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EEN PREFACE

Catalytic hydrogenation is undoubtedly the most useful and widely applicable method
for the reduction of chemical substances, and has found numerous applications in or-
ganic synthesis in research laboratories and industrial processes. Almost all catalytic
hydrogenations have been accomplished using heterogeneous catalysts since the ear-
liest stages. Homogeneous catalysts have been further developed and have extended
the scope of catalytic hydrogenation, in particular, for highly selective transforma-
tions. However, heterogeneous catalysts today continue to have many advantages over
homogeneous catalysts, such as in the stability of catalyst, ease of separation of
product from catalyst, a wide range of applicable reaction conditions, and high cata-
Iytic ability for the hydrogenation of hard-to-reduce functional groups such as aromatic
nuclei and sterically hindered unsaturations and for the hydrogenolyses of carbon—
carbon bonds. Also, many examples are included here where highly selective hydro-
genations have been achieved over heterogeneous catalysts, typically in collaboration
with effective additives, acids and bases, and solvents.

Examples of the hydrogenation of various functional groups and reaction pathways
are illustrated in numerous equations and schemes in order to help the reader easily
understand the reactions. In general, the reactions labeled as equations are described
with experimental details to enable the user to choose a pertinent catalyst in a proper
ratio to the substrate, a suitable solvent, and suitable reaction conditions for hydro-
genation to be completed within a reasonable time. The reactions labeled as schemes
will be helpful for better understanding reaction pathways as well as the selectivity of
catalysts, although the difference between equations and schemes is not strict. Simple
reactions are sometimes described in equations without experimental details. Compa-
rable data are included in more than 100 tables, and will help the user understand the
effects of various factors on the rate and/or selectivity, including the structure of com-
pounds, the nature of catalysts and supports, and the nature of solvents and additives.
A considerable number of experimental results not yet published by the author and co-
workers can be found in this Handbook.

This book is intended primarily to provide experimental guidelines for organic syn-
theses. However, in fundamental hydrogenations, mechanistic aspects (to a limited ex-
tent) are also included. The hydrogenations of industrial importance have been
described with adequate experimental and mechanistic details.

The references quoted here are by no means comprehensive. In general, those that
seem to be related to basic or selective hydrogenations have been selected.
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E CHAPTER 1
Hydrogenation Catalysts

Heterogeneous transition metal catalysts for hydrogenation are usually employed in
the states of metals, oxides, or sulfides that are either unsupported or supported. The
physical form of a catalyst suitable for a particular hydrogenation is determined pri-
marily by the type of reactors, such as fixed-bed, fluidized-bed, or batch reactor. For
industrial purposes, unsupported catalysts are seldom employed since supported cata-
lysts have many advantages over unsupported catalysts. One exception to this is Ra-
ney-type catalysts, which are effectively employed in industrial hydrogenations in
unsupported states. In general, use of a support allows the active component to have
a larger exposed surface area, which is particularly important in those cases where a
high temperature is required to activate the active component. At that temperature, it
tends to lose its high activity during the activation process, such as in the reduction of
nickel oxides with hydrogen, or where the active component is very expensive as are
the cases with platinum group metals. Unsupported catalysts have been widely em-
ployed in laboratory use, especially in hydrogenations using platinum metals. Finely
divided platinum metals, often referred to as “blacks,” have been preferred for hydro-
genations on very small scale and have played an important role in the transformation
or the determination of structure of natural products that are available only in small
quantities. The effect of an additive or impurity appears to be more sensitive for un-
supported blacks than for supported catalysts. This is also in line with the observations
that supported catalysts are usually more resistant to poisons than are unsupported
catalysts.! Noble metal catalysts have also been employed in colloidal forms and are
often recognized to be more active and/or selective than the usual metal blacks, al-
though colloidal catalysts may suffer from the disadvantages due to their instability
and the difficulty in the separation of product from catalyst. It is often argued that the
high selectivity of a colloidal catalyst results from its high degree of dispersion. How-
ever, the nature of colloidal catalysts may have been modified with protective colloids or
with the substances resulting from reducing agents. Examples are known where selectivity
as high as or even higher than that with a colloidal catalyst have been obtained by mere
addition of an appropriate catalyst poison to a metal black or by poisoning supported cata-
lysts (see, e.g., Chapter 3, Ref. 76 and Fig. 4.1). Supported catalysts may be prepared by
a variety of methods, depending on the nature of active components as well as the charac-
teristics of carriers. An active component may be incorporated with a carrier in various
ways, such as, by decomposition, impregnation, precipitation, coprecipitation, adsorption,
or ion exchange. Both low- and high-surface-area materials are employed as carriers.
Some characteristics of commonly used supporting materials are summarized in Table
1.1. Besides these, the carbonates and sulfates of alkaline-earth elements, such as cal-

1



2 HYDROGENATION CATALYSTS

TABLE 1.1 Characteristics of Commonly Used Carriers

Specific Surface Area  Pore Volume  Average Pore Diameter

Carrier (m? g (ml &1 (nm)
a—Al, 05" 0.1-5 — 500-2,000
Kieselguhr® 2-35 1-5 >100
Activated Al,O5” 100-350 0.4 4-9
Si0,—-AL,05” 200-600 0.5-0.7 3-15
Si0,? 400-800 0.4-0.8 2-8
Zeolite? 400-900 0.08-0.2 0.3-0.8
Activated carbon” 800-1200 0.2-2.0 1-4

“These are classified usually as low-area carriers.

bThese are classified usually as high-area, porous carriers having surface areas in exceeding ~50 m?/g,
porosities greater than ~0.2 ml/g, and pore sizes less than 20 nm (Innes, W. B. in Catalysis; Emmett, P. H.,
Ed.; Reinhold: New York, 1954; Vol. 1, p 245).

cium carbonate and barium sulfate, are often used as carriers for the preparation of pal-
ladium catalysts that are moderately active but more selective than those supported on
carbon. A more recent technique employs a procedure often called chemical mixing,
where, for example, the metal alkoxide of an active component together with that of
a supporting component, such as aluminum alkoxide or tetraalkyl orthosilicate, is hy-
drolyzed to give a supported catalyst with uniformly dispersed metal particles.> Ex-
amples are seen in the preparations of Ag—Cd-Zn-SiO, catalyst for selective
hydrogenation of acrolein to allyl alcohol (see Section 5.2) and Ru-SiO, catalysts for
selective hydrogenation of benzene to cyclohexene (see Section 11.1.1).

1.1 NICKEL CATALYSTS

The preparation and activation of unsupported nickel catalysts have been studied by
numerous investigators.* As originally studied by Sabatier and co-workers,” nickel
oxide free from chlorine or sulfur was obtained by calcination of nickel nitrate. The
temperature at which nickel oxide is reduced by hydrogen greatly affects the activity
of the resulting catalyst. There is a considerable temperature difference between the
commencement and the completion of the reduction. According to Senderens and
Aboulenc,6 reduction commences at about 300°C but the temperature must be raised
to 420°C for complete reduction, although insufficiently reduced nickel oxides are
usually more active than completely reduced ones. On the other hand, Sabatier and
Espil observed that the nickel catalyst from nickel oxide reduced at 500°C and kept
for 8 h at temperatures between 500 and 700°C still maintained its ability to hydro-
genate the benzene ring.” Benton and Emmett found that, in contrast to ferric oxide,
the reduction of nickel oxide was autocatalytic and that the higher the temperature of
preparation, the higher the temperature necessary to obtain a useful rate of reduction,
and the less the autocatalytic effect.® Although the hydroxide of nickel may be reduced
at lower temperatures than nickel oxide,® the resulting catalyst is not only unduly sen-



1.1 NICKEL CATALYSTS 3

sitive but also difficult to control. When applied to phenol, it tends to produce cyclo-
hexane instead of cyclohaxanol.” Although supported catalysts may require a higher
temperature for activation with hydrogen than unsupported ones, they are much more
stable and can retain greater activity even at higher temperatures. Thus, reduced nickel
is usually employed with a support such as kieselguhr for practical uses.

Various active nickel catalysts obtained not via reduction of nickel oxide with hy-
drogen have been described in the literature. Among these are the catalysts obtained
by the decomposition of nickel carbonyl;'® by thermal decomposition of nickel for-
mate or oxalate;'! by treating Ni—Si alloy or, more commonly, Ni—Al alloy with caus-
tic alkali (or with heated water or steam) (Raney Ni);'"? by reducing nickel salts with
a more electropositive metal,' particularly by zinc dust followed by activation with
an alkali or acid (Urushibara Ni);'*~'¢ and by reducing nickel salts with sodium boro-
hydride (Ni boride catalyst)!’~'* or other reducing agents.?*>*

1.1.1 Reduced Nickel

Many investigators, in particular, Kelber,> Armstrong and Hilditch,?® and Gauger and
Taylor,?” have recognized that nickel oxide when supported on kieselguhr gives much
more active catalysts than an unsupported one, although the reduction temperature re-
quired for the supported oxide (350—500°C) is considerably higher than that required
for the unsupported oxide (250-300°C). Gauger and Taylor studied the adsorptive ca-
pacity of gases on unsupported and supported nickel catalysts prepared by reducing
the nickel oxide obtained by calcining nickel nitrate at 300°C. The adsorptive capacity
of hydrogen per gram of nickel was increased almost 10-fold when supported on kie-
selguhr (10% Ni), although hydrogen reduction for more than one week at 350°C or 40
min at 500°C was required for the supported catalysts, compared to 300°C or rapid reduc-
tion at 350°C for the unsupported oxide. Adkins and co-workers*® > studied in details the
conditions for the preparation of an active Ni—kieselguhr catalyst by the precipitation
method, which gave much better catalysts than those deposited by decomposing nickel ni-
trate on kieselguhr. Their results led to the conclusions that (1) nickel sulfate, chloride, ace-
tate, or nitrate may be used as the source of nickel, provided the catalyst is thoroughly
washed, although the nitrate is preferred because of the easiness in obtaining the
catalyst free of halide or sulfate (industrially, however, the sulfate is used by far
in the largest quantities because it is the cheapest and most generally avail-
able®!); (2) for the carbonate catalysts, the addition of the precipitant to the soluble
nickel compound on kieselguhr gives better results than if the reverse order is fol-
lowed i.e., the addition of the soluble nickel compound on kieselguhr to the pre-
cipitant; and (3) with potassium hydroxide as the precipitant, the resulting catalyst
is somewhat inferior to the carbonate catalysts prepared with sodium carbonate or
bicarbonate, and ammonium carbonate is in general the most satisfactory precipitant.
According to Adkins, the advantages of using ammonium carbonate are due in part to
the ease with which ammonium salts are removed, and in part to excellent agitation of
the reaction mixture due to the evolution of carbon dioxide.*? Further, with ammonium
carbonate as the precipitant it makes little difference by the order of the addition of the
reagents. The effect of time and temperature on the extent of reduction and catalytic



4 HYDROGENATION CATALYSTS

TABLE 1.2 Effect of Time and Temperature upon Extent of Reduction and Activity
of Ni—Kieselguhr”

Time for Reduction
Reduction of Acetone? (min)

Temperature  Time Metallic ~ Middle

Catalyst °C) (min) Ni (%) 60% 100%
Kieselguhr—Ni(NO;), added to 450 30 26 52
Na,CO; solution (12.6% Ni) 525 30 — 22 55
525 45 — 17 35
450 60 5.14 23 39
500 60° 7.66 10 16
550 60 — 16 26
450 90 — 17 25
Na,CO; solution added to 450 30 — 20 40
kieselguhr—Ni(NO3), (12.5% 525 30 — 21 59
Ni) 525 45 — 17 35
450 60 5.14 21 47
500 60° 7.38 18 30
550 60 — 21 85
450 90 — 29 40
NaHCOs; solution added to 450 30 — 86 150
kieselguhr—Ni(NO;), (13.6% 525 30 — 24 45
Ni) 525 45 — 44 74
450 60 9.88 11 30
500 60° 10.2 21 60
550 60 — 103 160
450 90 — 10 25
Kieselguhr—Ni(NO3), added to 450 60 10.4 10 23
(NH,),CO; solution (14.9% Ni) 500 60 10.3 25 55
(NH,4),COs solution added to 450 60 7.85 10 20
kieselguhr—Ni(NO;), (13.6% 550 60 7.95 19 45
Ni)

“Data of Covert, L. W.; Connor, R.; Adkins, H. J. Am. Chem. Soc. 1932, 54, 1651. Reprinted with
permission from American Chemical Society.

©1.0 mol of acetone, 2 g of catalyst, 125°C, 12.7 MPa H,.

“The content of metallic nickel was not materially increased by longer times for reduction even up to 5 h.

activity of the resulting catalyst is summarized in Table 1.2. It is seen that higher tempera-
tures and longer times are required for the reduction of the sodium carbonate catalysts than
for the bicarbonate or ammonium carbonate catalysts. Temperatures above 500°C and
times exceeding 60 min are definitely injurious. It appears that the reduction at 450°C for
60 min is sufficient for the bicarbonate or ammonium carbonate catalysts. For all the cata-
lysts there is a considerable portion of the nickel that was not reduced even after several
hours, but this portion is greater for the sodium carbonate catalysts. The most satisfactory pro-
cedure for the preparation of a Ni—kieselguhr catalyst recommended by Covert et al. with
use of ammonium carbonate as a precipitant is described below.
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Ni—Kieselguhr (with Ammonium Carbonate).*® 1In this procedure 58 g of nickel
nitrate hexahydrate [Ni(NO3), [bH,0], dissolved in 80 ml of distilled water, is ground
for 30—60 min in a mortar with 50 g of acid washed kieselguhr (e.g., Johns—Manville
“Filter-Cel”) until the mixture is apparently homogeneous and flowed as freely as a
heavy lubricating oil. It is then slowly added to a solution prepared from 34 g of
ammonium carbonate monohydrate [(NH,),COz [H,0O] and 200 ml of distilled water.
The resulting mixture is filtered with suction, washed with 100 ml of water in two
portions, and dried overnight at 110°C. The yield is 66 g. Just before use, 2—6 g of the
product so obtained is reduced for 1 h at 450°C in a stream of hydrogen passing over
the catalyst at a rate of 10—15 ml/min. The catalyst is then cooled to room temperature
and transferred in a stream of hydrogen to the reaction vessel, which has been filled
with carbon dioxide.

Covert et al. tested various promoters such as Cu, Zn, Cr, Mo, Ba, Mn, Ce, Fe, Co,
B, Ag, Mg, Sn, and Si in the hydrogenation of acetone, the diethyl acetal of furfural,
and toluene, when incorporated with nickel. The effects of the promoters depended on
the substrate; an element that promoted the hydrogenation of one compound might re-
tard that of another. Further, it appeared that none of the promoters tested greatly in-
creased the activity of the nickel catalyst,* although various coprecipitated promoters
such as Cu, Cr, Co, Th, and Zr have been referred to in the literature, especially in pat-
ents.> The effect of copper, in particular, has been the subject of a considerable body
of investigations from both practical and academic viewpoints.**~*° Basic compounds
of copper undergo reduction to metal at a lower temperature than do the corresponding
nickel compounds, and the reduced copper may catalyze the reduction of nickel com-
pounds. Thus nickel hydroxide or carbonate coprecipitated with copper compounds
may be reduced at a low temperature of 200°C, which allows “wet reduction” at nor-
mal oil-hardening temperatures (~180°C)*’ to give wet-reduced nickel—copper cata-
lysts which were widely used in the past.>’

Scaros et al. activated a commercially available Ni—Al,O; catalyst (58—65% Ni) by
adding a slurry of potassium borohydride in ammonium hydroxide and methanol to a
stirred THF (terahydrofuran) solution of the substrate and suspended Ni—A1,0.% The
resulting catalyst can be employed at pressures as low as 0.34 MPa and temperatures
as low as 50°C, the conditions comparable to those for Raney Ni, and has the distinct
advantage of being nonpyrophoric, a property required particularly in large-scale hy-
drogenation. Thus, over this catalyst, the hydrogenation of the alkyne ester,
RC=CCO,Me, to the corresponding alkyl ester and the hydrogenation of adiponitrile
to 1,6-hexanediamine were accomplished at 50°C and 0.34 MPa H, within reaction
times comparable to those required for the hydrogenations with Raney Ni. The Ni—
Al,O; catalyst can also be activated externally and stored for up to 13 weeks in water
or 2-methoxyethanol.

1.1.2 Nickel from Nickel Formate

When nickel formate, which usually occurs as a dihydrate, is heated, it first loses water
at about 140°C, and then starts to decompose at 210°C to give a finely divided nickel
catalyst with evolution of a gas mixture composed mainly of carbon dioxide, hydro-
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gen, and water.’! The main reaction is expressed as in eq. 1.1. However, some of
nickel formate may be decomposed according to the reaction shown in eq. 1.2~

Ni(HCOO), (2H,0 — Ni+2CQ, + H, + 2H,0 (1.1)

Ni(HCOO), [2H,0 — Ni+ CO + CQ + 3H,0 (12)

Thus an active nickel catalyst may be prepared simply by heating the formate in oil at
around 240°C for about 1 h; this method has been employed in the oil-hardening in-
dustry for the preparation of a wet-reduced catalyst,** although the decomposition
temperature is too high for normal oil-hardening and the catalyst may not be prepared
directly in a hydrogenation tank, particularly for edible purposes. Nickel formate is
prepared by the reaction between nickel sulfate and sodium formate,* or the direct re-
action of basic nickel carbonate* or nickel hydroxide with formic acid.*!

Allison et al. prepared the catalyst by decomposing nickel formate in a paraffin—
paraffin oil mixture in a vacuum of a water-stream pump.*’ The nickel catalyst thus
prepared was not pyrophoric, not sensitive to air and chloride, and showed excellent
catalytic properties in the hydrogenation of aqueous solutions of aromatic nitro com-
pounds such as the sodium salts of m-nitrobenzenesulfonic acid, o-nitrobenzoic acid,
and p-nitrophenol at pH 5-6. Sasa prepared an active nickel catalyst for the hydro-
genation of phenol by decomposing nickel formate in boiling biphenyl [boiling point
(bp) 252°C], diphenyl ether (bp 255°C), or a mixture of them (see eq. 11.12).42

Ni Catalyst from Ni Formate (by Wurster) (Wet Reduction of Nickel Formate
for Oil Hardening).*> A mixture of 4 parts oil and 1 part nickel formate is heated
steadily to about 185°C at atmospheric pressure. At 150°C the initial reaction begins,
and at this point or sooner hydrogen gas is introduced. The reaction becomes active at
190°C with the evolution of steam from the water of crystallization. The temperature
holds steady for about 30 min until the moisture is driven off and then rises rapidly to
240°C. It is necessary to hold the charge at 240°C, or a few degrees higher, for 30
min—-1 h to complete the reaction. The final oil-nickel mixture contains
approximately 7% Ni. With equal weights of oil and nickel formate, the final
oil-nickel mixture contains approximately 23% Ni.

Ni Catalyst from Ni Formate (by Allisson et al.)*® 1In this method 100 g of nickel
formate with 100 g of paraffin and 20 g of paraffin oil are heated in a vacuum of
water-stream pump. At 170—180°C the water of crystallization is evolved out first (in
~1 h). About 4 h at 245-255°C is required for complete decomposition. The end of
the decomposition can best be found by the pressure drop to ~20 mmHg. The still hot
mass is poured on a plate; after solidification, the upper paraffin layer is removed as
much as possible. The remaining deep black mass is washed with hot water until most
of the paraffin is removed off with melt; the remaining powder is washed with alcohol,
and then many times with petroleum ether until no paraffin remains.
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Ni Catalyst from Ni Formate (by Sasa).** A mixture of 2.6 g of nickel formate
dihydrate (0.81 g Ni) and 20 g of freshly distilled diphenyl ether (or biphenyl or a
mixture of diphenyl ether and biphenyl) is heated under stirring. The water of
crystallization is removed with diphenyl ether. At 250°C, when diphenyl ether starts
to boil, the mixture becomes black. After the decomposition for 2 h in boiling dipheny]l
ether, the nickel catalyst is filtered off at 40-50°C. The catalyst may be used
immediately or after washing with alcohol or benzene.

Nickel oxalate, similarly to nickel formate, decomposes to give finely divided
nickel powder with the liberation of carbon dioxide containing a trace of carbon mon-
oxide at about 200°C. However, it has not been widely used industrially because of
the higher cost of the oxalate.>!

1.1.3 Raney Nickel

In 1925 and 1927 Raney patented a new method of preparation of an active catalyst
from an alloy of a catalytic metal with a substance that may be dissolved by a solvent
that will not attack the catalytic metal. First a nickel—silicon alloy was treated with
aqueous sodium hydroxide to produce a pyrophoric nickel catalyst. Soon later, in
1927, the method was improved by treating a nickel—aluminum alloy with sodium hy-
droxide solution because the preparation and the pulverization of the aluminum alloy
were easier. Some of most commonly used proportions of nickel and aluminum for
the alloy are 50% Ni—50% Al, 42% Ni—-58% Al, and 30% Ni—70% Al. The nickel
catalyst thus prepared is highly active and now widely known as Raney Nickel, which
is today probably the most commonly used nickel catalyst not only for laboratory uses
but also for industrial applications.*®

Although various Ni—Al alloy phases are known, the most important ones that may
lead to an active catalyst appear to be Ni,Al; (59% Ni) and NiAl, (42% Ni). 50% Ni
and 42% Ni alloys usually consist of a mixture of the two phases with some other
phases. The NiAl, phase is attacked by caustic alkali much more readily than the
Ni,Al, phase. In the original preparation by Covert and Adkins,*” denoted W-1 Raney
Ni, 50% Ni—50% Al alloy was treated (or leached) with an excess amount of about
20% sodium hydroxide solution at the temperature of 115—120°C for 7 h to dissolve
off the aluminum from the alloy as completely as possible. In the preparation by Moz-
ingo,*® denoted W-2 Raney Ni,* the digestion was carried out at ~80°C for 8—12 h.
Paul and Hilly pointed out that the digestion for such a long period at high tempera-
tures as used in the preparation of W-1 Raney Ni might lead to coating the catalyst
with an alumina hydrate formed by hydrolysis of sodium aluminate. In order to de-
press the formation of the alumina hydrate, they digested the alloy (43% Ni) at 90—
100°C for a shorter time after the alloy had been added to 25% sodium hydroxide
solution (NaOH = 1 w/w alloy or 1.18 mol/mol Al) in an Erlenmeyer flask cooled with
ice. The same digestion process at 90°C for 1 h was repeated twice with addition of
the same amount of fresh sodium hydroxide solution each time.>° Later, Pavlic and
Adkins obtained a more active catalyst, particularly for hydrogenations at low tem-
peratures, by lowering the leaching temperature to 50°C and shortening the period of
reaction of the alloy with the alkaline solution, and by a more effective method for



8 HYDROGENATION CATALYSTS

washing the catalyst out of contact with air.’! The time from the beginning of the prepa-
ration until the completion of the digestion was reduced from 212 hto < 1.5 h. The Raney
Ni catalysts thus prepared at low temperatures, denoted W-3,49’5 ! W-4,49’51 W-5,52 W-
6,723 and W-7,7>3 contain larger amounts of remaining aluminum (~12—13%), but they
retain larger amounts of adsorbed hydrogen and show greater activities than do those pre-
pared at higher temperatures. The W-6 Raney Ni, the most active catalyst according to Ad-
kins and Billica, was obtained by leaching the alloy at 50°C, followed by washing the
catalyst continuously with water under pressure of hydrogen. The W-7 catalyst is obtained
by eliminating a continuous washing process under hydrogen as used in the preparation
of W-6 Raney Ni, and contains some remaining alkali, the presence of which may be ad-
vantageous in the hydrogenation of ketones, phenols, and nitriles. Some characteristic dif-
ferences in the preparation of W-1-W-7 catalysts are compared in Table 1.3.

The reaction of Raney alloy with an aqueous sodium hydroxide is highly exother-
mic, and it is very difficult to put the alloy into the solution within a short time. Ac-
cordingly, a catalyst developed not uniformly may result, because the portion of the
alloy added at the beginning is treated with the most concentrated sodium hydroxide
solution for the longest time while that added last is treated with the most dilute solu-
tion for the shortest time. Such lack of uniformity in the degree of development may
be disadvantageous for obtaining a catalyst of high activity, especially in the prepara-
tion of Raney Ni such as W-6 or W-7 with considerable amounts of remaining alumi-
num and/or in the development of the alloy containing less than 50% nickel which is
known to be more reactive than 50% Ni—50% Al alloy toward sodium hydroxide so-
lution. From this point of view, Nishimura and Urushibara prepared a highly active
Raney Ni by adding a sodium hydroxide solution in portions to a 40% nickel alloy sus-
pended in water.>* In the course of this study, it has been found that the Raney alloy,
after being partly leached with a very dilute sodium hydroxide solution, is developed
extensively with water, producing a large quantity of bayerite, a crystalline form of
aluminum hydroxide. After the reaction with water has subsided, the product of a gray
color reacts only very mildly with a concentrated sodium hydroxide solution and it can
be added at one time and the digestion continued to remove the bayerite from the catalyst
and to complete the development.>® The Raney Ni thus prepared, denoted T-4, has been
found more active than the W-7 catalyst. Use of a larger quantity of sodium hydroxide so-
lution in the preparation of the W-7 catalyst resulted in a less active catalyst, indicating
that the 40% Ni alloy was susceptible to overdevelopment to give a catalyst of lower ac-
tivity even at 50°C. The rapid reaction of Raney alloy with water proceeds through the re-
generation of sodium hydroxide, which occurs by the hydrolysis of initially formed
sodium aluminate, as suggested by Dirksen and Linden,*® with formation of alkali-
insoluble bayerite (see eq. 1.3).

NaAlO, + 2H,0 <— amorphous Al(OH) + NaOH

l bayerite (1.3)

crystalline AI(OH} (bayerite)
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TABLE 1.3 Conditions for the Preparation of W-1-W-7 Raney Nickel

Amount of NaOH
Used Process of
Raney  (w/w (mol/mol ~ Alloy
Ni Alloy?) Al Addition Digestion Washing Process Ref.
W-1 1+0.25* 1.35 In2-3hina At115-120°C By decantation 6 times; 47
beaker for 4 h and washings on Buchner
surrounded then for 3 h filter until neutral to
by ice with litmus; 3 times with
addition of 95% EtOH
2nd portion
of NaOH
W-2 1.27 1.71 At 10-25°C At 80°C for By decantations until 48
in2h 8-12h neutral to litmus; 3
times with 95% EtOH
and 3 times with
absolute EtOH
W-3 1.28 1.73 Allof alloy Asin W-4 As in W-4 49,51
added at
-20°C
W-4 1.28 1.73 At50°Cin At 50°C for 50 By decantations, 49,51
25-30 min followed by
min continuous washing

until neutral to litmus;
3 times with 95%
EtOH and 3 times
with absolute EtOH
W-5 1.28 1.73 AsinW-4 Asin W-4 Washed as in W-6, but 52
without introduction
of hydrogen
W-6 1.28 1.73 AsinW-4 Asin W-4 3 times by decantations, 52,53
followed by
continuous washing
under hydrogen; 3
times with 95% EtOH
and 3 times with
absolute EtOH
W-7 1.28 1.73 AsinW-4 Asin W-4 3 times by decantations 52,53
only; followed by
washings with 95%
EtOH and absolute
EtOH as in W-6.

950% Ni-50% Al alloy was always used.
b80% purity.

Taira and Kuroda have shown that the addition of bayerite accelerates the reaction of
Raney alloy with water and, by developing the alloy with addition of bayerite, pre-
pared an active Raney Ni that was supported on bayerite and resistant to deactiva-
tion.” The presence of bayerite probably promotes the crystallization of initially
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formed alkali-soluble aluminum hydroxide into alkali-insoluble bayerite and
hence favors an equilibrium of the reversible reaction shown in eq. 1.3 for the di-
rection to give bayerite and sodium hydroxide. Thus, in the presence of bayerite,
Raney alloy may be developed extensively with only a catalytic amount of sodium
hydroxide. In the course of a study on this procedure, it has been found that, by
using a properly prepared bayerite and suitable reaction conditions, an active Ra-
ney Ni that is not combined with the bayerite formed during the development can
be prepared.’® Under such conditions the alloy can be developed to such a degree
as to produce the catalyst of the maximum activity at a low temperature with use
of only a small amount of sodium hydroxide. The bayerite initially added as well
as that newly formed can be readily separated from the catalyst simply by decan-
tations. The bayerite thus recovered becomes reusable by treatment with a dilute
hydrochloric acid. This procedure for the development of Raney alloy is ad-
vantageous not only for the use of only a small amount of sodium hydroxide
but also to facilitate control of the highly exothermic reaction of aluminum oxida-
tion which takes place very violently in the reaction of the alloy with a concentrated
sodium hydroxide solution. Thus, in this procedure, the development of the alloy can
be readily controlled to a desired degree that can be monitored by the amount of
evolved hydrogen and adjusted with the amount of sodium hydroxide added and the
reaction time. With a 40% Ni—60% Al Raney alloy, the degree of aluminum oxidation
to give the highest activity has been found to be slightly greater than 80% and the re-
sulting catalyst, denoted N-4, to be more active than the T-4 catalyst prepared using
the same alloy. This result suggests that the T-4 catalyst has been overdeveloped (89%
aluminum oxidation) for obtaining the highest activity.

The bayerite-promoted leaching procedure has also been applied to the develop-
ment of single-phase NiAl; (42% Ni) and Ni,Al; (59% Ni) alloys as well as to
Co,Al, (33% Co) and Co,Al; (47% Co) alloys’” that have been prepared with
a powder metallurgical method by heating the green compacts obtained from the
mixtures of nickel or cobalt and aluminum powder corresponding to their alloy com-
positions.®’ By use of the single-phase alloys it is possible to more accurately deter-
mine the degree of aluminum oxidation that may afford the highest activity of
the resulting catalysts, since commercial alloys are usually a mixture of several
alloy phases.®! Table 1.4 summarizes the conditions and degrees of leaching with
these single-phase alloys as well as with commercial alloys.

From the results in Table 1.4 it is seen that NiAl, is leached much more readily than
commercial 40% Ni—-60% Al alloy. Commercial 50% Ni—-50% Al alloy is much less
reactive toward leaching than NiAl; and 40% Ni—-60% Al alloys, probably due to a
larger content of far less reactive Ni,Al; phase in the 50% Ni-50% Al alloy. Co,Al,
is by far the most reactive of the alloys investigated. Use of only 0.0097 molar ratio
of NaOH to Al leached the alloy to a high degree of 85%. Co,Al; and commercial 50%
Co-50% Al alloys are very similar in their reactivity for leaching, and both are much
less reactive than Co,Al,. Thus, the order in the reactivity for leaching of the alloys
may be given roughly as follows: Co,Aly > NiAl, > 40% Ni—60% Al > Co,Als = 50%
Co-50% Al = 50% Ni-50% Al > > Ni,Al,.
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TABLE 1.4 Leaching Conditions and Degrees of Leaching for Various Raney Ni-Al
and Co-Al Alloys®”

Temperature for ~ NaOH Added Reaction Time Al Oxidized®

Alloy Leaching (°C) (mol/mol Al) (min) (%)
NiAl; 40 0.014 30 70
40 0.014 90 83
40 0.028 90 85
40 14 90 89
50¢ 14 150 90
70¢ 14 150 93
40% Ni-60% Al 40 0.28 90 82
504 1.4 150 89
50% Ni-50% Al 40 2.1 90 80
504 2.1 150 83
704 2.1 150 85
Ni,Al; 50 2.9 90 78
70 2.9 90 81
70¢ 2.8 90 82
Co,Aly 40 0.0057 30 69
40 0.0097 40 80
40 0.0097 60 85
40 0.016 90 87
504 1.1 150 91
60¢ 1.1 150 95
50% Co-50% Al 40 0.21 90 77
40 2.1 90 81
504 2.1 150 92
Co,Als 40 0.21 90 79

“Data of Nishimura, S.; Kawashima, M.; Inoue, S.; Takeoka, S.; Shimizu, M.; Takagi, Y. Appl. Catal.
1991, 76, 19. Reprinted with permission from Elsevier Science.

bUnless otherwise noted, a mixture of 0.2 g alloy and 0.4 g bayerite was stirred in 4 ml of distilled water
at 40°C, followed by addition of 0.12 ml of 2% sodium hydroxide solution. After 30 min of stirring, an
additional amount of sodium hydroxide solution was added, if necessary.

“The degree of leaching (% of Al oxidized of the Al in the alloy) was calculated from the amounts of the
evolved hydrogen and the hydrogen contained in the catalyst, assuming that 1 mol of Al gives 1.5 mol of
hydrogen. The amount of hydrogen contained in the catalyst was determined by the method described
previously (see Nishimura et al., Ref. 58).

IThe alloy was leached by the T-4 procedure.

“The alloy was leached by a modified W-7 procedure in which a sodium hydroxide solution was added to
the alloy suspended in water.

Figures 1.1a—c show the relationships between the catalytic activity and the de-
gree of development that have been studied in the hydrogenation of cyclohex-
anone, naphthalene, and benzene over single phase NiAl, and Co,Al, alloys. The
rates of hydrogenation peak at around 82—-86% degrees of development with both
the alloys, and tend to decrease markedly with further development, irrespective
of the compounds hydrogenated. It is noted that the cobalt catalyst from Co,Al, is
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Figure 1.1 Variations in catalytic activity as a function of the degree of leaching with NiAl3
(0) and Co2Aly (®): (a) hydrogenation of cyclohexanone (1 ml) in ~-BuOH (10 ml) at 40°C and
atmospheric hydrogen pressure over 0.08 g of catalytic metal; (b) hydrogenation of naphthalene
(3 g) to tetrahydronaphthalene in cyclohexane (10 ml) at 60°C and 8.5 + 1.5 MPa H2 over 0.08
g of catalytic metal; (¢) hydrogenation of benzene (15 ml) in cyclohexane (5 ml) at 80°C and
7.5 £2.5 MPa H over 0.08 g of catalytic metal. (From Nishimura, S.; Kawashima, M.; Inoue,
S. Takeoka, S.; Shimizu, M.; Takagi, Y. Appl. Catal. 1991, 76, 26. Reproduced with permission
of Elsevier Science.)
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always more active than the nickel catalyst from NiAl, in the hydrogenation of both
naphthalene and benzene. Since the surface area of the cobalt catalyst is consider-
ably smaller than that of the nickel catalyst, the activity difference between the co-
balt and nickel catalysts should be much greater on the basis of unit surface area.
On the other hand, in the hydrogenation of cyclohexanone, the nickel catalyst is
far more active than the cobalt catalyst, which appears to be related to a much
greater amount of adsorbed hydrogen on the nickel catalysts than on the cobalt
catalyst. Table 1.5 compares the activities of the nickel and cobalt catalysts ob-
tained from various alloys in their optimal degrees of leaching. Ni,Al, alloy was
very unreactive toward alkali leaching, and the degree of development beyond 82%
could not be obtained even with a concentrated sodium hydroxide solution at 70°C.

W-2 Raney Ni*® A solution of 380 g of sodium hydroxide in 1.5 liters of distilled
water, contained in a 4-liter beaker, is cooled in an ice bath to 10°C, and 300 g of
Ni—Al alloy powder (50% Ni) is added to the solution in small portions, with stirring,
at such a rate that the temperature does not rise above 25°C. After all the alloy has been
added (about 2 h is required), the contents are allowed to come to room temperature.

TABLE 1.5 Rates of Hydrogenation over Raney Catalysts from Various Ni—-Al and
Co-Al Alloys at Their Optimal Degrees of Leaching®”

Rate of Hydrogenation x 10° (mol Uin~! [ metal™")

Starting Alloy Cyclohexene® Cyclohexanoned Benzene® Phenol/
NiAl; 5.7 (87) 3.5 (86) 9.4 (86) 8.4 (88)
40% Ni-60% Al 5.2 (81) 2.6 (82) 9.3 (82) 5.2 (81)
50% Ni-50% Al 2.5(82) 1.8 (85) 9.3 (83) 5.0 (83)
Ni,Al; 1.3 (80) 0.9 (81) 7.0 (82) 1.2 (80)
Co,Aly 1.3 (87) 1.0 (82) 11.3 (86) 5.5 (86)%
Co,Als — 0.39 (69)8 — —
50% Co-50% Al 0.78 (69) 0.18 (77) — 2.4 (77)%

“Data of Nishimura, S.; Kawashima, M.; Inoue, S.; Takeoka, S.; Shimizu, M.; Takagi, Y. Appl. Catal.
1991, 76, 19. Reprinted with permission from Elsevier Science.

bThe catalysts were prepared before use each time and were well washed with distilled water by
decantations, and then with +-BuOH. In the hydrogenations in cyclohexane, the -BuOH was further
replaced with cyclohexane. The rates of hydrogenation at atmospheric pressure were expressed by the
average rates from 0 to 50% hydrogenation. The rates of hydrogenation at high pressures were expressed
by the average rates during the initial 30 min. The figures in parentheses indicate the degrees of leaching.
“Cyclohexene (1 ml) was hydrogenated in 10 ml of #-BuOH at 25°C and atmospheric pressure with 0.08 g
of catalytic metal.

d Cyclohexanone (1 ml) was hydrogenated in 10 ml of --BuOH at 40°C and atmospheric pressure with 0.08
g of catalytic metal.

“Benzene (15 ml) was hydrogenated in 5 ml of cyclohexane at 80°C and 7.5 + 2.5 MPa H, with 0.08 g of
catalytic metal.

fPhenol (10 ml) was hydrogenated in 10 ml of --BuOH at 80°C and 7.5 £2.5 MPa H, with 0.08 g of catalytic
metal.

$Data from Inoue, S. Master’s thesis, Tokyo Univ. Agric. Technol. (1990).
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After the evolution of hydrogen slows down, the reaction mixture is allowed to stand
on a steam bath until the evolution of hydrogen again becomes slow (about 8—12 h).
During this time the volume of the solution is maintained by adding distilled water if
necessary. The nickel is allowed to settle, and most of the liquid is decanted. Distilled
water is then added to bring the solution to the original volume; the solution is stirred
and then decanted. The nickel is then transferred to a 2-liter beaker with distilled
water, and the water is again decanted. A solution of 50 g of sodium hydroxide in 500
ml of distilled water is added; the catalyst is suspended and allowed to settle; and the
alkali is decanted. The nickel is washed by suspension in distilled water and
decantation until the washings are neutral to litmus and is then washed 10 times more
to remove the alkali completely (20—40 washings are required). The washing process
is repeated 3 times with 200 ml of 95% ethanol and 3 times with absolute ethanol. The
Raney nickel contained in the suspension weighs about 150 g.

W-6 (and also W-5 and W-7) Raney Ni>> A solution of 160 g of sodium
hydroxide in 600 ml of distilled water, contained in a 2-liter Erlenmeyer flask, is
allowed to cool to 50°C in an ice bath. Then 125 g of Raney Ni—Al alloy powder (50%
Ni) is added in small portions during a period of 25-30 min. The temperature is
maintained at 50 + 2°C by controlling the rate of addition of the alloy and the addition
of ice to the cooling bath. When all the alloy has been added, the suspension is digested
at 50 £ 2°C for 50 min with gentle stirring. The catalyst is then washed with three
1-liter portions of distilled water by decantation. The catalyst is further washed
continuously under about 0.15 MPa of hydrogen (an appropriate apparatus for this
washing process is described in the literature cited). After about 15 liters of water has
passed through the catalyst, the water is decanted from the settled sludge, which is
then transferred to a 250-ml centrifuge bottle with 95% ethanol. The catalyst is washed
3 times by shaking, not stirring, with 150-ml portions of 95% ethanol; each addition
is being followed by centrifuging. In the same manner the catalyst is washed 3 times
with absolute ethanol. The volume of the settled catalyst in ethanol is about 75—-80 ml
containing about 62 g of nickel and 7-8 g of aluminum. The W-5 catalyst is obtained
by the same procedure as for W-6 except that it is washed at atmospheric pressure
without addition of hydrogen. The W-7 catalyst is obtained by the same developing
procedure as for W-6, but the continuous washing process described above is
eliminated. The catalyst so prepared contains alkali, but may be advantageous, such
as for the hydrogenations of ketones, phenols, and nitriles.

T-4 Raney Ni® To a mixture of 2 g of Raney Ni—Al alloy (40% Ni) and 10 ml
water in a 30-ml Erlenmeyer flask immersed in a water bath of 50°C, 0.4 ml of 20%
aqueous sodium hydroxide is added with vigorous stirring with caution to prevent the
reaction from becoming too violent. In about 1 h the partly leached Raney alloy begins
to react with water and turn gray in color, and the reaction almost subsides in about
1.5 h. Then 6 ml of 40% aqueous sodium hydroxide is added at one time with
continued stirring. The digestion is continued for one additional hour with good
stirring until the upper layer becomes white. The catalyst is washed by stirring and
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decanting 4 times with each 15 ml of water of 50°C, and then 3 times with the same
volume of ethanol at room temperature. A specimen of the catalyst thus prepared
contained 13.3% of aluminum and a little aluminum hydroxide.

N-4 Raney Ni%® 1In a 10-ml conical flask are placed 0.5 g of Raney Ni—Al alloy
powder (40% Ni) and 1 g of the bayerite prepared by the procedure described below.
To this 10 ml of distilled water is added and stirred well at 40°C. Then 0.03 ml of 20%
sodium hydroxide solution is added and the mixture stirred for 30 min at the same
temperature, in which a violent reaction almost subsides. A further 0.3 ml of 20%
sodium hydroxide solution is added and the mixture stirred for 1 h at 40°C. Then the
upper layer is decanted carefully to avoid leakage of the catalyst. The catalyst is
washed 3 times with each 10 ml of distilled water and 3 times with the same volume
of methanol or ethanol. A specimen of the catalyst thus prepared contains 0.192 g of
nickel, 0.050 g of aluminum, and 0.036 g of acid-insoluble materials. The bayerite
suspensions are combined and acidified with a dilute hydrochloric acid, and then
warmed to 50-60°C, when the gray color of the bayerite turns almost white. The
bayerite is collected, washed well with water, and then dried in vacuo over silica gel.
The bayerite thus recovered amounts to 1.4—1.6 g and can be reused for the
preparation of a new catalyst.

The bayerite, which may promote the efficient development of a Raney alloy, can be
prepared as follows: 20 g of aluminum grains is dissolved into a sodium hydroxide solu-
tion prepared from 44 g of sodium hydroxide and 100 ml of water. The solution is diluted
to 200 ml with water and then CO, gas is bubbled into the solution at 40°C until small
amounts of white precipitates are formed. The precipitates are filtered off and more CO,
gas is bubbled into the filtrate. Then the solution is cooled gradually to room temperature
under good stirring and left overnight with continued stirring. The precipitates thus pro-
duced (20—24 g) are collected, washed with warm water, and then dried in vacuo over sil-
ica gel. The bayerite thus prepared usually contains a small amount of gibbsite. The
bayerite recovered from the catalyst preparation is less contaminated with gibbsite.

Leaching of NiAl Alloy to a Desired Degree by the N-4 Procedure.>® A mix-
ture of 0.2 g of NiAl; alloy powder and 0.4 g of bayerite is placed in a 30-ml glass
bottle connected to a gas burette and the mixture stirred with addition of 4 ml of
distilled water at 40°C. Then 0.12 ml of 2% sodium hydroxide solution (NaOH/AI =
0.014 mol/mol) is added to the mixture. After stirring for 30 min, an additional amount
of sodium hydroxide solution required for a desired degree of leaching (see Table 1.4) is
added and further stirred until the amounts of evolved hydrogen and adsorbed hydrogen
[~8—9 ml at standard temperature and pressure (STP)] indicate the desired degree.
Then the catalyst is washed in the same way as in the preparation of N-4 catalyst.

Activation of Raney Ni by Other Metals. The promoting effect of various
transition metals for Raney Ni has been the subject of a number of investigations and
patents.®? Promoted Raney nickel catalysts may be prepared by two methods: (1) a
promoter metal is added during the preparation of the Ni—Al alloy, followed by
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leaching activation of the resulting alloy; (2) Raney Ni is plated by some other metal
with use of its salt after leaching activation or during leaching process. The latter
method has often been used in the promotion with a noble metal such as platinum. Paul
studied the promoted catalysts from Ni—Al alloys containing Mo, Co, and Cr.%
Various promoted catalysts prepared from ternary as well as quaternary Raney alloys
have been prepared by Russian groups.®* The -catalysts from Ni—Al-Cr
(46-48:52-50:2), Ni-Al-Ti (3—4 wt% Ti) and Ni—Al-Cr-B (46:52:1.9:0.1) alloys
showed higher activities and stabilities than unpromoted one. The catalyst from the
Ni—Al-Cr-B alloy gave 70-77% yield of p-xylylenediamine in the hydrogenation of
terephthalonitrile in dioxane or methanol with lig. ammonia at 100°C and 9 MPa
H,.%*2 The catalyst from the alloy containing 2.75% Ti had an activity 3 times that of
the catalyst from the Ni—Al-Cr alloy and maintained its activity much longer in the
hydrogenation of glucose at 120°C and 6 MPa H,.%% Ishikawa studied a series of
catalysts from ternary alloys containing Sn, Pb, Mn, Mo, Ag, Cr, Fe, Co, and Cu.%
Promoting effects were always observed in the hydrogenation of nitrobenzene,
cyclohexene, and phenol, when the metals were added in small amounts. In the
hydrogenation of glucose, the metals could be classified into two groups: one that
gave highest rates at rather large amounts (10-20 atom%) (Mn, Sn, Fe, Mo), and one
that showed promoting effects when added only in small amounts (< 1 atom% ) (Pb,
Cu, Ag, Cr, Co). In the hydrogenation of acetone, marked promoting effects of Mo,
Sn, and Cr were observed in the large amounts of 20, 15, and 10 atom%, respectively.
Montgomery systematically studied the promoting effects of Co, Cr, Cu, Fe, and Mo
with the Raney Ni catalysts prepared from ternary alloys: 58% Al—-(42-x)% Ni—x%
each promoter metal. The alloys were activated by the procedure for a W-6 catalyst,
but digestion was extended to 4 h at 95°C, washing was by decantation, and the
catalyst was stored under water. Aluminum was extracted from the alloy to the extent
of 95 * 2% with the exception of the Ni—Cr—Al alloys where it ranged from 91 to 92%.
The Co, Cr, and Fe in the alloys were lost during the leaching process when the
metal/Ni ratio was below 5/100, and the loss diminished as the ratio was increased. In
the case of Ni—Al-Mo alloys no more than 40% of the original Mo remained in the
resulting catalysts; about 32% were retained on the average. The activities of the
promoted catalysts were compared in the hydrogenation of sodium itaconate, sodium
p-nitrophenoxide, acetone, and butyronitrile at 25°C and atmospheric hydrogen
pressure. In general, Mo was found to be the most effective promoter. Fe promoted
more effectively than the other metals the hydrogenation of sodium p-nitrophenoxide.
The catalyst containing 6.5% Fe was twice as active as the unpromoted catalyst. In the
hydrogenation of acetone and butyronitrile, all the promoted catalysts tested were
more active than the unpromoted catalyst with the exception of the 10% Cr-promoted
catalyst. The most pronounced effect was found in the hydrogenation of butyronitrile
with the 2.2% Mo-promoted catalyst where the rate was increased to 6.5 times that of
the unpromoted catalyst. It has been found that the improved activity of the promoted
Raney nickel catalysts are not due to a particle size effect. Results of the promoted
catalysts with optimum activity in which at least a 20% increase in activity has been
obtained are summarized in Table 1.6.
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TABLE 1.6 Hydrogenation of Organic Compounds with Promoted Raney Nickel
Catalysts with Optimum A ctivity*

Increase in

Promoter Composition Activity

Compound Hydrogenated (M) M/(Ni + M + Al) x 100 kpmm(,ted/kunpmm(,ted” (%)
Butyronitrile® Mo 22 6.5 550
Cr 1.5 3.8 280

Fe 6.5 33 230

Cu 4.0 2.9 190

Co 6.0 2.0 100

Acetone? Mo 2.2 29 190
Cu 4.0 1.7 70

Co 25 1.6 60

Cr 1.5 1.5 50

Fe 6.5 1.3 30

Na p-nitrophenoxide® Fe 6.5 2.1 110
Mo 1.5 1.7 70

Cr 1.5 1.6 60

) Cu 4.0 1.3 30

Na itaconate/ Mo 22 1.2 20

“Data of Montgomery, S. R. in Catalysis of Organic Reactions; Moser, W. R., Ed.; Marcel Dekker: New
York, 1981; p 383. Reprinted with permission from Marcel Dekker Inc.

bThe rate of hydrogenation (mmol Chin~! (') at 25°C and atmospheric pressure.

