (1963).

Overberger, C. G., and Kabasakalian, P.; J. Am. Chem. Soc. 79, 3182 (1957).

Pachter, I. J., Raffauf, R. F., Ullyot, G. E_, and Ribeiro, O.,J. Am. Chem. Soc. 82, 5187 (1960).

Parham, W. E., and Groen, S. H., J. Org. Chem. 29, 2214 (1964).

Phillips, A. P., and Mentha, J., J. Am. Chem. Soc. 78, 140 (1956).

Phillipps, G. H., U.S. Patent 3,115,508, Dec. 24, 1963.

Plattner, P. A., and Lemay, L., Helv. Chim. Acta 23, 897 (1940).

Plattner, P. A., and Magyar, G., Helv. Chim. Acta 25, 581 (1942).

Rapoport, H., Allen, R. H., and Cisney, M. E., J. Am. Chem. Soc. 77, 670 (1955).

Ringold, H. J., J. Am. Chem. Soc. 82, 961 (1960).

Roberts, J. D., Lee, C. C., and Saunders, W. H., Jr., J. Am. Chem. Soc. 76, 4501 (1954).

Rodd, E. H., “Chemistry of Carbon Compounds,” Vol. IVB, p. 841. Elsevier, Amsterdam, 1959.

Romilly, L. E., U.S. Patent 2,532,312, Dec. 5, 1950.

Roy, S. K., and Wheeler, D. M. S, J. Chem. Soc. p. 2155 (1963).

Rylander, P. N_, and Karpenko, I., Unpublished work, Engethard Ind., 1961.

Rylander, P. N., Himelstein, N., and Kilroy, M., Engelhard Ind. Tech. Bull. 4, 49 (1963).

Sanchez-Viesca, F., and Romo, J., Tetrahedron 19, 1285 (1963).

Sauvage, J. F., Baker, R. H., and Hussey, A.S., J. Am. Chem. Soc. 83, 3874 (1961).

Schneider, H. J., Bagnell, J. J., and Murdock, G. C., J. Org. Chem. 26, 1987 (1961).

Sengupta, P., and Khastgir, H. N., Tetrahedron 19, 123 (1963).

Shepherd, D. A, Donia, R. A, Campbell, J. A, Johnson, B. A_, Holysz, R. P., Slomp, G., Jr.,
Stafford, J. E., Pederson, R. L., and Ott, A. C., J. Am. Chem. Soc. 77, 1212 (1955).

Shoppee, C. W., Agashe, B. D., and Summers, G. H. R., J. Chem. Soc. p. 3107 (1957).

Siegel, S., Advan. Catalysis 16, 123 (1966).

Siegel, S., and Dmuchovsky, B., J. Am. Chem. Soc. 84, 3132 (1962).

Siegel, S., and Smith, G. V., J. Am. Chem. Soc. 82, 6082 (1960a).

Siegel, S., and Smith, G. V., J. Am. Chem. Soc. 82, 6087 (1960b).

Slomp, G., Jr., Shealy, Y. F., Johnson, J. L., Donia, R. A., Johnson, B. A., Holysz,
R. P., Pederson, R. L., Jensen, A. O., and Ott, A. C., J. Am. Chem. Soc. 77, 1216
(1955).

Smith, G. V., and Burwell, R. L., Jr., J. Am. Chem. Soc. 84,925 (1962).



120 5. OLEFINS

Smith, G. V., and Roth, J. A., Proc. 3rd Intern. Congr. Catalysis, Amsterdam, 1964 Vol. 1,
p- 379. North Holland Publ. Amsterdam 1965.

Smith, H. A., Fuzek, J. F., and Meriwether, H. T., J. Am. Chem. Soc. 71, 3765 (1949).

Sorkin, E., Krihenbiihl, W., and Erlenmeyer, H., Helv. Chim. Acta 31, 65 (1948).

Sowden, J. C., and Fischer, H. O. L., J. Am. Chem. Soc. 69, 1048 (1947).

Stevens, K. L., Lundin, R. E., and Teranishi, R., J. Org. Chem. 30, 1690 (1965).

Stork, G., and Hill, R. K., J. Am. Chem. Soc.79, 495 (1957).

Stork, G., and Schulenberg, J. W., J. Am. Chem. Soc. 84, 284 (1962).

Takimoto, H. H., Denault, G. C., and Krbechek, L. O., J. Org. Chem. 29, 1899 (1964).

Tallent, W. H., Tetrahedron 20, 1781 (1964).

Tarbell, D. S., Carman, R. M., Chapman, D. D., Cremer, S. E., Cross, A. D., Huffman, K. R.,
Kunstmann, M., McCorkindale, N.J., McNally, J. G., Jr., Rosowsky, A., Varino, F. H.L.,
and West, R. L., J. Am. Chem. Soc. 83, 3096 (1961).

Taub, W., and Szmuszkovicz, J., J. Am. Chem. Soc. 74, 2117 (1952).

Tepenitsyna, E. P., Farberov, M. 1., and Dorogova, N. K., Nefiekhimiya 3(6), 876 (1963).

van Tamelen, E. E., and Proost, W. C., Jr., J. Am. Chem. Soc. 76, 3632 (1954).

Vavon, G., Compt. Rend. 152, 1675 (1911).

Webb, R. L., and Bain, J. P., J. Am. Chem. Soc. 75, 4279 (1953).

Weidlich, H. A., and Meyer-Delius, M., Chem. Ber. 74B, 1195 (1941).