2 g in 100 ml of 5% H,0-95% MeOH (0.1M solution in NaOH).

50 g in 100 ml of 50% acetone—50% H,O (0.1M solution in NaOH).

2.3 g in 100 ml of 5% H,0-95% MeOH (0.1M solution in NaOH).

2.7 g in 100 ml of 20% H,0-80% MeOH (0.1M solution in NaOH).

Delépine and Horeau® and Lieber and Smith®’ have found that the catalytic activ-
ity of Raney Ni is greatly enhanced by treatment with or by addition of small amounts
of chloroplatinic acid. The platinized Raney Ni of Delépine and Horeau, simply pre-
pared by treating Raney Ni with an alkaline chloroplatinic acid, was highly active for
the hydrogenation of carbonyl compounds in the presence of a small amount of so-
dium hydroxide. Lieber and Smith activated Raney Ni by adding small amounts of
chloroplatinic acid to a Raney Ni—acceptor ethanol mixture just prior to the introduc-
tion of hydrogen. The enhancing effect obtained was markedly beyond that which
would be expected on the basis of the quantity of platinum involved. The Raney Ni
activated by the method of Smith et al. was found to be more effective in the hydro-
genation of nitro compounds than the one platinized by the method of Delépine and
Horeau.%”%® The largest promoting effect was obtained when the rates of hydrogena-
tion with Raney Ni alone were small. For example, the rate of hydrogenation of ethyl
p-nitrobenzoate (0.05 mol) in 150 ml 95% ethanol solution at room temperature and
atmospheric pressure was increased from 3.9 ml H, uptake per 100 s with unpromoted
catalyst (4.5 g) to 502 ml per 100 s with the catalyst promoted by the addition of 0.375
mmol of chloroplatinic acid (0.073 g Pt), compared to the corresponding rate increase
from 115 to 261 ml in the case of nitrobenzene.® Nishimura platinized T-4 Raney Ni
by adding an alkaline chloroplatinic acid solution during the leaching process of Ra-
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ney alloy.”® The resulting catalyst was found to be more active than that platinized by
the method of Delépine and Horeau in the hydrogenation of ketones, quinoline, ben-
zonitrile, and cyclohexanone oxime at 25°C and atmospheric hydrogen pressure (Ta-
ble 1.7). Blance and Gibson prepared Raney Ni promoted by platinum from a Ni—Al
alloy containing 2% of platinum in order to avoid the poisoning by chloride ion.”® In
hydrogenation of ketones in the presence of alkali, this catalyst was at least as effective
as or even more effective than the catalyst platinized with a method improved by
Blance and Gibson, by adding triethylamine (3.3 mmol), chloroplatinic acid (0.04
mmol) and finally 10M sodium hydroxide (1.2 mmol) to a rapidly stirred suspension
of Raney Ni (0.5 g).

Voris and Spoerri were successful to hydrogenate 2,4,6-trinitro-m-xylene within a
short time (45 min) in dioxane at 90°C and 0.3 MPa H, to give 2,4,5-triamino-m-
xylene in a 99% yield,”! and Décombe was successful to hydrogenate triphenylace-
tonitrile, diphenylacetonitrile, and O,0,0-butyldimethylacetophenone oxime to the
corresponding primary amines quantitatively, using the platinized Raney Ni of
Delépine and Horeau.”

Delépine and Horeau also compared the activating effects of the six platinum group
metals on Raney Ni in the hydrogenation of carbonyl compounds. Osmium, iridium,
and platinum were the most effective, ruthenium and rhodium followed them, and pal-
ladium was the least effective.®

Platinized T-4 Raney Ni.%®* To a suspension of 2 g of 40% Ni—Al alloy powder in
10 ml of water is added, with vigorous stirring in a water bath of 50°C, 0.05 g of
chloroplatinic acid, H,PtClgs [6H,O, dissolved in 2 ml of water made alkaline with 0.4
ml of 20% aqueous sodium hydroxide. The procedure hereafter is exactly the same as

TABLE 1.7 Time (min) for Hydrogenation with T-4 Raney Ni and Platinized T-4
Raney Ni*?

Catalyst*
Compound H, Uptake T-4/Pt
Hydrogenated g (mol)  (mol/mol) T-4 T-4/Pt  (Delépine—Horeau)
Cyclohexanone 3.93 (0.04) 1 17 10 13
Acetophenone 4.81 (0.04) 1 34 13 17
Quinoline 2.58 (0.02) 2 83 27 38
Benzonitrile 2.06 (0.02) 2 49 11 14
Cyclohexanone 2.26 (0.02) 2 92 17 19
oxime

“Data of Nishimura, S. Bull. Chem. Soc. Jpn. 1959, 32, 61. Reprinted with permission from Chemical
Society of Japan.

bThe compound was hydrogenated in 20 ml of 95% EtOH at 25°C and atmospheric pressure.

“The catalyst was prepared from 2 g of 40% Ni-Al alloy by the procedure for the T-4 catalyst each time
before use. T-4: unpromoted catalyst; T-4/Pt: the catalyst platinized during leaching process with 0.05 g
of chloroplatinic acid (0.0185 g Pt); T-4/Pt (Delépine—Horeau): T-4 Raney Ni platinized with 0.05 g of
chloroplatinic acid by the method of Delépine and Horeau (Ref. 66).
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for the preparation of the T-4 catalyst described above. It is noted that an incomplete
digestion, which is indicated by the gray color of the upper layer of the reaction
mixture, does not develop the effective activation by the platinum.

1.1.4 Urushibara Nickel

Urushibara nickel catalysts’® are prepared by activating the finely divided nickel de-
posited on zinc dust from an aqueous nickel salt, by either an alkali or an acid. A uni-
form deposition of finely divided nickel particles on zinc dust, which is obtained by
the rapid addition of a concentrated aqueous solution of nickel chloride to a suspen-
sion of zinc dust in water at a temperature near 100°C with efficient stirring during the
addition, leads to a catalyst of high activity with the subsequent activation by caustic
alkali or an acid such as acetic acid.'>!'® The activation process by alkali or acid has
been assumed to involve the dissolution of the basic zinc chloride, which has been pro-
duced on an active nickel surface during the reaction of zinc dust with nickel chloride
in water, as presumed from the dissolution of a large quantity of chloride ion by treat-
ment with caustic alkali and by comparison of the X-ray diffraction patterns of nickel—
zinc powders before and after treatment.”* This assumption was later shown to be
totally valid by Jacob et al. by means of X-ray photoelectron spectroscopy (XPS), X-
ray diffraction, scanning electron microscopy (SEM) combined with X-ray energy
dispersion (EDX), and wet chemical analysis.” The Urushibara catalyst obtained by
activation with a base is abbreviated as U-Ni-B and the catalyst obtained with an acid
as U-Ni-A. It is noted that U-Ni—A contains a much smaller amount of zinc (~0.5 g/g
Ni) than U-Ni-B (~5 g/g Ni) and is advantageous over U-Ni-B in those hydrogenations
where the presence of alkali should be avoided. An interesting application of U-Ni-A
is seen in the synthesis of N-arylnitrones by hydrogenation of an aromatic nitro com-
pound in the presence of an aldehyde (see eq. 9.66).

Urushibara Ni B (U-Ni—B).*®*  Zinc dust (10 g) and about 3 ml of distilled water are
placed in a 100-ml round flask equipped with a stirrer reaching the bottom of the flask,
and heated on a boiling water bath. To this mixture is added 10 ml of an aqueous hot
solution of nickel chloride containing 4.04 g of nickel chloride, NiCl,[6H,0, with
vigorous stirring in a few seconds. The resulting solids are collected on a glass filter
by suction, washed with a small quantity of distilled water, and then transferred into
160 ml of 10% aqueous sodium hydroxide solution, and digested at 50—60°C for
15-20 min with occasional stirring. The catalyst thus obtained is washed by
decantation 2 times with each 40 ml of distilled water warmed to 50-60°C, and then
with the solvent for hydrogenation, such as, ethanol.

Urushibara Ni A (U-Ni—=A).*®  The solids prepared by the reaction of zinc dust with
aqueous nickel chloride solution, in the same way as described above, are transferred
into 160 ml of 13% acetic acid and digested at 40°C until the evolution of hydrogen
gas subsides or the solution becomes pale green. The catalyst can be washed with
water on a glass filter under gentle suction with care to prevent the catalyst from
contacting air, and then with the solvent for hydrogenation.
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1.1.5 Nickel Boride

Paul et al. prepared an active nickel catalyst by reducing nickel salts such as nickel
chloride or nickel acetate with sodium or potassium borohydride.!” The products thus
obtained are neither magnetic nor pyrophoric and do not dissolve as quickly as Ra-
ney Ni in hydrochloric acid or potassium triiodide, and showed an activity com-
parable to or slightly inferior to Raney Ni, as examined in the hydrogenation of
safrole, furfural, and benzonitrile at room temperature and atmospheric pressure.
Usually, the catalyst from nickel acetate was slightly more active than that from
nickel chloride. In the hydrogenation of safrole, the catalysts exhibited greater re-
sistance to fatigue than Raney Ni in a series of 29 hydrogenations. The average
composition of the catalysts deviated very little from a content of 7-8% boron and
84-85% nickel, which corresponded to the formula of Ni,B. Hence, the catalysts
have been denoted nickel borides. A more active catalyst was obtained by introduction
of an alkali borohydride into the solution of the nickel salt, since the formation of
nickel boride was always accompanied by decomposition of the alkali borohydride ac-
cording to eq. 1.4. The overall reaction is formulated as in eq. 1.5, although the boron
content of the products has been reported to vary with the ratio of reactants used in
preparation.’®”’

NaBH, + 2H,0 - NaBQ, + 4H, (1.4)

2Ni(OAc), + 4NaBH, + 9H,0 - Ni,B + 4NaOAc + 3B(OH) + 12.5H, (1.5)

Later, Brown and Brown found that the nickel boride prepared by reaction of nickel
acetate with sodium borohydride in an aqueous medium is a granular black material
and differs in activity and selectivity from a nearly colloidal catalyst prepared in etha-
nol.'® The boride catalyst prepared in aqueous medium, designated P-1 Ni, was
more active than commercial Raney Ni toward less reactive olefins, and exhibited
a markedly lower tendency to isomerize olefins in the course of the hydrogenation.
The boride catalyst prepared in ethanol, designated P-2 Ni, was highly sensitive
to the structure of olefins, more selective for the hydrogenation of a diene or acety-
lene, and for the selective hydrogenation of an internal acetylene to the cis olefin
(see eq. 3.13; also egs. 4.24 and 4.25).7%7 The high selectivity of the P-2 catalyst
over the P-1 catalyst has been related to the surface layer of oxidized boron spe-
cies, which is produced much more dominantly during the catalyst preparation in
ethanol than in water.®’ The reaction of sodium borohydride with nickel salts con-
taining small quantities of other metal salts provides a simple technique for the
preparation of promoted boride catalysts. The Ni-Mo, Ni—Cr, Ni-W, and Ni-V
catalysts thus prepared were distinctly more active than the catalyst without a pro-
moter in the hydrogenation of safrole. The Ni—Cr catalyst was almost twice as ac-
tive as Raney Ni in the hydrogenation of furfural.'” The preparation of Ni boride
catalyst in the presence of silica provides a supported boride catalyst with a highly
active and stable activity.?!
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There appear to be known only few examples where Ni boride catalysts have been
applied to the hydrogenation of the aromatic nucleus. Brown found no evidence for
reduction of the aromatic ring. Benzene failed to reduce at all in 2 h at 25°C and at-
mospheric pressure, although pyrocatechol was readily reduced to cyclohexanediol
over P-1 Ni in an autoclave.”” Nishimura et al. studied the rates of hydrogenation
of benzene, toluene, and o-xylene over Raney Ni and P-1 Ni as catalysts in methyl-
cyclohexane (cyclohexane in the case of toluene) at 80°C (100°C for o-xylene) and
the initial hydrogen pressure of 7.8 MPa.%? It is seen from the results in Table 1.8
that P-1 Ni is as active as or only slightly inferior to Raney Ni in the activity on
the basis of unit weight of metal, but it is far more active than Raney Ni when the
rates are compared on the basis of unit surface area. It is noted that the order in hy-
drogen pressure for the rate of hydrogenation of benzene is greater for P-1 Ni (1.04)
than for Raney Ni (0.58). These results may be related to the fact that the Raney Ni
retains a large amount of adsorbed hydrogen while the P-1 Ni practically no hydrogen.

Nakano and Fujishige prepared a colloidal nickel boride catalyst by reducing nickel
chloride with sodium borohydride in ethanol in the presence of poly(vinylpyrroli-
done) as a protective colloid.®® Catalytic activity of the colloidal catalyst was higher
than P-2 Ni boride for the hydrogenation of acrylamide and markedly enhanced by the
addition of sodium hydroxide in the hydrogenation of acetone.

Ni Boride (by Paul et al.).r” 1In this procedure, 27 ml of a 10% aqueous solution of
sodium borohydride is added with stirring, for about 20 min, to 121 ml of a 5%
aqueous solution of nickel chloride hexahydrate (equivalent to 1.5 g Ni). Hydrogen
is liberated, while voluminous black precipitates appear; the temperature may rise
to 40°C. When all the nickel has been precipitated, the supernatant liquid is colorless

TABLE 1.8 Rates of Hydrogenation of Benzene, Toluene, and 0-Xylene over Raney
Ni and P-1 Ni Catalysts®”

Rate of Hydrogenation x 10° Rate of Hydrogenation % 10°
(mol Omin~' [ metal ™) [mol Chin~! Lm?)~J¢
Compound Raney Ni¢ P-1 Ni¢ Raney Ni¢ P-1 Ni¢
Benzene 8.3 6.3 8.1 30.0
Toluene 33 2.7 32 12.9
o0-Xylene 22 2.2 22 10.5

“Nishimura, S.; Kawashima, M.; Onuki, A. Unpublished results; Onuki, A. Master’s thesis, Tokyo Univ.
Agric. Technol. (1992).

bThe compound (10 ml) was hydrogenated in 10 ml methylcyclohexane (cyclohexane for toluene) at 80°C
(100°C for o-xylene) and the initial hydrogen pressure of 7.8 MPa over the catalyst containing 0.08 g of
catalytic metal and prepared before use. The rates (at the initial stage) were obtained by an extrapolation
method to get rid of an unstable hydrogen uptake at the initiation.

“The surface areas were measured by means of Shimazu Flow Sorb IL.

N NiAl; alloy was leached by the procedure for the N-4 catalyst to an 88% degree of development.

“The catalyst was prepared by reduction of nickel acetate with NaBH, in water according to the procedure
of Brown, C. A. J. Org. Chem. 1970, 35, 1903.
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and has a pH approaching 10. The black precipitates are filtered and washed
thoroughly, without exposure of the product to air. The catalyst can be kept in stock
in absolute ethanol.

P-1 Ni Boride.*®" Nickel acetate tetrahydrate (1.24 g, 5.0 mmol) in 50 ml distilled
water is placed in a 125-ml Erlenmeyer flask connected to a mercury bubbler and
flushed with nitrogen. To the magnetically stirred solution, 10 ml of a 1.0M solution
of sodium borohydride in water is added over 30 s with a syringe. When gas evolution
has ceased, a second portion of 5.0 ml of the borohydride solution is added. The
aqueous phase is decanted from the granular black solid and the latter washed twice
with 50 ml of ethanol, decanting the wash liquid each time.

P-2 Ni Boride.**™® Nickel acetate tetrahydrate (1.24 g, 5.0 mmol) is dissolved in
approximately 40 ml of 95% ethanol in a 125-ml Erlenmeyer flask. This flask is
attached to a hydrogenator, which is then flashed with nitrogen. With vigorous
stirring, 5.0 ml of 1M sodium borohydride solution in ethanol is injected. When gas
evolution from the mixture has ceased, the catalyst is ready for use.

P-2 Ni Boride on SiO,.8*  Finely powdered nickel acetate tetrahydrate (186.6 mg,
0.75 mmol) is placed in a flask, flushed with nitrogen, and to this 9 ml of degassed
ethanol is added to dissolve the nickel salt by shaking under nitrogen (solution I). To
500 mg of finely powdered sodium borohydride is added 12.5 ml of ethanol and 0.5
ml of 2M aqueous sodium hydroxide, the mixture shaken for 1 min, the solution
filtered, and the clear filtrate is immediately degassed and stored under nitrogen
(solution II). In a flask is placed 500 mg silica gel [Merck, Artide 7729; ¢ ~0.08
(phase) mm], degassed for 15 min in vacuo, and flushed with nitrogen. To this 6 ml
of solution I is added under a stream of nitrogen, evacuated, and flushed with nitrogen,
and then 1 ml of solution II is added and shaken for 90 min under nitrogen. The P-2
Ni on SiO, thus prepared contains 0.5 mmol of Ni (~5.5 wt% Ni). Unsaturated
compounds are very rapidly hydrogenated with the P-2/Si0, catalyst without solvent
at 70-85°C and 10 MPa H,. A turnover number of 89,300 [mmol product [{mmol
catalyst)~!] with an average catalyst activity of 124 [mmol product [{mmol catalyst)~!
Cimin~!] was obtained in the hydrogenation of allyl alcohol (1025 mmol) over 0.01
mmol catalyst at 95°C and 1 MPa H,.

Colloidal Ni Boride.®® Nickel(Il) chloride (NiCL,[6H,0, 0.020 mmol) and
poly(vinylpyrrolidone) (2.0 mg) is dissolved in ethanol (18 ml) under hydrogen. To
the solution, a solution of NaBH, (0.040 mmol) in ethanol (1 ml) is added drop by
drop with stirring. A clear dark brown solution containing colloidal particles of nickel
boride results. Stirring is continued further for 15 min to complete the hydrolysis of
NaBH,, which is accompanied by evolution of hydrogen. The colloidal nickel boride
thus prepared is stable under hydrogen for more than several months, but decomposed
immediately on exposure to air.
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Besides Urushibara Ni and Ni boride catalysts, various finely divided nickel parti-
cles have been prepared by reaction of nickel salts with other reducing agents, such as
sodium phosphinate;?*% alkali metal/liquid NH3;21 NaH-~-AmOH (designated
Nic);**%Na, Mg, and Zn in THF or Mg in EtOH;** or C¢K(potassium graphite)/THF—-
HMPTA (designated Ni—Gr1).*#” Some of these have been reported to compare with
Raney Ni or Ni borides in their activity and/or selectivity.

1.2 COBALT CATALYSTS

In general, cobalt catalysts have been used not so widely as nickel catalysts in the usual
hydrogenations, but their effectiveness over nickel catalysts has often been recognized
in the hydrogenation of aromatic amines (Section 11.5) and nitriles (eqs. 7.24—7.30)
to the corresponding primary amines, and also in Fischer—Tropsch synthesis.®® The
catalytic activity of reduced cobalt®® and a properly prepared Raney Co’” is even
higher than those of the corresponding nickel catalysts in the hydrogenation of ben-
zene (see Fig. 1.1¢). The methods of preparation for cobalt catalysts are very similar
to those used for the preparation of nickel catalysts.

1.2.1 Reduced Cobalt

The temperature required for the reduction of cobalt oxides to the metal appears to be
somewhat higher than for the reduction of nickel oxide. The catalyst with a higher
catalytic activity is obtained by reduction of cobalt hydroxide (or basic carbonate) than
by reduction of the cobalt oxide obtained by calcination of cobalt nitrate, as compared
in the decomposition of formic acid.”! Winans obtained good results by using a tech-
nical cobalt oxide activated by freshly calcined powdered calcium oxide in the hydro-
genation of aniline at 280°C and an initial hydrogen pressure of 10 MPa (Section
11.5).”% Barkdoll et al. were successful to hydrogenate bis(4-aminophenyl)methane
(100 parts) with use of a cobaltic oxide (10 parts) promoted by calcium hydroxide (15
parts) and sodium carbonate (6.5 parts) at 215°C and 12-22 MPa H2.93 Volf and Pasek
obtained a high selectivity to primary amine with a cobalt catalyst modified by man-
ganese (5%)°* in the hydrogenation of stearonitrile at 150°C and 6 MPa H2.95

Co-Kieselguhr.®® To amixture of 150 g of Co(NO3), [6H,0 and 47 g of kieselguhr
in 310 ml of water is added a solution of 124 g of NaHCO; dissolved in 2.5 liters of
water with stirring. After warming the mixture at 80°C for 2 h, the solid is filtered,
washed with water, and then dried. The basic carbonate of cobalt on kieselguhr thus
prepared is reduced with hydrogen at 475°C for 2-3 h.

Co—Mn (5.2% Mn) (by Adam and Haarer).** A solution of 4480 g of Co(NO3),
[bH,0, 261 g of Mn(NOs), [bH,0, and 47 g of 85% H;PO, in 10 liters of H,O is
added slowly to a solution of 1900 g of Na,COs5 in 10 liters of H,O, filtered, calcined
at 300°C, molded, and calcined at 450°C. The catalyst is reduced with hydrogen at
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290°C before use. The catalyst was used for the hydrogenation of adiponitrile and
stearonitrile to the corresponding primary amines in high yields.**%

1.2.2 Raney Cobalt

Compared to a large body of studies on Raney Ni catalysts, those on Raney Co appear
to be rather few, perhaps because the lower activity in general and higher cost of Ra-
ney Co have found limited laboratory uses as well as industrial applications. In early
studies, the preparation and use of Raney Co catalysts were described by Faucounau,”’
Dupont and Piganiol,”® and Signaigo.”” Faucounau prepared the catalyst by treating a
47% Co—Al alloy with an excess of 30% sodium hydroxide below 60°C until no more
hydrogen was evolved (~12 h). The resulting catalyst was used at 100°C and 10 MPa
H, for hydrogenation of olefinic compounds, aldehydes, ketones, and aromatic side-
chain linkages; at 200°C the benzene nucleus could be reduced. Dupont and Piganiol
obtained a catalyst of improved activity for the hydrogenation of limonene and alloo-
cimene, but the activity was still only about A—;Oth of that of Raney Ni as compared in
the hydrogenation of alloocimene under ordinary conditions. Signaigo developed a
50% Co-50% Al alloy by adding a concentrated sodium hydroxide solution to a sus-
pension of the alloy in water under boiling conditions, and employed the catalyst for
the hydrogenation of dinitriles to diamines in high yield at 10-13 MPa H,. Use of
nickel catalysts led to larger amounts of condensed amine products. A detailed study
by Aller on a 46% Co and 48—50% Al alloy has shown that, in contrast to Raney Ni,
it is necessary to use fine-mesh alloy powders (200—300 mesh) to obtain a Raney Co
of high activity. The use of the coaster alloy powders tended to give massive, agglom-
erated catalysts that did not disperse effectively, resulting in poor activity. Further, it
has been clearly shown that treatment of the Raney Co alloys with alkali at higher tem-
peratures (> 60°C) results in the catalysts of decreased activity with the low aluminum
contents (< 4%). Treatment at 100°C resulted in almost complete removal of alumi-
num from the cobalt catalyst (0.07% remaining), compared to 8.8% residual alumi-
num in the corresponding Raney Ni. By careful selection of the alloy particle size and
developing temperature (15-20°C), Aller obtained Raney Co catalysts that exhibited
high activity for the hydrogenation of mesityl oxide under mild conditions.'® The
catalyst contained 7.1% of Al and had a surface area of 15.8 m? [z~!,!°! as determined
by the fatty acid adsorption technique of Smith and Fuzek.'® It is noted that the sur-
face area is much smaller than those reported by Smith and Fuzek for Raney Ni cata-
lysts (49-50 m? Og~'). Examples that show the high activity and/or selectivity of
Raney Co catalysts for the hydrogenation of nitriles to primary amines are seen in eqgs.
7.24-7.26. Taira and Kuroda prepared Raney Co—Mn—Al,O; catalyst by developing
Raney Co—Mn—Al (40 : 5 : 55) alloy suspended in water in the presence of bayerite
and a small amount of alkali.’” The catalyst was highly active and durable for repeated
use in the hydrogenation of adiponitrile in the presence of ammonia, affording a
96.2% yield of 1,6-hexanediamine (see eq. 7.26). As in the preparation of N-4 Raney
Ni, the Raney Co—Al alloys can be leached to the desired extents without difficulty
by developing in the presence of bayerite and a small amount of alkali. This method
is especially effective for the development of the highly reactive Co,Al, alloy (32.6%
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Co) to obtain the catalyst of high activity.” Catalysts with the greatest activity have
been obtained by developing the alloy to the degree of 82-85% with use of only
0.0097 molar ratio of NaOH to the Al in the alloy (see Table 1.4 and Fig. 1.1), while
the surface area became largest around 80% degree of development. The Raney Co
catalyst thus obtained was more active than the Raney Ni similarly obtained from
NiAl, alloy in the hydrogenation of naphthalene to tetrahydronaphthalene at 60°C and
8.5 MPa H, and of benzene to cyclohexane at 80°C and 7.5 MPa H, in cyclohexane,
while the Raney Ni was several times more active than the Raney Co in the hydrogena-
tion of cyclohexanone in #-butyl alcohol at 40°C and atmospheric hydrogen pressure
(see Fig. 1.1).

Raney Co (by Aller).*® 1In this procedure 200 g of 200—300-mesh Raney Co alloy
(46% Co) is added in small portions to a solution of 240 g of sodium hydroxide in 960
ml of distilled water; 50 ml of ethanol is added to reduce frothing. Good stirring is
maintained throughout the addition, with the temperature held at 15-20°C by means
of an immersed glass cooling coil. When the alloy addition is complete (1 h), stirring
and cooling is continued for a further 2 h, and the mixture set aside overnight. The
alkali is decanted off, the catalyst being washed 10 times by decantation with 1-liter
portions of water, and finally with three 200-ml portions of ethanol.

Raney Co from Co,Aly Alloy.>® A mixture of 0.25 g of Co,Aly alloy powder
(through 325 mesh) and 0.5 g of bayerite in 4 ml of distilled water is stirred at 40°C
with addition of 0.12 ml of 2% sodium hydroxide solution for about 1 h, when the
catalyst leached to a degree of about 85% is obtained. The degree of development,
which may be monitored by the amounts of evolved hydrogen and adsorbed hydrogen,
can be adjusted by the reaction time. The upper layer is decanted and the catalyst
washed 4 times with each 10 ml of distilled water, and then 4 times with the same
volume of the solvent for hydrogenation, such as t-butyl alcohol. For the
hydrogenation in cyclohexane, the f-butyl alcohol is further replaced with
cyclohexane.

1.2.3 Cobalt Boride

Cobalt boride catalysts have been shown to be highly active and selective in the hy-
drogenation of nitriles to primary amines.'!'%* Barnett used Co boride (5%) sup-
ported on carbon for the hydrogenation of aliphatic nitriles and obtained highest yields
of primary amines among the transition metals and metal borides investigated includ-
ing Raney Co.'™ An example with propionitrile, where a 99% yield of propylamine
was obtained in the presence of ammonia, is seen in eq. 7.29.

5% Co Boride—C.*%* Charcoal (20 g) in distilled water (8 ml) is soaked for 15 min.
Cobalt nitrate (4.2 g) in water (20 ml) is added and the mixture heated gently to
dryness. The charcoal is cooled in ice water and sodium borohydride (25 ml of 20%
solution) is added slowly to avoid rapid effervescence. The mixture is allowed to stand
for 16 h and is filtered, and the catalyst is washed with copious amounts of water, then
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dried and stored under hydrogen. Although not pyrophoric, the catalyst is deactivated
on standing in air.

1.2.4 Urushibara Cobalt

Urushibara Co catalysts can be prepared exactly in the same way as the corresponding
Ni catalysts, using cobalt chloride hexahydrate instead of nickel chloride hexahydrate
as starting material. Similarly as with Raney catalysts, Urushibara Co has been found
to be more effective and selective than Urushibara Ni in the hydrogenation of nitriles,
affording high yields of primary amines.'?>1%

1.3 COPPER CATALYSTS

Unsupported reduced copper is usually not active as a hydrogenation catalyst and
tends to lose its activity at high temperatures. Sabatier prepared an active unsupported
copper catalyst by slow reduction of black “tetracupric hydrate” with hydrogen at
200°C.'%7 Sabatier and Senderens originally claimed that benzene could not be hydro-
genated over copper catalyst,'® while Pease and Purdum were successful in trans-
forming benzene into cyclohexane at 140°C over an active copper catalyst obtained
by slow reduction of the oxide in hydrogen at an initial temperature of 150°C (finally
heated to 300°C).!% According to Ipatieff et al., the hydrogenating activity of reduced
copper is very dependent on the presence of traces of impurities, especially of
nickel.!' Pure copper catalyst prepared from precipitated hydroxide or basic carbon-
ate and containing not less than 0.2% of oxygen catalyzed the hydrogenation of ben-
zene with difficulty at 225°C and ordinary pressure, but it readily hydrogenated
benzene at 350°C and a hydrogen pressure of 15 MPa. In contrast, the copper catalyst
containing 0.1% of nickel oxide readily hydrogenated benzene at 225°C under normal
pressure.''” Thus copper catalysts are almost completely inactive toward the hydro-
genation of benzene under usual conditions.®*° However, copper catalysts are known
to be highly selective, as in partial hydrogenation of polynuclear aromatic compounds
such as anthracene and phenanthrene (eqs. 11.79 and 11.80), and also in the selective
hydrogenation of nitrobenzene to aniline without affecting the benzene nucleus.!'!=!13
Industrially it is an important component in the catalysts for methanol synthesis in
lowering the operation temperature and pressure.''* Adkins and co-workers have de-
veloped an efficient copper catalyst for the liquid-phase hydrogenation by combining
copper and chromium oxides, known as copper chromite or copper—chromium ox-
ide !">'1® The catalyst was prepared by decomposing basic copper ammonium chro-
mate and has been found to be effective in the hydrogenation of various organic
compounds at high temperatures and pressures.'!” The instability in activity of the
catalyst, owing to reduction to a red inactive compound, experienced in the hydro-
genation of certain compounds (e.g., ethyl phenylacetate to pheneylethyl alcohol) has
later been improved by incorporating barium, calcium, or magnesium oxide into the
catalyst.'"#!1° The catalyst has been shown to be particularly effective for the hydro-
genation of carboxylic esters to alcohols''%!? (Section 10.2). Relatively low activity
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of copper catalysts for carbon—carbon double bonds over carbonyl functions has been
applied to selective hydrogenation of unsaturated aldehydes to unsaturated alcohols
(Section 5.2). Raney type Cu catalysts in combination with Zn, Cd, or Ag have been
found to be selective for the hydrogenation of an o,-unsaturated aldehyde to the cor-
responding unsaturated alcohol.

Reduced Cu (by Ipatieff et al.).*'® Copper nitrate (2 mol) is dissolved in 4 liters of
distilled water, and the filtered solution is placed in an ~23-liter earthenware crock,
together with an additional 8 liters of warm water. To this solution is added, with
stirring, a warm, filtered solution of 2 mol of ammonium carbonate in 4 liters of water.
After standing for 1 h, the mixture is filtered with suction. The filtered cake is washed
on a Buchner funnel with 500 ml of water and then returned to the crock , where it is stirred
with 16 liters of warm water for 15 min. After standing for 1 h the solution is filtered. The
precipitate is dried at 180—190°C for 36 h in a porcelain dish covered with a watch glass.
The copper oxide is prepared by heating the dry powder in a stream of nitrogen for 20 h
at 400°C, and is reduced in a stream of hydrogen for 20 h at 225°C or 90 h at 100°C,
whereby 99.3-99.8% reduction is obtained. Prolonged heating in hydrogen for 120 h at
200 and 225°C had a little detrimental effect on activity, whereas continued heating in
hydrogen at 300 and 350°C lowered the activity decidedly, and at 400°C the catalyst was
rapidly deactivated almost as much by 20 h as by 120 h.

Cu—Ba—-Cr Oxide.** 900 ml of a solution (80°C) containing 260 g of hydrated
copper nitrate, Cu(NOj3), [BH,0, and 31 g of barium nitrate is added to 720 ml of a
solution (at 25°C) containing 151 g of ammonium dichromate and 225 ml of 28%
ammonium hydroxide. The precipitate is filtered, and the cake is pressed with a spatula
and sucked as dry as possible. The product is dried in an oven at 75-80°C for 12 h and
then pulverized. It is decomposed in three portions in a casserole over a free flame. In
carrying out the decomposition, the powder is continuously stirred with a spatula and the
heating regulated so that the evolution of gases does not become violent. This is
accomplished by heating only one side of the casserole and stirring the powder more
rapidly when the decomposition has started to spread throughout the mass. During this
process, the color of the powder changes from orange to brown and finally to black.
When the entire mass has become black, the evolution of gases ceases, and the
powder is removed from the hot casserole and allowed to cool. The combined
product is then leached for 30 min with 600 ml of 10% acetic acid solution, filtered,
and washed with 600 ml of water in 6 portions, dried for 12 h at 125°C, and
pulverized. The product weighs 170 g.

The intermediate precipitate obtained by the reaction of copper nitrate with ammo-
nium dichromate and ammonia has been shown to be Cu(OH)NH,CrO,,'** and the
decomposition of the precipitate to give the catalyst to be formulated as in eq. 1.6,
by an X-ray diffraction study by Stroupe, although the catalysts obtained by de-
composition at sufficiently controlled low temperature (350°C) are amorphous.'?*
Catalysts previosly used in liquid-phase hydrogenation below 300°C often show
crystalline cupric chromite to have been largely reduced to the cuprous chromite
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together with the reduction of cupric oxide to metallic copper, which can be converted
to the oxidized form by burning off in air, as shown in eq. 1.6.

2CuU(OH)NH,Cro, —>  CuO-CuCy0O,4 + N, + 5H,0

[H] H 0] (1.6)
Cu + CuyCnry0Oy4

Raney Cu.*?** Faucounau prepared an active Raney copper catalyst by dissolving a
fine powder of Dewarda’s alloy (50% Al, 45% Cu, 5% Zn) slowly with a 30% sodium
hydroxide solution precooled. When the attack by alkali has been completed (~12 h),
the solution is warmed gently until the evolution of hydrogen gas ceases. After
standing, the alkali solution is decanted and replaced by a fresh solution, this treating
process being repeated twice, and then the solution is carried to boiling for a few
minutes. The catalyst thus obtained is washed by decantation with water until the
washings become neutral, and then washed with alcohol and stored under alcohol.
Over the Raney Cu, aldehydes were hydrogenated to the alcohols at 125-150°C,
ketones to alcohols at 95-125°C, allyl alcohol to propyl alcohol at 100°C, and
limonene to carvomenthene at 200°C, under the initial hydrogen pressure of 10
MPa.'2* Wainwright has reviewed the preparation and utilization of Raney Cu and
Raney Cu—Zn catalysts.'?

1.4 IRON CATALYSTS

Iron catalysts have found only limited use in usual hydrogenations, although they play
industrially important roles in the ammonia synthesis and Fischer—Tropsch process.
Iron catalysts have been reported to be selective for the hydrogenation of alkynes to
alkenes at elevated temperatures and pressures. Examples of the use of Raney Fe, Fe
from Fe(CO)s, and Urushibara Fe are seen in eqgs. 4.27, 4.28, and 4.29, respectively.

Raney Fe.'?5127 Tn this procedure 150 g of 20% Fe—Al alloy powder is added in
small portions to a solution of sodium hydroxide (250 g per 1000 ml). The reaction is
very vigorous, and 3 h is necessary for the addition. At the end, the temperature is held
at 80-90°C until evolution of hydrogen ceases. The treatment with alkali is then
repeated, after which the iron is washed repeatedly with boiling water by decantation.
It is fully washed free of alkali with absolute alcohol and stored under alcohol.

Urushibara Fe.*?® To a well-mixed zinc dust (25 g) and water (8 g) placed in a
50-ml beaker is added 9.68 g (2 g of Fe) of ferric chloride hexahydrate (FeCl; [6H,0).
The mixture is then well stirred with a glass rod. Soon a vigorous exothermic reaction
starts, but subsides within about 10 s. To complete the reaction, the mixture is stirred
until the color of the ferric ion disappears. The reaction mixture is washed with 400
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ml of cold water, and then the washing is removed by filtration or decantation. The
precipitated iron is then digested in 330 g of 15% acetic acid with occasional stirring
at 60—70°C for about 20—25 min. At the end of the digestion, evolution of hydrogen
gas subsides and the solid with adsorbed hydrogen comes up to the surface of the
almost colorless solution. The solid is quickly collected on a glass filter, washed with
300 ml of cold water, and then washed with 100 ml of ethanol.

1.5 PLATINUM GROUP METAL CATALYSTS

The platinum group metals—ruthenium, rhodium, palladium, osmium, iridium and
platinum—have all been used as hydrogenation catalysts. Platinum appears to be the
first transition metal that was used as a catalyst for hydrogenation. In as early as 1863,
Debus found that methylamine was produced by passing hydrogen cyanide vapor,
mixed with hydrogen, over a platinum black.'?® Among the platinum metals, platinum
and palladium have been by far the most widely used catalysts since the earliest stages
of the history of catalytic hydrogenation. A characteristic feature of these metals is that
they are active under very mild conditions, compared to the base metals, and have been
conveniently used in the liquid-phase hydrogenation at room temperature and atmos-
pheric or only slightly elevated pressure of hydrogen. Willstitter and Hatt found that
benzene was hydrogenated to cyclohexane over a platinum black at room temperature
and atmospheric pressure in acetic acid or without solvent.'*® Since then a number of
aromatic nuclear hydrogenations have been made using platinum catalysts at room
temperature and low hydrogen pressure. On the other hand, since early the twentieth
century palladium catalysts have been widely employed for the selective hydrogena-
tion of acetylenic and olefinic compounds under mild conditions. Ruthenium and rho-
dium had found little attention until the mid-1950s, but since then they have been
widely used as highly active and selective catalysts for the hydrogenation of various
compounds, in particular, for aromatic nucear hydrogenations. Osmium and iridium
have found much less use than the four metals mentioned above, although high selec-
tivity has often been recognized with these catalysts in some hydrogenations.

It has been recognized that the second-row group VIII metals (Ru, Rh, Pd) often
show behavior different from that of the third-row group VIII metals (Os, Ir, Pt) in
catalytic hydrogenation.'*! For example, the second-row metals all give substantial
isomerization in olefin hydrogenation whereas the third-row metals give only little
(Section 3.2). These characteristics have also been related to their difference in selec-
tivity in various hydrogenations, such as in the selective hydrogenation of acetylenes
and diolefins (Chapter 4 and Section 3.6), in the stereochemistry of hydrogenation of
alicyclic and aromatic compounds (Sections 3.7 and 11.1.3), in the formation of inter-
mediates in hydrogenation of aromatic compounds (e.g., see Section 11.2), and in the
tendency for hydrogenolysis in the hydrogenation of vinylic and arylic ethers (Section
11.2.3 and 13.1.5). It is to be noted that palladium often shows a particularly high se-
lectivity among the six platinum metals in these and other hydrogenations.

Platinum metal catalysts have been employed either in the form of unsupported fine
particles of metal, usually referred to as blacks, or in the state supported on an inert
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porous or nonporous material. Unsupported catalysts may also be prepared in a col-
loidal form by liberating metal in the presence of a suitable protective colloid. Unsup-
ported catalysts still find wide use in laboratory hydrogenations and are preferred
particularly in small-scale hydrogenation where loss of product should be avoided. On
the other hand, supported catalysts have many advantages over unsupported catalysts.
Supports permit greater efficiency in the use of an expensive metal by giving a larger
exposed active surface and in some cases may facilitate metal recovery. Further, sup-
ported catalysts usually have a greater resistance to poisoning and are more stable at
elevated temperatures and/or pressures. The activity and/or selectivity of a supported
catalyst, however, may depend greatly on the physical and chemical nature of the sup-
port used. Most of the platinum metal catalysts supported on carbon or alumina are
commercially available.

Synergistic effects in catalytic activity and/or selectivity have often been observed
in cofused or coprecipitated mixed platinum metal catalysts. Binary oxide catalysts of
rhodium, ruthenium, and iridium containing platinum, prepared by sodium nitrate fu-
sion of a mixture of the two component salts, are reduced with hydrogen much more
readily than the pure oxide of each metal. The resulting catalysts often show superior
catalytic properties not possessed by either component alone. Optimum metal ratios
may vary with the metals present and with the substrate to be hydrogenated. Marked
synergism has been reported with the mixed oxides of rhodium—platinum,'*? ruthe-

nium—platinum,'*® and iridium—platinum.'** Similar synergism has also been ob-
135

served with carbon-supported catalysts of rhodium—platinum, palladium—
platinum, ¢ palladium—ruthenium,'*” and platinum—ruthenium'®’ systems.
1.5.1 Platinum

1.5.1.1 Platinum Blacks.  The method of Loew for preparing platinum black by
adding a sodium hydroxide solution to a mixture of platinic chloride and
formaldehyde in a cold aqueous solution!® has been improved by Willstitter and
Waldschmidt-Leitz!3® and Feulgen.'*? The original procedure has been modified to
avoid passing into colloidal solution during the process of washing. Willstitter and
Waldschmidt-Leitz employed a potassium hydroxide solution instead of aqueous
sodium hydroxide. After the addition of alkali the temperature was raised to 55-60°C
to secure the precipitation to yield coarse particles. Feulgen rendered the suspension
of the catalyst in water acidic with acetic acid to prevent the particles from becoming
colloidal during the subsequent washing process.

Voorhees and Adams'#! obtained an active platinum black from the platinum oxide
prepared by fusing a mixture of chloroplatinic acid and sodium nitrate at 500—-550°C.
The platinum oxide is readily reduced to an active black with hydrogen in a solvent
in the presence or absence of substrate. The platinum oxide—platinum black thus pre-
pared has been shown to be very active in the hydrogenation of various organic com-
pounds and is now widely used as Adams platinum oxide catalyst. Frampton et al.
obtained a platinum oxide catalyst of reproducible activity by adding a dry powder of
a mixture of 1 g of chloroplatinic acid and 9 g of sodium nitrate in its entirety to 100
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g of molten sodium nitrate heated at 520°C.'*? It was noted that decreased activities
were obtained with temperatures in excess of 540°C. Vandenheuvel prepared an ac-
tive and stable platinum oxide catalyst by adding a mixture of chloroplatinic acid (7
g) and silicic acid (200 mesh, 20 g) to 70 g of molten sodium nitrate at 350°C.'*?

The reaction involved in the preparation of Adams platinum oxide may be ex-
pressed as follows:

H,PtCl, + 6NaNQ, - Pt(NQ), + 6NaCl + 2HNQ

Pt(NQy), - PtQ, + 4NQ, + O, (1.7)

PtQ, + H,0 — PtQ, [(H,0

Keenan et al. have shown that the Adams platinum oxides prepared by the standard
and modified procedures as well as those of commercial preparation contained alka-
line sodium salts (1.1-2.0% as sodium), the presence of which strongly prevented the
hydrogenation of benzene. However, when the oxide was reduced with hydrogen in
methanol or in an acid medium and then washed, the sodium was largely removed and
the resulting catalyst could hydrogenate benzene without addition of acetic acid.'**
The alkaline materials remaining in the catalyst may also have a profound effect in
other hydrogenations (see, e.g., Sections 3.4 and 5.3.1). According to Cahen and Ibers,
Adams platinum oxide is a mixture of Pt, a-PtO,, and Na,Pt,O, (platinum bronze);
the a-PtO, is readily reduced to active metal with hydrogen but the Na Pt,0, is re-
duced only partly, although it shows catalytic activity.!*

Brown and Brown prepared an active platinum catalyst by in situ reducing chloro-
platinic acid (1 ml of 0.2M solution) in 40 ml ethanol by injecting 5.0 ml of 1M sodium
borohydride in ethanol; the excess borohydride is destroyed by injecting 4.0 ml of 6M
hydrochloric acid. The platinum catalyst thus prepared was nearly twice as active as
a commercial Adams catalyst in the hydrogenation of 1-octene at 25°C and atmos-
pheric hydrogen pressure.'*6

A platinum black almost free from alkaline or acidic impurities has been obtained
by reducing platinum(II) hydroxide with hydrogen in water at room temperature and
atmospheric pressure followed by washing with water. The reduction and washing
process is repeated several times until the washing becomes neutral. The platinum(II)
hydroxide was prepared by adding a lithium hydroxide solution to a suspension of
platinum(II) chloride in hot water (90-95°C) with efficient stirring until the pH of the
solution approximates 7.5—7.8 and the pH no longer changes on further standing. The
platinum black thus prepared showed a characteristic behavior very similar to the
platinum obtained from its vapor for the acetal formation and hydrogenation of 4-
methylcyclohexanone in ethanol.'¥

Platinum Black (by Feulgen).**° A solution of chloroplatinic acid (5 g) in water (5
ml) is mixed with formaldehyde solution (40%, 7 ml), and sodium hydroxide (5 g)
dissolved in water (10 ml) is gradually added under cooling. The mixture is allowed
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to remain for 30 min at ordinary temperature, then heated for 15 min at 55°C and
poured into a 0.5-liter flask half-full of water.The flask is agitated violently for a few
minutes, which causes the precipitate to settle in coarse particles, leaving an almost
colorless supernatant liquid. The liquid is decanted, the flask is filled with water, and
the water is strongly acidified with acetic acid. After violent agitation, the precipitate
can be washed without showing any tendency to pass into a colloidal state. The metal
is finally filtered and dried in a vacuum over sulfuric acid. Great care must be taken
in the subsequent admission of air as the metal readily becomes incandescent owing
to adsorption of oxygen.

Adams Platinum Oxide (by Adams et al.)’*® 1In a porcelain casserole is
prepared a solution of 3.5 g of chloroplatinic acid in 10 ml of water, and to this is added
35 g of sodium nitrate. The mixture is evaporated to dryness while stirring with a glass
rod. The temperature is then raised to 350—-370°C within ~10 min. Fusion takes place,
brown oxides of nitrogen are evolved, and a precipitate of brown platinum oxide
gradually separates. After 15 min, when the temperature has reached about 400°C, the
evolution of gas has gently decreased. After 20 min the temperature should be
500-550°C. The temperature is held until about 30 min have elapsed, when the fusion
should be complete. The mass is allowed to cool and is then treated with 50 ml of
water.The brown precipitate settles to the bottom and can be washed by decantation
once or twice, then filtered, and washed until practically free from nitrates. If the
precipitate becomes colloidal, it is better to stop washing immediately at that stage.
The oxide is either used directly or dried in a desiccator. The yield is 1.57-1.65 g
(95—-100% of the theoretical amount).

1.5.1.2 Colloidal Platinum.  Colloidal solutions (hydrosols) of platinum
metals, such as produced by Bredig’s method or by chemical reductions, are unstable
unless suitable colloidal substances (protective colloids) are present. Paal prepared a
colloidal platinum catalyst by reducing chloroplatinic acid with hydrazine in the
presence of sodium lysalbate, prepared by treating egg albumin with sodium
hydroxide.!#>!0 The black colloidal solution was then dialyzed to remove
electrolytes. The colloidal solutions prepared with sodium lysalbate, or the similar
protalbate, as protective colloid, suffer from the disadvantage that it is coagulated by
acids. By using gum arabic as protective colloid, Skita obtained a colloidal solution
which was stable in acidic medium.!®! A colloidal platinum catalyst is prepared
simply by reducing the hydrosols of platinum with hydrogen in the presence of gum
arabic and the substrate to be hydrogenated. In the absence of a substrate, the
hydrosols were reduced with addition of a trace of previously prepared colloidal metal
(Skita’s inoculation or germ method). Alternatively, stable hydrosols are prepared by
boiling a solution of chloroplatinic acid with the theoretical amount of sodium
hydroxide or sodium carbonate solution and a little gum arabic. The product is
dialyzed to eliminate chloride and carbonate, and evaporated cautiously, finishing in
vacuum. The hydroxide colloidal solution thus prepared may be used as an efficient
catalyst in acid medium. Colloidal catalysts of the platinum metals have also been
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prepared using various protective colloids such as gluten,!>? silicic acid,!? starch,!3*
and synthetic polymers.!3>~157 However, colloidal catalysts have not found wide use
because of their instability, the difficulty in the separation of substrate, and limited
suitable solvents and reaction conditions for them.

1.5.1.3 Supported Platinum.  Supported platinum catalysts have been
prepared usually by impregnation method, using various supports such as charcoal,!8
asbestos, !> silica,'®0 alumina,'®! and silica—alumina,'®? or by ion-exchange method
with silica, silica-alumina, and zeolites, using cationic platinum salts.!63:164

Maxted and co-workers investigated the effects of various oxide supports on the ac-
tivity of resulting platinum catalysts.'%1% To a known amount of each support sus-
pended in 10 ml of water was added the calculated volume of a 1% aqueous solution
of chloroplatinic acid and an excess of 40% aqueous formaldehyde. After diluting the
solution with about 75 ml of water, the system was boiled for 20 min. In this way, a
fixed amount of platinum (0.00625 g) was deposited on varying amounts of different
supports, and the activity of the preparations was determined for the hydrogenation of
cyclohexene in absolute ethanol at 20°C and atmospheric pressure. In all cases the ac-
tivity of the catalyst with the fixed amount of platinum first rose to a peak value and
then fell with increasing amount of the support. The maximum activities, which oc-
curred at different ratios of support to platinum for each support used, decreased in the
order ZrO, > ThO, > Cr,0; > CeO, > ThO, [2Cr,0, > MgO. Ziconia and thoria with
low surface areas (5.85 and 4.5 m* [k, respectively) have been found to be highly
effective as supports; the peak activities were about 16 and 12 times that of unsup-
ported platinum at approximately 0.31 and 0.2% loading of platinum on the support,
respectively. An alumina with a small mean pore radius (2.1 nm) was as effective as
the zirconia with a large mean pore radius (38.2 nm) in the hydrogenation of cyclo-
hexene, whereas, in the hydrogenation of ethyl crotonate, the activity at the maximum
decreased to a greater extent with the alumina than with the zirconia with which a cata-
lyst 16 times as active as unsupported platinum was obtained. These results have sug-
gested that the pore factor is important, especially if the supported catalyst is used for
the hydrogenation of a large molecule.

Pt—C (by Kaffer).**® To 10-12 g of active carbon mixed well with water is added
an aqueous solution of the calculated amount of chloroplatinic acid. The mixture is
warmed on a water bath for a few hours at 50°C. After cooling, a concentrated sodium
carbonate solution is added until the mixture becomes alkaline. Then a hydrazine
hydrate solution is added drop by drop under stirring. Whether the amount of
hydrazine is sufficient to reduce the chloroplatinic acid can be readily determined by
the decoloration of a permanganate solution. The platinum—carbon suspension is
further warmed for 1-2 h on a water bath, filtered, and washed with hot water until
the washing is free from chloride and alkali. After dried as fully as possible between
filterpapers, the catalyst is dried for half a day over calcium chloride in vacuum. Kaffer
used a 10% Pt—C thus prepared for the dehydrogenation of decalin and found it much
more effective than Pt—asbestos by Zelinsky. Newhall used a 5% Pt—C by Kaffer for
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the hydrogenation of limonene at room temperature and a low hydrogen pressure
without using hydrazine in the final stage of the preparation'®’ (see eq. 3.11).

Pt-SiO,. Platinum catalysts supported on silica gel may be prepared either by
impregnating chloroplatinic acid to silica gel followed by reduction with
formaldehyde'® or hydrogen, or by ion exchange of cationic tetraammine
platinum(Il) ion, Pt[(NH;3),]**, with the cationic center of silica gel followed by
reduction with hydrogen.'®* Benesi et al. have shown that more highly dispersed
platinum (average 1.5-nm crystallites) supported on silica is prepared by the
ion-exchange method than that by the impregnation method (1.5-4.5-nm crystallites).
In the case of impregnated preparations the atomic ratio of adsorbed hydrogen to
platinum decreased at higher platinum contents but increased almost linearly with
increasing platinum up to 4.5% in the case of the ion-exchanged preparations. !

1.5.2 Palladium

In principle, the same methods used for the preparation of platinum catalysts may be
applied for palladium catalysts. When palladium chloride is used as a starting mate-
rial, it is usually dissolved into an aqueous solution as chloropalladic acid by adding
hydrochloric acid prior to reduction or formation of precipitates. Unsupported and
supported palladium catalysts have been prepared by reduction of palladium salts with
alkaline formaldehyde,m’168 sodium formate,169 hydrazine,150 hydrogen,m'171 SO-
dium borohydride,**!"? or sodium hydride--AmOH,'”* or by reduction of palladium
hydroxide!™*!” or palladium oxide'”® with hydrogen.

Palladium Black (by Zelinsky and Glinka).**® One liter of a 2% solution of
palladiumammonium chloride is mixed with 24 g of formic acid, and 50 ml of 20%
potassium hydroxide solution is added to the solution on warming. With continuing
warming a violent reaction occurs to give palladium black as precipitates, and the
supernatant liquid becomes clear. The palladium black is filtered, washed well until
no chloride ion is detected in the washing, and then dried in a desiccator over sulfuric
acid.

Palladium Black from Palladium Hydroxide.™ To a 2% aqueous solution of
palladium chloride heated to 90-95°C is added with stirring about 5% lithium
hydroxide solution drop by drop until the pH of the solution becomes 7.5-7.8 and no
more changes occur on further standing. The brown palladium hydroxide thus
precipitated is washed with hot distilled water on a filter paper. If the filtrate becomes
colloidal, the washing is stopped immediately. The solid is dried between filter papers,
and then in a desiccator. A finely ground powder of palladium hydroxide is suspended
in water and reduced to the black form at room temperature and atmospheric pressure
in a shaking apparatus. As soon as black precipitates are formed and the supernatant
water becomes clean, the reduction is interrupted, and the palldium black is washed
with water on a filter paper or in an Erlenmeyer flask by decantation. The reduction
and washing process is repeated until the pH of the solution after the reduction
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becomes almost the same as that of the water added prior to reduction. The palladium
black thus prepared behaves in the same way as a palladium black formed from its
vapor in the acetal formation and hydrogenation of 4-methylcyclohexanone in
ethanol.'4

Unsupported palladium catalysts are often unstable in use at elevated temperatures
and/or high hydrogen pressures. Yada et al. obtained a highly stable palladium black
by precipitating palladium hydroxide from palladium chloride solution with an aque-
ous sodium aluminate instead of sodium hydroxide.!”” The palladium catalyst ob-
tained by reduction of the palladium hydroxide prepared with a 1M sodium aluminate
solution at pH 10, in the same way as described above, kept a high surface area of 139
m? [z ~! even after the reduction at 200°C in a flow of hydrogen, compared to only 2.0
m? Cg~! with the catalyst prepared using a sodium hydroxide solution as precipitant.
The thermally stable catalyst was found to contain 13 ppm of sodium and 1400 ppm
(0.14%) of aluminum.

Palladium Oxide (by Shriner and Adams'7%2).1® In a 350-ml casserole, 2.2 g
(0.02 mol) of palladium metal is dissolved in a small amount of aqua regia, and the
solution is treated with 55 g of sodium nitrate and enough distilled water to make a
thick paste. The substances are thoroughly mixed and then heated gently to drive off the
water. The heating is increased until the mixture melts (about 270-280°C) and continued
cautiously. Just above the melting point the mixture must be stirred and heated carefully
as oxides of nitrogen are evolved and foaming occurs. After the evolution of gases
is nearly complete (about 5 min), the full flame of a Bunsen burner is applied for
about 10 min. The cooled mass is digested with about 200 ml of distilled water until
the sodium salts are completely dissolved, the dark brown precipitate of palladium
oxide is filtered, and is washed thoroughly with 1% sodium nitrate solution. The
oxide must not be washed with pure water since it tends to become colloidal. After
drying in a vacuum desiccator the palladium oxide weighs 2.3-2.4 g (91-95% of the
theoretical amount). The oxide was used without prereduction in the hydrogenation
of furan to tetrahydrofuran at room temperature (RT) and 0.7 MPa H, with a lag of
about 10 min.

Pd-BaSO, (5% Pd) (Procedure A by Mozingo).*® A solution of 8.2 g of
palladium chloride (0.046 mol) in 20 ml (0.24 mol) of concentrated hydrochloric acid
and 50 ml of water is prepared. To a rapidly stirred, hot (80°C) solution of 126.2 g (0.4
mol) of barium hydroxide octahydrate in 1.2 liters of distilled water contained in a
4-liter beaker is added all at once 120 ml (0.36 mol) of 3M sulfuric acid. More 3M
sulfuric acid is added to make the suspension just acid to litmus. To this hot barium
sulfate suspension are added the palladium solution and 8 ml (0.1 mol) of 37%
formaldehyde solution. The suspension is then made slightly alkaline to litmus with
30% sodium hydroxide solution, with constant stirring maintained. The suspension is
stirred 5 min longer, and then the catalyst is allowed to settle. The clear supernatant
liquid is decanted and replaced by water, and the catalyst is resuspended. The catalyst
is washed 8—10 times by decantation, collected on a glass funnel, washed with 250 ml
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of water in five portions, and then dried in an oven at 80°C. The catalyst (93-98 g) is
powdered and stored in a tightly closed bottle.

Pd-BaSO, catalyst has often been used for selective hydrogenations such as the
Rosenmund reduction (Chapter 13) and the hydrogenation of acetylenic to ethylenic
compounds (see, e.g., Chapter 4, eqs. 4.8—4.10).

Pd-C (5% Pd) (Procedure B by Mozingo).*™® A suspension of 93 g of nitric
acid—washed Darco G-60 (or Norit, or other carbons) in 1.2 liters of water contained
in a 4-liter beaker is heated to 80°C. To this is added a solution of 8.2 g (0.046 mol)
of palladium chloride in 20 ml (0.24 mol) of concentrated hydrochloric acid and 50
ml of water, and then 8 ml (0.1 mol) of 37% formaldehyde solution. The suspension
is made slightly alkaline to litmus with 30% sodium hydroxide solution, and constant
stirring is maintained. The suspension is stirred 5 min longer. The catalyst is collected
on a filter, then washed 10 times with 250-ml portions of water. After removal of as
much water as possible by filtration, the filter cake is dried, first in air at room
temperature, and then over potassium hydroxide in a desiccator. The dry catalyst
(93-98 g) is stored in a tightly closed bottle.

Pd-C (5% Pd) (Procedure C by Mozingo).1®17° A solution of 8.2 g (0.046 mol)
of palladium chloride in 20 ml of concentrated hydrochloric acid and 50 ml of water
is prepared. The solution is diluted with 140 ml of water and poured over 92 g of
nitric acid—washed Darco G-60 in a 20-cm evaporating dish. After the palladium
chloride solution has been thoroughly mixed with the carbon, the whole mixture
is dried, first on a steam bath and then on an oven at 100°C, with occasional mixing
until completely dry. The mass (98-100 g) is powdered and stored in a closed
bottle. The required quantity of the PdCl,—C is transferred to a hydrogenation
bottle and reduced with hydrogen in the solvent to be used for hydrogenation.
When no more hydrogen is absorbed, the catalyst is collected and washed with
more of the solvent to remove the hydrogen chloride, and then returned to the
hydrogenation bottle. Alternatively, the PdCl,—C is reduced with hydrogen in
water, and the catalyst is filtered, washed, dried carefully, and kept in vacuo over
sulfuric acid until used.!”®

Pd—-C (10% Pd) (Procedure D by Mozingo).t78180 A solution of 8.33 g (0.0472
mol) of palladium chloride in 5.5 ml (~0.066 mol) of concentrated hydrochloric acid
and 40 ml of water is prepared by heating the mixture on a water bath. The resulting
solution is poured into a solution of 135 g of sodium acetate trihydrate (0.99 mol) in
500 ml of water contained in a 1-liter reduction bottle. Then 45 g of Norit is added,
and the mixture is hydrogenated until absorption ceases after 1-2 h. The catalyst is
collected on a Buchner funnel and washed with 2 liters of water in five portions. The
filter cake, after removal of most of water, is dried in air and then in a desiccator over
calcium chloride. The catalyst (48—50 g) is stored, after being powdered, in a tightly
closed bottle.
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Pd(OH),—C (by Pearlman) (20% Pd)

Method A" Palladium chloride (100 g, 0.565 mol), carbon (Darco G-60) (240
g), and deionized water (2 liters) are mixed and rapidly stirred while being
heated to 80°C. Lithium hydroxide, LiOH [H,O, (50 g, 1.19 mol) dissolved in
water (200 ml), is added all at once and the heating is stopped. The mixture is
stirred overnight, and washed with 0.5 v/v% aqueous acetic acid (2 liters). The
filter cake is sucked as dry as possible and dried in vacuo at 60°C. The yield is
300-320 g.

Method B.'7 A rapidly stirred mixture of 68.6 g of activated charcoal
(Mallinckrodt) and 30 g (0.17 mol) of palladium chloride in 43 ml (0.516 mol)
of concentrated hydrochloric acid and 570 ml of water is heated to 60°C. To the
mixture is added 31 g (0.775 mol) of sodium hydroxide pellets at such a rate that
the temperature does not exceed 80°C. The mixture is then treated with 6.6 g
(0.0785 mol) of solid sodium bicarbonate and stirred for 12 h. The catalyst is
filtered, and then washed with 430 ml of water and 8.6 ml of glacial acetic acid.
The catalyst is dried in vacuo at 65°C, and stored under nitrogen.

The Pd—C catalyst prepared in an acidic medium often shows a behavior different
from that of a Pd—C catalyst prepared in an alkaline medium, even after both catalysts
have been washed repeatedly with distilled water. The former catalyst has been des-
ignated as Pd—C A and the latter, Pd-C B (see, e.g., Section 11.2.2 and Table 13.1).
The Pd—C prepared by the Mozingo’s procedure B is considered to be Pd—C B, while
the Pd—C prepared by Mozingo’s procedure C is a typical example of Pd—C A. It
should be noted that direct addition of methanol or ethanol to metallic palladium cata-
lysts that have been stored in air results in deactivation. To avoid such deactivation,
the catalyst should be pretreated with hydrogen in an inert solvent such as cyclohex-
ane, which is then replaced by methanol or ethanol (see Table 13.6, and also Table
5.5). Pd(OH),—C or PdCl,—C does not appear to be susceptible to such a deactivation
on contact with the alcohols. Rylander and Karpenko observed that the catalytic ac-
tivity on the basis of the unit weight of palladium that is supported on carbon increased
with decreasing concentration of metal in the concentration range from 30 to 1%.'%!
The relative rate for varying concentration (see figures in parentheses) of palladium
in the hydrogenation of nitrobenzene in acetic acid at room temperature and atmos-
pheric pressure was 1.0 (30%), 1.2 (10%), 1.8 (5%), 3.5 (3%), and 7.6 (1%).

Lead-Poisoned Pd—-CaCO; (Lindlar Catalyst).*®2 Palladium chloride (1.48 g,
0.0083 mol) is placed in a 10-ml Erlenmeyer flask, and 3.6 ml (0.043 mol) of 37%
hydrochloric acid is added. The flask is shaken at about 30°C until the palladium
chloride is dissolved. The chloropalladic acid solution is transferred to a 150-ml
beaker with 45 ml of distilled water. The pH of the solution is brought to 4.0—4.5 by
slow addition of aqueous 3M sodium hydroxide. The solution is diluted to
approximately 100 ml and placed in a 200- or 250-ml three-necked, round-bottomed
flask equipped with a mechanical stirrer and a thermometer. Precipitated calcium
carbonate (18 g) is added. The well-stirred suspension is heated to 75—-85°C and held
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at this temperature until all the palladium has precipitated, as indicated by loss of color
from the solution; this takes about 15 min. With the mixture still at 75-85°C, 6.0 ml
of sodium formate solution (about 0.7M) is added with rapid stirring. During the
addition CO, escapes and the catalyst turns from brown to gray. An additional 4.5 ml
of the sodium formate solution is added, and the reduction is completed by stirring the
mixture at 75-85°C for 40 min. The catalyst is separated on a 10-cm Buchner funnel
and washed with eight 65-ml portions of water. The moist catalyst is placed in a 200-
or 250-ml round-bottomed flask equipped as described above. Water (60 ml) and 18
ml of a 7.7% solution of lead acetate are added. The slurry is stirred and heated at
75-85°C for 45 min. The catalyst is separated, washed with four 50-ml portions of
water, and then dried in an oven at 60—70°C. The dried catalyst, a dark gray powder,
weighs 19-19.5 g (4.55-4.67% Pd).

The Lindlar catalyst was first described by Lindlar in 1952 and used with a small
amount of quinoline for the selective hydrogenation of a conjugated enyne to the con-
jugated diene in the synthesis of an intermediate leading to vitamin A.'3 In his origi-
nal procedure, palladium oxide or hydroxide on calcium carbonate was reduced to
metal with hydrogen. It appears that the improved method using sodium formate as a
reducing agent as described above gives a catalyst with more uniformly dispersed
metal on the support, as judged from the color of the resulting catalyst. The Lindlar
catalyst has proved to be highly selective for the hydrogenation of alkynes to alkenes
(see Section 4.1). It should be noted that the high selectivity of Lindlar catalyst is de-
creased when used in a hydroxylic solvent.'3? The treatment of the Pd-CaCO; with
the lead acetate solution should also be modified to avoid poisoning the catalyst too
strongly, by adjusting the concentration of the solution, depending on the substrate to
be hydrogenated (see, e.g., eqs. 4.3 and 4.4).'%*

Maxted and Ali studied the effects of various oxide supports on palladium in the
hydrogenation of cyclohexene in ethanol at 20°C and atmospheric hydrogen pres-
sure.'®> The catalysts were prepared by reduction of palladium chloride with formal-
dehyde and sodium carbonate in boiling aqueous solution in the presence of the
supports. As in the case with platinum catalysts, the activity of the supported catalyst,
containing a constant amount of palladium, first rose to a peak value and subsequently fell
as the amount of the support was further increased. The activity of the supported catalyst
at the peak points amounted to about 24 times the value for unsupported catalyst with ZrO,
and ThO, and to about 22 times with AL,O, and TiO,. ZrO} and A1,0} with larger sur-
face areas (11.9 and 160.6 m” [g~!, respectively) gave the catalysts with greater peak ac-
tivities than ZrOI2I and AlzogI with smaller surface areas (5.1 and 16.6 m?> Dg_l,
respectively). The amount of the support required for the accommodation of palla-
dium at the peak ratio (e.g., 2.5 g for 6 mg Pd with ZrOI2 ) was far more than would
be required even for a monolayer of palladium (0.2532 g with ZrOI2 ).

1.5.3 Ruthenium

Since ruthenium catalysts were shown to be highly active and selective for the hydro-
genation of aromatic amines by Behr et al.,'3¢ Whitman,'3®® and Barkdoll et al.,” the
usefulness of ruthenium as hydrogenation catalysts has been recognized by many
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other investigators in various hydrogenations.'®” The hydrogenation of aromatic
amines over ruthenium catalysts usually proceeds at much lower temperatures and
pressures than over nickel and cobalt catalysts (see Section 11.5). Ruthenium dioxide
has often been used as a catalyst for this reaction without any details in its prepara-
tion.”*!88 Tt appears that the excellent nature of the ruthenium dioxide is likely to be
associated with alkaline substances contained in it. Ruthenium hydroxide has also
been shown to be an effective catalyst in the hydrogenation of various aromatic com-
pounds. 8”13 The ruthenium hydroxide prepared from ruthenium chloride and alkali
tends to readily occlude alkali before all the chloride has been transformed into the hy-
droxide, probably because of a strong amphoteric property of the hydroxide. It is prob-
able that the high selectivity of ruthenium catalysts in the hydrogenation of
benzyl-oxygen compounds is related to trace amounts of alkali remaining in the cata-
lysts (see Table 11.14). It is also noted that ruthenium, along with osmium and in con-
trast to the other platinum metals, can be transformed into solution by fusion with, for
instance, sodium peroxide, which oxidizes ruthenium to soluble sodium ruthen-
ate(VI), Na,RuQO,. Pichler’s ruthenium dioxide was prepared by the reduction of po-
tassium ruthenate with methanol.'”

Ruthenium Dioxide (by Pichler).**® A mixture of 1 g of ruthenium powder, 10 g
of potassium hydroxide, and 1 g of potassium nitrate is fused in a silver (or a nickel)
crucible. It is recommended that the potassium nitrate be added not simultaneously but
in portion after portion. In 1-2 h the fusion is complete. After cooling, the mass is
dissolved with water into a solution. The dark red solution of potassium ruthenate is
heated to boiling, and methanol is added to this dropwise. Immediately after the first
drop of methanol has been added, the reduction of the ruthenate to ruthenium dioxide
takes place and the reduction is completed in a few minutes. After leaving the
precipitate for 1-2 h, the precipitate is collected on a glass filter, washed 7 times with
a dilute nitric acid solution and then 18 times with distilled water, and dried at 110°C
for 24 h in a desiccator. Pichler’s dioxide thus prepared does not show any distinct
diffraction patterns corresponding to the oxide of ruthenium and is partly soluble into
hot concentrated hydrochloric acid. These facts suggest that Pichler’s dioxide is a
mixture of the oxide and the hydroxide of ruthenium.!*!

Ruthenium Hydroxide.*®”°2  To an ~1% aqueous solution of ruthenium chloride
heated to 90-95°C is added an ~5% lithium hydroxide solution dropwise under
vigorous stirring until the pH of the supernatant liquid becomes 7.5-7.8. Addition of
a few drops of the lithium hydroxide solution is usually necessary to prevent the pH
of the liquid from becoming more acidic on continued stirring for a further 10—-20
min. The black precipitate formed is collected on a filter paper, washed repeatedly
with hot distilled water until the filtrate becomes almost neutral, and then dried in
vacuo at room temperature. The dried hydroxide is pulverized into fine particles
and can be used for hydrogenation at elevated temperatures and pressures without
prereduction.
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Ruthenium Black from Ruthenium Hydroxide. The ruthenium hydroxide (1 g)
prepared as described above is suspended in 100 ml of water in a hydrogenation bottle
and reduced with atmospheric pressure of hydrogen at room temperature or 40—50°C
until black precipitates of ruthenium are separated out. The supernatant liquid, which
is not always clear but is often colored brown, is decanted and the precipitate is
washed thoroughly with distilled water. To obtain a catalyst with lesser amounts of
alkaline or acidic impurities, the reduction—washing process is repeated until the
supernatant liquid becomes neutral.

Ru(OH);(10% Ru)—Pd(OH),(0.1% Pd)-C.r"** RuClBH,0 (524 ¢g), PdCl,
(0.34 g), carbon (Darco G-60) (180 g), and water (2 liter) are mixed, rapidly stirred,
and heated to 80°C. LiOH [H,0 (27 g) dissolved in water (100 ml) is added all at once
and the heating stopped. The mixture is stirred overnight, filtered, and washed with a
liter of 0.5 v/v% aqueous acetic acid. The product is dried in vacuo at 65°C. The yield
is 202-211 g. The palladium hydroxide is incorporated in order to shorten the
reduction time of the ruthenium hydroxide.

Reduced ruthenium catalysts stored in air are usually oxidized on the surface and
must be activated by prereduction with hydrogen for 1-2 h before use for hydrogena-
tions at a low temperature and pressure. In contrast for platinum and palladium cata-
lysts, organic as well as inorganic acids strongly poison the ruthenium catalyzed
hydrogenation. Thus acetic acid should not be added or used as solvent for the hydro-
genations over ruthenium, particularly under mild conditions.

1.5.4 Rhodium

Beeck was the first to note that rhodium is the most active of the transition metals for
the hydrogenation of ethylene, as observed with evaporated metal films.'** Later, rho-
dium or rhodium-based catalysts were shown to be highly active for the hydrogenation
of aromatic nucleus under very mild conditions.'**!*> Over Rh-Al, O, and Rh—Pt ox-
ide catalysts, aromatic compounds with hydrogenolyzable oxygen functions have
been hydrogenated to the corresponding saturated compounds with little loss of the
oxygen groups, when used with addition of acetic acid or even in acetic acid'*>~1%
(see, e.g., Sections 11.2.3 and 11.3).

Rh(OH);, Rh Black, and Rh(OH);(10% Rh)—Pd(OH),(0.1% Pd)-C. These
catalysts can be prepared exactly in the same way as for the preparation of the
corresponding ruthenium catalysts.

7:3 Rh—Pt Oxide (Nishimura Catalyst).*%®® A solution of 0.75 g of rhodium
chloride RhCl; [BH,O (0.30 g Rh) and 0.35 g of hexachloroplatinic acid H,PtClg [
6H,0 (0.13 g Pt) is mixed with 20 g of sodium nitrate in a 80-ml porcelain casserole
with addition of a small amount of water. On stirring with a glass rod, the mixture is
gently heated to dryness and then heated strongly to fuse. After a violent evolution of
the oxides of nitrogen has almost subsided, the temperature is raised to 460—-480°C
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and kept at that temperature for about 10 min. After cooling to room temperature, the
solidified mass is rinsed in water. The solid is collected, washed with 100 ml of 0.5%
aqueous sodium nitrate, and then dried over calcium chloride. The yield (0.665 g) is
quantitative on the basis of the metal content (65%) of the oxide. The mixed oxide can
be reduced to the metal with hydrogen in 24 min in acetic acid at 30°C and
atmospheric hydrogen pressure, compared to 3.5 h in the case of pure rhodium oxide.
The mixed rhodium-—platinum catalysts thus prepared and containing 70-90%
rhodium have been found to be more active and selective than the pure rhodium
catalyst prepared in the same way in the hydrogenation of toluene and acetophenone
at 30°C and atmospheric pressure. The catalysts containing 30% or more of platinum
can be dissolved completely with aqua regia. Similar synergistic effects of rhodium
and platinum have also been observed with rhodium—platinum on carbon catalysts
(5% metal) in the hydrogenation of phenol and benzoic acid (see Sections 11.2 and
11.4).1%

Rhodium catalysts tend to be poisoned by halogen acids more strongly than palla-
dium and platinum, especially in nonhydroxylic solvents.

Colloidal Rhodium. Colloidal dispersions of rhodium have been prepared by
reducing rhodium salts or hydroxide with hydrogen in the presence of poly(vinyl
alcohol),'>> with refluxing methanol—water in the presence of poly(vinyl alcohol)!?
or poly(vinylpyrrolidone),2?* and with refluxing methanol/sodium hydroxide in the
presence of poly(vinylpyrrolidone). As an example, the last-mentioned procedure,
which has given a colloidal rhodium of highest dispersion (average diameter of 0.9
nm), is described; RhCl; [BH,O (8.8 mg, 0.033 mmol) and poly(vinylpyrrolidone)
(150 mg) (degree of polymerization 3250) are dissolved separately in two portions of
methanol (22.5 ml for each). Both solutions are combined and refluxed for 30 min. A
methanol solution (5 ml) of sodium hydroxide (6.7 mg, 0.17 mmol) is added drop by
drop to the solution under reflux, resulting in rapid color change to dark brown,
indicating the formation of colloidal rhodium. With further refluxing for 10 min, a
dark brown solution of colloidal rhodium, which has been stable on standing in air for
9 days, is obtained.

1.5.5 Osmium

Compared to the other platinum metals, osmium has found only limited use in cata-
Iytic hydrogenation. This may be due to its high price as well as to its rather mild cata-
lytic activity in hydrogenation. However, some selective hydrogenations that are
successful over osmium as catalyst have been known. For example, 5% Os—C has
been shown to be highly selective for the hydrogenation of o,B-unsaturated aldehydes
to allylic alcohols even without any additives (see eq. 5.26).2°! Over osmium black
1,2-dimethylcyclohexene and o-xylene are hydrogenated to cis-1,2-dimethylcyclo-
hexane with high stereoselectivity.?> Osmium black is readily prepared by reduction
of osmium tetroxide with hydrogen.
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Osmium Black.?®® In an autoclave with a teflon or glass stirrer and a teflon or glass
cylinder installed in it is placed osmium tetroxide OsO, (1 g) and water or isopropyl
alcohol (15—-20 ml). The solution is reduced at 90°C and 6 MPa H, for 40 min. The
catalyst is dried and stored in a sealed bottle under an inert gas in a refrigerator, since
metallic osmium tends to be oxidized with air to form gaseous products.

1.5.6 Iridium

Iridium,?**?% together with osmium, has been not widely used in catalytic hydrogena-

tion. Recently, however, iridium or iridium-based catalysts have been shown to be ef-
fective in various hydrogenations, such as in selective hydrogenation of
o,B-unsaturated aldehydes to allylic alcohols (Section 5.2), of aromatic nitro com-
pounds to the corresponding hydroxylamines (Section 9.3.6), of halonitrobenzenes to
haloanilines without loss of halogen (Section 9.3.2), and in the stereoselective hydro-
genation of carbon to carbon double bonds (see, e.g., eqs. 3.25-3.27 and Table
11.5).2042% Unsupported iridium catalysts have been prepared by reducing an iridium
oxide of Adams type at 165°C under a stream of hydrogen® or by reducing iridium
hydroxide, prepared by addition of lithium hydroxide to an aqueous solution of irid-
ium(III) chloride, at 80—90°C and 8 MPa H2.204 Unsupported and supported iridium
catalysts may also be prepared by reduction of iridium(I'V) chloride with sodium boro-
hydride.?’” It is noted that the catalytic activity of deactivated iridium can be almost
completely regenerated by treatment with concentrated nitric acid.?"

Iridium Black.?**  Tridium(III) hydroxide is reduced in water at 90°C and 8 MPa H,
for 40 min, in the same way as in the preparation of osmium black. The iridium(III)
hydroxide is prepared by adding an aqueous lithium hydroxide solution dropwise to
an ~1% aqueous solution of water-soluble iridium(IIl) chloride, IrCl; 03H,0, at
90-95°C until the pH of the solution becomes 7.5-7.8 under stirring. By keeping the
solution at the same temperature under stirring, the precipitate of iridium(III)
hydroxide is separated out from its colloidal solution. The precipitate is collected,
washed repeatedly with hot water, and then dried in vacuo.

1.6 RHENIUM CATALYSTS

Rhenium catalysts®?® had found little attention until their attractive catalytic properties
in hydrogenation have been revealed by a systematic study by Broadbent and co-
workers beginning in 19512% (the first paper appeared in 1954*%°). Some charac-
teristic properties of thenium catalysts are seen, such as in the selective hydrogenation
of a,B-unsaturated aldehydes to unsaturated alcohols (see eq. 5.27), the hydrogenation
of carboxylic acids to alcohols (see eqs. 10.3 and 10.4), and the hydrogenation of car-
boxamides to amines (see eq.10.43). Rhenium also plays an important role, together
with platinum, in a reforming process known as rheniforming.*'® Ammonium per-
rhenate NH,ReO, or rhenium heptoxide Re,O, are usual convenient starting materials
for the preparation of the catalysts.
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Rhenium Black. An active rhenium black may be prepared by reduction of
rhenium heptoxide in an appropriate solvent (anhydrous ethanol, anhydrous dioxane,
glacial acetic acid, or water) at elevated temperatures (120-220°C) and pressures
(15-21 MPa H,), or in situ in the presence of the substrate to be hydrogenated.?'! In
a typical procedure, 5 g of rhenium heptoxide, along with 150 ml of purified dioxane,
is placed in a glass-lined or glass-bottle-installed autoclave and reduced at 120°C and
13.7 MPa H, for 4 h.212 After cooling the rhenium black is isolated by filtration or
centrifugation, then washed several times and stored under the solvent to be used for
subsequent hydrogenations, or is dried in vacuo and stored under nitrogen.

Rhenium Sulfides and Selenides.?®2%° These catalysts are characterized by their
outstanding resistance to poisoning and minimal tendency to cause the hydrogenolysis
of carbon—sulfur bonds than the base metal sulfides. Rhenium heptasulfide is easily
prepared from boiling 6M hydrochloric acid solutions of perrhenate with hydrogen
sulfide. It has been noted that occasional exposure of the dried, powdered catalyst to
the atmosphere is not deleterious.

1.7 THE OXIDE AND SULFIDE CATALYSTS OF TRANSITION METALS
OTHER THAN RHENIUM

The transition metal oxides or sulfides catalyze various reactions related to hydro-
genation and hydrogenolysis, although at relatively high temperatures and pressures.
Compared to metallic catalysts, they are resistant to poisons and stable at high tem-
peratures. Industrially, they are often used as mixed oxides or sulfides. For example,
the most common catalyst used in the hydrodesulfurization process is a mixture of co-
balt and molybdenum oxides supported on Y-alumina, which is sulfided before use.
Nickel-molybdenum and nickel-tungsten oxides are also known as effective catalyst
systems for this process.?!®> Molybdenum sulfides are active for the hydrogenolysis of
aldehydes, ketones, phenols, and carboxylic acids to the corresponding hydrocar-
bons,?'* and also effective for the hydrogenolysis of sulfur-containing compounds
(see, e.g., eqs. 13.96, 13.97, and 13.99).

The sulfides of the platinum metals have been found to be active at lower tempera-
tures than required for the base metal sulfides. They are insensitive to poisons and
have proved particularly useful for hydrogenations in the presence of impurities, for
the hydrogenation of sulfur-containing compounds, and for selective hydrogenation
of halogen-containing aromatic nitro compounds (Section 9.3.2).21

Molybdenum Oxides. Molybdenum oxide catalysts are prepared by the addition of
hydrochloric acid to an ammoniacal solution of molybdic acid or ammonium
molybdate. By heating to 400—500°C the molybdate is decomposed to the oxide.2!¢
MoO; is reduced to MoO, in a stream of hydrogen at 300—400°C.

Molybdenum Sulfides.?t” MoSs: to a solution of 100 g (0.081 mol) of ammonium
molybdate(VI), (NH4)¢Mo0,0,,4 [4H,0, dissolved in 300 ml of distilled water, is added
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1 liter of aqueous solution of ammonia (d = 0.94), hydrogen sulfide gas is introduced
into the solution until saturated under cooling, and the solution is left overnight. The
crystals of ammonium thiomolybdate thus formed are collected. An aqueous solution
of the thiomolybdate is acidified, with stirring, with a dilute sulfuric acid solution.
After further stirring for 1 h, the suspension is left overnight. The precipitate is well
washed with water by decantation, filtered off under suction, and then dried at
70-80°C. MoS; is obtained by reduction of MoS; with hydrogen at 350-380°C and
6 MPa for 6 h.

Platinum Metal Sulfides. These are usually prepared by passing hydrogen sulfide
gas into an acid solution of metal chlorides or by heating fine metals in a stream of

hydrogen sulfide.
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I CHAPTER 2
Reactors and Reaction Conditions

2.1 REACTORS

Catalytic hydrogenations are performed in either the gas or liquid phase in reactors for
either flow or batch systems. The physical form of a catalyst is determined by the re-
actor in which it is used. Usually coarse particles or monolithic structures are used in
fixed-bed reactors, while fine particles are preferred in fluidized-bed, bubbling col-
umn, and batch reactors. The reactors for batch systems are usually equipped with an
efficient stirring device. Ultrasonic irradiation has been reported to be effective for ac-
tivating catalysts, preparing active catalysts, or accelerating hydrogenations.!
Komarewsky et al. give a comprehensive article on various reactors for atmospheric,
subatmospheric and superatmospheric reactions (Ref. a below). There are many other
good descriptions of hydrogenation reactors in the literature, including those listed be-
low.

General Sources

a. Komarewsky, V. L; Riesz, C. H.; Morritz, F. L. in Technique of Organic Chemistry, 2nd
ed.; Weissberger, A., Ed.; Interscience: New York, 1956; Vol. I, pp 18-93.

b. Augustine, R. L. Catalytic Hydrogenation. Techniques and Applications in Organic
Synthesis; Marcel Dekker: New York, 1965; pp 3-21.

c. Zymalkowski, F. Katalytische Hydrierungen im Organisch-Chemischen Laboratorium;
Ferdinand Enke: Stuttgart, 1965; pp 7-22 (an apparatus for the Rosenmund reduction is
described on p 172).

d. Nishimura, S.; Takagi, Y. Catalytic Hydrogenation. Application to Organic Synthesis;
Tokyo Kagaku Dozin: Tokyo, 1987; pp 65-81 (in Japanese).

Special Sources

e. Adams,R.; Voorhees, V. Org. Synth., Coll. Vol. 1941, 1, 2nd ed., pp 61-67 (an apparatus
for low-pressure hydrogenations is described).

f. Adkins, H. Reactions of Hydrogen with Organic Compounds over Copper-Chromium
Oxide and Nickel Catalysts; Univ. Wisconsin: Madison, 1937; pp 2945 (an apparatus
for high-pressure hydrogenations is described).

g. Bowen, J. C. Ann. NY Acad. Sci. 1967, 145, 169—177 (on safety in the design and use of
pressure equipment).

h. Rebenstorf, M. A. Ann. NY Acad. Sci. 1967, 145, 178—191 (on design and operation for
the safe handling of pressure reactions).
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i. Blackburn, D. W_; Reiff, H. E. Ann. NY Acad. Sci. 1967, 145, 192—203 (on laboratory
design for high-pressure batch reactions).

j- Augustine, R. L.; Ashworth, H. A.; Ewing, G. W. in Catalysis of Organic Reactions;
Moser, W. R., Ed.; Marcel Dekker: New York, 1981; pp 441-460 (an automated
hydrogenation apparatus is described).

k. Alcorn, W. R.; Sullivan, T. J. in Catalysis of Organic Reactions; Kosak, J. R., Ed.;
Marcel Dekker: New York, 1984; pp 221-247 (evaluation in batch reactors is
discussed).

1. Johns, 1. B.; Seiferle, E. J. Ind. Eng. Chem., Anal. Ed. 1941, 13, 841 (a
microhydrogenation apparatus is described).

m. Colson, A. F. Analyst 1954, 79, 298 (a microhydrogenation apparatus is described).

n. Clauson-kaas, N.; Limborg, F. Acta Chem. Scand. 1947, 1, 884 (a quantitative
microrhydrogenator based on measurement of volume change at constant temperature
and pressure is described).

o. Brown, H. C.; Sivasankaran, K.; Brown, C. A. J. Org. Chem. 1963, 28, 214; Brown, C.
A.; Brown, H. C. J. Org. Chem. 1966, 31, 3989 (an atmospheric-pressure hydrogenator
using the hydrogen generated from sodium borohydride is described).

p. Brown, C. A. Anal. Chem. 1967, 39, 1882 (a microhydrogenator based on measurement
of the amount of sodium borohydride required for providing the amount of absorbed
hydrogen is described).

2.2 REACTION CONDITIONS

The successful performance of a catalytic hydrogenation depends on a suitable choice
of reaction conditions, in particular, the choice of catalyst and its amount, temperature,
hydrogen pressure, and solvent. Hydrogenation catalysts are also subject to deactiva-
tion or promotion by various substances that are referred to as inhibitors (or poisons)
or promoters, respectively. In some cases the impurities of the substrate to be hydro-
genated or the product may become a factor that retards the hydrogenation, usually in
a later stage of the reaction.

2.2.1 Inhibitors and Poisons

Various types of substances have been known to retard hydrogenation or prevent it
from going to completion. These substances are referred to as inhibitors or poisons,
although there appears to be no distinct difference between them. Customarily poisons
may be regarded as those substances that exert a marked inhibitory effect when present
in small amounts, irrespective of the nature of catalyst and substrate, and cannot be
removed easily. Inhibitors usually cause different degrees of deactivation depending
on catalyst and substrate, and retard hydrogenation seriously only when present in ap-
preciable concentration. They may be removed often by mere washing.

Maxted classified from a large body of experiments the poisons for metallic cata-
lysts into three classes of substance: (1) the compounds of groups VA and VIA (or
groups 15 and 16) elements with at least one unshielded electron pair; (2) heavy metal
and metal ions possessing the outer d shells, each of which is occupied entirely by at
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least one electron; and (3) certain compounds or ions with multiply unsaturated
bonds.? Typical examples of toxic structures of groups VA and VIA elements are
shown in Table 2.1 in comparison with the corresponding nontoxic counterparts.
Phosphite and hypophosphite ions show inhibitory effects in spite of their shielded
structure. Table 2.2 shows the relationship of poisonous metal ions and the occupied
states of their outer d-shell electrons. It is noted that Cr** and Cr** with two and one
unoccupied d shells, respectively, are nontoxic, while Mn** with the d shells filled by
each one electron is toxic. Typical examples of catalyst poisons belonging to class 3
(listed earlier in this paragraph) are carbon monoxide and cyanide ion.

Besides the poisons of the three classes mentioned above, halide ions or hydrogen
halides have often been observed to inhibit hydrogenation, although the degree of in-
hibition by the halides greatly depends on the catalyst employed, the substrate to be
hydrogenated, and particularly on the nature of the halides. Among the halides, io-
dides have been known to be more poisonous than the other halides. The hydrogena-
tion of p-nitrotoluene over 5% Pd—C in 2-propanol-water (4:1) at room temperature
and 0.4 MPa H, was completely inhibited by 5 mol% of sodium iodide based on
p-nitrotoluene, similarly as by sodium sulfite, cyanide, sulfide, and bisulfite, while no
inhibition was shown by sodium fluoride, chloride, and bromide as well as by sodium
nitrate, acetate, carbonate, phosphate, and hydroxide.3 Sodium iodide was definitely
more poisonous than sodium chloride and sodium bromide in the hydrogenation of
cinnamic acid over Pd—C in methanol.* The hydrogenation of 1-octene and dipropyl
ketone over Raney Ni in butanol was depressed by alkali halides in the order KI = Nal
> KBr > KCI.° The inhibitory effect of iodides on the hydrogenation of the carbonyl
group in mesityl oxide in ethanol over Raney Ni or Ni—kieselguhr was in the order
Cdl, > Bal, > KI.° The poisonous effect of iodides has been applied for depressing
overhydrogenation to alcohols in the hydrogenation of benzalacetone, mesityl oxide,
and isophorone over Raney Ni.’

Ruthenium and rhodium are more susceptible to inhibition by hydrogen halides
than are platinum and palladium. Under mild conditions ruthenium is inhibited even
by acetic acid, which is generally a good solvent for hydrogenations over rhodium,
palladium, and platinum. Hydrogen chloride may become an inhibitor for rhodium-
catalyzed hydrogenations. Freifelder has shown that hydrochloric acid is a strong in-

TABLE 2.1 Toxic and Nontoxic Structures of Group VA and VIA Elements

Group Element Toxic Compounds Nontoxic Compounds
VA N NH;, RNH,, Py, quinoline NHj, RNH} , PyH*, quinolinium™*
P PH,, R;P, Ph,P, HPO}™ , H,PO~  R;PO, Ph;PO, PO;~
As  AsH, AsO3”
VIA o 0,, (OH)*, (RO ROH
S H,S, RSH, R,S, RSSR, R-SO-R, R-SO,-R, RSO3, SO~
No‘
Se  H,Se, R,Se, Se03” Se03”

“Weakly toxic or nontoxic depending on the nature of catalyst and substrate.
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TABLE 2.2 Relationship between the Toxicity of Metal Ions and Outer d-Shell
Electrons®

Periodic

Number Metal Ion Outer d-Shell Electrons  s-Shell Electrons Toxicity
4 K*, Ca?* O O O O O @] Nontoxic
5 Rb*, Sr?*, Z+ 0O O O O O @) Nontoxic
6 Cs*, Ba*, La** O O O O O O Nontoxic
6 Ce+ O O O O O @) Nontoxic
7 ThW* O O O O O @) Nontoxic
4 Cr¥+ © 6 0 O O @) Nontoxic
4 Cr* © 06 0 o O @) Nontoxic
4 Mn?2+ O 6 66 O 0o @) Toxic

4 Fe?* ®© 6 66 O 0O @) Toxic

4 Co** ®© 06 0 O 0 @) Toxic

4 Ni2+ ®© 6 © O 0O @) Toxic

4 Cu?* e 0 66 O 0 O Toxic

4 Cu*, Zn>* e 0 66 O 0 O Toxic

5 Ag*, Cd*, In** ®© 6 06 o0 O O Toxic

6 Au*, Hg?* e 0 66 O 0O O Toxic

6 Hg* © 6 6 O 0 © Toxic

5 Sn** ®© 06 606 O 0 6] Toxic

6 TI*, Pb?*, Bi*+ ®© 06 606 O 0 ® Toxic

“Maxted, E. B. Adv. Catal. 1951, 3, 129. Reprinted with permission from Academic Press Inc.

hibitor for the hydrogenation of toluene and benzoic acid in methanol over 5% Rh—C
or Rh—Al, O, although in rather large quantities (0.1 mol for 0.1 mol of the substrate).®
Dry hydrogen chloride may become an inhibitor even for platinum and palladium, as
observed by Freifelder in the hydrogenation of cyclohexene in absolute ethanol.” It is
probable that the same degrees of inhibition by hydrogen chloride as observed in the
examples given above would be effectuated in much lesser amounts in nonhydroxylic
solvents. The amounts of hydrochloric acid required for the stereoselective hydro-
genation of unhindered cyclohexanones to the axial alcohols over rhodium black were
found to be much smaller in tetrahydrofuran than in isopropyl alcohol (see Table
5.8).1° The hydrogenation over rhodium was inhibited seriously by the addition of hy-
drobromic acid. The stereoselectivity of the hydrogenation of 3-oxo-4-ene steroids to
3-0x0-5[3 steroids over palladium catalyst is increased by addition of hydrochloric
acid or, better, by hydrobromic acid.!! Hydrobromic acid in tetrehydrofuran functions
much more effectively than in an alcohol, and it is as effective as or even more effec-
tive than the hydrobromic acid in acetic acid.'? Probably, the amounts of hydrobromic
acid required for obtaining an optimal selectivity would be smaller in tetrahydrofuran
than in acetic acid. The hydrogenation is slower in the presence of hydrobromic acid
than in the presence of hydrochloric acid, and is completely inhibited by the addition
of hydroiodic acid. The hydrogenation of 2- or 4-stilbazole methiodides (1) to the cor-
responding phenethylpyperidines (eq. 2.1) proceeded smoothly over platinum oxide
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in methanol.'® In contrast, Pd—C was completely and irreversibly poisoned by small

amounts of iodide ion. From the results described above, it may be concluded that the

degree of inhibition by hydrogen halides (or halide ions) increases in the order HCI <

HBr < < HI and the susceptibility of platinum metals to the inhibition decreases in the
|1 |

order Ru > Rh > Pd > Pt.
= Pt oxide/4
> A MeOH
N
HI
Me
Me 4 2.1)

+N RT, 0.2-0.3 MPa K

The inhibitory effect of nitrogen bases greatly depends on the structure of the bases
and the substrate as well as the solvent employed in hydrogenation. Ammonia was a
far more strong poison than cyclohexylamine or dicyclohexylamine in the hydrogena-
tion of aniline over ruthenium and rhodium catalysts in isopropyl alcohol, although
ruthenium was more resistant to poisoning by ammonia than rhodium.'* The toxicity
of various amines as judged from the results on the hydrogenation of N-ethylaniline
and pyridine over a rhodium black in isopropyl alcohol (80°C for N-ethylaniline and
60°C for pyridine at 7.8 MPa H,) decreased in the order: NH; > > MeNH, > EtNH, >
Me,NH > BuNH, > -BuNH, > Et,NH > EtNHCH,, > Et;N. The compounds
BuNH,, --BuNH,, Et,NH, Me;N, and Et;N had little effect on the hydrogenation of
pyridine. According to Maxted, the relative toxicity (the figures in parentheses) of ni-
trogen bases (CN™ = unity) decreases in the order NH; (0.38) > BuNH, (0.23) >
C¢H,;NH, (0.17) > (C;H,,),NH (0.0028), as compared in the hydrogenation of cyclo-
hexene over a platinum black in cyclohexane (aqueous alcohol for CN7). Thus the
relative toxicity of the nitrogen bases is a function of the molecular size and the steric
requirement around the nitrogen atom, rather than their basicity. It is noted that the in-
hibitory effects of these nitrogen bases can be depressed by the addition of either acid
or alkali. Acetic acid appears to be one of preferred solvents for the hydrogenation of
aromatic amines with rhodium,15 palladium,16 and platinum.”’18 This is attributed to
the fact that acetic acid forms their salts with the product cyclohexylamines that are
much more stable than those with the aromatic amines, since cyclohexylamines are
definitely more basic (pK, = 10.5-11) than the parent aromatic amines [pK, (aniline)
=4.65], and thus depresses the inhibition by the products effectively without much af-
fecting the adsorption of the starting aromatic amines. On the other hand, the inhibi-
tory action of nitrogen bases can also be depressed almost completely by the addition
of small amounts of an appropriate alkali (see Section 11.5). The addition of lithium
hydroxide has been found to be more effective than any of other alkalies, including
sodium hydroxide, potassium hydroxide, and sodium carbonate for the ruthenium-
catalyzed hydrogenation of aromatic amines (see eqs. 11.59—11.63)."°

Excellent examples of the use of nitrogen bases as catalyst poisons are seen in the
selective hydrogenation of alkynes to alkenes (see Chapter 4). Quinoline is probably
the base that has been most often employed for this purpose. In this selective hydro-
genation, the nitrogen base effectively inhibits the hydrogenation of alkenes to alkanes
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without lowering seriously the rate of hydrogenation of alkynes. The Lindlar catalyst,
one of the most effective catalyst system for this selective hydrogenation, uses a com-
bination of two catalyst poisons: lead acetate and quinoline (see Sections 1.5.2 and
4.1). It is noted that the Lindlar catalyst should be used in aprotic solvents since its ef-
fectiveness may be reduced in hydroxylic solvents.?