Wenkert, E., and Jackson, B. G., J. Am. Chem. Soc. 81, 5601 (1959).

Westman, T. L., and Kober, A. E., J. Org. Chem. 29, 2448 (1964).

Weygand, C., and Meusel, W., Chem. Ber. 76B, 498 (1943).

Whitehead, C. W., Traverso, J. J., Sullivan, H. R., and Marshall, F. J., J. Org. Chem. 26,
2814 (1961).

Wilds, A. L., Johnson, J. A, Jr., and Sutton, R. E., J. Am. Chem. Soc. 72, 5524 (1950).

Woodward, R. B., Sondheimer, F., Taub, D., Heusler, K., and McLamore, W. M., J. Am.
Chem. Soc. 74, 4223 (1952).

Yashin, R., Rosenkranz, G., and Djerassi, C., J. Am. Chem. Soc. 73, 4654 (1951).

Young, W. G., Meier, R. L., Vinograd, J., Bollinger, H., Kaplan, L., and Linden, S. L., J. Am.
Chem. Soc. 69, 2046 (1947).

Yurashevskii, N. K., J. Gen. Chem. USSR (English Transl.) 8, 438 (1938).

Zajcew, M., J. Am. Oil Chemists’ Soc. 37, 11 (1960a).

Zajcew, M., J. Am. Oil Chemists’ Soc. 37,473 (1960b).

Zimmerman, H. E., J. Am. Chem. Soc. 78, 1168 (1956).



6

Imines

Hydrogenation of imines to amines usually proceeds readily over platinum
metal catalysts:

| |
—C=N— + Hy—— —CH—NH—

Successful reductions have been carried out over palladium, platinum, and
rhodium catalysts in neutral, acidic, and basic media. Imines may be inter-
mediates in reductive alkylation of amines with aldehydes or ketones, but
are usually not isolated (Emerson, 1948). As a method of preparing amines,
isolation and catalytic hydrogenation of imines may not prove so convenient
as direct reductive alkylation of a carbonyl compound and amine (Layer,
1963), a reaction discussed at length in Chapter 16.

RCHO + R'NH,—— [RCH=NR] 2> RCH,NHR'

Imines have been assumed to be intermediates in an interesting type of
coupling reaction. Hydrogenation of benzylamine in ethanol over palladium
gave an almost quantitative yield of dibenzylamine; f-phenylethylamine,
similarly treated, gave only 109 of the corresponding secondary amine.
The coupling reaction is assumed to proceed through dehydrogenation to
the imine (Kindler et al., 1931).

H
2 QCHzNHz — (@CHz)zNH + NH,4

I. ACIDIC MEDIA

The saturated amines formed in hydrogenation of imines are compounds
of a type known to act as inhibitors in catalytic reductions (Maxted and
Walker, 1948 ; Maxted and Biggs, 1957 ; Breitner et al., 1959). To counteract
the inhibiting effect of the product, reductions are sometimes carried out in
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acidic media. Freifelder (1961), using benzylidenebutylamine as a model,
showed that in reductions in 959 ethanol-5 %, methanol over rhodium the
rate may be increased 5-8-fold by addition of certain acids. Tartaric, salicylic,
phthalic, mandelic, and formic acids all had strong promoting action;
cinchomeronic, p-toluenesulfonylacetic, and malonic acids were ineffective.

Acetic acid is a convenient solvent for carrying out imine hydrogenations.
For instance, a series of imines derived from B-phenylethylamine and sub-
stituted benzaldehydes was readily reduced over platinum oxide in acetic
acid (Buck, 1931). In another study, a series of benzylalkylamines was
prepared by hydrogenating the corresponding Schiff base over platinum
oxide in acetic acid at room temperature. The reductions were rapid and
complete. These amines were prepared as intermediates in a sequence
leading to dialkylamines. The benzylalkylamine was alkylated to give a
tertiary amine, from which a pure secondary amine could be obtained by
debenzylation over platinum oxide or palladium-on-carbon in acetic acid
at 45 psig and 65-75°C (Buck and Baltzly, 1941).

H : H
CgHsCH=NR —% CgH;CH,NHR —— C¢H;CH,NRR’ —*> NHRR’ + C4H,CH,

II. NEUTRAL OR BASIC MEDIA

Hydrogenation of imines is frequently carried out in neutral solvents,
which include methanol, ethanol, dioxane, tetrahydrofuran, and ethyl
acetate (Burke et al., 1955). Absolute ethyl alcohol containing a small amount
of the original primary amine was the preferred solvent for reduction of a
series of aliphatic imines to secondary amines. In this work, prereduced
platinum oxide gave better yields of secondary amine than palladium-on-
carbon; Raney nickel catalysts produced very little of the secondary amine
(Campbell et al., 1944). In a typical reduction, 0.20 gm platinum oxide in
50 ml absolute ethanol was shaken with hydrogen at 25 psig for 10 minutes.
After releasing the hydrogen, 0.28 mole of freshly distilled butylidene-
propylamine in 50 ml absolute alcohol containing 3 ml propylamine was
added to the catalyst mixture. Absorption of hydrogen ceased in 40 minutes
under 50 psig initial pressure and propylbutylamine was isolated, after
distillation, in 65 %, yield (Campbell et al., 1944).

A series of N-substituted diamines was prepared by reducing diimines
over platinum oxide. The diimines, prepared by condensation of aldehydes
or ketones with hexamethylenediamine, were for the most part reduced
without solvent at 