Sulfur compounds with unshielded electron pairs are all strong poisons for metallic
catalysts in hydrogenation of almost all types of substrate. Horner et al. studied the ef-
fects of various poisonous compounds in the hydrogenation of cyclohexene over
nickel catalyst in methanol 2! Thiols, sulfides, thiocyanates, thioureas, thioacids, thio-
phenols, thiophene, and thiolane and similar cyclic thioethers were all shown to be
highly poisonous. It is of interest that thiophene was less poisonous than thiolane. Un-
expectedly, dodecyl methyl sulfoxide, with an unshielded electrons pair, did not show
a marked inhibitory effect, although dibenzyl sulfoxide was a mild inhibitor. It has
been suggested that the inhibitory effect of dibenzyl sulfoxide might be due to the
thioether formed from the sulfoxide by slow hydrogenation. Sodium benzenesulfinate
was an inhibitor. Sodium sulfide was a weaker poison than sodium polysulfide. Nei-
ther diphenyl sulfone nor phenyl p-toluenesulfonate were inhibitors, as expected form
the shielded structure or oxidized state of their sulfur atoms. Greenfield demonstrated
that sodium sulfite inhibited completely the hydrogenation of p-nitrophenol over Pd—
C after slow uptake of one-third of the amount of hydrogen required for completion.?
According to Maxted, the toxicity of sulfite ion relative to hydrogen sulfide is 0.63.2
The poisoning by sulfur compounds has been utilized in the Rosenmund reduction of
acid chlorides to aldehydes. Overhydrogenation of the aldehydes produced from acid
chlorides has been effectively depressed by poisoning the catalyst, usually Pd-BaSO,,
with a sulfur-containing material such as quinoline-S, thioquinanthrene, phenyliso-
thiocyanate, or thiourea (Section 13.4.6). Addition of bis(2-hydroxyethyl)sulfide to
platinum catalyst has been shown to be as effective as sulfided platinum catalysts for
the hydrogenation of halonitrobenzenes to haloanilines without dehalogenation (Sec-
tion 9.3.2).

The sulfur compounds contained as impurities in a substrate or solvent may have
a profound effect on hydrogenation, particularly over platinum metals where the
amounts of catalyst used are usually much smaller than in the case of base metals. An
excellent way to remove such impurities is to treat the sample with Raney Ni at
slightly elevated temperatures>> (usually 50—80°C). The impurities in benzene or cy-
clohexane can thus be removed simply by refluxing with Raney Ni for ~0.5 h (see Sec-
tion 13.3). Granatelli applied this desulfurization with Raney Ni to determine
quantitatively as little as 0.1 ppm of sulfur contained in 50 g of nonolefinic hydrocar-
bons.”

The transition metal sulfide catalysts are known to be resistant to poisoning by sul-
fur-containing compounds. Rhenium heptasulfide (Re2S7)24 and heptaselenide
(RGZSG7)25 have a lower tendency to cause hydrogenolysis of carbon—sulfur bonds
than do the base metal sulfides. Thus, allyl phenyl sulfide was hydrogenated quanti-
tatively to phenyl propyl sulfide over Re,S, in ethanol at 150-160°C and 13 MPa H,
and over Re,Se, at 195°C and 29.2 MPa H,. Thiophene was hydrogenated to give thio-
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lane without ring opening over Re,S, at 245°C and 13.6 MPa H, and over Re,Se; at
250°C and 32.2 MPa H, (see eq. 13.98). Hydrogenation of sulfur-containing unsaturated
compounds has also been achieved over palladium catalysts. Thiophene and substituted
thiophenes,” dihydrothiophenes,?’ and 5,6-dihydro-2H- and -4H-thiopyrans>’ were con-
verted to the corresponding saturated compounds over Pd—C under mild conditions, al-
though large amounts of catalysts have usually been employed. Successful
hydrogenolysis of dihydrobenzothiopyranones to the corresponding dihydrothiopyrans
was achieved over molybdenum(VI) sulfide (MoS;) as catalyst at 240°C and 10 MPa
H, (eq. 2.2).2% The hydrogenation of 2,3-dihydro-1H-naphtho[2,1-b]thiopyran-1-one
2, Rl, R*= benz; R’ =R*=R’=R°= H) over MoS; under the same conditions gave
a 96% yield of the corresponding dihydrothiopyran while over 5% Pd—C and 5%
PdS—C the yields were only 18 and 51%, respectively.

Rl O R*
R2 RS R? R®
MoS3 (10 mmol) 2.2)
10 ml octane 3 c ’
R3 s  CR® 240°C,10MPah15h R s” R
R R
2 95%
(5 mmol) (R'1=R=R=R'=R=R=H)

The poisoning by oxygen functions is not always observed and depends largely on the
nature of catalysts as well as on the structure of the oxygen compounds. Oxidized
products contained in olefins and ethers may have inhibitory effects on platinum metal
catalysts, particularly on hydrogenations over rhodium, palladium, and platinum. To
obtain reproducible results, careful purification of olefins by distillation and/or pas-
sage through a column of alumina or silica has been recommended.?’ Hydrogenation
of unpurified methyl linolenate over palladium catalysts is often selectively hydrogenated
to methyl octadecenoates, with practically no further hydrogenation to methyl stearate.*°
Ethers usually contain inhibitors resulting from oxidized products and must be purified be-
fore used as a solvent for hydrogenations over the platinum metals except ruthenium.
Tetrahydrofuran can be purified conveniently by drying and then distilling from lithium
aluminum hydride, or by treating with a ruthenium catalyst and hydrogen until no more
hydrogen has been absorbed, followed by distillation over sodium.'°

Direct addition of methanol or ethanol to the platinum metal catalysts that have
been stored in air may result in fire or partial loss of their catalytic activity due to for-
mation of inhibitors (see, e.g., Tables 5.5 and 13.6). Freshly prepared Raney Ni, when
stored under ethanol, not only loses gradually its high activity, but also its nature may
be modified probably by the carbon monoxide abstracted from the ethanol (see Sec-
tion 3.7.2). Acetic acid and other organic acids may contain substances that have in-
hibitory effects on hydrogenations over platinum metals. Purification of acetic acid by
boiling with potassium permanganate, as usually recommended, and a simple distil-
lation®! has been found to be insufficient for use as the solvent in the hydrogenation
of aromatic compounds over platinum and rhodium catalysts. Reproducible results
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were obtained only by using acetic acid that had been purified by a careful and effi-
cient fractional distillation.*® The benzoic acid prepared by air oxidation of toluene
contains small amounts of various compounds harmful to the catalytic activity of
platinum metal catalysts, and may be purified best by sublimation, or by treatment
with Pd—C at 100—200°C under a high hydrogen pressure in a solvent for hydrogena-
tion or with 0.2—10% (for benzoic acid) of concentrated sulfuric acid, followed by
neutralization and distillation (see Section 11.4).

2.2.2 Temperature and Hydrogen Pressure

Use of elevated temperatures and pressures is usually favorable for increasing the rates
of hydrogenation and hence shortening the reaction time. The amounts of catalyst to
be used may also be reduced under these conditions, unless the catalyst is deactivated,
as is often the case with unsupported platinum metals. Hydrogenations that proceed
only slowly or not at all at a low temperature may be achieved successfully merely by
raising the temperature (and also the pressure), as is usual in the hydrogenation of aro-
matic rings over nickel catalysts. In many cases the hydrogenation of aromatic and
heterocyclic®* compounds has been carried out successfully using palladium catalysts
at elevated temperatures (see, e.g., eqs. 11.24 and 11.54). Sterically hindered unsatu-
rated compounds may also become susceptible to hydrogenation at an elevated tem-
perature. The inhibitory effect of catalyst poisons may sometimes be overcome merely
by raising the reaction temperature.

On the other hand, hydrogenations under mild conditions, in particular those at or-
dinary temperature and pressure, are advantageous for monitoring the extent of con-
version of substrate exactly and thus achieving selective hydrogenation successfully,
as in selective hydrogenation of alkynes to alkenes and in selective hydrogenation of
the carbon—carbon double bond of unsaturated carbonyl compounds.

For rapid hydrogenations, care must be taken to ensure that the reaction does not
proceed too violently, particularly in a large-scale hydrogenation. This can be done by
adjusting the amount of catalyst and the reaction temperature, since hydrogenations
are usually highly exothermic, as seen from the heats of hydrogenation given in
Scheme 2.1. A hydrogenation started at room temperature often causes a considerable
rise in temperature during hydrogenation and an increase in the rate, which may some-
times result in catalyst deactivation or lower selectivity, although the rise in tempera-
ture often favors the hydrogenation to be carried to completion within a short time.
Therefore hydrogenations that are reportedly carried out “at room temperature” have
frequently been performed at a higher temperature unless an efficient system for regu-
lating the temperature has been available.

The effect of hydrogen pressure on the rate of hydrogenation may depend on vari-
ous factors such as the catalyst, the substrate, the reaction conditions, and others. In
most hydrogenations, however, increasing the hydrogen pressure is undoubtedly fa-
vorable for increasing the rate, reducing the reaction time, and an efficient use of cata-
lyst.

Adkins et al. studied the rate of hydrogenation of acetoacetic ester, dehydroacetic
acid, benzene, phenol, and aniline over Ni—kieselguhr at pressures from 2.7 to 35 MPa
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RCH=CHR ¢> RCH,CH,R + 117 kJ (28 kcal)
H, R R
RC=CR — £ > + 155 kJ (37 kcal)
H H
2H,

RC=CR RCH,CH,R + 274 kJ (65.6 kcal)

RC=N  — 22 | RCHNH, + 120 kJ (28.7 kcal)

H
@ _ s <:> +208 kJ (49.8 kcal)
3H
@N% _ 3 QNHZ +2 H,O + 493 kJ (118 keal)

Scheme 2.1 Approximate heats of hydrogenation of representative unsaturated organic
compounds.

H2.34 A considerable difference with respect to the effectiveness of increased hydro-
gen pressure in increasing the rate has been observed between the compounds. The hy-
drogenation of phenol and benzene (at 120°C) was relatively insensitive to increases
in pressure: it proceeded well in the 3—4-MPa range, increased with pressure up to the
15-17-MPa range (~50-70% increase), but was not sensitive to further increase in
pressure up to 33 MPa. Hydrogenation of acetoacetic ester (at 150°C) was consider-
ably more sensitive to the increase in hydrogen pressure. The rate of hydrogenation
of aniline (in methylcyclohexane at 175°C) was 3—4 times as great at 19 MPa as at 3.4
MPa. However, increasing the pressure in the higher ranges up to 35 MPa was not
found to be particularly advantageous. The effect of pressure on the rate of hydrogena-
tion of dehydroacetic acid to 4-heptanone was even greater; the rate at 14.9 MPa was
twice, and that at 32.3 MPa 4 times, as great as that at 10.8 MPa.

Application of high pressures is in most cases indispensable for performing the hy-
drogenations over copper—chromium oxide catalysts in reasonable rates. Adkins and
Connor observed that at an average pressure of 3.5 MPa H, the hydrogenation of 1.73
mol of acetone over 1 g of copper—chromium oxide at 150°C proceeded to the extent
of only 17% in 0.5 h, while at a pressure of 14.8 MPa H, 60% of acetone was hydro-
genated and the hydrogenation was 95% complete at 21.2 MPa H,. At the end of 1 h
the percentage of hydrogenation was 22, 92, and 100% for the three pressures given
above.®

Hydrogenations over the platinum metals, particularly over platinum, palladium,
and rhodium catalysts, have been performed very often at atmospheric or low pres-
sures below ~0.4 MPa. This probably stems from the fact that such low-pressure hy-
drogenations can be conveniently carried out in a glass reaction flask or bottle and
these platinum metals are sufficiently active under such low-pressure conditions.
However, application of high pressures of hydrogen may also be beneficial for plati-
num metals, as for the base metals, to complete a hydrogenation in a shorter time.
Baker and Schuetz have shown that under high hydrogen pressure, simple benzenoid
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hydrocarbons may be hydrogenated on a preparative scale within a practical period of time
over Adams platinum oxide in acetic acid at room temperature.’® As an example, 21 g
(0.23 mol) of toluene was completely hydrogenated within 20 min at 13.8 MPa H, over
0.67 g of platinum oxide in 25 ml of acetic acid at 25°C. Benzene and m-xylene were hy-
drogenated even more rapidly, and the hydrogenations of phenol, o-cresol, and 2-naphthol
were only slightly slower. Apparently, the first-order kinetics in hydrogen pressure was
found to hold in the range of 6.9—14.3 MPa for benzene, or 0.0226 mol of benzene was
hydrogenated in 12 min at 14.3 MPa H,, compared to 41 min at 6.9 MPa H,, over 0.063
g of platinum oxide in 4 ml of acetic acid at 26°C. Application of high hydrogen pressures
has also been found to be very effective for the hydrogenation of various aromatic com-
pounds over 7:3 thodium—platinum oxide catalyst.” As an example, 7.21 g (0.1 mol) of ben-
zene was hydrogenated completely in 5 min at 12.9-9.7 MPa H, over 0.05 g of prereduced
7:3 thodium—platinum oxide in 50 ml of acetic acid at 24°C. In the presence of a substrate
to be hydrogenated the reduction of the rhodium—platinum oxide to the metal requires 10—20
min, depending on the substrate, at room temperature and 9.8 MPa H,, and then rapid ab-
sorption of hydrogen takes place. Equation 2.3 compares the hydrogenation of acetophe-
none at atmospheric pressure with that at 14.7-11.3 MPa H2.38 If we express the
relative efficiency in the use of catalyst in a hydrogenation in terms of the reversal
of (reaction time X amount of catalyst), the relative efficiency in the hydrogenation
of acetophenone over 7:3 rthodium—platinum at 14.7-11.3 MPa H, to that at atmos-
pheric pressure is given by (0.20 X 3.5)/(0.05 % 0.58) = 24. Thus, acetophenone is
hydrogenated 24 times as effectively at the high pressure as at atmospheric pressure.
It is also noted that the hydrogenation at high pressure gives a greater yield of
1-cyclohexylethanol than at atmospheric pressure, indicating a lesser amount of hy-
drogenolysis to give ethylcyclohexane at high pressure. Similarly, the rate of hydro-
genation of aniline over the rhodium—platinum catalyst in acetic acid was about 30
times as great at 14.6 MPa H, as at atmospheric pressure.'

oy, _T3RN-Proxide <:>—CHOHCH3 <+ QCHCH >
_—
T acon, RT 2

2.
12 g (0.1 mol) 2.3)
H, pressure (MPa)  Amount of catalyst (g) Reaction time (field of saturated alcohol (%)
0.1 0.20 35 80
14.7-11.3 0.05 0.58 86

In some hydrogenations, however, the rate of hydrogenation has been found to be in-
dependent of hydrogen pressure. Smith and Bedoit, Jr. have found that the hydrogena-
tions of aliphatic nitro compounds over Adams platinum in acetic acid are zero order
in hydrogen pressure and first-order in the concentration of the nitro compounds, as
studied in the pressure range of 0.1-0.5 MPa, while for aromatic nitro compounds the
hydrogenations are first order in hydrogen pressure and zero order in the concentration
of the substrates.*® Higashijima and Nishimura observed that the rate of hydrogenation
of p-cresol over 5% Pd—C in cyclohexane (or methylcyclohexane) at 80°C was almost
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independent of hydrogen pressure in a wide range of 0.15-8.0 MPa.* The rate over
Pd—C A (Section 1.5.2) increased with increasing hydrogen pressure from 0.15 to 1.0
MPa, but further increase of hydrogen pressure to 8.0 MPa had only a slight effect on
increasing the rate. On the other hand, the rate of hydrogenation of the intermediate
4-methylcyclohexanone to the alcohol always increased much more definitely than in
the case of p-cresol. In line with these kinetics for hydrogen pressure, the relative re-
activity of the ketone to cresol over Pd—C increased from 0.047 at 0.15 MPa H, to 0.62
at 8.0 MPa H,, and the maximum yields of the ketones in the course of the hydrogena-
tion were greater (86—88%) at low hydrogen pressure (0.15 MPa) than at high pres-
sures (40-60%) (see Section 11.2.2). In many other cases the selectivity of
hydrogenation is a function of hydrogen pressure.’®*! Siegel and Smith found a
marked effect of hydrogen pressure on the stereochemistry of hydrogenation of 1,2-
dimethylcyclohexene over Adams Pt in acetic acid at 25°C.** The cis/trans ratio of the
1,2-dimethylcyclohexane formed increased from 4.5 at 0.1 MPa H, to 21 at 30 MPa
H,. The effects of hydrogen pressure were quite different for 2-methyl-1-methylene-
cyclohexane and 1,6-dimethylcyclohexene, where the cis/trans isomer ratio of the
1,2-dimethylcyclohexane formed was almost independent of hydrogen pressure or
slightly decreased with increasing hydrogen pressure.

Examples for various practical hydrogenations can be seen in a large number of
equations in Chapters 3—13 with experimental details. An appropriate catalyst, the ra-
tio of catalyst to substrate, the temperature, the hydrogen pressure, the solvent, the ad-
ditive, if necessary, and the reaction time are usually given in these equations, which
should be helpful for a choice of optimum conditions for performing a hydrogenation
successfully.
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H CHAPTER 3
Hydrogenation of Alkenes

The carbon—carbon double bond is in general among the functional groups that are
most readily hydrogenated, unless highly substituted and/or strongly hindered. Al-
though the discovery of Sabatier and Senderens in 1897 that ethylene reacted with hy-
drogen over reduced nickel oxide to give ethane was made at a high temperature in
the vapor phase,! a large number of alkenes have later been hydrogenated successfully
in the liquid phase, frequently under mild conditions using platinum, palladium, and
active nickel catalysts such as Raney Ni. However, application of elevated tempera-
tures and/or pressures is preferred in larger-scale hydrogenations to complete the re-
action within a reasonable time using relatively small amounts of catalyst. It is usual
that industrial processes, such as the hydrogenation of glyceride oils,” are carried out
at considerably higher temperatures than required for a small-scale hydrogenation in
the laboratory. High temperatures and pressures are also required for hydrogenations
over such catalysts as copper—chromium oxide and other transition metal oxides and
sulfides.

The hydrogenation of mono- and disubstituted double bonds is usually rather rapid
over most catalysts even under mild conditions. The heat of hydrogenation is also
greater for mono- and disubstituted ethylenes than for tri- and tetrasubstituted ones,
as shown in Scheme 3.1.% Accordingly, care must be taken to prevent the reaction from
proceeding too violently with less hindered olefins; this can be achieved by adjusting
the reaction temperature and the amount of catalyst. For obtaining reproducible re-
sults, careful purification of olefins, such as by distillation and/or passage through a
column of alumina or silica,4 is recommended.

CH,=CH, + H, —— CH3CH; + 32.8 kcal (137 kJ)
CH3CH=CH, + H, —— CH3CH,CH; + 30.1 kcal (126 kJ)
CHCH=CHCH; (cis)  + H, ————  CHsCH,CH,CHs + 28.6 kcal (120 kJ)
CHsCH=CHCH; (trans) + H, —————> CH3CH,CH,CH; + 27.6 kcal (116 kJ)
(CH3),C=CHCH, + H,, ——> (CH3),CHCH,CH3 + 26.9 kcal (113 kJ)

(CH3),C=C(CHy), + Hp ———— (CH3),CHCH(CHy),  + 26.6 kcal (111 kJ)

Scheme 3.1 Heats of hydrogenation of ethylene and methyl-substituted ethylenes (82°C).
64
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3.1 ISOLATED DOUBLE BONDS: GENERAL ASPECTS

In general, the ease of hydrogenation of an isolated double bond depends primarily on
the degree of substitution with respect of the double-bond carbons; the ethylenes sub-
stituted to a lesser extent are hydrogenated faster than are more highly substituted
ones, and tetrasubstituted ethylenes are hydrogenated at the slowest rates. The nature
and the size and degree of branching of the substituents are also important factors, the
effects of which, however, may vary with catalyst, solvent, and impurity or additive.

Kern et al. studied the effect of substituents on the rate of hydrogenation over Adams
platinum and palladium oxides in ethanol.’ It is seen from the results summarized in
Scheme 3.2 that, over platinum oxide, monosubstituted olefins (1-4) are hydrogenated
most rapidly but a second substitution has little effect on the rate when unsymmet-
rically located, that is, one of the double bond carbons having two hydrogens (5,
the side chain, and 6), although 6 with two phenyl groups is hydrogenated more
slowly than 5. With the symmetrically disubstituted olefins, the rate of hydrogena-
tion depended considerably on the character of the substituents. Dialkyl (7) or a
methyl and an aryl substitutions (8—10) had only a slight effect on the rate, while a pro-

MeO (o
HO‘@*CHZCH:CHQ O\%;>—CH2CH=CH2 HOZC(CHZ)BCH: CH, PhCH=CH
4
1 2

9(0.05 g)
3.5(0.05 g) 9 (0.05 g) 2.5(0.05 g);1.5 (0.10 g)
9 (0.05 g PdO) 9(005gPdo) 32 (0.05g PdO); 17 (0.10 g Pdc)0 (0.05 g PdO)
~ < o= W
6
5 7
4 (Ist H), 15 (2nd H) (0.05 g) 21 (0.05 g); 10 (0.10 g) 7 (0.05 g); 3.5 (0.10 g)
42 (1st H), 240 (2nd H) (0.10 g PdO) 57 (0.05 g); 14 (0.10 g) (PdO) 31 (0.05 g); 13 (0.10 g) (PdO)
MeO (
O‘GCW CHMe \@*CH=CHMe Me CH=CHMe PhCH= CHPh
10 11 (trang
10 (0 059) 11(0.05 ) 14 (0.05 g) 38 (0.10 g)
19 (0.05 g PdO) 13 (o 05 g PdO) 8 (0.05 g PdO) 69 (0.10 g PdO)
Me,C= CHMe p PhC=CHMe
12 13 14
12.5 (0.05 g); 6 (0.10 g) 7 (0.10 g) 312 (0.05 g); 153 (0.10 g)

135(0.05 9); 30 (0.10 g) (PdO) 260 (0.10 g PdO)

Scheme 3.2 Time (in minutes) for the uptake of 1 molar equivalent of H2 in the hydrogenation
of substituted ethylenes (0.1 mol) over Adams platinum oxide (or palladium oxide) (the amount
in parentheses) in 150 ml 95% ethanol at 25°C and 0.2-0.3 MPa Ha.
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nounced slowing up of the hydrogenation was observed when two phenyl groups
were present (11). With the trisubstituted olefins, trimethylethylene (12), 0-pinene
(13) and the second double bond in limonene (5) were hydrogenated rapidly,
whereas diphenylmethylethylene (14) was hydrogenated definitely more slowly.
Over palladium oxide, it is noteworthy that the trialkyl-substituted double bonds in
5, 12, and 13 are hydrogenated much more slowly than the disubstituted ethylenes
other than 5 and 11. Rather slow uptake of the first mole of hydrogen in 5 might be
due to extensive isomerization of the disubstituted to the tetrasubstituted double
bond. Similar effects of substituents were also obtained by Lebedev et al. with platinum
black (Willstiitter) in ethanol at atmospheric temperature and pressure.®” In most cases
the rates of hydrogenation over platinum remained fairly constant until hydrogen nearly
equivalent to the olefin had been absorbed,®® indicating the zero-order kinetics with re-
spect to the concentration of substrate.

Me R
Et\ /Me Me\ /Ph Ph\ /Me Ph\ /Ph Me\C C/Me \C C/
AN AN N AN / N\ / N\
Et/ H Me/ H Ph/ H Ph/ H R R R Me
| 1l 1 v \% VI

Different effects on the rate were observed over palladium catalysts with respect to the phenyl
group substitution. Thus, Kazanskii et al. obtained the following order in the rate of hydro-
genation of trisubstituted olefins I-IV: III > II > IV > I over palladium, in contrast to the
order: I>II> I > IV over platinum.” In the hydrogenation of binary mixtures of T with II,
III, or IV over palladium, the phenyl-substituted ethylenes were selectively hydrogenated.
Raney Ni behaved similarly to palladium. The rate of hydrogenation was the greatest with
III, which was hydrogenated as fast as on palladium and much faster than on platinum. Simi-
larly, the rate for IV over nickel, which was as great as for II and much lower than for III,
was greater than on platinum, but smaller than on palladium. As on palladium, the most
slowly hydrogenated compounds were the aliphatic derivatives I and trimethylethylene. '
Tetraphenylethylene, which was not reduced over platinum at room temperature and pres-
sure, was hydrogenated slowly in the presence of palladium.!' A similar effect of the
phenyl group over palladium was also observed in the stereochemistry of hydrogenation
of tetrasubstituted ethylenes V and VI. When R was phenyl, 1,2-cis addition occurred al-
most exclusively over palladium,u’13 but when R was carboxyl, 1,2-cis addition decreased
to 86 and 70% with V and VI, respectively,'? and with 1,2-dimethylcyclohexene (V: R =
—(CH2)4—)14 and A”'%-octalin, apparent 1,2-trans addition predominated. The charac-
teristic effect of the phenyl group in palladium catalyzed hydrogenation has also been ob-
served in a marked decrease in racemization from 60% with an alkyl-substituted ethylene
15 to 10% with a-phenethyl-substituted ethylene 16, where racemization is expected to
occur via isomerization to a phenyl-substituted ethylene.'® Similarly, in the deuteration of
phenyl-substituted unsaturated compounds over palladium, the deuterium distributions in
saturated products were more symmetrical and dideuterio species were more prevalent.!’
Further, it was observed that methyl cis-2-butenoate (methyl isocrotonate) (17) readily
isomerized to the trans isomer during hydrogenation, while methyl cis-cinnamate
(18) did not isomerize to the trans isomer over Pd—C."”
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I\l/le |\|/|e Me\ /COZMe Ph\ /COZMe
- C=cC c=cC
C3H,CHCH=CH, PhCHCH= CH / AN s N\
* * H H H H
15 16 17 18

Brown et al.'®!° and Brunet et al.”® studied the rates of hydrogenation of various olefinic
compounds over P-1 and P-2 nickel borides and over a nickel catalyst designated Nic,
obtained from NaH-7-PeONa—-Ni(OAc),, respectively, in ethanol at 25°C and 1 atm
H, (Table 3.1). Over P-1 Ni, the decrease in the rate of hydrogenation with 2-methyl-1-

TABLE 3.1 Rates of Hydrogenation of Alkenes over P-1 and P-2 Nickel Boride and
Nic Catalysts

P-1 Ni” P-2 Ni® Nic*

Initial ~ Relative  Initial =~ Relative  Initial  Relative
Compound Rate? Rate Rate? Rate Rate? Rate
1-Octene 72 1.0 119 1.0 34 1.0
3-Methyl-1-butene 45 0.63 44.8 0.38 — —
3,3-Dimethyl-1-butene 56 0.78 11.9 .10 — —
2-Methyl-1-butene 36 0.50 — — — —
2-Methyl-1-pentene — — 29 0.025 — —
2-Methyl-1-hexene — — — — 9.5 0.28
cis-2-Pentene — — 6.9 0.058 — —
trans-2-Pentene — — 1.8 0.015 — —
cis-2-Hexene — — — — 12 0.35
trans-2-Hexene — — — — 12 0.35
2-Methyl-2-butene 7 0.10 — — — —
2-Methyl-2-pentene — — 0.22* 0.002 — —
2-Methyl-2-hexene — — — — 0.5 0.015
2,3-Dimethyl-2-butene 2 0.03 0 0 — —
Cyclopentene 56 0.78 13.4 0.11 23 0.68
Cyclohexene 31 043 1.8 0.015 10 0.29
1-Methylcyclohexene — — — — 0.15 0.0044
Cycloheptene — — 47 0.40 22 0.65
Cyclooctene 43 0.60 15 0.13 3 0.09
Cyclododecene — — — — 2.8 0.082
Norbornene 80 1.1 125 1.06 33 0.97
Styrene 63 0.88 — — 44 1.3
0-Methylstyrene 49 0.68 5.6 0.047 28.5 0.84

“Data of Brown, C. A. J. Org. Chem. 1970, 35, 1900. Reprinted with permission from American Chemical
Society. The substrate (40 mmol) was hydrogenated over 5.0 mmol of catalyst (0.29 g Ni) in 50 ml 95%
ethanolic solution at 25°C and 1 atm H,.

’Data of Brown, C. A.; Ahuja, V. K. J. Org. Chem. 1973, 38, 2226. Reprinted with permission from
American Chemical Society. The reaction conditions were the same as for P-1 Ni.

‘Data of Brunet, J.-J.; Gallois, P.; Caubere, P. J. Org. Chem. 1980, 45, 1937. Reprinted with permission
from American Chemical Society. The substrate (10 mmol) was hydrogenated over 0.5 mmol of catalyst
(0.029 g Ni), obtained from #-PeOH as activating agent, in 15 ml ethanol at 25°C and 1 atm H,.
dAverage rate from 0 to 20% reaction in ml H, at STPIhin—1 (* values measured between 0 to 5 or 10%
hydrogenation).
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butene, an unsymmetrically disubstituted ethylene, is not significant, compared to 1-
octene, but significantly marked with 2-methyl-2-butene, a trisubstituted ethylene. In con-
trast, over P-2 Ni the corresponding di- and trisubstituted ethylenes, 2-methyl-1-pentene
and 2-methyl-2-pentene, were hydrogenated in the relative rates of only 0.025 and 0.002,
respectively, compared to 1-octene. Over P-1 Ni 2,3-dimethyl-2-butene, a tetrasubstituted
ethylene, was hydrogenated, although very slowly, but over P-2 Ni it did not react at all.
Thus, the hydrogenation over P-2 Ni was found to be markedly more sensitive to the
alkyl substitution, compared to the hydrogenation over platinum, Pt—C, and P-1 Ni.
The order in the reactivity of cycloalkenes was C5 > Cy > C4 over P-1 Ni and C; > Cq
2 C4 > C4 over P-2 Ni. The differences in the rate between the cycloalkenes were also
much greater over P-2 Ni than over P-1 Ni. It is noteworthy that norbornene was hy-
drogenated more rapidly than any other cycloalkenes and even more rapidly than 1-
octene over both P-1 and P-2 nickel borides. It is also of interest to note that over P-1
Ni the zero-order kinetics in concentration of substrate apparently holds for the hydro-
genation of 1-hexene, 2-methyl-1-butene, and cyclopentene while over P-2 Ni only
the hydrogenation of norbornene is zero-order, and with the other alkenes, especially
even with 1-octene and cyclopentene, the rates tend to decrease with conversion. The
effects of substituents on the rates over Nic appear to be similar to those over P-1 Ni
rather than over P-2 Ni. Cyclohexene, however, was more reactive than cyclooctene
over Nic, in contrast to the results over P-1 and P-2 catalysts.

3.2 HYDROGENATION AND ISOMERIZATION

The relationship between the structure of olefins and their reactivities in hydrogena-
tion as described above is complicated by the double-bond migration and the cis—trans
isomerization that may accompany the hydrogenation.

In the hydrogenation of 1-butene over Pd-BaSO, in 95% ethanol at —8°C and one
atmosphere pressure, the residual butenes were 8% 1-butene and 92% 2-butene at 20%
hydrogenation.?! Cis—trans isomerization was also relatively rapid under these con-
ditions. Similarly, over nickel wire the double bond migration of 1-butene was re-
ported to occur 2.5 times faster than hydrogenation at about 60°C> and the cis—trans
isomerization of 2-butene was 4—5 times faster than hydrogenation at 75°C.* The cis
isomers are usually known to hydrogenate faster than that of the corresponding trans
isomers. Thus, cis-dimethylstilbene was found to hydrogenate much faster than trans-
dimethylstilbene over Pd—C in ether.!? Similarly, the hydrogenation of cis acids or
their esters has been found to proceed faster than that of the corresponding trans iso-
mers over platinum and palladium catalysts.>**> However, Dobson et al. observed
that, although the presence of cis-4-undecene inhibited the hydrogenation of the trans
isomer over Pd—C, pure frans-4-undecene was hydrogenated much more rapidly than
the cis isomer.”® When the amount of catalyst was reduced to such an extent that no
hydrogenation occurred, cis-4-undecene was transformed in one hour at room tem-
perature into a mixture containing about 70% of the trans isomer.

The hydrogenation of 1,2- (19) and 1,6-dimethylcyclohexene (20) and 2-methyl-
methylenecyclohexane (21) over Pd—AlL,O; at 25°C and 1 atm H, gave almost the
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same isomer mixture at about 60% completion due to extensive isomerization, and the
saturated product of nearly the same cis/frans isomer ratio was obtained with any of
the three isomers as the starting material.'*

19 20 21

It has been recognized that usually the isomerization of olefins as well as the exchange
reaction with deuterium are depressed in the absence of hydrogen (or deuterium) but
greatly promoted in the presence of hydrogen.?*?®?” The extent of olefin isomeriza-
tion depends primarily on the nature of catalyst metal. However, the impurities or ad-
ditives as well as the reaction conditions may also become factors affecting the
isomerization.

It is often encountered that characteristic selectivity of a catalyst metal in a hydro-
genation reaction is closely related with its tendency toward the double-bond isomeri-
zation. For example, the high selectivity of palladium in the partial hydrogenation of
alkynes”® or the predominant formation of stable isomers in the hydrogenation of iso-
meric dimethylcyclohexenes over palladium'* are considered to result from an unusu-
ally high activity of palladium for olefin isomerization. Bond et al. studied the
hydrogenation and isomerization of 1-butene in vapor phase over alumina-supported
transition metals and found that the tendency of catalyst metals toward isomerization
(the ratio 2-butene/butane at initial stage) decreased in the following order: Co > Ni [
Rh (= 80°C) >Pd > Ru > Os > Pt 0Cu.?** From these and other results, it has been
pointed out that the first-row metals (Fe, Co, Ni) and the second-row metals (Ru, Rh,
Pd) of group VIII (or groups 8—10) in the periodic table show greater tendency for
isomerization and exchange than the third-row metals (Os, Ir, Pt).28_30 In the liquid
phase, however, palladium has been known to be more active for olefin isomerization
than any of the other group VIII metals. Gostunskaya et al. obtained the following or-
der of metals in the isomerization to hydrogenation ratio (given in parentheses) of 1-
hexene in ethanol at 40°C and 1 atm H,: Pd (1.7) > Ni (1.45) > Rh (0.49) 2 Ru (0.41)
>> 0s (0.19) > Pt (0.12) 2 Ir (0.10).31 In the hydrogenation of 1-octene over unsup-
ported metals in isopropyl alcohol at 25°C and 1 atm H,, the order was Pd (2.05) >>
Rh (0.125) = Ru (0.12) >> Pt (0.025) O1Ir (0.025) > Os (0.009).%* In the hydrogenation
of 1-octene with various nickel catalysts in cyclohexane (25°C, 1 atm H,), the ratio
decreased in the following order: T-4 Raney Ni*? (1.66) > W-7 Raney Ni (1.11) > U-
Ni-B* (0.44) > U-Ni-A% (0.23) > T-4 Raney Ni treated with 1-hexene (0.17) > Ni
(NRIM)*® (0.13) > reduced Ni (0.093).%” Thus, the isomerization to hydrogenation ra-
tio is much greater over active Raney Ni with a large amount of adsorbed hydrogen
such as T-4 and W-7 than over the other nickel catalysts or over the T-4 Raney Ni that
was treated with 1-hexene under an atmosphere of argon to remove adsorbed hydro-
gen. Similarly, with cobalt catalysts the following order was obtained: W-7 Raney Co
(1.16) > U-Co-A*® (0.35) > U-Co-B*® (0.26) > reduced Co (0.063).”” Brown and
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Brown found a great difference in isomerizing tendency between P-1 and P-2 nickel
boride catalysts.*** After absorption of 0.5 mol of H, in ethanol at 25°C and 1 atm
H,, 1-pentene yielded the reaction mixture containing only 2 mol% (isomerization to
hydrogenation ratio = 0.039) of 2-pentene (cis/trans = 7) with P-2 Ni, while P-1 Ni
and, in particular, Raney Ni gave the products containing substantially more 2-pen-
tene (7 and 23 mol%; isomerization:hydrogenation ratio 0.14 and 0.45, respectively).
Over Nic catalyst with 1-octene, 3% 2-octenes were found at 50% hydrogenation and
6% at 90% hydrogenation, indicating a slightly greater tendency toward isomerization
than over P-2 Ni.%°

The relative rate of isomerization to hydrogenation can be decreased by the addi-
tion of nucleophiles such as strong bases, amines, phosphines, and carbon monoxide®!
or affected by the nature of solvents.*> Augustine et al. studied the effect of solvents
on the isomerization of methylenecyclohexane (22) and 3- and 4-methylcyclohexenes
(23 and 24) to 1-methylcyclohexene (25) over palladium, platinum, and rhodium cata-
lysts (Scheme 3.3).*> With the exception of the hydrogenation of 22 over palladium,
the isomerization to 25 was depressed in the presence of benzene, and more favored
in ethanol than in pentane, as compared by the amounts of 25 found in the reaction
mixture at 25% hydrogenation. There was no correlation between the rates of hydro-
genation and the extent to which the isomerization took place. The hydrogenations
were faster in pentane than in ethanol and the slowest in benzene—ethanol.

It has generally been accepted that the double-bond migration and cis—trans
isomerization that accompanies the hydrogenation occur via the common intermediate
referred to as the half-hydrogenated state or a monoadsorbed alkane. Reversal of the
half-hydrogenated state may lead to double-bond migration, cis—trans isomerization,
racemization, and isotope exchange with deuterium. A typical hydrogenation and
isomerization process via the half-hydrogenated state, which is referred to as the as-

Scheme 3.3 Hydrogenation and isomerization of methylenecyclohexane and 3- and
4-methylcyclohexene.
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Scheme 3.4 Hydrogenation and isomerization of 1-butene via the half-hydrogenated states.

sociative mechanism or the addition—abstraction mechanism, is illustrated in Scheme
3.4 for the reaction of 1-butene with hydrogen.

Isomerization during hydrogenation may also occur via the T and O-allyl interme-
diates formed by abstraction of a hydrogen atom from an alkene, followed by addition
of hydrogen. This process for isomerization, referred to as the abstraction—addition
mechanism, is illustrated in Scheme 3.5 for 1-butene.*® Isomerization via an allylic in-
termediate might be favored in those cases where the formation of half-hydrogenated
state is strongly hindered or the surface hydrogen is rather poor and, therefore, forma-
tion of the alkyl intermediate might be slow. A typical example of the former case is
the migration of A” and A% double bonds of 5a-steroids to A% position over platinum
in acetic acid or palladium in ethyl acetate or acetic acid (Scheme 3.6).***” The hy-
drogenation of these double bonds does not occur in the absence of a strong acid. In
these cases, formation of the half-hydrogenated state adsorbed at the C8 carbon on the

H H
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H H
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/o AN *
HC/ \ H
*
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Scheme 3.5 Isomerization of 1-butene via Tt and O-allylic intermediates.
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Scheme 3.6 Migration of A" and A® double bonds to A¥!¥ position in 50-steroids.

o face, which may lead to a saturated product, is prevented by the increased crowding
at the 3 face. However, this difficulty may be avoided by the formation of the allylic
intermediates through which the migration to A is possible.*! The formation of
small amounts of o-xylene during the hydrogenation of 1,2-dimethylcyclohexene over
palladium catalysts under ordinary conditions'**® may also be initiated by the abstrac-
tion of allylic hydrogens, which might occur even in the presence of hydrogen.

3.3 ALKYL-SUBSTITUTED ETHYLENES

Unhindered simple olefins are usually rapidly hydrogenated under very mild con-
ditions over platinum metal catalysts such as platinum, palladium, and rhodium as
well as over active nickel catalysts such as Raney Ni, nickel boride, and Urushibara
Ni. For example, 0.1 mol of cyclohexene is hydrogenated in 7 min over 0.05 g of
Adams platinum oxide in ethanol at 25°C and 0.2-0.3 MPa H, (eq. 3. 1).5 1-Octene
and cyclopentene (eq. 3.2) are hydrogenated in rates of 11.5 and 8.6 mmol (258
and 193 ml H, at STP)I[g Ni~'mhin~!, respectively, over P-1 Ni in ethanol at 25°C
and 1 atm H,. 18 Hydrogenation of cyclohexene over active Raney Ni proceeds at rates
of 96—-100 ml H, at STP (4.3—-4.5 mmol)[gd Ni~'hin~! in methanol at 25°C and 1 atm
H2,49‘50 and can be completed within a short time, although usually larger catalyst:
substrate ratios than required for platinum catalyzed hydrogenations are employed

(eq. 3.3).%°
0.05 g Pt oxide
Q 150 ml 95% EtOH <:> (3.

8.4 (0.1 mol) 25°C, 0.2-0.3 MPa §1 7 min

@ P-1 Ni [5 mmol (0.3 g) Ni] Q
50 ml EtOH solution 3.2)

25°C, 1 atm H, 16 min for 100% conversion
2.7 g (0.040 mol) B 16 mi 0 CONVers!
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N-4 Raney Ni (0.2 g Ni)
O oo O ey

1.26 g (0.015 mol) 25°C, 1 atm H, 20 min

For hydrogenation of more substituted double bonds over Raney Ni, application of
elevated temperature and pressure may be advantageous to complete the reaction
within a reasonable time, as seen in the hydrogenation of ethylidenecyclobutane in eq.
3.4, although the reaction time was not described.’! Hydrogenation of iso-
propylidenecyclobutane at 80—100°C and 0.34—0.41 MPa H, proceeded less readily
than in the case of ethylidenecyclobutane.

<>:CHCH3 __SgRaneyNi <>\CH2CH3 (3.4)
<90°C, <0.34 MPa H

82 g (1.0 mol) quantitative

Copper—chromium oxide catalyst is effective for the hydrogenation of alkenes at ele-
vated temperatures and pressures. [sopropenylcyclopropane was hydrogenated to iso-
propylcyclopropane over barium-promoted copper—chromium oxide at 100-130°C
and 10.3-13.8 MPa H, with little or no ring cleavage.> In those cases where double-
bond migration may lead to more hindered isomers or racemized products, use of pal-
ladium catalysts should be avoided. Cram hydrogenated optically active
3-phenyl-1-butene in ethanol with racemization of only 1.1-2.5% over Raney Ni and
3.5% over platinum oxide whereas more extensive racemization (9.1-11.3%) oc-
curred with 0.5% Pd—CaCO,.>* Huntsman et al. observed much more extensive
racemization (32—63%) in the hydrogenation of optically active 3,7-dimethyl-1-oc-
tene and 3-methyl-1-hexene over Pd catalysts, although racemization decreased in the
presence of base or at high pressure. Similar results were also obtained with (—)-3-
phenyl-1-butene as substrate; over platinum oxide in acetic acid, however, racemization
was only 3% with 3,7-dimethyl-1-octene.'® The results are summarized in Table 3.2.

Hydrogenation of the exomethylene compound 26a over an aged 10% Pd-C
proved difficult because of complete isomerization of the exo double bond to
the more hindered endocyclic position. However, Sarma and Chattopadhyay
were successful in accomplishing the hydrogenation by using a large excess of
10% Pd—C in triethylamine containing a small amount of methanol to afford quan-
titatively a mixture of epimeric methyl derivatives in a ratio of 85:15 (eq. 3.5).>*
The exomethylene compound 26b (R = Ph), however, could be hydrogenated in dry
DMF or ethanol to give the product containing a mixture in a ratio of 4:1.

Me e OH Me Me OH Me Me OH
0.75 g 10% Pd—C Me s Y
H,C H 15 ml EgN/MeOH (1 drop)
R 30°C, LatmHh, 6 h HA, H Me\, H
26 a R = GH3(OMe),-2,5 85 : 15
400 mg (1.16 mmol) (3.5)

b:R=Ph
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TABLE 3.2 Hydrogenation and Racemization of Optically Active Alkenes”

%
Optically active alkene Catalyst Solvent Additive  Racemization Ref.
(=)-3-Phenyl-1-butene 0.5% EtOH — 9.1 53
Pd-CaCO;,
5% Pd-C EtOH — 10 16
Raney Ni EtOH — 2.5 53
(W-2)
Pt oxide EtOH — 3.5 53
(+)-3-Methyl-1-hexene 5% Pd-C EtOH — 63 16
(-)-3,7-Dimethyl-1-octene Pt oxide AcOH — 3 16
5% Pd-C EtOH — 52 16
5% Pd-C — — 52 16
5% Pd-C AcOH — 57 16
5% Pd-C? EtOH — 23 16
0.5% Pd- EtOH — 47 16
CaCO;
PdO EtOH — 41 16
Lindlar EtOH — 16 16
5% Pd-C EtOH KOH* 12 16
5% Pd-C EtOH Pyridine? 18 16
5% Pd-C EtOH Concentrated 56 16

HCl

“Hydrogenations were carried out at room temperature and 1 atm H,, unless otherwise noted.

bHydrogen pressure, 10 MPa.

“Hydrogen uptake ceased at 90% saturation. The catalyst was removed and the hydrogenation completed
with addition of Pt oxide and AcOH.

dHydrogen uptake practically ceased at 80% saturation. The hydrogenation was completed with addition
of Pt oxide and AcOH.

Platinum catalysts are preferred for the hydrogenation of relatively hindered ole-
fins under mild conditions. The A’ double bond in steroids, a rather hindered of trisub-
stituted double bonds, is usually not hydrogenated over platinum oxide in neutral
medium or with Raney Ni under mild conditions. However, it may be hydrogenated
without difficulty over platinum in an acidic medium. The hydrogenation of choles-
terol (27) often experienced difficulty in proceeding to completion when performed
even in acetic acid at 65-75°C.%° The use of acetic acid as the solvent at an elevated
temperature is also not advantageous because of the formation of the acetate. Nace
found that the products, Sa-cholestan-33-ol and its acetate, began to crystallize from
the solution as the hydrogenation approached 75% completion, which coated the cata-
lyst and rendered it ineffective. By employing a solvent consisting of cyclohexane and
acetic acid to prevent crystallization of the products, the hydrogenation could be com-
pleted within a short time without heating the reaction mixture (eq. 3.6).>° Hydrogena-
tion of cholesterol as its acetate may eliminate this difficulty in solubility of the
product.’’ Hershberg et al. used ethyl acetate as the solvent with addition of perchloric
acid as an accelerator and obtained 50-cholestan-3(3-ol in 87-90% yield in rapid hy-
drogenation at an initial temperature of 40-50°C, which was then maintained by the
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heat evolved.’® Chromatographic separation of the residues after crystallization of the
product indicated the presence of small amounts of 50-cholestanyl acetate, 5[3-
cholestan-3[3-ol, and 5a-cholestane (eq. 3.7). The formation of 53 derivative has also
been observed in a more significant amount in the platinum-catalyzed hydrogenation
of a A-steroid in acetic acid.”

CgHy7
0.30 g Pt oxide L:b/ (3.6)
120 ml GH1, + 60 ml AcCOH* HO =
HO RT, 0.1-0.2 MPa b 1-2 h H
27 10.5-10.7 g (86.5-88%)

12.0 g (0.031 mol)

“The solution was added to a suspension of catalyst prereduced in 30 ml AcOH.

25 g Pt oxide

17 liters EtOAc/2.0 ml 70-72% HCJO
40-50°C, 0.10 MPa 0.5 h

I:| =
1-2%

27
1250 g (3.23 mol)

3.7)

92. 5% 1-2%* 2.5-3.5%*

“The yields allowed by the results of chromatographic separation of the residues after crystallization.

It is rather surprising that palladium catalysts have often been used successfully for the hy-
drogenation of A’-steroids,% since tri- and tetraalkylsubstituted double bonds are usually
hydrogenated only slowly over palladium. Augustine and Reardon, Jr. showed that the hy-
drogenation of cholesterol over 5% Pd—C in ethanol proceeded smoothly at room tem-
perature and atmospheric as well as slightly elevated pressure. After one crystallization of
the product from ethanol, a 90% yield of 50-cholestan-33-ol was obtained. Examination
of the NMR (nuclear magnetic resonance) spectrum of the residue obtained from evapo-
ration of the mother liquors indicated the presence of about 10% cholesterol (1% of the
total product) with none of the 5B and hydrogenolysis products detected.®® Nishimura et
al. found that the hydrogenation of cholesterol in isopropyl alcohol over a well-washed
palladium black was smoothly carried to completion at room temperature and atmospheric
pressure. Isopropyl alcohol was used as the solvent, since 5a-cholestan-3[3-ol was more
soluble in isopropyl alcohol than in ethanol. Gas chromatographic analysis of the product
showed it to consist of 95.2% of 50-cholestan-3[3-ol and 4.8% of 50- and 5B-cholestanes
with no starting cholesterol (eq. 3.8).%! The results by Augustine and Reardon, Jr. that the
reaction became sluggish after 70—-80% completion and 1% of cholesterol remained
unchanged even after 10 h of reaction, together with the fact that no hydrogenolysis prod-
uct was detected, suggest that the 5% Pd—C used by Augustine and Reardon, Jr. was of
slightly alkaline character, which might have depressed the hydrogenolysis. It is probable
that the hydrogenolysis took place via isomerization to the allylic A*-3B-ol, since the
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cholestane formed was a mixture containing the 503 isomer in as much an amount as
25%. The unusual high reactivities of steroids in palladium-catalyzed hydrogenations
have been shown to result from a strong adsorption of the steroid a face onto the cata-
lyst, which is characteristic of palladium.®%?

27 0.09 9 Pd Plack J:;’O/ * dibﬁ (:b/
HO™ E :

20 mli-ProH : :
10g @6mmo) 1;n'ﬂ_£ ah A A H

95.2% (GC) 3.63% (GC)  1.17% (GC)
0.876 g (87%)
(3.8)
Isolated double bonds at the 7, 8, 9(11), and 8(14) positions in steroids (for the num-
bering, see Scheme 3.6) are known to be much more resistant to hydrogenation than
the A’ double bonds. As described in Scheme 3.6, the double bonds A7 and A? are li-
able to migration to A during hydrogenation over platinum oxide in acidic media
or over palladium catalyst in neutral solvent without being hydrogenated. However,
in the presence of dry hydrogen chloride in chloroform, A*!* double bond migrates
to the C14 position®® and can be hydrogenated to give a saturated product.**®>
Thus, A¥_ergostenol (Q-ergostenol) was transformed into ergostanol by prior
isomerization (as benzoate) to the A" isomer (B-ergostenol) in the presence of dry HCI
in chloroform, followed by hydrogenation over palladium in ethyl acetate (eq. 3.9).%°

CoH1g
CgH1g
059 Pd
gl
HCI/CHCIl; EtOH/KOH 50 ml EtOAc
BzO HO
0.8¢g

RT,1atmBb
3.9)

The isomerizing tendency of A7 and A% double bonds is largely depressed in the hy-
drogenation with platinum oxide in a neutral solvent or with Raney Ni. Thus, over
platinum oxide in ethyl acetate cholesta-8,24-dien-33-0l (zymosterol) is hydrogen-
ated selectively at the side chain to give cholest-8-en-33-ol (zymostenol) without be-
ing accompanied by isomerization.®® Similarly, A’-ergostenol (y-ergostenol) is
obtained from ergosterol or 5,6-dihydroergosterol by hydrogenation of their acetates
over platinum oxide in neutral solvent™ or, better, over Raney Ni at room temperature
and atmospheric pressure (eq. 3.10).%’

N
1.5 g Raney Ni
350 ml EtOAc
HO

AcO RT, 1atm H, 20 h
4.4 g (10 mmol) 4.0 g (90%) (3.10)
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3.4 SELECTIVE HYDROGENATION OF ISOLATED DOUBLE BONDS

In general, the selective hydrogenation of compounds with two or more isolated dou-
ble bonds is rather easily achieved when the degree of substitution differs between the
double bonds. Equation 3.10 is an example of such cases. (R)-(+)-Limonene (28) was
hydrogenated to (R)-(+)-carvomenthene almost quantitatively over 5% Pt—C (Kaf-
fer)®® (eq. 3.11)® or Raney Ni (eq. 3.12),”° without use of solvent. Application of pal-
ladium catalysts to this selective hydrogenation would be unsuccessful, because
extensive isomerization of the isopropenyl group to less readily hydrogenatable iso-
propylidene group may occur over this metal.

1.3 g 5% Pt—C (Kaffer)*

RT - 60°C, 0.36 MPa b 1 h @.11)
* No hydrazine hydrate was used in the
28 final stage of the catalyst preparatlonlz:L ml (97.6%)
120 ml (101 g) (0.73 mol) [U]DZ3+109°
[a]p?3+118.7°
*No hydrazine hydrate was used in the final stage of the catalyst preparation.
12 g Raney Ni (W-4

RT, 1 at
190 g (1.4 mol) +lamb

[a]p8+113°
184 g (96%)
[0]p2°+101.8°

Smith and Burwell, Jr. found that Ag'lo—octalin, a tetrasubstituted ethylene, was not hydrogen-
ated on Adams platinum oxide reduced in situ, probably due to the presence of alkaline sub-
stances, although it could be hydrogenated by adding acetic acid or by prereducing the
catalyst in dilute acid. On the other hand, Al'g—octalin, a trisubstituted ethylene, was
susceptible to hydrogenation, and A*!%-octalin of a high purity was prepared ac-
cording to a reaction sequence described in Scheme 3.7, with 2-naphthol as starting
material.”!

4-Vinylcyclohexene (29) has been selectively hydrogenated to 4-ethylcyclohexene
(30) in high yields of 97 and 98% over P-2 Ni'? and Nic,20 respectively, in ethanol at
25°C and 1 atm H,. Both the nickel catalysts are known to be of low isomerization ac-
tivity and sensitive to the structure of substrates. The same selective hydrogenation
was also achieved over a nickel catalyst in the presence of ammonia, which minimized
the isomerization to a more highly substituted double bond.”? Similarly, over P-2 Ni,
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OH OH
OO Ni—kieselguhr + (;O
150°C, 1 MPa K
100% HPO, .
—_— + + +
150°C OO C@ other octalins CO

78% 17% 5%

reduced Pt oxide " silica gel
RT,0.2MPaH

decalins ~ 99.9% purity

Scheme 3.7 The preparation of high-purity A1 octalin from 2-naphthol.

5-methylenenorbornene (31) was readily hydrogenated to give 2-methylenenorbor-
nane (32) in 96% yield. The hydrogenation of endo-dicyclopentadiene (33) has been
carried out on a 3-mol (400-g) scale without difficulty to yield 5,6-dihydro-endo-di-
cyclopentadiene (34) in 90% distilled yield (eq. 3.13)."

o O or o
29 30 31 32
- N\ P-2 Ni (150 mmol, 8.8 g Ni)* . N\ (3.13)
> 550 ml 95% EtOH - )
33 34

RT, 1atmH

407 g (3.08 mol) 370 g (90%)

“The catalyst was prepared in situ prior to the addition of substrate.

The selective hydrogenation of 1,5-cyclooctadiene (1,5-COD) and 1,5,9-cyclodode-
catriene (1,5,9-CDT), cyclic oligomers of 1,3-butadiene, to the corresponding
monoenes has been the subject of considerable interest, since the hydrogenation may
constitute one of the steps leading to the synthesis of Cg and C,, lactams, dicarboxylic
acids, and their derivatives.

In the hydrogenation of 1,5-COD over Nic in ethanol at 25°C and 1 atm H,, cy-
clooctene (COE) was obtained in a maximum yield of 93% with a ratio of the hydro-
gen uptake rates of 15 before and after the maximum yield.?

Palladium catalysts have been shown to be selective in this hydrogenation. Hanika
et al. studied the hydrogenation of 1,5-COD with 0.56% Pd-y-Al,O; and two Lindlar
catalysts, Pd—-CaCO; (Farmakon, 5% Pd) and Pd—CaCO, (Engelhard), as catalysts in
heptane at 27°C and 1 atm H,.”® The kinetic constants have been determined accord-
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ing to the reaction pathways outlined in Scheme 3.8, assuming the respective reaction
to be first-order. However, it should be understood that the rate constant k5, defined
by Hanika et al. for the isomerization of 1,5- to 1,3-COD in Scheme 3.8, is actually
that for the isomerization to 1,4-COD, as it may be presumed from the fact that 1,3-
COD, which is much more reactive than 1,5- and 1,4-COD, is seldom detected at all
or is detected only in trace amounts during the course of the hydrogenation of 1,5-
COD or even in the hydrogenation of 1,4-COD.”*” From the results summarized in
Table 3.3, it is seen that the selectivity to COE as compared by k,/(k,+ k,) is higher
over the Pd—Al,O; than over the Lindlar catalysts. The maximum yield of COE over
the Pd—Al,Oj is calculated to be 97.7% at 99.6% conversion.

Although the selectivity of palladium catalysts in the hydrogenation of 1,5-COD is
thus very high, the results also indicate that the hydrogenation of COE to cyclooctane
(COA) does not cease after the maximum yield of COE has been attained. Hirai et al.
studied the hydrogenation of 1,5-COD over a colloidal palladium catalyst, prepared
by reduction of palladium(II) chloride in the presence of poly(N-vinyl-2-pyrrolidone)
in refluxing methanol with addition of sodium hydroxide, in methanol at 30°C and 1
atm H,, and obtained a mixture consisting of 0.4% 1,5-COD, 0.3% 1,4-COD, 97.8%
COE, and 1.5% COA at the uptake of 1 molar equivalent of hydrogen.”* The initial
hydrogenation rate of COE over the colloidal palladium was %th that of 1,5-COD. The
maximum yield of COE was smaller by 2% over the catalyst prepared without adding
sodium hydroxide, and the yields with this catalyst were increased by the addition of
sodium hydroxide (by 0.7%) or triethylamine.

Nishimura et al. have found that 1,5-COD is hydrogenated to COE with high se-
lectivity with palladium catalysts in the presence of small amounts of phenylacetalde-
hyde (PAA), among various aldehydes, with almost complete depression of further
hydrogenation to COA.”® Thus, over 5% Pd—CaCO; and palladium black in the pres-
ence of a small amount of PAA, 1,5-COD was hydrogenated to give the maximum
COE yields of 97.6 and 97.4%, respectively, within 30 min in THF at 25°C and 1 atm
H,. The yields decreased only by 2—4% even after the reaction had been continued fur-
ther for 5 h. The addition of quinoline, which is known to be effective for the selective
hydrogenation of alkynes and conjugated dienes,”’ greatly depressed the hydrogena-
tion of 1,5-COD as well as COE, with the results of decreased selectivity.78 It is noted
that the isomerization of 1,5- to 1,4-COD increased to significant extents in the pres-
ence of PAA. Since it might be possible that carbon monoxide is formed from PAA
on the catalyst surface, Higashijima et al. studied in details the hydrogenation of
1,5-COD with unpoisoned and PAA- and CO-poisoned palladium blacks in THF at
25°C and 1 atm H2.75 By applying a computer simulation to the varying composition

k ko
15COD ———> COE ———> COA*
lk,a‘ /
1,3-COD ke

*Cyclooctane

Scheme 3.8 Hydrogenation routes of 1,5-cyclooctadiene I.



80 HYDROGENATION OF ALKENES

TABLE 3.3 Rate Constants for the Respective Hydrogenation Route of
1,5-Cyclooctadiene over Pd Catalysts®”

Rate Constant (min~'[g cat™")

Catalyst k, k, ks ky ky/(ky + ky)
Pd-CaCO; 0.30 0.0044 0.08 0.38 0.0065
(Farmakon)®©
Pd—CaCO;, 0.40 0.0044 0.10 0.38 0.0058
(Engelhard)d
Pd-Al,05¢ 0.56 0.0088 0.18 1.5 0.0043

“Data of Hanika, J.; Svoboda, 1.; Ruzicka, V. Collect. Czech. Chem. Commun. 1981, 46, 1031. Reprinted
with permission from Academy of Sciences of the Czech Republic.

bThe substrate (1 ml) in 25-ml solution in heptane was hydrogenated at 27°C and 1 atm H, using 0.2-1 g
of Pd catalyst.

“Lindlar catalyst (5% Pd); grain size < 0.05 mm.

Lindlar catalyst; grain size < 0.05 mm.

€0.56% Pd on y-alumina; pellets, 5 mm in diameter, were crushed and screened prior to use (grain size <
0.05 mm).

of reaction mixture versus reaction time with the assumption of a Langmuir—Hinshel-
wood kinetics (Figs. 3.1a—c), the kinetic data for the hydrogenation of 1,5-COD and
related compounds (Table 3.4) have been determined on the basis of the reaction
routes shown in Scheme 3.9. The values of k, and k5 were obtained from the results
of the hydrogenation of 1,4-COD in which the rate constant k, involved that for
the 1,3-COD that would be formed by isomerization of 1,4-COD and hydrogen-
ated to COE apparently without being desorbed.

Over PAA-poisoned palladium &, did not decrease but rather increased slightly,
compared to that for unpoisoned palladium, while a remarkable decrease in k; was ob-
served over CO-poisoned palladium. Both the isomerization of 1,5- to 1,4-COD (k;)
and the isomerization of 1,4- to 1,5-COD (k;) increased significantly over PAA-poisoned
palladium, while both & and k, decreased with CO-poisoned palladium. Over both
poisoned catalysts, the rate constant for the hydrogenation of COE (k,) became
very small and the hydrogenation to COA was brought to an almost complete halt. The
maximum yield of COE was 98.4% over PAA-poisoned palladium and 96.2% over
CO-poisoned palladium, compared to 93.5% over unpoisoned palladium. The
strength of adsorption of isomeric CODs relative to COE over unpoisoned palladium
(shown in parentheses) has been estimated, which was in the order 1,3-COD (33.3) >
1,4-COD (15.7) > 1,5-COD (7.1) > COE (1.0). However, it has been found that, in
competitive hydrogenations of 1,5- or 1,4-COD with 1,3-COD over the poisoned cata-
lysts, neither 1,4-COD nor 1,5-COD is hydrogenated at all until 1,3-COD had been com-
pletely consumed, in contrast to the hydrogenations over unpoisoned palladium,
indicating that the relative reactivity of 1,3-COD to 1,4- or 1,5-COD becomes very large
over the poisoned palladium catalysts. These findings were in line with the observa-
tion that, during the hydrogenation of 1,4-COD, 1,3-COD was detected in much
smaller amounts over PAA-poisoned palladium than over unpoisoned palladium.
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Figure 3.1 The composition of reaction mixture as a function of reaction time in the
hydrogenation of 1,5-cyclooctadiene over unpoisoned (a), phenylacetaldehyde-poisoned (b), and
carbon monoxide—poisoned (c) palladium catalysts. The points are experimental values, and the
curves show the simulations using the values given in Table 3.4. For the reaction conditions,
see footnote b in Table 3.4. (Key: ® 1,5-COD; © 1,4-COD; 0 COE; ® COA. (For abbreviations,
see Scheme 3.9.) (From Higashijima, M.; H6, S.-M.; Nishimura, S. Bull. Chem. Soc. Jpn. 1992,
65, 2960. Reproduced with permission of Chemical Society of Japan.)
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TABLE 3.4 Kinetic Data for the Hydrogenation of 1,5-Cyclooctadiene: Effects of
Phenylacetaldehyde and Carbon Monoxide®?

Maximum
Rate Constant x 103 Concentration Ratio of Adsorption
(mollthin~'[g Pd~") (mol %) Coefficients

Catalyst &k &k k k, ks  COE  14-COD by Jbs  beoglbs

Pd 100 1.70 7.0 127 0.66 93.5 11.2 22 0.14
PAA-Pd° 13.6 0.02 30.0 83 1.10 98.4 26.1 4.8 0.87
CO-Pd* 40 008 44 43 029 96.2 17.1 2.4 0.35

“Data of Higashijima, M.; H6, S.-M.; Nishimura, S. Bull. Chem. Soc. Jpn. 1992, 65, 2960. Reprinted with
permission from Chemical Society of Japan.

b1,5-COD (0.4 mmol) was hydrogenated in 6 ml THF over 2 mg of Pd black at 25°C and 1 atm H,. For
the rate constants k;’s, see Scheme 3.9.

“After prereduction of the catalyst with H, in THF for 20 min, the catalyst was treated with
phenylacetaldehyde (196.6 mmol) for 20 min or with CO (3.08 mmol) for 10 min under the atmosphere of
hydrogen.

These results suggest that the greater extents of the isomerization of 1,5- to 1,4-COD
(and also to 1,3-COD) over PAA-poisoned palladium may have contributed to give
the highest maximum yield of COE among the palladium catalysts investigated.
Small amounts of toluene, which are formed when the catalyst is pretreated with
PAA in the presence of hydrogen prior to hydrogenation, have been found to be
associated with the characteristic selectivity of PAA-poisoned palladium. Al-
though the toluene may be formed from PAA together with either formaldehyde
or CO (see Scheme 3.10), the different characteristics of PAA- and CO-poi-
soned catalysts, as described above, favor the view that the PAA-poisoned palla-
dium is actually the catalyst poisoned by the formaldehyde formed on the catalyst
surface by hydrogenolysis of PAA. This conclusion has been supported by the ob-
servation that an increased isomerization of 1,5- to 1,4-COD and a high selectivity to
COE were obtained by the addition of small amounts of a formalin solution to
unpoisoned palladium, although the rate of hydrogenation decreased signifi-
cantly when the formalin solution was added, in contrast to the case with PAA-poi-
soned catalyst.”” When PAA-poisoned palladium was used repeatedly, the
characteristics of the catalyst in the hydrogenation of 1,5-COD gradually approached
the nature of CO-poisoned palladium, suggesting that the formaldehyde formed on
palladium was decomposed slowly into CO and hydrogen during the repeated use.
The hydrogenation of 1,5,9-cyclododecatriene (1,5,9-CDT) to cyclododecadienes
(CDD) and cyclododecene (CDE) proceeds much less selectively than in the case of
1,5-COD. This may be due to the fact that the three double bonds in 1,5,9-CDT cannot
assist each other on adsorption to catalyst, as may be deduced from the inspection of
its molecular model. Thus, it is expected that the difference in strength of adsorption
or reactivity between 1,5,9-CDT and CDD or CDE would be considerably smaller
than that between 1,5-COD and COE. Hanika et al. studied the hydrogenation of 1,5,9-
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Scheme 3.9 Hydrogenation routes of 1,5-cyclooctadiene II.
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Scheme 3.10 Reactions of phenylacetaldehyde in the presence of Pd catalyst and hydrogen.
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Scheme 3.11 Hydrogenation of 1,5,9-cyclododecatriene (CDT) via cyclododecadiene (CDD)
and cyclododecene (CDE) as intermediates.

TABLE 3.5 Rate Constants for the Consecutive Hydrogenation of Isomeric
1,5,9-CDT and Maximum Concentrations of CDD and CDE Intermediates®”

Rate Constant Maximum Concentration
(min~'(g cat™") (wt %)
CDT Catalyst ky k, ks CDD CDE
Trans, trans, Pd-C¢ 0.06 0.07 0.12 34 18
trans
Pd—-CaCO¥ 0.025 0.015 0.035 46 17
Pd-Al,04 0.125 0.08 0.04 45 45
Cis, trans, trans  Pd—C¢ 0.065 0.065 0.25 38 10
Pd—CaCO{ 0.01 0.005 0.003 50 > 46
Pd-Al1,04 0.07 0.029 0.0058 53 65
Cis, cis, trans Pd-Al1,04 0.09 0.045 0.006 50 72

“Data of Hanika, J.; Svoboda, 1.; Ruzicka, V. Collect. Czech. Chem. Commun. 1981, 46, 1039. Reprinted
with permission from Academy of Sciences of the Czech Republic.

bThe reaction conditions were the same as those described in Table 3.3, footnote b.

‘3% Pd-C.

“Lindlar catalyst (Farmakon, 5% Pd).

©0.56% Pd on y-Al,O5.
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CDT over 3% Pd—C, 0.56% Pd-y-Al,05 and Lindlar Pd-CaCO; (Farmakon, 5% Pd)
as catalysts in heptane at 27°C and 1 atm Hz.80 The kinetic constants for the re-
spective reaction paths described in Scheme 3.11 have been determined, assuming
the reactions to be first-order and ignoring the difference in reactivity between the
cis and trans isomers of CDD and CDE intermediates. The results are summarized in
Table 3.5. The maximum yields of CDD and CDE, which also depended on the stereoi-
someric structure of the CDT hydrogenated, were generally the highest over Pd—
Al,O; and the lowest over Pd—C. Over Pd—Al,O;, the highest maximum yields of
CDE were 72, 65, and 45% with cis, cis, trans-, cis, trans, trans-, and trans, trans, trans-
CDT, respectively. In comparison with the hydrogenation of 1,5-COD (Table 3.3), the
hydrogenation of 1,5,9-CDT was considerably slower, in particular, with the Lindlar
catalyst, and the selectivity with respect to the formation of intermediates was lower,
although much higher yields of CDE were reported with palladium or modified pal-
ladium catalysts in vapor-phase hydrogenation.®'8? Very high yields of CDE were
also obtained in the hydrogenation with some homogeneous catalysts, where high se-
lectivity appears to result from extensive isomerization prior to hydrogenation of non-
conjugated CDT and CDD to conjugated CDT or CDD.

3.5 FATTY ACID ESTERS AND GLYCERIDE OILS

The hydrogenation of fatty oils is one of the most striking industrial applications of
catalytic hydrogenation. Normann obtained a patent on liquid-phase hydrogenation
for this process in 1903,% only 6 years after the discovery by Sabatier and Senderens
on the vapor-phase hydrogenation over reduced nickel catalyst.! Selective hydrogena-
tion of unsaturated fatty esters such as linolenates (35) and linoleates (36) is an impor-
tant reaction which is involved in the industrial process for the hydrogenation of
glyceride oils. >8> Certain aspects of the hydrogenation of vegetable oils and indus-
trial reactors have been reviewed by Allen,87 Hastert,88 and Edvardsson and Iran-
doust.® Regio- and stereoselective hydrogenation of 35 to 36 and oleate (37) or of 36
to 37, however, is an extremely difficult transformation, since it is usual that the hy-
drogenation is accompanied by the formation of positional and geometrical isomers
and gives a mixture of isomeric octadecadienoates and octadecenoates. Developments
in capillary gas-liquid chromatography (GLC) and AgNOj; thin-layer chromatogra-
phy (TLC), together with other elaborated instrumental analyses, have made it much
easier to separate quantitatively the positional and geometrical isomers of these un-
saturated products.”®

15 12 9 COZR
35
12 9

36
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Baily demonstrated that the model shown in Scheme 3.12 could be used to measure the
relative rate constants for each hydrogenation step in the batch hydrogenation of linseed,
soybean, and cottonseed oil. Isolinoleic represents octadeca-9,15-dienoic species (38).”!
Ignoring the apparent simultaneous hydrogenation of two double bonds, Albright calcu-
lated the rate constants k|, k,, and &, for the hydrogenation of linolenic to linoleic, linoleic
to oleic, and oleic to stearic acid groups, respectively, on the basis of a model of a simpli-
fied set of consecutive reactions (Scheme 3.13) that may represent reasonably well the ex-
perimental data of industrial batch hydrogenations of triglycerides containing little or no
linolenic acid groups.®* The varying composition of reaction mixture versus reaction time
can be computed from a set of values of k;, k,, and k;. Also, selectivity can be compared
quantitatively by the values of k,/k, and k,/k,, defined as the selectivity ratios. The selec-
tivity ratio k,/k, may become a criterion for producing an edible oil of improved stability.”®
The values of k,/k; were varied from 2 to 50, the range found for from highly nonselective
to highly selective hydrogenations. In a typical example of the hydrogenation of soybean
oil over a nickel catalyst at 175°C and 0.11 MPa H, where k,/k, = 2.3 and ky/k; = 12.2, it
has been shown that the calculated curves showing the varying composition of the reaction
mixture are in excellent accord with the experimental data through a wide range of reaction
time (Fig. 3.2).”* As seen in this example, the rate of hydrogenation of oleic group is usu-
ally considerably smaller than those for linolenic and linoleic groups and the hydrogena-
tion proceeds rather selectively.

Figure 3.3 shows the results by Cousins et al. on the distributions of double bonds
at different reaction temperatures when methyl linoleate (iodine value = 169.5) was
hydrogenated over a nickel catalyst to an iodine value of about 80 where practically
all of the linoleate had disappeared.” It is seen that in the samples hydrogenated at 170
and 200°C the concentration of the double bonds is greatest at the 10 position and de-
creases symmetrically as the distance from this position increases, while the greatest
concentration of the double bonds was found at the 9 position when the temperature
of the hydrogenation was reduced to 140 and 110°C (nonselective conditions). In the
run at 110°C, more than 50% of the residual double bonds appeared to be at their origi-
nal positions. These results as well as those by Allen and Kiess”® indicate that the dou-

linoleic

\ isolinoleic /

Scheme 3.12 Hydrogenation sequence of linolenate to stearate.

linolenic oleic — stearic
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. : H o H . H .
linolenic ——2 » linoleic 2 . oleic — 2 o stearic
kl k2 k3

Scheme 3.13 A simplified model for the hydrogenation of linolenate to stearate.

ble bond at the 12 position is hydrogenated somewhat faster than that at the 9 position
under nonselective conditions. In general, the operating conditions that tended to in-
crease selectivity and the formation of trans isomers (high temperature and low hy-
drogen pressure or low hydrogen dispersion rate) tended to increase the concentration
of double bonds at the 10 position.

Table 3.6 shows the results by Allen and Kiess on the proportion of the trans iso-
mers in each positional isomer formed in the hydrogenation of linoleic acid over a
nickel catalyst under nonselective and selective conditions.”® Nonselective conditions
result in rather low amounts of trans isomers, especially in the 9- and 12-monoenoic
acids, while more 9- and 12-frans monoenes are formed under selective hydrogena-
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O \
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Figure 3.2 The varying composition versus reaction time in the hydrogenation of a soybean
oil over nickel catalyst. The points are experimental values and the lines show the curves
calculated by using the kinetic constants in the figure. (From Allen, R. R. in Bailey’s Industrial
Oil and Fat Products, 4th ed.; Swern, D., Ed.; Wiley: New York; 1982; Vol. 2, p 12.
Reproduced with permission of John Wiley & Sons, Inc.)
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Figure 3.3 Distribution of double bonds at different hydrogenation temperatures. (From
Cousins, E. R.; Guice, W. A.; Feuge, R. O. J. Am. Oil Chem. Soc. 1959, 36, 24. Reproduced
with permission of AOCS Press.)

TABLE 3.6 Positional and Geometric Isomers in Monoenoic Acids from Partial
Hydrogenation of Linoleic Acid”

Nonselective Hydrogenation” Selective Hydrogenation®
Double-Bond Positional Isomer  Trans Isomer  Positional Isomer  Trans Isomer
Position (%) (%) (%) (%)
12 28.6 25.6 25.1 50.0
11 14.6 57.5 19.8 67.2
10 16.5 65.0 23.1 74.0
9 40.3 17.4 32.0 38.7
Total trans (%) 33.5 55.3

“Data of Allen, R. R.; Kiess, A. A. J. Am. Oil Chem. Soc. 1956, 33, 355. Reprinted with permission from
AOCS Press.

b120°C, 0.13 MPa H,, 0.5% Ni (from nickel formate).

€220°C, 1 atm H,, 0.5% Ni (from nickel formate).
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tion. More trans in the 12 isomer than in the 9 isomer may be related to the greater
reactivity of the 12 double bond over the 9 double bond as indicated by the greater
amounts of the 9-monoene in the monoenoic acids. Under both nonselective and se-
lective conditions, extensive frans formation was observed in the 10- and 11-
monoenoic acids. It is probable that the isomerization to conjugated dienes, followed
by the 1,4 addition, contributed to the formation of the trans isomers.”’

Krishnaiah and Sarkar investigated the effect of chromia on the activity and selec-
tivity of 25% Ni-SiO, in the hydrogenation of cottonseed oil (palmtic 22.5, stearic
3.5, oleic 22.5, and linoleic 16.5 mol%) at 120—-140°C and 0.5—-1 MPa Hz.98 Chromia
was found to suppress the stearate formation completely with its optimum content of
0.17 Cr/Ni atomic ratio. The kinetics of the process was found to be first-order with
respect to linoleate and half order with respect to hydrogen.

Kitayama et al. compared the catalytic activity and selectivity of Ni-SiO,, Ni—
Al,O; (5% Ni, prepared by decomposition of nickel formate), Cu—Al,O5 (41% Cu),
and palladium black in the hydrogenation of linoleic acid at 40°C and 0.039 MPa H2.99
The copper catalyst was more selective for monoenoic acid formation than nickel and
palladium catalysts; the selectivity for stearic acid formation was only 0.8% at 35.3%
conversion, compared with 6.9% on Ni-SiO,, 8.1% on Ni—Al,O;, and 5.2% on pal-
ladium at similar conversions. The monoenoic acids in the partial hydrogenation prod-
ucts contained eight positional and geometric isomers. On nickel and palladium
catalysts, the yield of cis- and trans-12-monoenoic acids was larger than that of cis-
and trans-9-monoenoic acids, while the 9-monoenoic acids were found in greater
amount than the 12-monoenoic acids on copper. The trans/cis ratio of monoenoic ac-
ids on the nickel and copper catalysts was 1.1—1.5, while the ratio was much larger
(3.7) on palladium.

Alouche et al. studied the selective hydrogenation of rapeseed oil over reduced Ni—
Ce oxides and the effects of aluminum incorporation to them. The binary Ce—Ni oxide
presented a good selectivity in the partial hydrogenation, as studied in a flow system
at temperatures of 190-250°C, but with a large Z/E isomerization. On the other hand,
use of ternary Ce—Ni—Al oxides [e.g., Ce/Al = 1, Ni/(Ce + Al) = 5], prepared from the
nitrates of cerium, nickel, and aluminum by coprecipitation using potassium hydrox-
ide, allowed a decrease in the extent of the Z/F isomerization.'%

Copper catalysts have been found to be more selective than nickel, platinum,
or palladium for the hydrogenation of linolenate in soybean oil.'”! Koritala et al.
studied the hydrogenation of methyl linolenate over copper—chromium oxide at
150°C and atmospheric pressure and found that the dienes formed from linolenate
consisted mostly of conjugated dienes, compared to only traces of conjugated di-
ene formed with nickel catalyst. About 16% of the unreduced trienes had also di-
ene conjugation. The high selectivity of the copper catalyst has been explained by
first isomerization of linolenate to form conjugated double bonds that are hydro-
genated to form conjugated and nonconjugated dienes.!®! Kirschner and Lowrey
compared the hydrogenation of trilinolein over a copper—chromium oxide pro-
moted with manganese and a nickel catalyst promoted with zirconium at 171—
200°C and 0.28-0.69 MPa H,. The copper catalyst produced essentially no
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saturates and gave fewer diene and more monoene isomers, particularly trans
monoenes, than did the nickel catalyst.' Koritala'®!%* and Johansson'® studied the
hydrogenation of soybean and rapeseed oils using Cu—SiO, catalysts prepared by add-
ing ammonium hydroxide in excess to an aqueous copper(Il) nitrate trihydrate to dis-
solve the copper hydroxide precipitate formed, followed by the addition of silica gel.
The copper catalysts thus prepared were more resistant to reduction to the metal than
copper—chromium oxide, and found to be superior to copper—chromium oxide in rape-
seed oil hydrogenation. In soybean oil, however, the two types of catalyst showed
similar activities.

Bautista et al. studied the effects of various supports and solvents on the selective
hydrogenation of ethyl linoleate to ethyl oleate over nickel and nickel-copper cata-
lysts. % Most hydrogenations were carried out at 50°C and 0.41 MPa H, in methanol
in which the best results were obtained with respect to catalytic activity and selectiv-
ity. The supports compared included sepiolite, a hydrous magnesium silicate (a clay
mineral), SiO,, Al,O;, active carbon, and three different AIPO,, and three commercial
nickel catalysts were used as a reference. The influence of copper as a second metal
in improving the selectivity has been found to be closely related to its influence in the
relative adsorption coefficients of linoleate to oleate. The best selectivity was obtained
AIPO,-supported nickel-copper (20/0.3 proportion) as catalyst.

Studies on the hydrogenation of fatty acids and oils over platinum group metals
have been reviewed by Rylander.'”” Zajcew studied the hydrogenation of tall oil
fatty acids over carbon-supported platinum metals in methanol at 28°C and atmos-
pheric hydrogen pressure.!®® The activity increased in the order Ru < Ir < Pt < Rh
< Pd. The tendency to form frans isomers increased in the order Pt < Ir < Ru < Rh
< Pd, which is the same with the generally recognized order of platinum metals to-
ward double-bond migration.’>3! The selectivity increased in the order Ir < Ru <
Pt < Rh < Pd, which was also the same with the order in the trans formation except
for platinum. Palladium more highly dispersed on carbon was found more active
and more selective. Thus, 1% Pd—C was more active and more selective than 5%
Pd-C. The effect of catalyst concentration on the rate of hydrogenation of 70%
soybean—30% cottonseed oil was studied with 0.5% Pd—C as catalyst at 185°C and
atmospheric pressure. The results shown in Table 3.7 indicate that over the highly
active palladium catalyst the rate was controlled by diffusion process, especially
in the region of high catalyst concentrations. The effectiveness of Pd—C catalyst
has been demonstrated in pilot-plant hydrogenations of soybean oil to shortening
stocks (corresponding to the decrease in iodine number from 127 to ~80) at 80—
121°C and around 0.3 MPa Hz.109 In three combined experiments with repeated
reuse, 1g of 5% Pd—C could hydrogenate about 18 kg of oil to a satisfactory prod-
uct; and 1 g of 2% Pd—C, about 11 kg of oil.

Riesz and Weber compared the selectivities of commercial platinum, palladium,
rhodium, and nickel catalysts for hydrogenation of linolenic components in soybean
0il."!% Representative results are summarized in Table 3.8. Certain platinum metal
catalysts showed higher selectivities than nickel catalysts, as indicated by the values
of S, (k,/k,in Scheme 3.13) = 2.4-2.7. Generally, nickel catalysts showed selectivities
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TABLE 3.7 Effect of Catalyst Concentration on
Rate in the Hydrogenation of a Glyceride Oil

over Pd-C*?

% Pd in Oil Catalyst Functioning Rate®
0.1 18

0.02 40

0.005 72

0.0025 130

0.00125 215

0.0005 354

“Data of Zajcew, M. J. Am. Oil Chem. Soc. 1960, 37, 11.
Reprinted with permission from AOCS Press.

bCatalyst, 0.5% Pd-C; temperature, 185°C; pressure,
atmospheric; agitation, 620 rpm; 70% soybean—30%
cottonseed oil.

“lodine units reduction per min per 1% of catalytic metal.

below §; =2.0, although Raney Ni afforded higher values. The selectivity of platinum
catalysts decreases markedly at low temperatures.!!! At elevated temperatures, how-
ever, platinum becomes as selective as palladium catalysts. The highest activity and
S selectivity were obtained with 0.2% Pd—C at 150°C. With nickel catalysts, there
was an optimum temperature for selectivity that occurred at 100°C for 63.5% Ni—ki-
eselguhr. Trans isomers were in the range of 7.8—15.4% for the platinum metal cata-
lysts, while nickel catalysts provided a lesser degree of isomerization, 5.2—7.4% trans
for the most selective catalysts. Hsu et al. compared the activity and selectivity of three
palladium catalysts supported on carbon, alumina, and barium sulfate in the hydro-
genation of soybean and canola oil. The effect of temperature (50—110°C), hydrogen
pressure (0.4—5.2 MPa), catalyst concentration (95—100 ppm), and starting oil on the
reaction rate, trans—isomer formation, and selectivity has been studied;"? 5% Pd-
Al,O; showed higher activity and lower trans isomerization (see the results in Table
3.8 on palladium catalysts). At 70°C, 5.2 MPa H, and 50 ppm Pd, only 9.4% trans
were formed when canola oil was hydrogenated to an iodine value of 7.4. In general,
high pressure and low temperature favored low frans formation with no appreciable
decrease in catalytic activity.

Nishimura et al. noticed during a study on the hydrogenation of methyl li-
nolenate that unpurified methyl linolenate was selectively hydrogenated to methyl oc-
tadecenoates over palladium catalysts, with practically no further hydrogenation to
methyl stearate. Although the effective principle in the unpurified linolenate could not
be identified, it has been found that, among various aldehydic compounds studied, the
addition of a small amount of phenylacetaldehyde depressed the hydrogenation of
methyl linoleate to methyl stearate almost completely, similarly as in the hydrogena-
tion of 1,5-cyclooctadiene, where the hydrogenation of cyclooctene to cyclooc-
tane was almost completely inhibited with phenylacetaldehyde (see Fig 3.15).7®
The effects of addition of various aldehydes and quinoline are shown in Table 3.9.
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TABLE 3.8 Selective Hydrogenation of Soybean Oil with Platinum Metals and Nickel
Catalysts®”

Linolenic Trans

Temperature ~ Rate Selectivity Index”  poyoyed Tsomers
Catalyst® (°C)  (mmol/min) S, Sy (%) (%)
5% Pt—C (A) 35 0.28 0.1 0.1 6 0.7
100 0.51 4.6 1.3 30 8.0
150 0.70 25.6 1.4 48 13.2
5% Pt—C (B) 150 0.58 large 2.7 52 12.8
1% Pt-SiO, 150 0.62 6.0 2.6 46 7.8
0.5% Pt—Al,04 100 0.74 10.5 2.3 46 4.5
5% Pd-C 35 0.36 4.6 1.1 24 5.7
100 0.97 40.5 2.5 52 13.8
5% Pd—-BaSO, 100 1.46 19.5 1.7 42 6.2
1% Pd-SiO, 100 0.55 6.0 2.6 46 7.8
0.5% Pd—Al,04 100 1.20 108.0 2.3 52 114
0.2% Pd-C 150 1.54 83.2 2.9 62 154
5% Rh-C 100 0.57 23.8 2.7 50 154
0.5% Rh—-Al,0; 100 0.86 330.0 2.6 54 13.8
65% Ni-kieselguhr 100 1.06 19.7 2.0 42 5.6
150 2.33 43 0.8 30 8.6
27% Ni—flakes 150 0.53 15.6 1.6 40 6.2
Raney Ni 50 0.29 14.2 2.5 48 6.5
150 1.34 18.5 2.1 50 5.7

“Data of Riesz, C. H.; Weber, H. S. J. Am. Oil Chem. Soc. 1964, 41, 400. Reprinted with permission from
AOCS Press.

bThe composition of soybean hydrogenated was 10.0% palmitic, 3.0% stearic, 27.1% oleic, 54.9% linoleic,
and 5.0% linolenic.

“The metal concentration was 0.025 wt% for the noble metal catalyst and 1.3 wt% for the nickel catalysts,
based on the oil.

dSO and S; : the relative rates of linolenic to oleic and linolenic to linoleic components, respectively.

Itis seen thatthe selectivity, as estimated in terms of the ratio of the rate of disappear-
ance of linoleate (V},) to the rate of disappearance of octadecenoates (V,,), be-
comes very large with addition of phenylacetaldehyde. In the presence of
phenylacetaldehyde methyl octadecenoates were obtained in maximum yields of
99.1% over Pd—CaCO; and 98.8% over palladium black in hydrogenation in THF
at 25°C and atmospheric hydrogen pressure. The formation of stearate was still
of very low level even after 5 h of reaction, as indicated by 92.4 and 90.7%, re-
spectively, of octadecenoates remaining in the reaction mixture. The high selec-
tivity was also obtained in the hydrogenation in cyclohexane, but use of #-butyl
alcohol as solvent lowered the effect of phenylacetaldehyde markedly. Quinoline,
the addition of which is known to be effective for selective hydrogenation of alkynes
and conjugated dienes,'!? greatly depressed the hydrogenation of both linoleate and
octadecenoates, resulting in a very low value of V,/V}, and only an 84.6% maximum
yield of octadecenoates.
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TABLE 3.9 Effects of Additives on the Hydrogenation of Methyl Linoleate over
Palladium Catalysts®”

Octadecenoate
Concentration
(%)
At

Catalyst Solvent Additive® V/ V&, Maximum  After5h
5% Pd—-CaCO; THF — 25 954 0.0
5% Pd—CaCO; THF Benzene 59 97.5 18.9
5% Pd—-CaCO;  THF PhCHO 45 97.7 63.8
5% Pd—-CaCO;  THF PhCH,CHO 520 99.1 924
5% Pd—-CaCO;  THF Ph(CH,),CHO 56 97.9 29.8
5% Pd—-CaCO;  THF Ph(CH,);CHO 43 98.0 453
5% Pd—-CaCO; THF CH;(CH,),CHO 24 96.0 0.0
5% Pd—CaCO;  Cyclohexane PhCH,CHO Very large 98.6 98.6
5% Pd—-CaCO; +BuOH PhCH,CHO 58 97.3 59.4
5% Pd—-CaCO; THF Quinoline 3 84.6 64.6
Pd black THF — 3 932 0.0
Pd black THF PhCH,CHO 230 98.8 90.7

“Data of Nishimura, S.; Ishibashi, M.; Takamiya, H.; Koike, N. Chem. Lett. 1987, 167. Reprinted with
permission from Chemical Society of Japan.

*Methyl linoleate (0.3 mmol) was hydrogenated with 6 mg of 5% Pd—CaCOj; or 3 mg of Pd black in 1.6
ml of solvent at 25°C and atmospheric hydrogen pressure.

“The additive (0.2 mmol; 0.02 mmol for quinoline) was added to prereduced catalyst before the addition
of substrate.

dVD: the rate of disappearance of methyl linoleate; V);: the rate of disappearance of methyl octadecenoates.
“GC analysis.

3.6 CONJUGATED DOUBLE BONDS

3.6.1 Aryl-Substituted Ethylenes

Zartman and Adkins hydrogenated various phenyl-substituted ethylenes with Ni—ki-
eselguhr and copper—chromium oxide as catalysts.''* The pressure of hydrogen as
well as the temperature had a marked effect on the rate of hydrogenation, which de-
pended on the structure of ethylenic linkages. Phenylethylene (styrene) was readily
hydrogenated over the nickel catalyst at 20°C and a low pressure of 0.25 MPa H, (eq.
3.14). Hydrogenation of 1,2-diphenylethylene (stilbene) (18 g, 0.10 mol) over 2 g Ni—
kieselguhr at 20°C required 15 min at 9.3 MPa H,, 30 min at 3 MPa H,, and 80 min
at 0.27 MPa H,, while hydrogenation of 1,1,2-triphenylethylene at 20°C required 150
min at 9.5 MPa H, and hydrogenation of tetraphenylethylene required over 2 h even
at 100°C and 12.5 MPa H, (eq. 3.15). In hydrogenations at 125-170°C, these
phenylethylenes may give the corresponding cyclohexylethanes. Over copper—chro-
mium oxide these phenyl-substituted ethylenes are hydrogenated rapidly at 125—
150°C and 12.5-13.5 MPa H, without affecting the phenyl groups. An example is
shown in eq. 3.16.
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PhCH= CH, 2 g Ni—kieselguhr - PhCH,CH, (3.14)
21g(0.20moly 20°C,0.25MPa Bl 7Smin  quantitative
Ph,C=CPh 2 g Ni—kieselguhr Ph,CHCHPh, (3.15)
75 ml GHyy quantitative
129(0.036 M0 1500c, 125 MPa b 2.2
Ph,C=CPh 1gCu=Croxide _  pp,cHCHPR, (3.16)
75 ml C7H14

quantitative
129(0.036mol)  150°c, 13.3 MPa b} 15 min

Over palladium catalysts, phenyl-substituted ethylenes are hydrogenated more readily
than the corresponding alkyl-substituted ethylenes, as noted previously. Poor activity
of palladium toward the hydrogenation of the aromatic ring at low temperature allows
the olefinic bonds to be hydrogenated selectively. Stilbene is hydrogenated smoothly
to 1,2-diphenylethane over palladium oxide in ethanol at 25°C and 0.2-0.3 MPa H,
(eq. 3.17).% Anethole (p-1-propenylanisole) was hydrogenated faster over palladium
oxide (8 min) (eq. 3.18) than over platinum oxide (14 min). Raney Ni behaves simi-
larly to palladium for aryl-substitutions, although to a lesser extent than in the case of
palladium.>'°

0.10 g Pd oxide

150 ml 95% EtOH
25°C,0.2-0.3 MPa§ 1.2 h

0.05 g Pd oxide
MeO—QCI—:CHCI—g g MeO—@—CHZCHZCH3
150 ml 95% EtOH

14.8 g (O.l moI) 25°C, 0.2-0.3 MPaf,!B min

PhCH= CHPh
18 g (0.1 mol)

PhCHCH,Ph  (3.17)

(3.18)

3.6.2 a,p-Unsaturated Acids and Esters

The C—C double bonds conjugated with carboxyl functions are usually much more
readily hydrogenated than usual olefinic bonds, especially with nickel and palladium
catalysts. Ethyl cinnamate is rapidly hydrogenated over Raney Ni under mild condi-
tions (eq. 3.19).!° It is also hydrogenated over palladium oxide much faster (eq. 3.20)
than over platinum oxide with which 2.9 h were required under the same conditions.’
Cinnamic acid was hydrogenated smoothly to dihydocinnamic acid as the sodium salt
over Urushibara Ni in water under ordinary conditions (eq. 3.21).116

2 g Raney Ni (W-6
QCH=CHCQEt g y Ni € ) —> QCHZCHZCQEt
100 ml 95% EtOH solution
8.8 g (0.05 mol) RT, 0.10-0.31 MPa § 3 min quantitative
(3.19)
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0.1 g Pd oxide
Q—CH=CHCOZEt g Q—CHZCHZCOZEt
150 ml 95% EtOH

17.6 g (0.1 mol) 25°C, 0.2-0.3 MPa }] 26 min (3.20)
@*CI—FCHCOZNa Urushibara Ni-B (0.5 g Ni) @CHZCHZCQNa
50 ml H,0
3.4 g (0.02 mol) 25°C, 1 atm K, 16 min for 100% conversion (3.21)

3.6.3 Conjugated Dienes

Conjugated dienes are usually more reactive than simple olefins. However, selectivity
in the formation of monoenes depends greatly on the catalyst employed. Kazanskii et
al. studied the selectivity in the hydrogenation of isoprene over platinum black, palla-
dium black, and Raney Ni in ethanol at room temperature and atmospheric pressure
(Table 3.10).""7 Selectivity for monoenes was much higher over palladium and Raney
Ni than over platinum. The monoenes were a mixture of three isomeric methybutenes
formed by apparent 1,2, 3,4, and 1,4 additions of hydrogen to isoprene over all the
catalysts. The high selectivity for the monoene formation of palladium and Raney Ni
was also demonstrated in the hydrogenation of 2,5-dimethyl-2,4-hexadiene in ethanol

TABLE 3.10 The Products (%) in Half-Hydrogenation of Isoprene over Platinum,
Palladium, and Raney Ni*

Product Pt Pd Raney Ni
>—/ 7 25 16
>—/ 26 30 40
>:/ 15 41 40
>J 26 2 2
V 26 2 2

Selectivity for monoenes (%) 65 98 98

“Kazanskii, B. A.; Gostunskaya, 1. V.; Granat, A. M. Izv. Akad. Nauk SSSR, Otdel. Khim. Nauk 1953, 670
(CA 1954, 48, 12664a).
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at room temperature and atmospheric pressure.''® Addition of one molar equivalent
(1 equiv) of hydrogen to the diene gave the monoenes in 92 and 99% yields with pal-
ladium and Raney Ni, respectively, compared to 75% yield over platinum. However,
in contrast to the results with isoprene, the greater part of the monoenes was 2,5-di-
methyl-2-hexene, the product resulting from 1,2-addition of hydrogen, which
amounted to 86% over palladium and 90% over Raney Ni.

Bond and Wells studied the selectivities of supported group VIII (groups 8—10)
metals in the vapor-phase hydrogenation of 1,3-butadiene.?®*° Palladium, iron, cobalt,
and nickel were all perfectly selective for butene formation, and the selectivity de-
creased in the order: Pd >> Ru > Rh = Pt > Ir. The frans/cis ratios of the 2-butene
formed from 1,3-butadiene over cobalt and palladium were much greater (>10) than
those of the 2-butene obtained in 1-butene hydroisomerization. The results sharply
contrasted to those obtained over the other metals where almost the same trans/cis ra-
tios of much smaller values (nearly between 1 and 2) were obtained from both 1,3-bu-
tadiene and 1-butene. Formation of the high frans/cis ratios of 2-butene over cobalt
and palladium was explained by 1,4 addition of hydrogen to the 1,3-butadiene ad-
sorbed in s-trans conformation as shown in Scheme 3.14.

Later studies by Wells and co-workers, however, showed that the trans/cis ratios
of the 2-butene formed from hydrogenation of 1,3-butadiene over nickel and cobalt
catalysts depended on the reduction temperature employed for catalyst activation.
High trans/cis ratios of 3.5—-8 were obtained over the catalyst reduced at 400°C, while
the ratios decreased to ~2 with the catalysts activated below 350°C."1*1?° The charac-
teristic properties of the nickel and cobalt catalysts activated at 400°C were attributed
to a modification of the catalysts caused by the sulfur compounds contained in the sup-
port that occurred at such a high reduction temperature as 400°C.'%!

Imaizumi et al. studied the hydrogenation of 1,4-dialkyl-1,3-cyclohexadienes over
the nine group VIII (groups 8—10) metals and copper in ethanol at room temperature
and atmospheric pressure.'** The selectivity for monoenes formation at 50% conver-
sion increased in the order: Os—C, Ir—C < Ru-C, Rh-C, Pt < Pd-C, Raney Fe, Raney
Co, Raney Ni, Raney Cu (= 100%). The selectivity for 1,4-addition product increased
in the order Os—C, Ir-C < Ru-C, Rh—-C, Raney Cu, Raney Fe, Raney Ni < Raney Co,
Pd—C, Pt. Extensive formation of 1,4-dialkylbenzenes (more than 50% with the 1,3-
dimethyl derivative) was observed over Raney Ni and Pd—C, while they were not
formed over Raney Cu, Os—C, and Ir—C. In the hydrogenation of 4-methyl-1,3-pen-
tadiene (39) (Scheme 3.15) over group VIII metals in cyclohexane at room tempera-
ture and atmospheric pressure, high selectivity to monoenes was obtained with iron,
nickel, cobalt, and palladium catalysts where the amounts of the saturate 2-methylpen-

\L\ + H, 1,4 addition R
N

anti-1,3-butadiene trans2-butene

Scheme 3.14 Formation of trans-2-butene via 1,4 addition of hydrogen to adsorbed
s-trans-1,3-butadiene.
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Scheme 3.15 Products in partial hydrogenation of 4-methyl-1,3-pentadiene.

tane (40) in the product at 50% conversion was less than 4%, while over the platinum
metals other than palladium 40 was formed in as much amounts as 18—-46% (Table
3.1 1).123 Among the monoenes 41-44 formed, the 3,4-addition product 41 increased
in the order Os, Ir < Ru, Rh, Pt < Pd, Fe, Ni < Co. The results on cobalt catalysts that
the monoene 41 was formed in more than 80% selectivity appear rather unusual, since
it indicates that the more hindered double bond in 39 was hydrogenated predomi-
nantly. On the other hand, over osmium the 1,2 addition to give 43 took place in 82%
selectivity, compared to only a few percents over cobalt catalysts.

Bell et al. studied the hydrogenation of trans-1-methoxy-1,3-butadiene (45) over
Adams platinum, Lindlar palladium, Raney Ni (W-6), and nickel boride (P-2) as cata-
lysts (Scheme 3.16).!2* Table 3.12 compares the products at the hydrogen uptake of
approximately one molar equivalent of hydrogen in the hydrogenation of 45 at 30°C
and initial hydrogen pressure of 0.36 MPa. Over Adams platinum formation of 1-
methoxybutane was significant from the beginning of hydrogenation, while Raney Ni
and Lindlar catalyst gave only small amounts of the saturated ether and no hydro-

TABLE 3.11 Selectivity of Group VIII Metals in the Hydrogenation of
4-Methyl-1,3-pentadiene®®

Product (%)°
Catalyst Amount (mg)* 40 41 42 43 44
Raney Ni 50 1 50 26 18 5
Ni¢ 100 4 40 28 28 t
Raney Co 500 2 91 6 1 0
Co° 1000 3 82 9 6 t
Raney Fe 500 2 47 22 25 4
Pd 5 2 49 20 23 6
Rh 5 44 8 11 34 3
Ru 5 42 4 8 44 2
Pt 5 45 22 14 19 0
Ir 5 46 2 2 50 0
Os 5 18 0 0 82 0

“Data of Imaizumi, S.; Muramatsu, 1. Shokubai 1981, 23, 132. Reprinted with permission from Catalysis
Society of Japan.

b4-Methyl-l,3-pentadiene (0.5 mmol) was hydrogenated in 3 ml of cyclohexane at room temperature and
atmospheric pressure.

“The product was analyzed at 50% conversion. For the compound numbers, see Scheme 3.15.

“Weighed wet for the Raney catalysts and as oxides for reduced nickel and cobalt catalysts.

“Prepared by hydrogen reduction of metal oxides.
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Scheme 3.16 Products of the hydrogenation of trans-1-methoxy-1,3-butadiene.

genolysis products. The predominant product over Adams platinum and Lindlar cata-
lyst was 48t, the 3,4-addition product, which amounted to 71% with Lindlar catalyst.
Raney Ni gave nearly equal amounts of 1,2-, 3,4-, and 1,4-addition products, 47, 48,
and 49, respectively. Nickel boride catalyst gave the results similar to those over
Adams platinum except that no cis-1-methoxy-1-butene (48c) was formed over this
nickel, indicating no isomerization of 48t taking place during hydrogenation.

The selective hydrogenation of cyclopentadiene to cyclopentene has been studied
not only from an academic interest but also from an industrial viewpoint for the utili-
zation of the C; fraction of naphtha cracking products.'? Cyclopentadiene is hydro-
genated readily to cyclopentane over Raney Ni in alcoholic solvents at 25°C and
atmospheric pressure. The hydrogenation, however, slows down after uptake of 1
equiv of hydrogen in hydrocarbon solutions.'?® In methanol or ethanol the addition of
amines is effective to depress the hydrogen uptake of the second stage.'?”!1?® Addition
of methylamine practically stopped the hydrogenation of cyclopentadiene after ab-
sorption of 49% of the theoretical amount of hydrogen, although on repeated hydro-

TABLE 3.12 Products of Partial Hydrogenation of trans-1-Methoxy-1,3-Butadiene®”

Composition of Reaction Mixture (%)c

%
Catalyst Reaction’ 46 47  48c 48t 49t 49c 45

Adams Pt 498 272 66 98 300 92 44 127
Pd—CaCO, (Lindlar)  50° 53 20 88 711 118 10 00
Raney Ni (W-6) 45 38 322 23 275 212 68 6l
Ni boride (P-2) 57 164 45 00 505 204 82 00

“Data of Bell, J. M.; Garrett, R.; Jones, V. A.; Kubler, D. G. J. Org. Chem. 1967, 32, 1307. Reprinted with
permission from American Chemical Society.

btrans—l—Methoxy— 1,3-butadiene (10 g) was hydrogenated at 30°C and the initial hydrogen pressure of 0.36
MPa over 0.04 g Adams Pt or 0.06 g Lindlar catalyst (with 0.06 g of quinoline). The Raney Ni (W-6) was
transferred to the reaction mixture by several portions of methanol, which totaled 20 ml. The Ni boride
suspension, prepared from 1.244 g Ni(OAc),[4H,0 in 40 ml 95% EtOH and 0.38 g NaBH, in 10 ml 95%
EtOH, was transferred to the hydrogenation flask along with 10.38 g of methoxybutadiene.

‘For the compound numbers, see Scheme 3.16. No butane and butenes were observed for the
hydrogenations over the catalysts other than Adams platinum.

IThe percent reaction is based on the calculated pressure drop for 2 mol of hydrogen per mole of diene.
“The hydrogen uptake nearly ceased after 50% reaction.
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genation cyclopentadiene was hydrogenated to cyclopentane. With addition of di-
methylamine cyclopentene was fully hydrogenated. Ethylenediamine stopped the hy-
drogenation after absorption of 49—51% of the theoretical amount of hydrogen and the
selectivity was retained on repeated hydrogenation. Hexamethylenediamine, piperid-
ine, 4-ethylpyridine, and O-picoline behaved as ethylenediamine, while with 2-
ethylpyridine the hydrogenation went to cyclopentane. '

Kripylo et al. studied the hydrogenation of cyclopentadiene in vapor phase over
group VIII transition metals supported on 25% CaO-Y-Al,O,. Palladium and cobalt
catalysts showed good selectivity with selectivity ratios (the relative reactivity of cy-
clopentene to cyclopentadiene) of 0.13 at 80°C to 0.26 at 140°C for palladium and
0.14 at 100°C to 0.37 at 160°C for cobalt, while supported platinum, rhodium, iridium,
and nickel catalysts were less selective with selectivity ratios of mostly 1-2.5 for rho-
dium, iridium and nickel and 5-9 for platinum.'?’ In a patent the selectivity of Pd—
CaCO; was improved by treating with a solution containing a heavy-metal ion such
as zinc acetate solution.'*” Hirai et al. obtained high yields (98.5-98.7%) of cyclopen-
tene at 100% conversion of cyclopentadiene, using a colloidal palladium prepared by
refluxing Pd(II) chloride and poly(N-vinyl-2-pyrrolidone) in methanol (Pd—PVP-
MeOH/NaOH) in the presence of sodium hydroxide'*! or over colloidal palladium
protected with sodium salt of polyacrylic acid and then modified with polyethylenimine,
in methanol at 30°C and atmospheric hydrogen pressure.'¥ Similar high selectivity to cy-
clopentene was also obtained, using colloidal palladium supported on a chelate resin with
iminodiacetic acid moieties attached to a styrene—divinylbenzene copolymer matrix.'**
The high maximum yields were shown to result from a large difference in strength of ad-
sorption between cyclopentadiene and cyclopentene over these colloidal catalysts. It is
noted that the cyclopentene formed is further hydrogenated, although slowly, after cy-
clopentadiene has been consumed almost completely.

Compared to cyclopentadiene, 1,3-cyclooctadiene appears to be more selectively
hydrogenated to cyclooctene, since hydrogenation of the cyclooctene produced may
be depressed almost completely over selective palladium catalysts such as Pd-PVP—
MeOH/NaOH’* and PAA- or CO-poisoned palladium.” The maximum yields of cy-
cloalkene obtained were higher with 1,3-cyclooctadiene than with cyclopentadiene or
with 1,4- and 1,5-cyclooctadiene, as seen from the results in Table 3.13. The yields of
cyclooctene were lower with a commercial 5% Pd—C or unpoisoned palladium. Over
these unpoisoned catalysts the cyclooctene formed was further hydrogenated to cy-
clooctane, although in slower rates than the cyclooctadiene.

Selective hydrogenation of A% -steroids to 5a-A’-steroids is best achieved by hy-
drogenation with Raney Ni, since the isomerization of A7 to ABY in 50-steroids,
which tends to occur over platinum and palladium catalysts (see Scheme 3.6), can be
avoided over Raney Ni.'**!*° Thus, Ruyle et al. hydrogenated a number of A>’-ster-
oids with Raney Ni at room temperature and 0.1-0.3 MPa H, and obtained pure o’
derivatives in 80-90% yields. Ergosterol acetate was smoothly hydrogenated in ben-
zene to give 3B-acetoxyergosta-7,22-diene in 90% yield (eq. 3.22).'* Similarly, the
£ double bond of 3B-acetoxypregna-5,7-dien-20-one, methyl 3B-acetoxybisnor-
chola-5,7-dienate, and 3f-acetoxyisospirosta-5,7-diene (7-dehydrodiosgenin acetate)



3.6 CONJUGATED DOUBLE BONDS 99

TABLE 3.13 Yields of Cyclooctene (%) from Hydrogenation of Isomeric
Cyclooctadienes over Palladium Catalysts®”

Catalyst
CO-Poisoned
Cyclooctadiene Pd—PVP-MeOH/NaOH“¢ PAA-Poisoned Pd*¢ pd>¢ Pdb
1,3- 99.9 99.4 99.7 98.8
1,4- 94.0 98.3 98.0 95.2
1,5- 97.8 98.4 96.2 93.5¢

“Data of Hirai, H.; Chawanya, H.; Toshima, N. Bull. Chem. Soc. Jpn. 1985, 58, 682. Reprinted with
permission from Chemical Society of Japan.

"Data of Higashijima, M.; H6, S.-M.; Nishimura, S. Bull. Chem. Soc. Jpn. 1992, 65, 2960. Reprinted with
permission from Chemical Society of Japan.

A colloidal palladium obtained by reducing palladium chloride with methanol in the presence of poly
(N-vinyl-2-pyrrolidone) and sodium hydroxide. Cyclooctadienes (25 mmolldm™—>) were hydrogenated over
the colloidal palladium (0.01 mmolldm™ for 1,3~ 0.02 mmol@dm= for 1,4-; 0.1 mmolldm™ for
1,5-cyclooctadiene) in 20 ml of methanol at 30°C and atmospheric pressure. The yields were those obtained
when an equimolar amount of hydrogen had been consumed.

dCyclooctadienes (50 ul) were hydrogenated over 2.0 mg of Pd catalyst in 1.6 ml of tetrahydrofuran at 25°C
and atmospheric pressure. The yields were those at the maximum. PAA-poisoned Pd:Pd black poisoned
with phenylacetaldehyde; CO-poisoned Pd: Pd black poisoned with carbon monoxide; Pd: Pd black
prepared by hydrogen reduction of Pd hydroxide.

“The yield was 94.2% with a commercial 5% Pd—C under the conditions in footnote c.

was successfully hydrogenated under these conditions. Further hydrogenation of the
ergostadiene did not occur readily under these conditions, although ergosterol acetate
was converted into 3[-acetoxy-7-ergostene by hydrogenation with Raney Ni in ethyl
acetate for 20 h (see eq. 3.10).%7 Laubach and Brunings hydrogenated ergosterol (39.7
g, 0.1 mol) with Raney Ni (W-2, 50 g) in dioxane (800 ml) at room temperature and
0.17-0.20 MPa H, and obtained 5-dihydroergosterol quantitatively.'> Isomerization
of 50-A’-steroids to A8 derivatives over platinum oxide may be depressed under
neutral** or nearly neutral conditions. Thus, 3B-hydroxyergosta-7,22-diene and 3p-
acetoxyergosta-7,9(11),22-triene (eq. 3.23) were hydrogenated successfully to the
corresponding 7-enes over platinum oxide in ethyl acetate containing a small amount
of acetic acid.'*> Separation of the steroid from the catalyst immediately after the re-
quired amount of hydrogen had been absorbed was also necessary. However, this tech-
nique was unsuccessful for the hydrogenation of  methyl
3B-hydroxybisnorchola-5,7-dienate and its derivatives to the A’ compounds.

Raney Ni (W-2) (2 tablespoons)

ACO 4 liters benzene
RT,0.28 MPal, 3h AcO

439 g (1.0 mol) 90% (3.22)
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A
0.2 g Adams Pt oxide*
75 ml EtOAc/0.1 ml AcOH
m c ml Ac A0

AxO 27°C, 98.8 ml B (97.0 ml for 2 mol)
1y(23ppo)

*Prereduced in the solvent. (3.23)

3.7 STEREOCHEMISTRY OF THE HYDROGENATION OF
CARBON-CARBON DOUBLE BONDS

3.7.1 Syn and Apparent Anti Addition of Hydrogen

With a few exceptions it has been generally accepted that two atoms of hydrogen are
added syn to a carbon—carbon double bond from the catalyst surface. If such were the
case, cis-tetrasubstituted ethylene I would give meso form and trans-tetrasubstituted
ethylene II a racemic mixture, while the situations would be reversed if anti addition
were the case (Scheme 3.17). The situation is also the same for disubstituted cy-
cloalkenes. Syn addition of hydrogen gives the cis isomer (meso form) and anti addi-
tion the trans isomer (d,! mixture). Actually, the mode of hydrogen addition is not so
simple and depends on the catalyst, the substrate as well as the hydrogenation condi-
tions (e.g., temperature and hydrogen pressure).

An excellent example of stereospecific syn addition is seen in the hydrogenation of
cis- and trans-dimethylstilbene with palladium catalyst (eq. 3.24).!* Under the same
conditions, diethylstilbestrol (50, R = H) and its dimethy] ether (50, R = Me) were hy-
drogenated to the products containing, respectively, 90 and 97% of the corresponding
racemic 3,4-diphenylhexane derivatives. Syn addition decreased to 86 and 70%, re-

Y
Ve a X H
XAQ; Y (mesaform)
X b X Y
Y Y X
% a Y H X H i
Y X + Y (d,] mixture)
X
H H

Scheme 3.17 Stereochemistry of the hydrogenation of tetrasubstituted ethylenes. a—syn
addition of Hp; b—anti addition of Hj.
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spectively, with dimethylmaleic acid and dimethylfumaric acid when hydrogenated as
their sodium salts over Pd—C in aqueous solution.'”> With a Ni—C catalyst under simi-
lar conditions, the syn addition product was exclusive with sodium dimethylfumarate
and 86% with sodium dimethylmaleate. Dimethylmaleinimide was hydrogenated to
nearly pure meso-dimethylsuccinimide in the hydrogenation over platinum oxide in
ethanol.'%

Ph Ph N
— 0.1 g Pd (Willstétter)
>  MeCHPhCHPhMe
Mé Me 75 ml 0.022™M AcOH solution
18°C,1atmH 99% meso(dl <1-2%)
Ph,_  Me 0.1gPd(Wilstaten) oo
75 ml 0.02281 AcOH solution "¢ €
Me Ph 18°C, 1 atmH 98%dl (mesol.7-2.4%)
(3.24)
Et
RO
Et
50

Siegel and Smith found that the hydrogenation of 1,2-dimethylcyclohexene (19) with
Adams platinum in acetic acid at 25°C and 1 atm H, gave a mixture of 81.8% cis- and
18.2% of trans-1,2-dimethylcyclohexane. The proportion of the cis isomer increased to
95.5% under a hydrogen pressure of 30 MPa.'*’ In contrast, the hydrogenation of 19 with
5% Pd—-Al,0O5 at 25°C and 1 atm H, gave the frans isomer predominantly (74.7% trans
and 25.3% cis). Hydrogenation of 1,6-dimethylcyclohexene (20) and 2-methylmethyle-
necyclohexane (21) with the palladium catalyst also gave approximately the same com-
position of the mixture of cis and frans isomers as that obtained with
1,2-dimethylcyclohexene.'* The hydrogenations over palladium were accompanied by
extensive isomerization and the composition of the reaction mixtures at ~60% hydrogena-
tion was almost the same as with any of the isomeric cyclohexenes as starting material.
The results were explained by assuming that the rate-controlling surface reaction is the
conversion of the half-hydrogenated states to saturated products where reversal of the half-
hydrogenated states to adsorbed olefins as well as desorption of adsorbed olefins are faster
than the hydrogenation to give the saturated products. The predominant formation of
trans-1,2-dimethylcyclohexane over palladium has thus been explained by assuming that
the stability sequence among the half-hydrogenated states is 1t > 1¢ >> 2t > 2¢ >> 3¢ > 3t
on the basis of decreasing stability of primary > secondary > tertiary half-hydrogenated
states and considering their conformations (Scheme 3.1 8).14

Nishimura et al. studied the hydrogenation of 19-21 over the six unsupported plati-
num group metals in #-butyl alcohol at 26°C and 1 atm Hz.138 The hydrogenations of
19 over iridium and osmium have been found to be highly stereoselective, affording
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Scheme 3.18 Stereochemistry of the hydrogenation of 1,2- and 1,6-dimethylcyclohexenes
and 2-methylmethylenecyclohexane over palladium catalyst.

99.2 and 98.7% yields of cis-1,2-dimethylcyclohexane, respectively (eq. 3.25). The
order of the platinum metals in the formation of cis isomer for 19 (Ir > Os > Ru > Rh
> Pt >> Pd) also holds approximately for the hydrogenation of 20 and 21 (Table 3.14).
Iridium and osmium are always among the metals that give the highest yields of the
cis isomer, and palladium always gives the trans isomer predominantly. In most cases
ruthenium, rhodium, and platinum show the intermediate stereoselectivity between
these extreme metals. In general, the tendency of the platinum metals for the formation
of the cis isomer has been found to correlate inversely with their ability for isomeriz-
ing 20 to 19 or 21 to 19 and 20 (see Table 3.14).

metal black
- + .
O( 4-5 mit-BuOH C( O/ (3.25)

26°C,1atmH
0.1-0.15ml Catalyst (mg)
Ir (20) 99.2% 0.8%
Os (7.5) 98.7 1.3
Ru (10) 93.5 6.5
Rh (7.5) 87.6 12.4
Pt (10) 79.1 20.9

Pd (40) 26.4 73.6
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TABLE 3.14 The Stereoselectivity and Isomerization Ability of the Platinum Metals
in the Hydrogenation of 1,6-Dimethylcyclohexene and
2-Methylmethylenecyclohexane®”

Proportion of cis Isomer in Saturate  Proportion of Isomerized Product

(%) (%)
Catalyst 20 21 20 - 19 21 - 19+20
Ir 89.0 854 0.8 0.0
Os 87.0 84.4 1.1 0.1
Pt 80.6 65.5 25 0.27
Ru 86.9 65.5 2.6 2.0
Rh 78.5 63.8 2.7 2.6
Pd 28.9 30.8 441 69.0

“Data of Nishimura, S.; Sakamoto, H.; Ozawa, T. Chem. Lett. 1973, 855. Reprinted with permission from
Chemical Society of Japan.

b20; 1,6-dimethylcyclohexene; 21: 2-methylmethylenecyclohexane; 19: 1,2-dimethylcyclohexene. For the
reaction conditions, see eq. 3.25. The amounts of catalyst were reduced for the more reactive substrate 21.
‘Given by mol% 19 or 19 and 20 in the product, respectively. The values were obtained at initial stages of
hydrogenation.

Weitkamp studied the deuteration of A%!%-octalin over carbon-supported platinum
metals in cyclohexane at 25°C and 2.45-2.72 MPa D,."* The formation of cis-decalin
decreased in the following order (proportions in parentheses): 5% Ir—C (97.8 %) > 5%
Ru-C (94.7%) > 5% Rh—C (84.9%) > 5% Pt—C (66.6%) > 5% Pd—C (15.6%).

In contrast to 1,2-dimethylcyclohexene, methyl cyclohexene-1,2-dicarboxylate
was reported to yield only the cis saturated product in the hydrogenation over platinum
oxide in acetic acid at 26—27°C, independently of the pressure of hydrogen (0.1-20
MPa) and the concentration of the substrate (0.05—1.0M).'4° Hydrogenation of methyl
cyclohexene-1,6-dicarboxylate also gave the same result at about 1 atm H,, but some
of the trans isomer (6£2%) was formed at a pressure of 13 MPa H,,.

Siegel et al. studied the effects of hydrogen pressure and the structure of the exo olefinic
groups on the stereochemistry of hydrogenation of 1-alkylidene-4--butylcyclohexanes
over platinum oxide in acetic acid."*'*? In contrast to the case with 4-t-butyl-1-methyl-
cyclohexene, the percent cis isomer of the product from 4-#-buty- 1-methylenecyclohexane
decreased with increasing hydrogen pressure from 87% at 0.025 MPa H, to 61% at 30
MPa. With respect to the structure of 1-alkylidene groups, the percent cis isomer decreased
in the order 87% for 1-methylene-, 32% for 1-ethylidene-, and 21% for 1-isopropylidene-
4-t-butylcyclohexane at low hydrogen pressure. In all the cases the formation of cis isomer
decreased at high hydrogen pressure, compared with the corresponding values at low pres-
sure. The results have been discussed on the basis of the increasing intramolecular non-
bonded interactions from methylene to isopropylidene groups. Kamiyama et al. extended
the studies to the hydrogenations over group VIII transition metals other than platinum.'*?
The similar effects of the exo alkene groups on the cis/trans isomer ratios of saturated prod-
ucts were observed for all the catalysts investigated. The results by Siegel et al. and by
Kamiyama et al. are summarized in Table 3.15.
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TABLE 3.15 Percent Cis Isomer from Hydrogenation of 1-Alkylidene-4-¢-
butylcyclohexane®

4-t-Butylcyclohexane

1-Methylene- 1-Ethylidene- 1-Isopropylidene-

H, pressure (MPa)
Catalyst Solvent 0.1 10 0.1 10 0.1 10 Ref.
Pt AcOH 87 61 32 17 21 11 142
Cyclohexane 68 66 26 20 2 4 143
EtOH 74 70 22 35 5 7 143
Ru Cyclohexane 87 85 72 66 46 50 143
EtOH 92 85 66 72 46 55 143
Rh Cyclohexane 84 78 68 60 34 36 143
EtOH 90 85 64 69 34 35 143
Pd Cyclohexane 59° 72b 26° 35° t b 143
EtOH 36 47° 17° 30° tb 3b 143
Os Cyclohexane 91 88 86 80 80 74 143
EtOH 87 84 85 86 78 78 143
Ir Cyclohexane 84 80 70 74 37 12 143
EtOH 87 85 65 70 42 16 143
Co Cyclohexane 33 46 25 44 NR* 24 143
Raney Co Cyclohexane — — 30 45 11 15 143
EtOH 32 47 — — — — 143
Ni Cyclohexane 47 47 33t 33t 8k 10 143
Raney Ni  Cyclohexane — — 21° 220 1 4 143
EtOH 46 47 — — — — 143

“Hydrogenations at room temperature.

bThe products contained large amounts (14—-76%) of isomerized cyclohexenes. Over the other metals, the
amounts of isomerized product in the reaction mixture were rather small (mostly less than 7%).

“No reaction.

T QaoPed T

Siegel and Dmuchovsky also studied the stereochemistry of the hydrogenation of iso-
meric dimethylcyclopentenes and 2-methylmethylenecyclopentane (51-55) over
platinum and palladium catalysts.'** The hydrogenation of 1,2-(51) and 1,5-dimethyl-
cyclopentene (52) over reduced platinum oxide in AcOH at 25°C and 1 atm H, gives
mixtures of cis- and trans-1,2-dimethylcyclopentanes in which the trans isomer is
slightly more abundant than the cis isomer. Formation of the cis isomer from 51 in-
creased from 43% at 0.1 MPa H, to 69% at 8.1 MPa H, but was almost independent
of hydrogen pressure in the case of 52. Compared to the cyclohexene analogs, the rela-
tive rate of isomerization (52 to 51) to hydrogenation was greater in the five-mem-
bered ring than in the six-membered ring. The isomerization of 51 to 52 was also much
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more extensive than in the cyclohexene analogs. These results, together with the fact
that 51 and 52 yield almost the same cis/trans ratios of 1,2-dimethylcyclopentane at
low hydrogen pressures, suggested that the majority of the trans isomer formed in the
hydrogenation of 51 resulted via prior isomerization to 52.143 The greater amount of
trans saturated isomer formation from 52 than from the corresponding cyclohexene
analog 20 at all hydrogen pressures has been explained by the increasing vicinal
methyl interactions that accompany the changing geometry of the adsorbed molecule
along the reaction path leading to cis-1,2-dimethylcyclopentane. Such interactions are
expected to disappear in the hydrogenation of 1,3- and 1,4-dimethylcyclopentenes (54
and 55), both of which gave cis-1,3-dimethylcyclopentane in more than 90% propor-
tions.'* The hydrogenation of 2-alkylmethylenecyclopentanes over platinum yields
the products in which the cis isomers predominate. Hydrogenation of 2-methylcy-
clopentylidenecyclopentane (56) over platinum oxide in AcOH gives more trans- than
cis-2-methyl-1-cyclopentylcyclopentane (trans/cis = 77:23) at 1 atm H,. The trans:cis
isomer ratio increased to 79:21 at 8 MPa H,. Hydrogenation of 2-methyl-1-cyclopen-
tycyclopentene (57), an isomerization product of 56, gave more amounts of the cis
product, which increased with increasing hydrogen pressure.'*® From these results
Siegel and Cozort suggested that the repulsive interactions between 2,2" and 5,5 ring
positions in the transition state leading to the cis isomer become more important than
the catalyst hindrance of the 2-methyl group at the species leading to the trans isomer,
which might reduce at the transition state.'*® As in the cases of the six-membered cy-
cloalkenes, extensive isomerization and predominant formation of the more stable iso-
mers resulted over palladium catalyst, as observed in the hydrogenations of 53, 56, and
5714145 Mitsui et al. investigated the stereochemistry of the hydrogenation of 2-al-
kylmethylenecyclopentanes and 1,2- and 1,5-disubstituted cyclopentenes over Raney
Ni as well as over platinum, palladium, and rhodium, mostly in ethanol as the solvent
at room temperature and atmospheric pressure.'*”'*® In contrast to the cases with
platinum and palladium, the hydrogenation of 1,2-disubstituted cyclopentenes over
Raney Ni and Rh—C gave preferentially the cis saturated products, whereas the hydro-
genation of 1,5-disubstituted cyclopentenes yielded the trans products in excess over
all the catalysts investigated. Hydrogenation of 1-methyl-2-phenylcyclopentene (58)
is characteristic in that the cis product was formed in high stereoselectivity (> 92%),
irrespective of the kind of catalyst. The results by Siegel et al. and by Mitsui et al. on
substituted cyclopentene and cyclopentane derivatives are summarized in Table 3.16.

3.7.2 Catalyst Hindrance

It has been generally accepted that the orientation of adsorption of an unsaturated
molecule onto the catalyst is controlled by a steric interaction or hindrance between
the substrate and the catalyst; in other words, the adsorption at a less hindered side of
the substrate is more favored.'*® The stereochemical outcomes of many hydrogena-
tions have thus been explained by syn addition of hydrogen (from the catalyst) to the
substrate at a less hindered side. Unless isomerization or some other opposing factors
are concerned, such a theory may be successfully applied to those cases where the ad-
sorption of substrate or the formation of half-hydrogenated state is the key step that
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TABLE 3.16 Percent Cis Isomer in Saturated Product from Hydrogenation of

Disubstituted Cyclopentenes and Related Cyclopentylidenes®”<®¢
Catalyst
Compound PtO, 5% Pd-C 5% Rh-C Raney Ni
43; 67 (23 MPa) (A) — — _
O( 44 (A); 31 (E) 20 (E) 82 (E) 72/ 73¢ (E)
OLCIO 46; 62 (8 MPa) (A) 32 (0.025 MPa) (A) 94 (13.4 MPa) (A) —
42 (A); 17 (E) 14 (A); 13 (E) 80 (E) 73/75¢% (E)
Ph _ _ _ _
OL 93 (A); 92 (E) 98 (A); 99 (E) 98 (E) 100/ (E)
44; 37 (29 MPa) (A) — — —
C( 22 (E) 21 (E) 42 (E) 30/ 35% (E)
CP  27,20(8 MPa) (A) — _ _
CL 21 (E) 13 (E) 42 (B) 17/ 178 (B)
PR - — —
CL 42 (A); 41 (E) 73 (A); 90 (E) 66 (E) 46/ (E)
81;72 (21 MPa) (A) 21 (A) — —
C.E 75 (E) 33 (E) — 457 501
Cp
@ 71 (E) 15 (E) — 26, 24 (E)

92 (A) — — —

91; 88 (21 MPa) (A) — _ _

@m

23;21 (8 MPa) (A) 10; 13 (13.3 MPa) (A) 45 (13.4 MPa) (A) —

“Data of Siegel, S.; Dmuchovsky, B J. Am. Chem. Soc. 1964, 86, 2192. Reprinted with permission from
Amerlcan Chemical Society.

*Data of Siegel, S.; Cozort, J. R. J. Org. Chem. 1975, 40, 3594. Reprinted with permission from American
Chemical Society.
“Data of Mitsui, S.; Saito, H.; Sekiguchi, S.; Kumagai, Y.; Senda, Y. Tetrahedron 1972, 28, 4751. Reprinted
Wlﬂ’l permission from Elsevier Science.

“Data of Mitsui, S.; Senda, Y.; Suzuki, H. ; Sekiguchi, S.; Kumagai, Y. Tetrahedron 1973, 29, 3341. Reprinted
with permission from Elsev1er Science.
“The data on the upper line in each cell are those by Siegel and co-workers obtained at 25°C (27°C for
2-methylcyclopentylidenecyclopentane and related compounds); the data on the lower line in each cell are
those by Mitsui and co-workers obtained at room temperature. Unless indicated in parentheses, the compound
Waq hydrogenated at 1 atm H, in AcOH (A) or in EtOH (E).

Freshly prepared.
gAged 7 days.

Aged 1 day.
iAged 2—4 weeks.
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controls the hydrogenation stereochemistry.'*” Usually, the stereoselectivity of an ole-
fin hydrogenation may be higher over the catalysts of low isomerization ability such
as osmium and iridium. As seen from the examples shown in Table 3.14, the formation
of cis isomer in the hydrogenation of 1,6-dimethylcyclohexene and 2-methylmethyl-
enecyclohexane over the platinum metals increases with decreasing isomerization ac-
tivity of catalysts. Excellent examples of the stereoselective synthesis using iridium
catalysts are seen in the hydrogenation of the 16-methylene steroid 59 to the 163 de-
rivative 60 (eq. 3.26)!*° and in the hydrogenation of the unsaturated ketone 61 to the
saturated ketone 62 (eq. 3.27), which was an important step in the total synthesis of
(+)-9-isocyanopupukeanane.'>' Both the hydrogenations gave mixtures of stereoi-
somers with other metals, except in the case of 59 over platinum.

C|: H,OAC

C?\\OH C|:H20AC CH,OAC

50 g 7.5% Ir-CaCQ ~OH WOH
. 2.5 liters ETOAC + ;b .....
HO = RT,latmHB,2h
H
59 60
75 g (0.186 mol) 74.2 g (98%) < 2%
(3.26)
0 0
I black
] ot (3.27)
EtOH
61 25°C, 1atmH 62
> 98%

Mitsui et al.'">>!%% and Tyman and Wilkins'>* found that different stereochemistries of
hydrogenation resulted between freshly prepared Raney Ni and the Raney Ni stored
in ethanol or methanol in the hydrogenation of alkylmethylcyclohexenes and alkyl-
methylenecyclohexanes. Imaizumi et al. investigated this phenomenon in detail in the
hydrogenation of 1-t-butyl-4-methylenecyclohexane (63), where the difference was
most pronounced probably because of a fixed conformation of 63.'3 Thus, the
stereoselectivity in the formation of the cis isomer increased from a 23% with a fresh
catalyst to 95% with the catalyst aged in ethanol for 40 days (eq. 3.28). The isomeri-
zation to 4-¢-butyl-1-methylcyclohexene (64) decreased from 11% over the fresh cata-
lyst to only 1% with the aged catalyst. Similar high stereoselectivity and low degree
of isomerization to 64 were also obtained with the catalyst that had been refluxed in
ethanol or methanol, while the formation of the frans isomer predominated with the
catalysts aged in water or cyclohexane, and also with those refluxed in 2-propanol, 2-
methyl-2-propanol, tetrahydrofuran, and cyclohexane. Since a highly stereoselective
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formation of the cis isomer was also obtained over a fresh catalyst that had been
treated with carbon monoxide (eq. 3.28), the high stereoselectivity of the Raney Ni
stored in ethanol was attributed to the modification of the catalyst by the carbon mon-
oxide abstracted from the ethanol used for the storage of the catalyst, rather than the
partial surface oxidation of the catalyst. No appreciable change in stereoselectivity
was observed in the hydrogenation of 64 with the modified Raney Ni nor in the hy-
drogenation of 63 with the modified Raney Co. It is noted that in the presence of buty-
lamine the formation of trans isomer from hydrogenation of 63 was as much as 51%
with Raney Ni and 83% with Raney Co; nevertheless, no isomerization to 64 was ob-
served in either case.

Me H
W Raney Ni W H N W Me
Y EtOH Y H
RT, 1 atm
63 L
Raney Ni
l Freshly prepared 23% 77%
Stored 40 days in EtOH 95 5
W Treated with CO 98 2
64 (3.28)

Hydrogenation of L-ascorbic acid (vitamin C) takes place stereoselctively to give L-
gluco-1,4-lactone in high yield over Pd—C,'*® or better, over Rh—C in water at tem-
perature below 45°C and 0.38 MPa H, (eq. 3.29).157 1t is noted that hydrogen adds
preferentially from the least hindered side opposite the side chain.

HO HO
OH OH
o o)
0 195%Rh-C oH O 0
— 200 ml HO
HO OH <45°C, 0.38 MPa kK 1.5 h H H
10.0 g (0.057 mol) 75-90% (3.29)

The hydrogenation of 2,3-disubstituted bicyclo[2.2.1]hept-2-enes (norbornenes) (65)
over platinum catalysts generally leads to endo—cis derivatives, indicating preferential
syn addition of hydrogen from the exo side.'>®!>° Thus, the hydrogenation of bicy-
clo[2.2.1]hepta-2,5-diene-2,3-dicarboxylic acid and its dimethyl ester in acetic acid or
methanol gave the corresponding endo—cis products in high yields via fast uptake of
first mole of hydrogen to give the 2-norbornene derivatives followed by slow hydro-
gen uptake of second mole of hydrogen to give the endo—cis products. The formation
of the endo—trans product was ~5%, and no exo product was found in the case of the
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free acid 65a (eq. 3.30). Similar results were also obtained in the hydrogenation of bi-
cyclo[2.2.1]hept-2-ene-2-carboxylic acid with colloidal platinum (Skita) in HCI-
AcOH and Adams platinum in AcOH or in MeOH, as well as in slightly alkaline
solution of colloidal palladium (Paal). The hydrogenation of 2-methylenenorbornane
(66),15 8 2,3-dimethylenenorbornane (67)15 % and 3,3-dimethyl-2-methylenenorbor-
nane (camphene) (68)160 also leads to the products resulting from the exo or exo—cis
addition of hydrogen.

’x\t R, Me
Me
)
65 66 67 68

a Ry =R,=COH
b: R, =R, = COMe
C: R;=H;R,=COH
d: R =R, =Me

(3.30)
ﬂbﬁCOzH Pt oxide Lb Lb/
AcOH d
COH RT, 1 atm H, fast C -3 days COMH

5.5 g (0.31 mol) 5a COH COH
>90% ~ 5% (eq3.30)

In contrast to the case with 65a, the hydrogenation of dimethyl bicyclo[2.2.2]oct-2-
ene-2,3-dicarboxylate (69) yields the syn-endo-addition product 70 over Rh—C and
Pt—C in heptane at 25°C and 1 atm H, (eq. 3.3 1).161:162 The hydrogenation over Pt—C,
however, was accompanied by 7.1% of apparent anti-addition product 71. The pres-
ence of small amounts of a strong acid, which had little effect on the hydrogenation
with rhodium, greatly increased the formation of 71 over Pd—C, which amounted to
as much as 60% in the presence of p-TsOH in methanol.

:j\z/cozrvle COMe
L@COZMGB CO,Me * (3.31)

COMe 70 71 coMm
69 oMe

The addition of hydrogen to - and a-pinenes (72 and 73) takes place preferentially
from the methylene bridge side, rather than from the isopropylidene bridge side, as
might be expected from the consideration of catalyst hindrance. Van Tamelene and
Timmons obtained a 84:16 cis:trans mixture in the hydrogenation of 72 over platinum at
unspecified conditions.'®® The stereoselectivity for the cis isomer is even higher with
73; more than 90% yields of cis-pinane were obtained with platinum catalysts.'®%-163
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cis-Pinane was also the predominant product in the hydrogenation with Raney Ni in
ether at elevated temperature and pressure (up to 107°C and 10.3 MPa).'®* The hydro-
genation of 72 over Pd—C is accompanied by rapid and complete isomerization to 73
from which the cis isomer is formed in greater amounts than the trans isomer. By
choosing appropriate conditions, Cocker et al. obtained cis-pinane in over 98% yield
with 5% Pt—C in ethanol and trans-pinane in more than 50% yields over 5% Pd—C in
propionic acid at elevated temperatures (eq. 3.32).'> Eigenmann and Arnold obtained
the cis-dihydro products in high yields in the hydrogenation of O-pinene derivatives
74 with platinum oxide in acetic acid or ethanol at room temperature and low hydro-
gen pressure.'® In the cases of myrtenic acid (74, R = CO,H) and myrtenol (74, R =
CH,OH) (eq. 3.33), the corresponding cis-dihydro derivatives were obtained in 89 and
92% vyields, respectively.'®

Pd-C ‘
0.04 g catalyst/k N
5 ml solvent (3.32)
Cis

72 73 Catalyst T P Solvent Trans
5% Pt-C 20 10 EtOH 98.5 15
5% Pt-C 20 0.1 EtOH 90.0 10.0
PtO, 20 0.1 EtOH 93.5 6.5
5% Pd-C 20 0.1 EtOH 65.0 35.0
5% Pd-C 20 0.1 EtCOH 740 26.0
50 Pd-C127 0.1 EtCOH 470 53.0
R R
100 ml 95% EtOH
74 RT, 0.34 MPa i

20 g (0.13 mol) 18.6 g (92%)

(R = CH,OH)

There have been known many examples that the hydrogenation of 3(3-substituted A°-
steroids yields mainly or exclusively saturated steroids of 50 series.!®® Lewis and
Shoppee studied the influence of various 30 substituents on the stereochemical course
of the hydrogenation of A-steroids, and found that the 30 substituents lead to the pref-
erential and sometimes exclusive formation of 5B-cholestane derivatives.'®® The hy-
drogenations over platinum oxide were effectuated in methanol or ethyl acetate in the
presence of traces of strong acids such as perchloric acid, sulfuric acid or hydrobromic
acid. The results summarized by Lewis and Shoppee (eq. 3.34), which also include
those by Haworth et al.,'®” suggest that the bulkier the axial 30 substituent, the larger
is the proportion of 5 steroid formed. The hydrogenation of A*-steroids usually leads
to a mixture of 50 and 5 compounds and the stereochemical influence of 30 and 33
substituents is less marked than in the cases of A-steroids.®



3.7 STEREOCHEMISTRY OF THE HYDROGENATION OF CARBON-CARBON DOUBLE BONDS 111

CgH17
Pt oxide +
solvent* R R E (3.34)
R RT,latmb H H
* Mostly with a trace amount of HBr or HCJO
R

OH ~50 ~40
OMe >90
OAc >90
Cl >90
Br ~40 (+ ~60% B-cholestane)
NHMe ~100
NHAc >90
NM82 ~100

3.7.3 Effects of Polar Groups

Polar groups attached directly to or located apart from a carbon—carbon double bond
may have a marked effect on the stereochemical outcome of the hydrogenation of the
carbon—carbon double bond.

The hydrogenation of methyl-substituted 1-ethoxycyclohexenes 75-79 over palla-
dium catalyst affords predominantly less stable saturated ethers (Scheme
3.19).13170.171 A ¢ described previously, the hydrogenation of the corresponding di-
methylcyclohexenes over palladium always leads to predominant formation of more
stable isomers, the proportions of which are also shown in Scheme 3.19 for compari-
son. Since extensive isomerization occurs prior to hydrogenation, isomeric ethoxycy-
clohexenes 75 and 76, 77 and 78, as well as the corresponding dimethylcyclohexenes
afford nearly the same results between the isomer pairs even at rather initial stages of

OEt OEt OEt OEt OEt
75 76 77 78 79

97.8293.5P  96.0292.G* 20.68 15.8 90.9, 81.8
26.4 28.9 83.9 80.8 27%2¢

Scheme 3.19 Percent cis isomers from hydrogenation of methyl-substituted
1-ethoxycyclohexenes and the corresponding dimethylcyclohexenes over Pd black in ethanol
at 25°C and 1 atm Hy (“the values obtained at initial stages of hydrogenation; %in 1-BuOH at 25
or 26°C; °10% Pd—C at room temperatur6153; 950 Pd—C in AcOHP).
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hydrogenation. The differences in the stereochemistry of hydrogenation between
these enol ethers and the corresponding dimethylcyclohexenes as observed over pal-
ladium are in most cases much smaller over the other platinum metals. The similarity
in the stereochemistry of hydrogenation between these two groups of compounds are
seen in hydrogenations over osmium and iridium. Thus, the cis/trans isomer ratios of
the saturated product from hydrogenation of 77 and 78 were 12 and 0.89 over osmium,
compared to 12 and 0.80 with the corresponding dimethylcyclohexenes, and 9.0 and
0.72 over iridium, compared to 8.2 and 0.73 with the corresponding dimethylcyclo-
hexenes.!” The predominant formation of less stable stereoisomers in the hydrogena-
tion of enol ethers 7579 over palladium has been explained on the basis of the
preferential addition of first hydrogen to the B-carbon atom to give the half-hydrogen-
ated states adsorbed at the o carbon, namely, the carbon bearing the ethoxyl group. If
the product-controlling step over palladium is the formation of saturated ethers, as in
the hydrogenation of dimethylcyclohexenes,'* the predominant half-hydrogenated
species from 75-79 on the catalyst surface are expected to be those to give the less
stable saturated ethers on hydrogenation, as shown in Scheme 3.20 (compare with
Scheme 3.18).

The B,y double bonds of N-substituted enoliminolactones 80 and 81 are hydrogen-
ated in high yields and high stereoselectivities over Pd—C to give the saturated cis-imi-
nolactones, subsequent hydrolysis of which afforded the corresponding cis-fused
bicyclic y-butyrolactones in high overall yields (eq. 3.35).!7 It is noted that the enol
lactone obtained by hydrolysis of 80 was resistant to hydrogenation under the same
conditions.

OFEt
©/ OEt
+H +H
OEt P — * ——— > cisether
o
OEt

OEt

@\ +H +H
— * ——> transether
OEt < _H

OEt

OEt
+H +H
_— * —— > cisether
-H

Scheme 3.20 Predominant formation of the less stable isomers of saturated ethers in the
hydrogenation of methyl-substituted 1-ethoxycyclohexenes over palladium.
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_10%Pd-C_
NMe NMe ——>
g " AOH

50°C, 1 MPa B
83%
(3.35)
NMe o
1. Pd-C/H
O _— O
~ 2.H"
81 80% overall yield

An oxygen group located apart from a carbon—carbon double bond in a molecule may
have a marked effect on the stereochemistry of the hydrogenation of the C—C unsatu-
ration. Usually, the oxygen group favors the addition of hydrogen from the face re-
mote from the oxygen. A classic example is the hydrogenation of
7-oxabicyclo[2.2.1]hept-2-ene-2,3-dicarboxylic acids (82).!”* The hydrogenation of
82 over platinum oxide in acetic acid affords preferentially the exo—cis products, while
the endo—cis product was formed in more than 90% from the corresponding bicy-
clo[2.2.1]heptene derivative 65a (eq. 3.36; see also eq. 3.30).

o R o R
COZH Pt oxide COZH
_—
% AcOH 2 7 COH
R? RT,1latmH H
COH
g2 ©© H
aR:=R=H
- pl_ —
:R=R°=Me
: H
Pt oxide
COH -
AcOH -H
COH RT,1atm B COH
65a COMH

The hydrogenation of 1-methyl-6-ethoxycyclohexene (83, R = OEt) over iridium cata-
lyst gave the corresponding saturated ether of a high cis/trans ratio. The stereoselec-
tivity to the cis isomer is much higher in 83 than in the corresponding dimethyl analog
20 (eq. 3.37).!% Although the predominant formation of the cis isomers with both 83
and 20 appears to be related to a quasiaxial conformation of the allylic substi-
tuents,'”*17> it would be difficult to explain the much higher stereoselectivity in 83
than in 20 by the steric requirement of the allylic ethoxyl group alone. Thus, the results
indicate that the allylic ethoxyl group in 83 increases markedly the addition of hydro-
gen from the side away from the ethoxyl group for a reason other than the steric effect.
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R R
L "
t-BuOH (or EtOH)

26°C (or 25°C), 1 atm H

83 R = OEt cis: trans
R = Me @0) R=OEt 97.9:2.1
99.9: 0.1 (EtOH) (3.37)

R =Me 89.0:11.0

The hydrogenation of 2-substituted 5-methylene-1,3-dioxanes (84a—c) over 5% Pt—C
in methyl acetate, ethyl acetate, or chloroform as well as with platinum oxide in
methanol afforded the corresponding saturated products consisting of 93—95% of the
cis isomers and 5—7% of the trans isomers.'”® The proportions of the cis isomers were
considerably larger than those expected in the hydrogenation of the corresponding 4-
alkylmethylenecyclohexanes (83 and 74% cis in the cases of 85a'*! and 85b* with
platinum oxide in acetic acid, respectively). The effect of the allylic ring oxygen on
the stereochemistry of hydrogenation of the exo methylene group has later been inves-
tigated in detail by Ishiyama et al. with 84a and 2-¢-butyl-5-methylenetetrahydropyran
(86) over a variety of supported and unsupported group VIII metals in ethanol or cy-
clohexane at room temperature and atmospheric pressure.!””!”® The results summa-
rized in Table 3.17 show that the proportions of the cis products are in all cases greater
with 84a (73-98%) and 86 (75-99%) than with 85a (14-91%). Differences in the
stereoselectivity are particularly marked over cobalt, nickel, and palladium catalysts
because the trans isomers are usually formed predominantly with 85 over these cata-
lysts. The effect of the allylic ring oxygen to increase the formation of the cis isomers
has been explained by an interaction of the nonbonded electrons of the oxygen with
the Ttorbital of the alkenic bond in 84 and 86, which may favor the adsorption of the
compounds at the equatorial side of the methylene group and thus increase the addi-
tion of hydrogen from the equatorial side to give the cis isomers.

e

o._ _0O o
\|/ a:R=tBu
R R b:R=Me t-Bu
84 gs CR=P 86

Senda et al. studied the stereochemistry of hydrogenation of 1,6-dimethyl-3-
methylenepiperidine (87) and 1,2-dimethyl-4-methylenepiperidine (88) over group
VIII transition metals in ethanol at room temperature and atmospheric hydrogen pres-
sure.!” In the case of 87, the hydrogen addition took place preferably from the equa-
torial side except over palladium and Raney Ni, and with 88 the hydrogen addition
from the axial side predominated over all the catalysts investigated. The results have
been compared with those of the corresponding carbocyclic analogs, and the stereo-
chemical outcomes have been discussed on the basis of an intramolcular interaction
between the nitrogen lone pair and the unsaturated bond.
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TABLE 3.17

Percent Cis Isomer from Hydrogenation of

2-Alkyl-5-methylene-1,3-dioxanes, 2-t-Butyl-5-methylenetetrahydropyran, and the
Corresponding Methylenecyclohexanes®”
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Compound Hydrogenated®

Catalyst Solvent 84a 85a 84b 85b 86
Raney Fe ~ EtOH 95 56 88 53 —

Cyclohexane 95 56 — — —
Raney Co  EtOH 80 35 73 37 —

Cyclohexane 73 26 — — 75
Co Cyclohexane 754 464 — — 954
Raney Ni  EtOH 89 43 89 45 —

Cyclohexane 98 14 — — 93
Ni Cyclohexane 90 29 — — 93
Ru-C EtOH 87 84 88 77 —
Ru Cyclohexane 89 87 — — 98
Rh-C EtOH 92 69 87 61 —
Rh Cyclohexane 89 84 — — 94
Pd-C EtOH 97 24 90 26 —
Pd Cyclohexane 87 59 — — 99
Os-C EtOH 90 84 88 62 —
Os Cyclohexane 90 91 — — 94
Ir-C EtOH 82 70 76 66 —
Ir Cyclohexane 91 84 — — 96
Pt-C EtOH 88 54 84 64 —
Pt oxide EtOH 98 71 98 64 —
Pt EtOH 98 69 95 62 —

Cyclohexane 91 68 — — 97

“Data of Ishiyama, J.; Senda, Y.; Imaizumi, S. J. Chem. Soc., Perkin Trans. 2 1982, 71 (hydrogenations in
ethanol at room temperature and atmospheric pressure). Reprinted with permission from Royal Society of

Chemistry.

bData of Ishiyama, J.; Kamiyama, S.; Senda, Y.; Imaizumi, S. Chem. Ind. (Lond.) 1988, 466
(hydrogenations in cyclohexane at room temperature and atmospheric pressure). Reprinted with
permission from Society of Chemical Industry.
‘84a, 2-t-butyl-5-methylene-1,3-dioxane; 85a, 4-r-butyl-1-methylenecyclohexane; 84b, 2-methyl-5-
methylene-1,3-dioxane; 85b, 4-methyl-1-methylenecyclohexane; 86, 2--butyl-5-methylenetetrahydropyran.

“Hydrogenated

at 9.8 MPa H,.

LT

I
87

88
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The hydroxyl group in an olefinic compound may favor the addition of hydrogen
to the olefinic bond from the side of the hydroxyl group, as observed in hydrogena-
tions over an alkaline platinum or Raney Ni catalysts. Dart and Henbest showed that
in the hydrogenation of 4-cholesten-3[3-ol (89) over Adams platinum in ethanol the
formation of 5B-cholestan-3[3-ol (90), the product added cis to the hydroxyl group,
was increased by the presence of small amounts of alkaline sodium salts such as so-
dium nitrate (reduced to nitrite), nitrite, cyanide, or sodium hydroxide, mainly at the
expense of hydrogenolysis to give hydrocarbons.'®® The 5B-ol 90: hydrocarbon ratio
was also influenced by the ratio of chloroplatinic acid to sodium nitrate and the fusion
temperature employed for the preparation of Adams platinum oxide. When Adams
platinum oxide was prereduced and washed with water to remove alkaline sub-
stances,'®! the yield of 90 fell to below 20% and the yield of hydrocarbon increased
correspondingly (eq. 3.38). Since the hydrogenation of 4-cholestene in ethanol over
Adams platinum under an alkaline condition (sodium nitrite) afforded 55% of 5[3-
cholestane and 45% of 50-cholestane, the results indicated that the 33-hydroxyl group
increased the B addition of hydrogen from 55% to ~70%. In contrast, the d-addition
of hydrogen increased from 45 to 60% in the hydrogenation of the methyl ether of 89.

CgH17
_ 005 Ptoxide /(:Ié/ /(:lé/ dii/
50 mI EtOH
HO
89 20°C,latmH
(3.38)
0.542 g (1.4 mmol)
Catalyst Composition of Product (%)

1. Prepared at 400°C (1:10)* 8 19 73

2. Prepared at 420°C (1:20)* 71 20 9

3. As 2, but prereduced and washed 11 15 74

4, As 3 + NaNGt 65 32 3

5. As 3 + NaCNt 63 30 7

6. As 3 + NaOH? 63 36 1

7. Prepared at 420°C (1:50)* 70 24 6

8. As 7, but prereduced and washed 19 22 59

* The relative weights of hexachloroplatinic acid to sodium nitrate used for fusion.
T Each (1 wt% of Pt oxide) was added dissolved in a drop of water.

4-Cholestene-3[3,6(3-diol (91) is hydrogenated quantitatively to 5p-cholestane-3[3,6[3-
diol over Adams platinum oxide in ethanol.'®* However, when the platinum oxide was
reduced in the presence of the substrate or prereduced insufficiently, the hydrogena-
tion often proceeded rapidly to completion to give largely the hydrogenolysis products
of mostly 5a series.'®* The hydrogenation of 91 in acetic acid or in the presence of
strong acid was similarly accompanied by extensive hydrogenolysis.!3*135 Detailed
studies by GC analysis on the hydrogenation of 89, 91, and 4-cholesten-63-ol (92) (eq.
3.39) have shown that the 6B-hydroxyl group is much more responsible for the (3 ad-
dition of hydrogen than the 3B-hydroxyl group in the hydrogenation in ethanol over
sufficiently prereduced platinum oxide, while the 6B3-hydroxyl group is more readily
susceptible to hydrogenolysis than the 3B-hydroxyl in the hydrogenation in acetic
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acid.'®® The differences between the 3B- and 6B-hydroxyl groups toward the directive
effect and the hydrogenolysis have been considered to reflect the fact that the 3(3-hy-
droxyl group exists in a quasiequatorial conformation and the 6(3-hydroxyl group in
an axial conformation. The occurrence of hydrogenolysis over insufficiently reduced
platinum oxide probably comes from the circumstances that Adams platinum oxide is
contaminated with alkaline substances such as amorphous sodium platinate or sodium
platinum bronze formed during the fusion procedure using sodium nitrate.'3"187 It is
probable that platinum oxide is reduced with hydrogen to active platinum first at the
part that is not contaminated with the alkaline substances. The parts of platinum oxide
rich in alkaline substances are then reduced more slowly to an active form.'8”138 The
platinum surface having no alkaline substance may become strongly acidic with ion-
ized adsorbed hydrogen'®®!*° and thus catalyzes efficiently the hydrogenolysis of the
allylic hydroxyl group. When Adams platinum oxide has been prereduced sufficiently
with hydrogen, the platinum surface produced may become sufficiently alkaline to de-
press the hydrogenolysis and can adsorb the hydroxyl group strongly.

/(;'@/ prereduced Adams Pt
RT,1atmB

91 OH 92 OH
Ho R MO TRTHO T

In EtOH
91 1% 2%
89 1% 2% 76% 21%
92

In AcOH
91 4% 40% 3% 28%
89 7% 47% 14% 32% 339
92 11% 60% (3.39)

In EtOH
91 97%
89
92 93% 7%
In AcOH
91 1% 3% 15% 6%

89
92 16% 13%
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Howard observed the directive effect of a hydroxyl group in the hydrogenation of
2-cyclopentylidenecyclopentanol in ethanol over Raney Ni at room temperature and
11 MPa H,; the product was at least 96% frans-2-cyclopentylcyclopentanol and a
trace (1-2%) of a lower-boiling component, the cis-alcohol (eq. 3.40)."”! The hydro-
genation over other metals, nickel boride (P-1), Ru—C, platinum oxide, Rh—C, and
Pd—C, also gave predominantly the trans-cyclopentanol (81-92%)."”> The high
stereoselectivity to trans-cyclopentanols over Raney Ni was also obtained with 2-iso-
propylidenecyclopentanol (97%)'? and 2-butylidenecyclopentanol (91-96%),'** and
to a lesser extent with 2-butylidenecycloheptanol (74%).'** As would be expected, the
main product (50-66%) over palladium in the latter two alcohols was 2-butylcycloal-
kanones formed by isomerization. The sequence in increasing percentage of the cis al-
cohol Ni < Ru < Pt < Rh < Pd was suggested to reflect the isomerizing ability of the
catalysts rather than a decreasing affinity of the catalysts for adsorption through the
hydroxyl group. However, from the results on the hydrogenation of 2-cyclopen-
tylidene-1-methylcyclopentanol, 3-methyl-2-cyclopentenol and 3-methyl-2-cyclo-
hexenol, Mitsui et al. interpreted the findings to indicate that the hydrogenations over
Raney Ni were directed by the hydroxyl group to increase the addition of hydrogen
from the side of the hydroxyl group, but such an effect of the hydroxyl group did not
appear to be operative in the hydrogenations over Pd—C where half of the products
was hydrocarbons and the more stable isomers were formed predominantly.'**

OH OH OH

H n,, H /"'a H %,
., Raney Ni H\é +  CeHo (3.40)
EtOH & ‘<
HY

RT, 11 MPaH CgHg
trans cis

>06% 1-2%

Similar directive effects of the hydroxyl group were also observed in the hydrogena-
tion of 19-hydroxy A’-steroids 93 (eq. 3.41) and 94 (eq. 3.42) over platinum and rho-
dium catalysts'>!® and with a tetrahydrofluorene derivative 95 over Pd—C (eq.
3.43).1971%8 It is noteworthy that the stereoselectivity for formation of the 5B com-
pounds is especially high in the hydrogenation of 3a-acetoxy-19-hydroxy and 30,19-
dihydroxy compounds in 94 with rhodium and not much different between the values
obtained in isopropyl alcohol and in acetic acid as the solvent. These results do not ap-
pear surprising in view of the condition that the catalyst employed in isopropyl alcohol
was a rthodium black containing practically no alkaline substances. Thompson found
that a large directive effect of the hydroxymethyl group located at the 9a position of
the compound 95. Hydrogenation of 95, R = CH,OH over 5% Pd-C in 2-
methoxyethanol at room temperature and atmospheric pressure gave a cis/trans prod-
uct ratio of 95:5, while the methoxycarbonyl compound 95, R = CO,Me gave a ratio
of 15:85 (eq. 3.43)."7 This great difference in the stereochemistry of hydrogenation
has been interpreted in terms of attractive (haptophilic) versus repulsive (steric) inter-
actions between the catalyst surface and the 9a angular group. Among the functional
R groups investigated, the product added cis to R was the greatest with R = CH,OH
and decreased in the following order (percent cis in parentheses): CH,OH (95) > CHO
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RZ RZ
catalyst (.41
R RT, 1atm H R !
93 H
R! R? Catalyst Solvent
AcO Me Pt AcOH 10.6% 88.4%
AcO Me Rh EtOH 3 91.4
AcO CH,OH Pt AcOH 36.5 59
AcO CH,OH Rh AcOH 32.0 58.3
AcO CH,OH Rh EtOH 57.5 345
HO Me Rh AcOH,i-PrOH  ~0 ~100
HO CH)OH Rh AcOH 27 73
HO CHOH Rh i-PrOH 24 76
RZ RZ
Catalyst
o Y (3.42)
, 1 atm =
R B o
H
94 R! R? Catalyst Solvent
AcO Me Pt AcOH 79% 21%
AcO Me Rh AcOH 82 18
AcO Me Rh i-PrOH 81 19
AcO CH,OH Pt AcOH 97 3
AcO CH,OH Rh AcOH >99 0
AcO CH,OH Rh i-PrOH >99 0
HO Me Pt AcOH 63 37
HO Me Rh AcOH 62 38
HO Me Rh i-PrOH 46 54
HO CH,0OH Pt AcOH 90 10
HO CH,0OH Rh AcOH 98 2
HO CH,OH Rh i-PrOH 90 10
H H
Q¢ e, . 00
MeO . 0— MeOCH,CH,OH Me o T Me o
R RT,latmhb \ R
95
R = CH,OH 95% 5% (3.43
R = COMe 15 85 ( )

(93) > CN (75) > CH=NOH (65) > CO,Na (55) > CO,Li (23) > CO,H (18) > CO,Me
(15) > COMe (14) > CONH, (10). The results, however, could not be correlated with
any single one of the steric or electronic measures.'*®

3.8 SELECTIVE HYDROGENATIONS IN THE PRESENCE OF OTHER
FUNCTIONAL GROUPS

3.8.1 Isolated Double Bonds in the Presence of a Carbonyl Group

Isolated double bonds are usually hydrogenated in preference to a carbonyl group over
most catalysts, unless the double bonds are strongly hindered. Palladium catalysts ap-
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pear to be best for obtaining saturated carbonyl compounds selectively in view of their
low activity toward the carbonyl function, although platinum and nickel catalysts are
also applicable to the preparation of saturated aldehydes and ketones with care to
avoid overhydrogenation. On the other hand, over copper—chromium oxide 3-cyclo-
hexenecarboxaldehyde was selectively hydrogenated to the corresponding unsatu-
rated alcohol (see eq. 5.21). Citronellal with a trisubstituted double bond was
hydrogenated selectively at the aldehyde group to give citronellol, an unsaturated alcohol,
over a lead-poisoned ruthenium (see eq. 5.22) or chromium-promoted Raney Ni.

3-Cyclohexene-1-carboxaldehyde was hydrogenated to the corresponding satu-
rated aldehyde in high yield using a small amount of 5% Pd—C at a temperature of 75—
80°C and 1.4 MPa hydrogen pressure without solvent (eq. 3.44).'”° The
hydrogenation had to be performed in a reaction vessel with good agitation and below
80°C in order to obtain a satisfactory result. Higher temperatures gave increasingly
higher amounts of cyclohexanemethanol. 1,2,5,6-Tetrahydrophthalaldehyde was hy-
drogenated to the corresponding saturated dialdehyde over Pd—C in methanol at room
temperature and atmospheric pressure with only a low yield.>® Citronellal was hydro-
genated to the saturated aldehyde over platinum oxide or Pd—BaSO4,201 while with
Ni—kieselguhr, the aldehyde group was hydrogenated first.?!-2*2

59 5% Pd-C
CHO — CHO (3.44)
75-80°C, 1.4 MPa 8 h

300 g (3.00 mol) 272 g (81%) (99.0% pure)

A number of examples are known where palladium catalysts were applied to the se-
lective hydrogenation of unsaturated ketones to saturated ketones. Hydrogenation of
4-acetylcyclohexene to acetylcyclohexane took place rapidly with a small amount of
Pd—C. Uptake of hydrogen never went beyond 1 molar equivalent.’** Examples of the
selective hydrogenations using palladium catalysts are shown in eqs 3.45,2% 3.46,2%
and 3.47.2%

0.1 g 10% Pd-C (3.45)
£ 25 ml EtOH
0.5 g (3.7 mmol)
1 cos 2
t
Et
1.4 g 5% Pd-BaSg NG (3.46)
| 160 ml 95% EtOH |
RT, 0.22 MPa i, 23 h
15 g (0.068 mol)
H H
O 0 30 mg 5% Pd-C (3.47)
. 10 ml EtOH
me 1 CHcoMe 25°C, 1 atm K, 0.42 h Me 1 CHCOMe

200 mg (0.744 mmol) 163 mg (81%)
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Examples of the use of platinum and nickel catalysts are seen in the hydrogenation of
2-allyl-2,6-dimethylcyclohexanone to 2-propyl-2,6-dimethylcyclohexanone over
platinum oxide (eq. 3.48)*"7 and 2-allylcyclohexanone to 2-propylcyclohexanone
over Raney Ni (eq. 3.49).%%

Me Me
CH,CH=CH, CH,CH,CHs
0.13 g Pt oxide (3.48)
(0] (0]
Me 26°C,1atmH Me
4.76 g (0.0285 mol)
(61.5 g) (57.3 g, 92.6%)
CH,CH=CH, CH,CH,CHg
3 g Raney Ni
0] 150 ml absolute EtOH o (3.49)
RT, 0.28 MPa i,
67 g (0.48 mol) 0.48 mol H 54 g (79.5%)

The A’ double bond in steroids, which is seldom hydrogenated over platinum oxide
in neutral solvent or Raney Ni, has been hydrogenated selectively in the presence of
the oxo groups at C3, C17, or C20 over Pd—C in alcohol (egs 3.50°* and 3.512!%) or
platinum oxide in acetic acid (eqs 3.52*'! and 3.53%!%). In the latter cases using plati-
num oxide in acetic acid, however, some formation of 53 compounds took place.
Small amounts of overhydrogenation products were oxidized to the ketones with chro-
mium trioxide.

OH
V 3.50
0.1 g9 10% Pd—C ( ) )
o 40 ml MeOH
RT,1latmH, 6 h
0,
0.5 g (1.66 mmol) 0.419 (91%)
0
5% Pd-C
75 ml EtOH
HO RT, 1 atm b HO (3.51)
H
5.0 g (0.016 mol) 3.5 g (70%)
o] 2 7
(0.25 + 0.1x 2) g Pt oxide*
50¢& 3 ml ACOH +
RT, 1atm b AcO AcO (3.52)
AcO 1.3 equiv H; H H
7 x3 g (0.64 mol)* oxidation by CrQ@ 145 g (79%) 3.19 (15%)

* Hydrogenated in 3 portions, with further (as $-ol)
additions of each 0.1 g of catalyst.
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COCH, COCH,
0.91 g Pt oxide
350 ml AcOH
RT, Latm H ACO
AcO 3.5 h for 1 mol B, 22 h for 1.4 mol bt H
63 g (0.176 mol) oxidation by CrQ 53.6 ¢ (85%) 0.8 g (1.3%)
(3.53)

The isopropenyl group can be hydrogenated in preference to an o,B3-unsaturated car-
bonyl group system. Thus, Gomez et al. have shown that carvone (96) is selectively
hydrogenated to carvotanacetone (97) over Rh—MgO in a 92% selectivity in hexane
at 100°C and 2.1 MPa H,, although the degree of conversion has not been indicated
(eq. 3.54).213 The MgO-supported catalyst showed particularly higher selectivity to
carvotanacetone than SiO,- and TiO,-supported ones.

0 0 OH
_ 1%RN-MgO_ . .
hexane
100°C, 2.1 MPa b 97 (3.54)

92% 6% 2%

3.8.2 Double Bonds Conjugated with a Carbonyl Group

a,B-Unsaturated aldehydes are selectively hydrogenated over palladium catalysts to
give saturated aldehydes. According to Freifelder, overhydrogenation practically did
not occur in the hydrogenation of 2-methy-2-pentenal over 5% Pd—C with 2.5% cata-
lyst to substrate at 60°C and 0.3 MPa H,. With Raney Ni it was necessary to carefully
follow hydrogen uptake.?'* Overhydrogenation with Raney Ni was also observed in
the hydrogenation of 2,4-pentadienal in water at room temperature and 0.2—-0.3 MPa
H,, where pentanal as well as 1-pentanol were obtained.?'® Successful applications of
Pd—C catalyst are also seen in the hydrogenation of crotonaldehyde to butyralde-
hyde?!' and of 4,4-bis(ethoxycarbonyl)cyclohexene-2-carboxaldehyde to the corre-
sponding cyclohexane derivative.?!”

Hydrogenation of cinnamaldehyde to 3-phenylpropionaldehyde over palladium
catalyst may be accompanied by the formation of 3-phenyl-1-propanol and propyl-
benzene,?'® although the formation of 3-phenylpropionaldehyde usually predomi-
nates.?!%?2° The composition of the products are widely affected by the nature of
palladium catalysts, solvents, supports, and additives.?'®?*! The hydrogenation over
Pd-Al,O; in ethanol or over Pd—kieselguhr in acetic acid gave 3-phenylpropionalde-
hyde quantitatively at room temperature and atmospheric pressure. The addition of a
1:1 ratio of ferrous chloride to palladium also resulted in quantitative formation of 3-
phenylpropionaldehyde in the hydrogenation over 5% Pd—C in methanol.??! This re-
sult was contrasted with those obtained with platinum oxide where iron additives led
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to predominant formation of cinnamyl alcohol*** (see eq. 5.23). According to a patent,
formation of the hydrocinnamyl alcohol in the hydrogenation of p-t-butyl-0-methyl-
cinnamaldehyde (20.2 g) at 100°C and 0.41 MPa H, was depressed to only 1.2% with
addition of 0.044-0.053 g of potassium acetate to 1.2 g of 5% Pd—A12O3.223 Over
borohydride-reduced palladium, only 3-phenylpropionaldehyde was formed and no
other products were detected (eq. 3.55).2**

2.5 mmol Pd*
H= CH,CH,CHO
@—c CHCHO 40 ml MeOH Q L,CHy (3.55)
RT,0.21 MPal 35h

* Prepared by reduction of 0.443 g (2.5 mmol)
of powdered Pd chloride in 40 ml MeOH with
0.19 g (5 mmol) of NaBj

13.2 g (0.1 mol) quantitative

a,B-Unsaturated ketones are hydrogenated more readily to the saturated ketones than
in the case of 0,-unsaturated aldehydes because of a lesser trend of the resulting satu-
rated ketones toward overhydrogenation. An isolated carbon—carbon double bond,
which is resistant to hydrogenation under mild conditions, may be subject to hydro-
genation when the double bond is conjugated with a carbonyl group. For example, the
&’ double bond of 7-oxocholestery acetate (98) is hydrogenated over Urushibara Ni
in ethanol at room temperature and atmospheric pressure to give 7-oxo-50-
cholestanyl acetate (99), although usually the A% double bond is resistant to hydro-
genation over nickel catalysts under mild conditions. Further hydrogenation of 99 to
7B- and 7a-hydroxy compounds is rather slow and 99 is obtained in good yield by in-
terrupting the hydrogenation when the hydrogen uptake has slowed down after the ab-

sorption of 1 molar equivalent of hydrogen (eq. 3.56).%%
CgH17
Urushibara Ni-B (0.45 g Ni) /(:'(E\E (3.56)
40 ml EtOH :
AcO o ; AcO H o
98 RT, 1 atm B, 15 min H
0.3 g (0.68 mmol) 99
70% (isolated)
slow
(1.3h) | + .
AcO H OH AcO H “OH
H H

Benzalacetone (eq. 3.57), benzalacetophenone, and mesityl oxide were converted to
the corresponding saturated ketones in high yields by hydrogenation over Ni—kiesel-
guhr at relatively low temperatures.”?® Overhydrogenation to alcohol in the hydro-
genation of benzalacetone, mesityl oxide, or isophorone (3,5,5-trimethyl-2-
cyclohexenone) over Raney Ni could be depressed with addition of metal halides such
as Kl and BaI2.227 The addition of metal halides was also effective in the selective hy-
drogenation of mesityl oxide over various nickel catalysts in ethanol at elevated tem-
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perature and pressure’?® as well as in the vapor-phase hydrogenation over Ni-kiesel-
guhr catalyst.”?’

. 3 g Ni—kieselguhr CH.CH.COC
CH=CHCOCH, 25 ml E1OH L,CH,COCH,
45-87°C, 12.2 MPa §10.03 h
739 (0.5 mol) an 96%

(3.57)

Freifelder hydrogenated 4-(2-hydroxy-3-methoxyphenyl)-3-buten-2-one quantita-
tively to the corresponding butanone with use of a lower-than-normal amount of plati-
num oxide (~0.5%) or Raney Ni (~5%) and 105—-110% of 1 molar equivalent (1 equiv)
of hydrogen in ethanol at room temperature (eq. 3.58).22° Overhydrogenation took
place when 1 wt% of platinum oxide or 10—15 wt% of Raney Ni was used at 0.3 MPa
H, where a large excess of hydrogen was present. Freifelder suggests that use of a low
ratio of Pd—C would also have been satisfactory,230 although Mannich and Merz found
that hydrogenation of the corresponding 4-hydroxy-3-methoxy derivative over Pd—C
absorbed 1.5 equiv of hydrogen giving 25.5% of the corresponding 2-butanol together
with the butanone as the major product.??!

MeQ  OH MeQ  OH
0.2 g Pt oxide
CH=CHCOCH, g CH,CH,COCH;
200 ml EtOH
RT, 0.22 mol H* o (3.58)
38.4 g (0.2 mol) quantitative

* An initial pressure of ~0.2 MPa.

Ravasio et al. found that hydrogenation of testosterone (100) in the presence of Cu—
Al,O; in toluene proceeded smoothly at 60°C and 0.1 MPa H,. However, the expected
product 17B-hydroxyandrostan-3-one was found in only a minor amount after absorp-
tion of 1 equiv of hydrogen. The major products were instead 3-hydroxyandrostan-17-
ones, indicating a hydrogen transfer reaction occurring between the 173-hydroxy and
the 3-oxo functional groups.?*? The hydrogen transfer reaction takes place also in the

OH O
OH H,
—————
60°C, toluene @ HO
N H
0, 0,
_Cu-ALO; | 17% (86% B) 43% (77% B)
o) (3.59)
100 O
N2
 —

60°C, toluene

H
91% (60% B)
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absence of molecular hydrogen. Thus, when testosterone was stirred under the atmos-
phere of nitrogen at 60°C in the presence of Cu—Al,O;, androstane-3,17-dione was
obtained in 91% yield (60% 5B)(eq. 3.59). Ergosterol (101) with a conjugated diene
moiety is selectively hydrogenated at the A% double bond to give 5a-ergosta-7,22-
dien-3B-ol in a high yield of 89% under conditions of high hydrogen availability,
whereas in cyclohexanol under nitrogen 53-ergosta-7,22-dien-3-ol was obtained in
81% yield (eq. 3.60). It would be apparent that the latter product was formed through
a 3-oxo-4-ene derivative as intermediate.

N\ 2MPah
—
60°C, toluene Ho

Cu-ALO; 89% (3.60)

T

HO

101 N\
N
—_—

cyclohexanol

140°C

HO
H

81%
The hydrogenation of 0-ionone over prereduced Cu—Al,O; in toluene is accompanied
by partial isomerization of the unconjugated C—C double bond and gives a mixture of
products. The isomerization could be suppressed by using dioxane as the solvent (eq.
3.61), thus suggesting participation of weakly electrophilic Cu(I) surface site or of
A" acidic sites.

(@] o o) (@]
AN X

90°C, 0.1 MPa ki

solvent
toluene 47% 4% 46%
dioxane 83%

Palladium catalysts have been most widely used for the selective hydrogenation of
o,B-unsaturated ketones to saturated ketones because of their high activity for the con-
jugated carbon—carbon double bond as well as their low activity for the carbonyl
group. There is little tendency for overhydrogenation with palladium catalysts except
in some special cases such as in aryl ketones, which may be hydrogenated rather read-
ily to benzyl-type alcohols and hydrocarbons over palladium. Even in these cases, the
selective hydrogenation has often been achieved successfully by using appropriate
palladium catalyst. For example, 2-benzyliden-1-indanone was hydrogenated to the
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saturated ketone in methanol over Pd-BaSO, in a good yield (eq. 3.62)% (see also
eq. 3.47).

O O

©E/>:0th Pd-BaSQ @*CHfh (3.62)
EtOH

RT,0.5MPaH, 1h .
11 g (0.05 mol) 8.65 g (78%)

No difficulty exists in the hydrogenations where aliphatic and alicyclic ketones are
formed. Thus, acetylcyclohepetene was hydrogenated to acetylcycloheptane in 97%
yield over Pd—C (eq. 3.63).2%

0.2 g 5% Pd-C
cocl cocl 3.63
@ s 50 ml 95% EtOH O Hs (3.63)

RT, Adams hydrogenator, 16 min
6.9 g (0.05 mol) 9.0 g as semicarbazone (97%)

Selective partial hydrogenation of conjugated polyunsaturated aldehydes or ketones
may be possible with limited substrates and catalysts or conditions. Traas et al. was
successful to selectively hydrogenate the Y,0 double bond of the conjugated dienals
102, prepared from isophorone, to give the corresponding O,-unsaturated aldehydes
quantitatively over Pd—C poisoned by sulfur and quinoline in methanol in the pres-
ence of triethylamine; the hydrogenation was stopped when 1 equiv of hydrogen had
been consumed (eq. 3.64).2%

_C*,
Pd-C*/1 mol B (3.64)
X ~CHO 250 ml MeOH/0.2 g BN R X ~CHO
R

RT, 1atm H
102 100%
* Poisoned with sulfur and quinoline.
0.1 mol (R =H or Me)

Freidlin et al. found that 6-methyl-3,5-heptadien-2-one (103) was hydrogenated to the
3-en-2-one over unmodified Ni—Al,O; and Ni—ZnO by 1,2 addition of hydrogen to
the 5,6 double bond, while the 5-en-2-one was formed preferentially in the presence
of Pb, Pb(OAc), or Cd(OAc), (eq. 3.65), by 1,4 addition of hydrogen to the C=C-
C=0 system, as was presumed from the results on the hydrogenation of 103 in MeOD
solution.?¥7:23

M Ni—Al,05 or Ni-ZnO \(\/Aﬂ/
103 © o (3.65)
Ni—Al,05 or Ni-ZnO
=
Pb(OAc) or Cd(OAc) Y\Ag/
Conjugated cyclic dienone 104 was partially hydrogenated to the corresponding o, 3-
unsaturated ketone over 2% Pd—SrCOj; in benzene as solvent (eq. 3.66).2* A similar
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partial selective hydrogenation was also achieved quantitatively over 2% Pd—-SrCO,
in isopropyl alcohol containing sodium hydroxide.*’

OAc OAcC
0.25 g 2% Pd—SrC
OAC 4o mi anhydrous gHg OAc (3.66)
o 28°C, 1 atmH, 0.67 h

104

0.5 g (1.4 mmol) 71% (by UV)
Ergosta-4,6,22-trien-3-one (105) was transformed into the 4,22-dien-3-one in the hy-
drogenation over prereduced 5% Pd—C in methanol containing potassium hydroxide.
Optimum selectivity of the hydrogenation system was found to be dependent on the
reduction of the catalyst prior to addition of the substrate and on the concentration of
the alkali. Uniformly high conversions were obtained in the media of 0.0010-0.010M
potassium hydroxide. Above and below this concentration range the yields of dienone
were somewhat lower. The hydrogenation ceased with uptake of 1.0—1.1 equiv of hy-
drogen to give the dienone in 70—75% isolated yields (eq. 3.67).*! Successful use of
Pd—C in MeOH-KOH is also seen in a similar hydrogenation.?*? Selective hydro-
genation of chloesta-3,5-dien-7-one over 5% Pd—C in the presence of a small amount
of potassium hydroxide was dependent on the solvent used.?** The hydrogenation in
ethanol gave the saturated ketone, 5Sa-cholestan-7-one, in ~80% yield, whereas in
ethanol-benzene the enone, cholest-5-en-7-one, was obtained in ~75-80% yield (eq.
3.68).

\ \
2 g 5% Pd-C*
(2.8 + 0.95) liters MeOH/1.4 g KOH 3.67
o (3.67)
RT, 1 atm O
105 Prereduced in 2.8 lit n\? OH
* Prereduced in 2.8 liters Me 0,
25 g (0.0635 mol) containing KOH. 17.5 g (70%)
CaH17 5% Pd-C
95% EtOH/KOH (1%) 1 (3.68)
RT,latmb H o
— 7%
o 0.96 g 5% Pd-C
342 ml GHg /137 ml 95% EtOH/1.0 ml 15% aq. KOH
6.0 g (0.016 mol) RT,latmH, 2h o

4.6 9 (77%)

Liu et al. were successful to transform 17-substituted 13B-ethyl-11B-hydroxygona-
4,9-dien-3-ones (106) into the corresponding 11f3-hydroxygon-4-en-3-ones (107) in
the hydrogenation over Pd—SrCO; in pyridine (eq. 3.69).2* The selectivity of Pd—
SrCO; hydrogenation was highly dependent on the 17 substituent. The 17B-hydroxy
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compound 106a gave only the (9a,10B) dihydro product 107a with a yield of 81%. It
has been suggested that the 90,100 isomer was produced via the initial product
90,100 isomer 108a formed by the addition of hydrogen from the opposite side of
17B-hydroxyl. On the other hand, 17-oxo compound 106b yielded two dihydro prod-
ucts 107b (90,10B) and 109 (9B3,10B) with the yield of 45% and 4%, respectively, to-
gether with a small amount of tetrahydro product 110.

Rl

o R2
Pd-srcq
Py
o
106
a:R'=OH, R=H 0
b: RL, R?=0 HO
H
o O
109 H 110

Hydrogenation of A'*-dien-3-one steroids over a heterogeneous catalyst usually does
not proceed selectively and gives a mixture of Al- and A*-3-ones in low yields.?*3-24
Tritiation or deuteration of 17B-hydroxy-1,4-androstadien-3-one (111) over palla-
dium has revealed that the attack at C1 occurs predominantly (~75%) from the 3
face.*’ By contrast, homogeneous hydrogenation of 1,4-androstadiene-3,17-dione
(112) with the rhodium—phosphine complex RhCI(PPh,), proceeds very selectively to
yield 4-androstene-3,17-dione in high yield and deuterium addition to the 1,2 double
bond has proved to take place predominantly from the a face (eq. 3.70).2*° Ravasio
and Rossi, however, found that Cu—Al,O, showed a high selectivity of 93% in hydro-
gen addition to the 1,2 double bond in the hydrogenation of 112 in toluene at 60°C
and 1 atm, with 74% maximum yield of 4-androstene-3,17-dione.>°

OH OH

Pd-C T
T
(6] 2 (0]
111 (0] 13-T:1a-T =3:1
(3.70)

RhCI(PPh);
1:1 GHg—EtOH
o] RT, 1atmD
112

85% yield

Kumar et al. were successful to hydrogenate 2-substituted thiochromones (113) to
thiochromanones (114) with use of an excess amount (30 wt%) of 10% Pd—C in ethyl
acetate at room temperature, although the chromones with an electron-donating sub-
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stituent such as p-methoxyphenyl at the 2 position (113e) led to complete hydro-
genolysis of the carbonyl group to the methylene (eq. 3.71).%>! The reaction of 113
with Zn/AcOH, Li/liquid NH;, Wilkinson’s catalyst, diimide, and cyclohexene/Pd—C
failed to give the desired product.

o O OH
S < S R S R S R
113 114

R RT,0.2 MPalj, 10-20 h

(3.71)
a R=Me 65% 0 0
b: R =Et 62 0 0
¢ R=Ph 45 18 31
d: R =p-CICgH, 10 25 40
e R =p-MeOGCgH, 0 0 66

3.8.3 Stereochemistry of the Hydrogenation of ~ A!®-2-Octalone and
Related Systems

The stereoselectivity in the hydrogenation of bicyclic and polycyclic O,B-unsaturated
ketones with the double bond at the ring juncture has been the subject of extensive in-
vestigations.?>? Formation of cis-2-decalone in the hydrogenation of A'-2-octalone
(115) with palladium catalysts increases with increasing polarity of aprotic solvents
and also in the presence of acid, especially in nonhydroxylic solvents.”>*** Hydro-
bromic acid has been found to be more effective than hydrochloric acid for cis-2-de-
calone, especially in tetrahydrofuran (eq. 3.72).% Formation of alcoholic products
was also completely depressed in the presence of hydrobromic acid, although the rate
of hydrogenation became considerably lower than in the presence of hydrochloric
acid.?®

H H
L;O e 0 31 m : L:'O
1 ml THF/8ul 0.2M HBr !
O O O H
25°C, 1 atm =
115 B H H
0.03 g (0.2 mmol) 99.5% 0.5%
(98%)* 2%)*

(3.72)
* In presence of §l 0.3M HCI.

Hydrogenation of A'*-2-octalones with an angular substituent at the C10 carbon over
palladium catalyst gives the corresponding cis- and trans-decalone mixtures, the pro-
portion of which depends on the substituent. When the angular group is CH3,239’257
CHCIZ,258 or CHZOH,259 the cis ring-fused products result predominantly. In contrast,
when the angular group is ethoxycarbonyl, the trans ring-fused product is formed in
high yield (eq. 3.73).2%° The hydrogenation in acetic acid over platinum oxide also led
to the compound of the trans series, exclusively.2®! With 10-methyl-A!°-2-octalone,
however, the effect of acid to increase the formation of cis-ketone was found to be
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much smaller (75-79% cis in THF—HCI) than in the case of 115 (eq. 3.72); rather, a
greater selectivity to the cis isomer was obtained in the hydrogenation in pyridine (80—
84% cis), or better, in 4-methoxypyridine (87% cis).>>

CO,Et COJEt

L;O 2.0 g PA(OH}-SICQ, L:'O (3.73)
150 ml absolute EtOH [
o o A

RT, low-pressure 5} 3 h
H

48.5 g (87%)

55.5 g (0.25 mol)

The addition of hydrogen to A!®-20-one steroids occurs preferentially from the o face
to give the 17B-substituted derivatives.?*> As an example, 3B-acetoxypregna-5,16-di-
ene-12,20-dione was hydrogenated to the pregn-5-ene-12,20-dione derivative in high
yields over Pd-BaSO, in ethyl acetate with the 5,6 double bond intact (eq. 3.74).%26%

O COCH, O COCH;
20 g 4% Pd-BaSp (3.74)
11 EtOAc
45°C, 0.28 MPa bl 20 min
24 g (0.065 mol) 21 g (87%)

The hydrogenation of a number of 3-oxo-A*-steroids has been investigated with pal-
ladium catalysts under various conditions. The formation of 5B3-ketones is favored in
both alkaline?® and strongly acidic conditions.?** The hydrogenation in N-methylpyr-
rolidine, 23 pyridine,?%3% or better in 4-methoxypyridine,”> has been found to give
high yields of 5B-ketones without formation of any alcoholic products. The use of
pyridines is also advantageous in that pyridines are excellent solvents for steroids and
hydrogenations can be carried out in a rather concentrated solution. 3-Oxo-A!*-ster-
oids are also hydrogenated to give high yields of 5B-ketones under these conditions.?>
With use of 4-methoxypyridine as solvent, instead of pyridine, most of 3-oxo0-A*- and
3-ox0-A"*-steroids are hydrogenated to saturated 5B-ketones in 95-99.9% yields over
palladium catalyst. For example, testosterone (100) was hydrogenated to the corre-
sponding 5B-ketone in 97.1% yield in 4-methoxypyridine, compared to 90.6% yield
in pyridine under the same conditions. Equation 3.75 is an example of the hydrogena-
tion carried out on a larger scale. Similarly, androsta-1,4-diene-3,17-dione (112) was
hydrogenated to 5(3-androstane-3,17-dione in 97.3% yield in 4-methoxypyridine,
compared to 88.0% in pyridine. A preparative run is shown in eq. 3.76.
OH

51 mg Pd black J/i:b/ (3.75)
1.5 ml 4-MeO-Py o

RT,latmH, 42 h H

100 98.5% (GC)

500 mg (1.7 mmol)
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o}
50 mg Pd black (3.76)
1.7 ml 4-MeO-Py o
o] RT,latmH, 14 h H
112 98.3% (GC)
1 g (3.5 mmol)

In contrast to the usual steroids with the 10B-methyl group, 19-nor-3-oxo0-4-ene ster-
oids gave decreased stereoselectivity for 5B-ketones in basic medium; rather, high
yields of 5B-ketone were obtained in the hydrogenation in acidic medium, similar to
A-2-octalone, where high yields of cis-2-decalone were obtained in acidic medium
as described above.2%? The action of hydrobromic acid to increase the formation of 53
compounds has been found to be most effective when used in tetrahydrofuran. The
amounts of hydrobromic acid required for obtaining an optimal selectivity to 5 were
also much smaller in tetrahydrofuran than in a hydroxylic solvent. It is noted that the
stereoselectivities obtained were even higher in tetrahydrofuran-hydrobromic acid
than in the acetic acid—hydrobromic acid system.255 Thus, 19-norandrost-4-ene-3,17-
dione (eq. 3.77), 19-nortestosterone, and its acetate were hydrogenated to the corre-
sponding saturated 5B-ketones in 97.9, 98.6, and 99.8% yields, respectively, in the
hydrogenation over palladium in tetrahydrofuran—hydrobromic acid (see also eq.
3.72). The hydrogenations of the corresponding 3-oxo-4-enes with the 10p3-methyl
group were less stereoselective under these conditions, giving the 5B-ketones in 84,
78, and 97% yields, respectively.2®’

P H
H
20 mg Pd black (3.77)
2 ml THF/0.02 ml conc. HBr O
o RT,latmh, 3h H
500 mg (1.76 mmol) 97.9% (GC)

It is well known that some functional groups, such as an oxo or a hydroxyl, which are
located far from the 4,5-double bond e.g., at C11, C17, or C20, may have a marked
effect on the stereochemistry of hydrogenation of 3-oxo-A*-steroids. In some cases
50-ketones are formed predominantly.2®® A typical example is the hydrogenation of
cortisone acetate (116) over 5% Pd—C in ethyl acetate (eq. 3.78).2%° No evidence was
obtained for the presence of 5B derivative in the product.

FHaOAc CH,0AC
c=0 '
0.70 g 5% Pd—C (3.78)
150 ml EtOAC
RT,latmB,5h o A
116 H
7.0g (0.017 mol
g (0.017 mob 4.56 g (65%)
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Mori et al. estimated, quantitatively by means of GC analysis, the effects of the
functional groups at C11, C17, and C20 on the 53/50 ratios of the resulting saturated
ketones in the hydrogenation of twenty-five 3-oxo-4-ene steroids over a palladium
black in i-PrOH, i-PrOH-HCI, AcOH, and AcOH-HCI at 25°C and atmospheric pres-
sure.”’® Isopropyl alcohol was used as the solvent, instead of ethanol, to avoid acetal
formation.'® The results are summarized in Table 3.18. The effect of a substituent to
increase the proportion of 53 isomer was defined as positive and the reverse effect as
negative, on the basis of the results with the corresponding parent steroids without the
substituent. The 5(3/5a ratio obtained in the hydrogenation of cholest-4-ene with a

TABLE 3.18 The Ratio of 5§ K KB  to 50 Ketone from Hydrogenation of
3-Oxo-4-ene Steroids over Palladium Catalyst*®

R! R
Solvent
o] i-PrOH i-PrOH/HC1 AcOH AcOH/HCI
R'=R*’=H 1.0 0.95 1.1 34
R!'=H;R?>=0-OH 4.1 4.0 32 2.3
R!'=H;R?>=0-OAc 2.7 2.9 2.7 3.1
R!'=H;R?>=0-0OBz 3.5 3.5 6.9 8.8
R!=H; R?>=B-OH 0.73 0.57 0.84 0.63
R!=H; R?>=B-OAc 1.9 2.3 1.3 2.5
R!=H;R?>=B-OBz 1.5 1.3 2.6 3.1
R' H; R?2==0 0.55 0.91 1.3 1.3
=B-OH; R? = B-OAc 0.62 0.48 1.3 2.0
Rl ==0;R?=B-OAc 0.13 0.20 0.30 0.47
=B-OH; R2==0 0.26 0.19 0.69 1.0
Rl =B-OAc;R?==0 0.27 0.33 0.91 1.1
==0;R*==0 0.09 0.07 0.17 0.27
R' H; R? = B-CgH,; 1.5 0.86 0.89 3.9
R'=H; R?=B-C,H; 2.7 1.2 2.2 3.5
R' = H; R? = B-CH(0-OH)CH;,4 1.3 0.67 2.3 1.6
R! = H; R? = B-CH(0-OAc)CH; 0.58 0.37 2.8 2.3
R! = H; R? = B-CH(B-OH)CH, 1.4 1.0 1.7 2.5
R! = H; R? = B-CH(B-OAc)CH, 1.0 0.67 0.98 2.7
R! = H; R? = B-COCH, 0.34 0.21 0.48 0.62
R' = 0-OH; R? = B-COCH, 0.38 0.28 0.59 0.66
R!' = 0-OAc; R? = B-COCH; 0.71 0.28 0.68 1.1
= [-OH; R? = B-COCH;, 0.16 0.08 0.32 0.35
=B-OAc; R? = B-COCH,4 0.33 0.22 0.84 0.86
R! = =0; R? = 3-COCH, 0.03 0.02 0.04 0.04

“Data of Mori, K.; Abe, K.; Washida, M.; Nishimura, S.; Shiota, M. J. Org. Chem. 1971, 36, 231. Reprinted
with permission from American Chemical Society.

bThe compound (10 mg) was hydrogenated in the solvent (10 ml) with prereduced palladium hydroxide (5
mg) at 25°C and atmospheric pressure. For the hydrogenations in the presence of acid, 0.05 ml of 3M
hydrochloric acid was added after the catalyst had been prereduced in i-PrOH or AcOH.
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17B-CgH,; side chain was almost the same with that from androst-4-ene-3-one with
no substituent at C17, while the 17B-ethyl group had a slight positive effect. With re-
spect to the hydroxyl substituents, 11a, 20a, and 203 groups had almost no effect or
slightly negative effects, while the 170-hydroxyl group had a positive effect. On the
other hand, both 11f3- and 17B-hydroxyl groups showed significantly negative effects.
Thus, the effects of the hydroxyl groups to increase the formation of 5p derivatives
may be ordered as follows: 17a-OH > 11a-OH > H > 200-OH [J20B-OH > 173-OH
O11B-OH. Among the oxo groups, the 17-oxo had a small negative effect, while the
11- and 20-oxo groups had definitely greater negative effects that were also much
greater than those of the corresponding B-hydroxyl groups. The effects of the oxo
groups may be ordered as follows: H > 17-oxo > 20-oxo > 11-oxo. The least 5p/50
ratios of the product (0.02—-0.04 or 98-96% 50 compound) were obtained in the case
of 11-oxoprogesterone with 11- and 20-oxo groups. Concerning the acetoxyl function,
the 11P3- and 17B-acetoxyl groups had definitely less negative effects than the corre-
sponding B-hydroxyl groups, while 170-acetoxyl group showed a strongly positive
effect in AcOH-HCI. The order in the effects of the acetoxyl groups was as follows:
17a-OAc > 17B-OAc O11a-OAc > H > 11B-OAc > 200-OAc [020B-OAc. By con-
sidering the conformation of the hydroxyl groups and the magnitude of their effects,
the substituent effects of the hydroxyl groups have been suggested to be electronic
rather than steric, similar to those suggested by Kirk and Hartshorn for a large negative
effect of the oxo group.?’!

Sidova et al. studied the long-range effects of 17-substituents on the stereochemis-
try of hydrogenation of A*3-oxo steroids in a series of testosterone and
epitestosterone esters with carboxylic acids of varying alkyl chain length (C,-C,y)
over platinum oxide in acetic acid at room temperature and atmospheric hydrogen
pressure.”’? In 170-esters the 50/5p ratio decreased with increasing length of alkyl
chain from 0.29 with a C, ester to 0.12 with a C 4 ester, whereas in 17B-esters the ratio
did not vary much up to decanoate (mostly within 0.4—0.5) and then rose sharply to
0.69 with C,, ester and to 1.0 with a C, ¢ ester except a low value of 0.42 with C, , ester.
It has been noted that the difference in the 50/5f ratio between the corresponding 170-
and 17(3-series esters suggests that hydrophobic interactions may play a role in the hy-
drogenation of the esters.

Nishimura et al. studied the rates of hydrogenation of various 3-oxo-4-ene steroids
with and without 103-methyl group over palladium in pyridine and in tetrahydrofuran
(THF)—hydrobromic acid, in order to ascertain the effects of the 10B-methyl group
and some oxygen functions (=0, OH, OAc) at positions C11, C17, and C20.2%7 As
seen from the results summarized in Table 3.19, the rates of hydrogenation are greatly
depressed by the presence of 10B3-methyl group in THF-hydrobromic acid, while the
effects on the rate are only slight in pyridine (compare compounds 1c¢, 1d, and 1e with
2¢, 2d, and 2e). The facts that in pyridine the effects of the 10B-methyl group on the
rates are rather small and the stereoselectivities decrease with 19-nor steroids have
suggested that the transition state that might control the product would be in an sp°-
like conformation at the C5, where the interaction of the 10B-methyl group and the
catalyst surface would not be great in the transition state leading to the 53 products,
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TABLE 3.19 Rates of Hydrogenation and Selectivities for 5p-Ketone in
Hydrogenation of 3-Oxo0-4-ene and 19-Nor-3-0xo0-4-ene Steroids over Palladium
Catalyst in Pyridine and in Tetrahydrofuran/Hydrobromic Acid®”

Hydrogenation in Pyridine Hydrogenation in THF/HBr
1:R=Me
o 2:R=H
FRE 10*% 10%
Com- (mollthin~'0 Selectivity (mollthin~!0] Selectivity
pound X Y gcatly kiky,  for 5B (%) gcat™) kiky,  for 5B (%)
la B-CgH;;, H 1.0 1.0 99 0.98 1.0 98.5
1b H H 1.2 1.2 95 0.98 1.0 94
1c B-OAc H 1.8 1.8 98.5 0.98 1.0 97
1d B-OH H 2.1 2.1 93 1.5 1.5 78
le =0 H 2.4 2.4 92.5 1.4 1.4 84
1f B-COCH; H 2.6 2.6 86 1.8 1.8 79
1g = =0 4.1 4.1 32 2.6 2.7 30
2c B-OAc H 1.8 (1.0) 95 13 (13)¢ 99.9
2d B-OH H 2.4 (1.1)¢ 85 12 (8.1)¢ 98
2e = H 2.8 (1.2)¢4 89 13 9.3)¢ 98

“Data of Nishimura, S.; Momma, Y.; Kawamura, H.; Shiota, M. Bull. Chem. Soc. Jpn. 1983, 56, 780.
Reprinted with permission from Chemical Society of Japan.

bThe compound was hydrogenated in 0.0316M solution (1.8 ml) with 3 mg of Pd black at 25°C and
atmospheric pressure. THF (1.8 ml) contained 0.2 ml of 48% hydrobromic acid.

“Per gram of catalyst.

IThe figures in parentheses indicate the ratio of the rate for 19-nor steroid to that for the corresponding
10B-methyl analog.

while the transition state leading to 50 products would be more stable in 19-nor ster-
oids than in 10P-methyl steroids because of lack of an interaction between axial 2[3-
hydrogen and 10B-methyl in 19-nor steroids. On the other hand, the rate as well as the
selectivity to 5B product increased greatly with 19-nor steroids in THF—hydrobromic
acid, compared to the corresponding 103-methyl steroids. These results have sug-
gested that the product-controlling transition state in THF-hydrobromic acid is in an
sp*like conformation where the attack of hydrogen from the B face would be not as
hindered with 19-nor steroids as with the usual steroids of the 10B-methyl group. The
rate measurements and competitive hydrogenations also indicated that the compounds
having the oxygen functions, which decreased the 53/50 ratios of the product, were
generally more reactive than those not carrying such functions in both pyridine and in
THF-hydrobromic acid. In particular, the compound 1g with 11,17-dioxo group is
noteworthy in that, in both basic and acidic media, it was definitely more reactive and
gave much lower yields of 5B product than did the other compounds investigated.
Since high stereoselectivities to 5 are generally obtained in both basic and acidic me-
dia in which a polarized adsorption of the 3-oxo-4-ene system may become favorable,
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it has been suggested that the electron-attractive oxygen functions may work in oppo-
sition to the Trelectron polarization of the 3-oxo-4-ene group, as suggested by Kirk
and Hartshorn for a 4f3,5B-bonded surface complex.?”® The hydrogenation in a less po-
larized state would result in an increased rate as well as in a decreased 5[3/50 ratio of
the product. This explanation has been further supported by the fact that the 53/50 ra-
tio of the product obtained in the hydrogenation of 1g in THF was increased neither
in pyridine nor in the presence of hydrobromic acid, in contrast to the cases with the
other compounds.

Compared to the hydrogenation to 5B-ketones, the hydrogenation of 3-oxo-A* ster-
oids to Sa-ketones is much more difficult over usual heterogeneous catalysts, except
in the special cases where the presence of oxo groups may favor the formation of 5a
compounds as described above. Dauben, Jr. et al. obtained 50-cholestan-3-one from
cholest-4-en-3-one via transformation into 3-ethylenedioxy A’-derivative 117 by ex-
change dioxolanation, followed by hydrogenation with palladium catalyst to give ex-
clusively 3-ethylenedioxy-5a-cholestane (eq. 3.79).>’* The ethylenedioxy compound
may be hydrolyzed quantitatively to the 50-ketone in the presence of acid.

CgHi7
O/_\o
R>< R O
5 o So s (3.79)

430 mg (1.7 mmol)

.
0.04 g 5% Pd-BaS® om H m/
35 ml absolute E1oH  {_ 7 2 HO™ |

RT,1atmH, 1.5h H
* Prereduced. 380 mg (88%)

Hydrogenation of tetrahydroindanones 118 and 119 as well as 3,5-dimethylcyclohex-
2-enone (120) over 5% Pd—C gives the saturated cis-ketones quantitatively under neu-

tral (EtOH), acidic (EtOH/HCI), and alkaline (EtOH/KOH) conditions.?”> The tetra-
hydroindanones 121 and 122 with an ethoxycarbonyl group at the ring juncture also
gave the cis compounds in high yields in acidic, basic, or neutral solution (eq. 3.80),%”
in contrast to the corresponding A'°-2-octalone analog, where the trans product was
formed in high yield (see eq. 3.73).260:261
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COEt CO,Et

1.0 g 5% Pd-C
55 ml 95% EtOH

© 121 RT, 0.31 MPa K o b
13.7 g (0.066 mol 0
g( mol) 10.5 g (76%) (3.80)
CO,Et CO,Et
0.5 g 5% Pd-C
o 100 ml 95% EtOH ©
122 RT, 0.31 MPa H !
13.5 g (0.065 mol) 12.7 g (93%)

Similarly, hydrogenation of A-nortestosterone (123) gave only the A/B cis-fused
product in high yield (eq. 3.81).277 It is also of interest that the lithium—ammonia re-
duction of 123 afforded approximately equal amounts of A/B cis- and A/B trans-fused
products, whereas in the reduction of testosterone with the same reagents only the A/B
trans-fused product was isolated. On the other hand, hydrogenation of 14,15-unsatu-
rated 16-equilenones (124) over Pd—C in neutral solvent led to a mixture of C/D cis-
and C/D trans-fused products with the trans isomer apparently predominating. The
proportion of trans isomer further increased in dioxane containing a trace of acetic
acid and the isomer could be isolated in a 38% yield in the case of 124, R = OMe. In
contrast, the hydrogenation of 124 in the presence of potassium hydroxide gave the
cis products in excellent yields (eq. 3.82).278

OH

0.165 g 5% Pd—C (3.81)

o solvent (?)
RT,latmH, 24 h

H

123 48 mg (72%)

66 mg (0.23 mmol)

(0.32 + 0.15) g 30% Pd-C + o
" 0 55 ml dioxane/0.5 ml AcOH B A
OO RT,1atmH, 24 h H
800 mg (R = OMe) 309 mg (38%)
R
2.86 mmol (3.82)
124 ( )
R = H, OH, OMe
0.16 g 30% Pd-C o

400 mg (R = OMe)
(1.43 mmol) 60 ml EtOH/80 mg KOH AN
RT,latmH, 6.5h H

354 mg (88%)

3.8.4 An Olefin Moiety in the Presence of Terminal Alkyne Function

Terminal triple bonds are usually hydrogenated in preference to terminal or internal
double bonds in competitive conditions, unless the former bonds are highly hindered,
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because of a strong adsorption of the triple bonds over the double bonds.?”” However,
Palmer and Casida were successful for selectively hydrogenating such an olefin moi-
ety by blocking terminal alkynes with a trimethyl- or triisopropylsilyl group, a bulky
and easily removable moiety.”** The compound 125a with an allyl group was thus se-
lectively hydrogenated at the olefinic moiety, using 5% Pt—C in dry ethyl acetate con-
taining triethylamine to prevent acid-catalyzed trioxabicyclooctane ring opening (eq.
3.83). After the hydrogenation of the olefinic group was complete, some hydrogena-
tion of the alkyne group resulted with longer reaction times. Selective hydrogenation
of the compound 125b with a cyclohexenyl moiety was more difficult to achieve, but
the desired selectivity was obtained using a more bulky silyl group such as triiso-
propylsilyl. Desilylation was accomplished quantitatively with use of tetrabutylam-
monium fluoride.

0 = 0
i 5 o SWPLCGmY S 2
g 7 EtOAC (20 ml) g —

+ EtgN (0.1 ml 3.83
125 (30 mg) el 0 -G8
. »latmb Extent of hydrogenation (%)
R R R® Olefin Alkyne
L —
— > H o 45 90
o SiMes 100 0

b G SiMes <:>_ 100 50
O— Si(i-Pr)s <:>— 100 -

3.8.5 B-Alkoxy- a,B-Unsaturated Ketones (Vinylogous Esters)

The hydrogenation of enol ethers, enol esters, and enol lactones may be accompanied
by the hydrogenolysis of the carbon—oxygen bond. The extent of hydrogenolysis
greatly depends on the structure of substrate, catalyst, and solvent, as discussed in Sec-
tion 13.1.5. Usually the hydrogenolysis occurs most extensively over platinum, and
palladium catalysts are preferred for avoiding or minimizing such hydrogenolysis.

o) (0] OH
Ph Ph Ph
0.05 g 10% Pd—-C (3.84)
5 100 ml THF o o
25°C, 0.41 MPa i 24 h
126 0.072 g (71%) 0.015 g (14%)

0.10 g (0.50 mmol)

O o
\ 10% Pd—C Ph Ph
EtOH okt
0.21 MPa ), 24 h o

127 OH Trace
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The alkoxy group in B-alkoxy-0,B-unsaturated ketones is liable to hydrogenolysis in
the hydrogenation to give [B-alkoxy ketones, which are also very labile to hydro-
genolysis or loss of alcohol to give a,B-unsaturated ketones, especially under acidic
conditions or over catalysts containing no alkaline substances. Hydrogenation of the
compound 126, however, was successful when THF was used as the solvent instead
of ethanol (eq. 3.84).%8! Hydrogenation in ethanol led to only vinylogous transesteri-
fication product 127.
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N CHAPTER 4

Hydrogenation of Alkynes

Hydrogenation of the carbon—carbon triple bonds, particularly to the olefinic bonds,
has been the subject of numerous investigations since the very early stage of the study
on catalytic hydrogenation, not only in terms of its synthetic utility but also with re-
spect to the selectivity of catalytic metals for the semihydrogenation.!™

In general, acetylenes are readily hydrogenated to give saturated compounds over
a variety of catalysts under mild conditions with uptake of 2 mol of hydrogen. Uptake
of the second mole of hydrogen is often more rapid than that of the first. However, the
intermediate olefins are usually formed very selectively as long as the starting acety-
lenes remain, because the acetylenes are adsorbed to the catalyst much more strongly
than the corresponding olefins and may effectively displace the olefins formed on the
catalyst surface to prevent their further hydrogenation to saturated compounds. How-
ever, in order to obtain high yields of olefins, the second stage of the hydrogenation
must remain blocked even after the starting acetylenes have been consumed com-
pletely. In practice, it is important to select a proper catalyst in combination with an
appropriate modifier as well as suitable reaction conditions for obtaining a high selec-
tivity and yield of olefins. The hydrogenation of acetylenes is a highly exothermic re-
action, as seen from the heats of hydrogenation shown in Scheme 4.1.” Therefore, the
hydrogenations must be controlled carefully for the rise in reaction temperature, es-
pecially in large-scale runs and/or in use of large amounts of catalyst. As an example,
control of temperature within the range of 20—40°C was critical for clean and self-
terminating semihydrogenation of fert-ethynyl alcohols, RR'C(OH)C=CH, over 5%
Pd-BaCO; in petroleum ether at 0.34 MPa initial hydrogen pressure. Overhydrogena-
tions occurred when the temperature rose above 40°C.%

Bond and Wells studied the selectivity of group VIII metals in the vapor-phase hy-
drogenation of acetylene, methylacetylene, and dimethylacetylene over alumina-
supported catalysts.*> The selectivity in acetylene hydrogenation decreased with
respect to catalyst metal in the following order: Pd >> Rh = Pt > Ru >> Ir > Os. It was
also noted that the high selectivity of Pd was independent of conversion while in the
case of Ir it decreased considerably with increasing conversion. The initial selectivi-
ties observed in the hydrogenation of dimethylacetylene were generally much higher
than in the case of acetylene. The selectivity of 1.0, as expressed by the ratio of
alkene/(alkene + alkane), was obtained with Fe, Co, Ni, and Pd. The value decreased
to 0.99 for Rh, 0.97 for Pt and Ru, 0.96 for Ir, and 0.90 for Os. Bond and Wells inter-
preted the selectivity pattern of the transition metals for acetylene hydrogenation in
terms of two factors: (1) the activity for ethylene hydrogenation (kinetic factor) and
(2) the thermodynamic factor, which is related to the relative strength of adsorption
148
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HC=CH + H — H,C=CH, + 423 kcal (177 kJ)
HC=CH + 2H, — HyC— CHg, +  74.9 keal (313 kJ)
HsCC=CH + H, — HsCCH=CH, + 39.6 kcal (166 kJ)
H;CC=CH + 2H, —> CH3CH,CH; +  69.5 kcal (291 kJ)
HG  CHs
H3CC=CCH + H, —— /C: C\ + 37 kcal (155 kJ)
H H
HCC=CCH + 2H, —— CH3CH,CH,CH; +  65.6 kcal (274 kJ)

Scheme 4.1 Heats of hydrogenation of acetylene, methylacetylene, and dimethylacetylene
(82°0).

of acetylene and ethylene. The high selectivities of iron, cobalt, and nickel were at-
tributed to their lowest activities for ethylene hydrogenation, as reported by Beeck’
and Schuit and van Reijen.!? The high selectivity of palladium, which was higher than
that of nickel, was explained by assuming a powerful thermodynamic factor that
would be operative over palladium, because its activity for ethylene hydrogenation is
higher than nickel.’ It is also noted that palladium with the highest selectivity for
acetylene hydrogenation also shows the highest activity for olefin hydroisomeriza-
tion, 112 Similarly, the lowest selectivities of osmium and iridium are in line with their
lowest activities for olefin isomerization.!""!> Thus, to what extent the thermodynamic
factor is operative on a metal in acetylene hydrogenation appears to be most closely
related to the characteristic behavior of the metal for olefin isomerization.

4.1 HYDROGENATION OVER PALLADIUM CATALYSTS

Palladium catalysts, usually in combination with support and/or inhibitor, have been most
widely utilized among the transition metals for the selective hydrogenation of acetylenes.
Colloidal palladium, which had been recognized as more selective than platinum and pal-
ladium black, was extensively used in early investigations, in particular by Paal, Zalkind,
and Bourguel in the liquid-phase hydrogenation of various acetylenic compounds at room
temperature.'* Over colloidal palladium, the products resulting from cis addition of hy-
drogen were obtained by hydrogenation of disubstituted acetylenes such as phenyl-
propiolic acid, tolan (diphenylacetylene), and tetraalkylbutynediol.'*"'7 In later studies,
however, use of colloidal palladium has been almost completely displaced by supported
palladium catalysts, such as those supported on calcium carbonate, barium carbonate, bar-
ium sulfate, or carbon, usually in combination with an appropriate catalyst poison, because
of the convenience in their preparation and use in hydrogenation.

Supported palladium catalysts have often been used with an organic base such as pyri-
dine and quinoline as additive or solvent to depress hydrogenation of resulting olefins and
thus improve selectivity. For example, the selective hydrogenation of steroidal 17-
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ethynyl group to the vinyl group was effectuated by using a Pd-CaCOj in pyridine solu-
tion.'®!” Isler et al. used a Pd—C poisoned by quinoline in methanol for the partial hydro-
genation of an acetylenic intermediate 1 with a conjugated enyne system to 2 with a
conjugated diene, as a key step leading to the synthesis of vitamin A.?° One of the most
selective catalyst systems is probably the one by Lindlar, who poisoned a Pd—CaCOj; cata-
lyst with Pb(OAc), solution and used it in petroleum ether with addition of quinoline, and
thus improved the selectivity of the partial hydrogenation of 1 (eq. 4.1).%!

4.1)
X CH,OH
=
=
5 g ~5% Pd—-CaC@Pb(OAc)
OH 100 ml petroleum ether/2 g quinoline
1 20°C, latmH H.OH
2
50 g (0.16 mol) 42-43 g (84-86%)

Originally, Lindlar activated a Pd(OH),—CaCO; catalyst with hydrogen, but later the pro-
cedure has been improved by using sodium formate as a reducing agent.? It appears that
the improved procedure gives a catalyst with a more uniformly dispersed metal on the sup-
port, as judged from the color of the resulting catalyst.”* Dobson et al. studied the stereose-
lectivity of the hydrogenation of 4-undecyne over various palladium catalysts.>* Almost
pure cis-4-undecene was produced only when Lindlar catalyst was used. In all other cases,
rather high percentages of the frans isomer were formed, although the hydrogenations
were stopped when 1 equiv of hydrogen had been absorbed (Table 4.1). Similarly, 2-heptene
and 5-decene containing only 1 and 5% of the frans isomers, respectively, were obtained
by hydrogenation of 2-heptyne and 5-decyne in the presence of Lindlar catalyst.

Baker et al. studied the stereoselective semihydrogenation of acetylenic fatty acids us-
ing the Lindlar catalyst.”> Thus, when stearolic acid was hydrogenated over Lindlar cata-
lyst in ethyl acetate, 1 mol of hydrogen was absorbed rapidly and then the reaction became
extremely slow. There was no indication of the presence of any significant quantities
(< 2.5%) of stearic or stearolic acid in the crude product. The oleic acid obtained in 74%
yield by crystallization of the product was found to contain about 5% of trans-olefinic
bond as examined by IR spectroscopy (eq. 4.2), but no migration of the unsaturated bond
had occurred, as was shown by means of ozonolysis. The formation of trans product was
reduced to ~1-2% by doubling the amount of added quinoline. Similarly, erucic acid
(cis-13-docosenoic acid) was obtained in 88% yield by hydrogenation of behenolic
acid over Lindlar catalyst in ethyl acetate.

CHy(CHy)7 (CHR)7COH

— Lindlar catalyst (~2 g?) _
CH3(CHy);C =C(CH,),COH c=cC
o(CHay ! 70 ml EtOAc/1.2 g quinoline H/ \H
3.0 g (0.0107 mol) RT,latmH 4.2)

2.25 g (74%)*

* Containing ~5%rans.
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TABLE 4.1 Percent Trans Isomer in Olefinic Product with Uptake of 1 mol of
Hydrogen by 4-Undecyne in the Presence of Palladium Catalysts*”

Catalyst
4.8%
Pd-CaCOs—  10% 10% 10% 10%  10% Pd—-C 10% Pd-C
Pb(OAc),* Pd-CaCOs Pd-BaSO; 10%Pd-C Pd-C?  Pd-C? +EuN° +AcOH
% Catalyst 8.9 10.1 11.2 9.8 10 17.4 11.5 10.5
%Trans in 4 63 40 32 68 31 17 49
olefinic
content

“Data of Dobson, N. A.; Eglinton, G.; Krishnamurti, M.; Raphael, R. A.; Willis, R. G. Tetrahedron 1961,
26, 16. Reprinted with permission from Elsevier Science.

bThe substrate (about 0.02 mol) was hydrogenated at room temperature and 1 atm H, in ethyl acetate,
unless otherwise stated. In all cases hydrogen uptake slowed when 1 equiv of hydrogen had been absorbed
(the experiment was then stopped) but ceased spontaneously only with the Lindlar catalyst.

“Lindlar catalyst; a few drops of quinoline were added to the hydrogenation mixture.

dCyclohexane as solvent and Baker catalyst (all other cases, Johnson Matthey) were used.

/0.5 ml of Et;N and AcOH were added, respectively.

It is to be noted that the Lindlar catalyst should be used in an aprotic solvent because
the effects of the poisons may be decreased in protic solvents. Unsatisfactory results
obtained with use of the Lindlar catalyst appear to be those cases where hydrogena-
tions were performed using alcoholic solvents.?*~2® The concentration and/or amount
of lead acetate solution should also be adjusted, depending on the nature of substrates,
to avoid poisoning the Pd—CaCO; catalyst too strongly. It was often observed that hy-
drogenations over Lindlar catalyst proceeded not at all or only very slowly.? In the
hydrogenation of 1-phenyl-1-propyne and diphenylacetylene in cyclohexane, treat-
ment of the Pd-CaCO; with 1.0 and 0.5% of Pb(OAc), solution (instead of 1.8% de-
scribed in the literature 22), respectively, was sufficient to inhibit the hydrogenation of
the resulting alkenes and to obtain high yields of the corresponding cis-alkenes (eqs.
4.3% and 4.4%).

12 mg Lindlar catalyst* AN LN
PhC=CCH, mg Linalar catalys — c=c + /C=C + PhCHCH,CH;
A 1.6 ml cyclohexane/26 mg quinoline H/ \H H \CH
.05m o o : 3
25°C, 1 atm H, 100% conversion 97 4% 1.7% 0.9%
* Treated with a 1.0% Pb(OAg}olution. (GC analysis)
4.3)
) . ph\ y Ph Ph\ p H
PhC=CPh 12 mg Lindlar catalyst _ c=¢ + /C=C + PhCHCH,Ph
1.6 ml cyclohexane/25 mg quinoline H/ \H H \Ph
50 mg (0.28 mmol) o 0 i
25°C, 1 atm H, 98.7% conversion 97.5% 1.2% -0

* Treated with a 0.5% Pb(OAg¥olution. (GC analysis)

4.4)
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The effects of added quinoline alone and of added quinoline with Pb(OAc), in the hy-
drogenation of diphenylacetylene in cyclohexane are shown in Figs. 4.1a—c. It is seen
that over Lindlar catalyst in the presence of quinoline, the formation of diphenylethane
as well as the isomerization of cis-stilbene to the trans isomer were inhibited almost
completely as long as 4 h after the hydrogenation of diphenylacetylene to stilbene had
been practically completed within 1 h. The Lindlar catalyst was found to be as highly
selective as a homogeneous catalyst, [Rh(NBD)(PPhMe,),]" PF,, which is known
highly selective in alkyne hydrogenation,*! when compared in the hydrogenation of
diphenylacetylene (in acetone with the rhodium complex).3? Another example that
shows high selectivity of Lindlar catalyst when employed in aprotic solvent is seen in
eq. 4.5 in the hydrogenation of the glycol 3 with a conjugated dienyne system to a
triene glycol 4.%% The triene glycol 4 was obtained almost quantitatively in the hydro-
genation in ethyl acetate, while another group obtained only a 47.5% yield of 4 in the
same hydrogenation using methanol as solvent.”®

HOHZCuCHZOH 0.1 g Lindlar catalyst >=/_E<
= 50 ml EtOAc HOH,C 4 CH,OH

3 RT,1amb almost quantitative
1.0 g (6 mmol) 4.5)

A new Pd-Pb alloy catalyst has been reported to be more selective than commer-
cial Lindlar catalyst in the hydrogenation of triple bonds, that is, in the hydrogena-
tion of 2-butyne to (Z)-2-butene and phenylacetylene to styrene.** The high
selectivity of the alloy catalyst was confirmed in the syntheses of (Z)-11-hexade-
cenyl acetate and (Z)-11-tetradecenyl acetate where particularly high stereoselec-
tivity was required.

Compared to disubstituted acetylenes, the selective hydrogenation becomes more
difficult in monosubstituted acetylenes, especially in the cases where the product has
a highly reactive terminal double bond. Thus, Lindlar and Dubuis noted that the hy-
drogenation of phenylacetylene did not stop at the uptake of 1 equiv of hydrogen even
over the Lindlar catalyst of the standard preparation, although hydrogen absorption
abruptly slowed after that stage.> The hydrogenation of 1-phenyl-1-propyne and
diphenylacetylene over Lindlar catalyst practically did not proceed further after up-
take of 1 equiv of hydrogen, as seen in eqgs. 4.3 and 4.4 and Fig. 4.1c.

Semihydrogenations of conjugated enynes are seldom selective and tend to give
mixtures even over Lindlar catalyst.®*> Marvell and Tashiro studied the selectivity in
semihydrogenation of three conjugated enynes S, R =H, Me, Et (eq. 4.6), and one con-
jugated dienyne 6 (eq. 4.7) over Lindlar catalyst in petroleum ether.*® In no case did
the rate of hydrogen uptake show a break after absorption of 1 equiv of hydrogen;
therefore, the products were analyzed by interrupting the hydrogenations after uptake
of 1 mol of hydrogen. Probably semihydrogenation of the dienyne 6 would be one of
the most difficult cases because 6 contains an internal triple bond conjugated with a
terminal double bond, as indicated by the results that the yield of the triene 7 was only
54%. Rather low stereoselectivities for the cis isomers may also be related to the com-
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Figure4.1 The effects of Pb(OAc)2 and quinoline on the hydrogenation of diphenylacecylene
over Pd—CaCO3 (Lindlar). Diphenylacetylene (50 mg) was hydrogenated over Pd—CaCO3 (12
mg) in cyclohexane (1.6 ml) at 25°C and 1 atm H». (a) Pd—CaCO3; (b) Pd—CaCO3+quinoline
(25 mg); (c¢) Pd—CaCO3/Pb(OAc)2/quinoline. (Key: O diphenylacetylene; ® cis-stilbene; ®
trans-stilbene; ® diphenylethane.) (From Nishimura, S.; Takagi, Y. Catalytic Hydrogenation.
Application to Organic Synthesis; Tokyo Kagaku Dozin:Tokyo, 1987; p 151. Reproduced with
permission of Tokyo Kagaku Dozin Co., Ltd.)
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petitive hydrogenation of the reactive double bond even in the presence of the unre-
duced triple bond.

C=CR CH= CHR CHCH,R —
0.50 g Lindlar catalyst HCH, C=CR
+
60 ml petroleum ether / 0.04 ml quinohx +

RT, 1atm H, 1 mol H,

5
_ R:H 86% 8% 6% (4.6
R =H, Me, Et ’ .
( 0.015 r:ol ) Me  78% (76%cis, 2%trans) 8% 14% (4.6)
: Et 90% (85%cis, 5% trans) 5% 5%
C=C-CH=Ch CH=CH-CH=C
O/ 0.50 g Lindlar catalyst H CH=CH-GHs
+
60 ml petroleum ether / 0.04 ml quinoli 7
6 RT, 1 atm H, 1 mol H,
54% (47%cis, 7%trans) 21% (13%cis, 8%trans)
0.015 mol
C=C—CHs CqHg 4.7)
+ O/ + + unidentfied + 6
8% 4% 5% 8%

In some other hydrogenations, satisfactory results were obtained with palladium cata-
lysts other than the Lindlar. Brunet and Caubere described a highly selective palla-
dium catalyst in the semihydrogenation of acetylenes.?® The palladium catalyst
(denoted as Pdc) was prepared from NaH, r-PeOH, and Pd(OAc), in THF. The reac-
tion mixture containing 0.2 mmol Pd per 1 ml was used for hydrogenation, withdrawn
by a syringe. Table 4.2 shows examples of highly selective self-terminating hydro-
genations of mono- and disubstituted acetylenes over Pdc in the presence of quinoline.
In contrast to the cases with monosubstituted acetylenes, hydrogenations of disubsti-

TABLE 4.2 Semihydrogenation of Acetylenes over Pdc—Quinoline*”

Saturated
Compound

Compound Solvent (ml) Olefin (%) (%)¢
Phenylacetylene Hexane (8) 98.5 1.5
1-Octyne Hexane (8) 98.7 1.3
1-Phenyl-1-propyne EtOH (1)+hexane (7) 98.4 (cis) + 0.6 (trans) 1
2-Hexyne EtOH (4)+octane (4) 97.8 (cis)? + 1.2 (trans)? 1
Diphenylacetylene EtOH (3)+THF (5) 97.3 (cis) + 1.7 (trans) 1

“Data of Brunet, J.-J.; Caubere, P. J. Org. Chem. 1984, 49, 4058. Reprinted with permission from American
Chemical Society.

bThe acetylene (10 mmol) was hydrogenated over Pdc (0.2 mmol) with 2 ml of quinoline for 8 ml of solvent
at an initial temperature of 20—21°C (the temperature rose to 31-33°C in the case of phenylacetylene)
under atmospheric pressure.

‘Determined by GC.

4Small amounts (0.1-0.2%) of 1-hexene were detected.
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tuted acetylenes were performed in ethanol, ethanol-hydrocarbon, or ethanol-THF
mixtures, since the hydrogenations of disubstituted acetylenes were extremely slow in
hexane or octane in the presence of quinoline. The result by Litvin et al. that hydro-
genation of diphenylacetylene over Lindlar catalyst gave a mixture of 93% of cis-
stilbene, 2% of trans-stilbene, and 5% of diphenylethane®’ was quoted by Brunet and
Caubere to indicate the superior selectivity of Pdc over Lindlar catalyst. However, it
should be noted that the result by Litvin et al. was obtained using methanol as solvent,
which might have led to a decreased selectivity of the Lindlar catalyst (see egs. 4.2 and
4.3).

In the hydrogenation of dimethyl 5-decyne-1,10-dioate (eq. 4.8) and 1,7-cycodo-
decadiyne (eq. 4.9), Cram and Allinger obtained the corresponding cis and cis,cis ole-
finic compounds, respectively, in high yields with 5% Pd-BaSO, in the presence of
quinoline and noted this catalyst to be superior to the Lindlar catalyst in reproducibil-
ity and ease of preparation.*® In the hydrogenation of tridehydro[18]annulene (8) to
[18]annulene (9), Sondheimer et al. obtained better results by use of a 10% Pd-C,
rather than with the Lindlar catalyst, over which the reaction often proceeded very
slowly or even ceased before the required amount of hydrogen had been absorbed.*
The optimum yield of 9 was 31-32% as analyzed by UV absorption on the uptake of
5-6 equiv of hydrogen, while 5.5% of the starting material was found unchanged
when 6 equiv of hydrogen had been adsorbed in a preparative run (eq. 4.10). In a simi-
lar hydrogenation of hexadehydro[18]annulene (10) the best results were obtained
over a Pd-BaSO, in the presence of quinoline, rather than with a 10% Pd—C or with
Lindlar catalyst (eq. 4.10).* Since these hydrogenations involve the isomerization of
cis to trans olefinic bonds, the effectiveness of Pd—C or Pd-BaSO, over Lindlar cata-
lyst may result from their greater tendency toward the isomerization.>*

0.4 g 5% BaSQ MeOZC(CH2?3 /(CH2)3COZMe

MeQ,C(CH,)C=C(CHysCOMe 100 ml MeOH/0.4 g quinoline H/ C=C\H 4.8)

18.9 g (97%)

19.2 g (0.756 mol) RT, 1 atm H, 20 min

,— C= C—l ,— HC= CH—|
50 mg 5% Pd-BaSp
cH CH CH CH
(Crs (CHs 10 ml MeOH/2 drops quinoline (CH2e (Cho)a (4.9)
c=cC RT,latmH, 0.8 h HC=C
cis,cis
340 mg (2.1 mmol) 305 mg (87%) “.10)
X
/4 \
0.075 g 10% Pd-C 0.05 g Pd-BaSp / \
_— -
100 ml GHe 100 ml GHg
23°C,latmH, 1.5h 1 drop quinoline
32%* RT,latmH,2-5h —
8 9 10-20%* 10

1.04 g (4.6 mmol) * Analyzed by UV at uptake of 6 equiv ofH 0.25g (1.1 mmol)
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Because of the importance of the selective hydrogenation of alkynols and alkynediols
in synthetic applications, a considerable body of studies and patents has been de-
scribed in the literature on this topic. Reppe et al. used a Pd—Fe—kieselguhr catalyst
mostly for vapor-phase partial hydrogenation of lower alkynols, such as propargyl al-
cohol and 1-butyn-3-ol. Iron (see eq 4.28) and other poisoned transition metal cata-
lysts have been employed in the liquid-phase hydrogenation of alkynediols.*' For the
hydrogenation to saturated alkanols and alkanediols, use of Raney Ni was preferred,
usually at 40-60°C and 10-20 MPa H,. Hennion et al. accomplished the semihydro-
genation of tert-alkynols, R,R"C(OH)C=CH, and their acetates over a 5% Pd-BaCO,
in petroleum ether under low hydrogen pressure, and obtained high yields (80-90%)
of the corresponding alkenols and their acetates, merely by controlling the tempera-
ture within the range of 20-40°C with use of rather small amounts of catalyst (eq.
4.11).8

Et Et
| 0.034 g 5% Pd-Bal |

Et— C—C=CH 9°%® o Et— C—CH=cH, (4.11)
I 50 ml petroleum ether I
OH 22-40°C, 0.28-0.15 MPayHL1.5 h OH

22.4 g (0.2 mol) 37.59 (82%) *

* Distilled from combined
product of 2 runs.

Robins and Walker obtained 1-vinylcyclohexanol in high yield simply by hydrogen-
ating 1-ethynylcyclohexanol over 2% Pd—SrCO; in methanol until the calculated
amount of hydrogen had been absorbed (eq. 4.12).4?

<:><OH 6 g 2% Pd-SrCQ <:><OH
4.12
c=cH 200 ml MeOH CH=CH, (4.12)
RT,1atmH, 1 mol H,
62 g (0.5 mol) 50 g (79%)

In a patent dealing with the selective hydrogenation of alkynols, use of palladium cata-
lysts in combination with lower aliphatic amines such as butylamine, ethanolamine,
and ethylenediamine, or in liquid ammonia was claimed to be more effective than use
in the presence of higher amines, and superior to Lindlar catalyst in both activity and
selectivity.** Thus, linalool was obtained almost quantitatively by hydrogenation of
3,7-dimethyl-6-octen-1-yn-3-ol over Pd-CaCO; in the presence of butylamine (eq.
4.13).

| | 0.1 g 5% Pd—CaC |
15 g BuNH
| 25°C,1atmH |

4.13)

15.2 g (0.1 mol) 15 g (97%)
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Fukuda and Kusama compared the effects of added pyridine, piperidine, and quinoline
in the hydrogenation of 2-butyne-1,4-diol over unpoisoned and lead-poisoned Pd—
CaCOj catalysts in water at room temperature and atmospheric hydrogen pressure.**
The hydrogenation of 2-butene-1,4-diol was almost completely depressed by the ad-
dition of quinoline over both the unpoisoned and the poisoned catalysts, while the de-
pressions by piperidine and particularly by pyridine were much less marked and
limited only to the cases over the poisoned catalyst. The CaCO, as a carrier in the poi-
soned palladium catalysts was also shown to be effective to decrease the polymeriza-
tion accompanying the hydrogenation.* Palladium catalysts supported on a basic or
slightly acidic support and poisoned by Zn and Cu or Ag or both have been employed
in a process for selective hydrogenation of 2-butyne-1,4-diol to the corresponding
butenediol. A typical catalyst contained Pd 0.5, CuO 0.12, and ZnO 0.12 on 6-AL,0,
and gave the butenediol containing only 0.83% butanediol, 0.33% acetals, and 0.29%
butynediol.*®

Tedeschi hydrogenated tertiary 1,4-acetylenic glycols over Pd—C in the presence
of a strong base such as potassium, potassium hydroxide, or sodium hydroxide to de-
press the hydrogenolysis at the tertiary hydroxyl groups, which was found to occur
mainly on hydrogenation of the resulting olefinic glycols rather than at the acetylenic
glycols.*’ Thus, in the presence of small amounts of potassium hydroxide, high yields
of olefinic or saturated glycols were obtained in the hydrogenation of acetylenic gly-
cols by either interrupting the hydrogenation at the end of the first stage or continuing
it to completion (eq. 4.14).*® Hydrogenations in the absence of base gave the corre-
sponding saturated diols in only 17-36% yields. Attempts to halt the hydrogenation
selectively at the olefinic stage using Lindlar catalyst or small amounts of Pd—C were
also unsuccessful. The conclusion that the hydrogenolysis of the activated carbon—
oxygen bond did not occur on hydrogenation of the acetylenic glycols to the olefinic
glycols is in accord with the results obtained in the hydrogenation of 3-phenylpropar-
gyl alcohol over platinum oxide* and of 2,5-diacetoxy-2,5-dimethyl-3-hexyne over
Pd-C.»*°

Rl N Tl Tl
I N O 2.0 g 5% Pd-C H:  RP—c—cH—=HCc—C—R

| 200 ml heptane or MeOH (l)H (l)H

OH OH 0.05-0.10 g powdered KOH
55-85°C, 0.21-0.41 MPa,H 97-98% (4.14)
1.0 mol
R R
2H,

I I
— R2—|C—CHZCH2 —|C—R2

OH
99-100%

17a-Ethynyl-5-androstene-3[3,17B-diol (11) was hydrogenated to the 170-ethyl de-
rivative over Raney Ni®! or Pd—C!? in ethanol while the 17-vinyl derivative was ob-
tained in high yield by hydrogenation of 11 in pyridine solution using Pd—CaCO,
catalyst (eq. 4.15).!° Similarly, 3B-acetoxy-5,16-pregnadien-20-yne (12) and 170-
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ethynyltestosterone (13) were hydrogenated to the 17-ethyl derivatives (with satura-
tion of the A'® double bond in the case of 12) over Pd—C in ethanol or dioxane'® and
to the vinyl derivatives over Pd-CaCOj; in pyridine'®!? (eq. 4.16'). The use of pyri-
dine was also advantageous since it was a good solvent for 13 which was soluble with
some difficulty in the usual solvents. It is noted that the ethynyl group in 13 was se-
lectively hydrogenated over the highly reactive 3-oxo-4-ene group with both Pd—C in
dioxane and Pd—CaCOj in pyridine.

OH OH
.-C=CH .-CoHg
0.595% Pd-C
170 ml EtOH
HO 509 @6mmoh o imb, 8 min  HO
11 502g 9% “*15)
OH
.-CH=CH,
5% Pd—-CaC@
Py
RT,1atmb HO

95%
C=CH CoHg

/@;EPE& 0.5 g 5% Pd-C
100 ml EtOH
ACO 1.1 g (3.3 mmol)

RT, 1 atmH, 8 min AcO

12 0.85 g (76%)
CH=CH,
1.0 g (3.0 mmol)
0.3 g 5% Pd-CaCp
50 ml Py
RT, 1 atm H AcO
0.56 g (55%)
4.16
OH OH ( )
.-C=CH --CyHs
5% Pd-C
dioxane
(o] RT,latmH O
13 80%
OH

.-CH=CH,
5% Pd—-CaCg@
Py
RT,1latmH
(0]
95%

Hydrogenation of an ,B-ynone, 3-decyn-2-one (14), to the corresponding cis-enone
was successful with Pd-CaCO, as catalyst (eq. 4. 17).5% It was necessary to use a rather



4.1 HYDROGENATION OVER PALLADIUM CATALYSTS 159

large amount of catalyst (~20% by weight of substrate), since slow hydrogenation
tended to cause cis-to-trans isomerization. For the same reason, the less active Lindlar
catalyst could not be employed in this hydrogenation. Similarly, cis-3-hepten-2-one
and cis-4-cyclohexyl-3-buten-2-one were obtained in 78 and 91% yields, respectively,
by hydrogenation of the corresponding ynones over Pd—CaCOj in pentane or hexane
as solvent.’>>?

CHACH).O— 0.5 g 2.5% Pd-CaCQ CHyCHp)s  COCH,
§(CH)sC=CCOCH EtoH C=C0 @417
14 RT,1atmH, 1.25h H H
2.94 g (0.019 mol) 2.33 g (78%)

Selective hydrogenation becomes much more difficult in cases of conjugated enynone
systems. Heilbron et al. hydrogenated the enynone 15 in the presence of a quinoline-
poisoned Pd—C in methanol, but the corresponding dienone could be isolated in only
20% yield as its semicarbazone, even when the hydrogenation was interrupted at the
uptake of the calculated quantity of hydrogen.>* Hydrogenation of the enynone 16 in
methyl acetate under similar conditions was more successful; the corresponding di-
enone was obtained in 38% yield via its semicarbazone (eq. 4.18), although hydro-
genation of 17 under the same conditions gave only 6.5% yield of the dienone.>
Surber et al. studied the partial hydrogenation of enynone 18 and 15 in the presence
of Pd-CaCOj; in hexane under exclusion of light. However, the products of the hydro-
genation at the uptake of 1 equiv of hydrogen appeared to be mixtures containing
trans-ketones, cyclic enol ether (pyran), unchanged starting materials, and more satu-
rated products than the dienones, as shown in eq 4.19 with 15.3 In either case, the cis-
dienones could not be detected with certainty.

C=C—COoCH C=C—COCH
CHj(CH,)sCH =CH—C=C—COCH;

18
15 17 (4.18)

C=C—COCH CH=CH— COCH,
/O/ 1.0 g 4% Pd-C
Me 35 ml MeOACc/0.5 g quinoline Me

RT, 1 atm H, 1 mol H,
16 3.78 g (38%)

9.7 g (0.060 mol) (via semicarbazone)

S
(4.19)
C=CCOCH
() mmseesep [Ty 1 () o (0
hexane o CHs, O CHy O CH;

15 RT,1atmB
7379 (0.05moy - MOMFRATH

+ more saturated products 15
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o o]
Il P 5% Pd—-CaCQ@(20-30 wt %) CoHs
C—C=C—CH=CH —
EtOAc, GH;g or MeOH
19 RT, 1 atm H, 0.9-1.2 mol k* H H
(1.33-2.00 mmol) , 20 (4.20)
* Hydrogenated in the dark. main product
(o}
C=CCOPh XN
O/ 5% Pd-CaCQ @j\ M Ph
cyclohexane 0 Ph
21 RT,1atmB 1 25
= H
020 CLL
0~ " Ph Ph O 'Ph
22 23 24

Scheme 4.2 Reaction sequence deduced from the products of semihydrogenation of
1-phenyl-3-(cyclohexen-1-yl)-2-propynone (21) over Pd catalyst.

Marvell et al. found that the main product in the semihydrogenation of enynone 19
over Pd—CaCO; alone or with added zinc acetate or quinoline was cis-1-phenyl-2-
penten-1-one (20), indicating that the terminal vinyl group was hydrogenated com-
petitively with the triple bond (eq. 4.20).>” Lindlar catalyst gave no better results.
Similar semihydrogenation of enynone 21 gave a complex mixture that indicated the
reaction sequence shown in Scheme 4.2. Evidence for the presence of the 2H-pyran
22 and the dihydropyran 23 was obtained, and saturated products 24 and 25 were iso-
lated from the reaction mixture. The outcome of the hydrogenation was influenced to
only small extent by the catalyst (Pd—CaCOj; or Lindlar catalyst), the solvent (ethyl
acetate or cyclohexane), and the presence or absence of quinoline.’’

Besides the examples described above, many other palladium catalyst systems
have also been described, mostly in patents, to be effective for partial hydrogenation
of acetylenes. They include Pd-C—Cu(OAc),’** Pd-Al,0,~Cu(OAc), with hydra-
zine hydrate,”® and Pd—C- plus Pd—CaCO;-Zn(OAc),~Et,NH.%

4.2 HYDROGENATION OVER NICKEL CATALYSTS

Nickel catalysts have been employed successfully for the semihydrogenation of vari-
ous acetylenic compounds.' Dupont was the first to study the hydrogenation of acety-
lenes using Raney Ni. Little or no change in the rate of hydrogenation on the uptake
of 1 equiv of hydrogen was observed with the monosubstituted acetylenes, 1-heptyne
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and phenylacetylene, in contrast to the disubstituted acetylenes, 2-octyne and 1-
methoxy-2-nonyne.®' Campbell and O’Connor made similar observations in the hy-
drogenation of various mono- and dialkylacetylenes, mono- and diphenylacetylenes,
and phenylmethylacetylene over Raney Ni (W-1) in methanol at room temperature
and an initial hydrogen pressure of 0.41 MPa.%* Their results showed that a change in
the rate of hydrogen uptake at half-hydrogenation was particularly noticeable in the
case of the symmetric dialkylacetylenes. Phenylacetylene and phenylmethylacetylene
showed no change in the rate at half-hydrogenation, while diphenylacetylene readily
absorbed 1 equiv of hydrogen and the hydrogenation stopped at that point to yield cis-
stilbene. The Raney Ni—catalyzed semihydrogenation was used by Campbell and Eby
for the preparation of cis isomers of 3-hexene, 3- and 4-octenes, and 5-decene from
the corresponding dialkylacetylenes.% The yields of the cis-olefins of constant boiling
point, constant index of refraction were about 75-90%, although the cis-alkenes ob-
tained by Campbell and Eby were later found not to be of high purity.®*®* Elsner and
Paul found that the Raney Ni that had been stored under ethanol for 6 months and be-
came non-pyrophoric was much more selective than the freshly prepared one in the
hydrogenation of isomeric octadecynes.®® Except for 1- and 2-octadecynes, the rates
in hydrogen uptake of isomeric octadecynes at the second stage fell to 3—10% of those
at the initial. Further, a more selective Raney Ni was prepared by treating pyrophoric
Raney Ni with ethanolic copper acetate so that up to 10% of copper was deposited on
the nickel. Over the Cu-treated Raney Ni, the hydrogen uptake at the second stage was
depressed almost completely except in the case of 1-octadecyne, where the hydro-
genation did not halt after absorption of 1 mol of hydrogen, although the reaction
slowed down significantly. The aged or Cu-treated Raney Ni was preferred to starch-
supported colloidal palladium, quinoline-poisoned Pd—C, or Pd—CaCOj in pyridine,
for the preparation of cis-octadecenes from hydrogenation of the corresponding oc-

tadecynes in both selectivity and activity. An example is shown in eq. 4.21.%
. CgH CgH
aged Raney Ni (0.5 ml) CHRIAN i
CgH17C=CCgH = 4.21
=Gy 25 ml EtOAC AN (4.21)
7.833 g (0.0313 mol) RT, 1 atm H, 1 mol H, H H

5.5 g (70%) [freezing point (fp) -30.4°C]

The Raney Ni catalyzed hydrogenation has often been applied to the synthesis of cis-
olefinic fatty acids from the corresponding acetylenic acids.’-%° Howton and Davis
hydrogenated 5-octynoic acid over W-5 Raney Ni in ethanol at room temperature and
atmospheric hydrogen pressure and obtained cis-5-octenoic acid in essentially quan-
titative yields, aside from mechanical losses, by discontinuing the hydrogenation
when a sharp decrease in hydrogen uptake rate was noted; in the case of its methyl es-
ter, however, no break in the hydrogen uptake rate was observed.”’ Khan prepared a
Raney nickel catalyst that was selective in the hydrogenation and deuteration of the
triple bond, by removing alkali and lighter catalyst particles containing alumina from
W-1 Raney Ni through a continuous washing process.”! The alkali-free catalyst was
washed with dioxane and covered with dioxane, which was then distilled until the va-
por reached 101°C. For deuteration, the catalyst was further treated with D,0 and then
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washed with dioxane. The Raney Ni catalyst thus prepared, denoted W-8, was found
to be more selective than the Raney Ni such as W-1, W-2, and W-3. The deuteration
of a symmetric acetylenic hydrocarbon, 9-octadecyne, over W-8 Raney Ni in dioxane
stopped exactly after the reduction of the triple bond to the double bond, to give 9,10-
dideuterooctadecene of 5.32 deuterium atom% (1.915 d). Such a high selectivity in the
hydrogenation of a symmetric acetylenic hydrocarbon was also noted by other inves-
tigators.®*®>72 The hydrogenation of stearolic acid and its methyl ester over W-8 Ra-
ney Ni fell down to an almost negligible rate after 1 equiv of hydrogen had been
absorbed, while W-2 and W-3 catalysts tended further to saturate the double bond. In
addition, the ester group of methyl stearolate was partly reduced over W-2 and W-3
catalysts. Deuteration of methyl stearolate over deuterized W-8 Raney Ni in dioxane
at room temperature and atmospheric pressure, using 8—10% by wt of catalyst (wet
by solvent), gave the crude products consisting of 2.9% methyl tetradeuterostearate,
2.5% methyl stearolate, and 94.6% methyl 9,10-dideuterooctadecenoate (94% cis, 6%
trans). The crude product of the hydrogenation of stearolic acid over W-6 Raney Ni
was found to consist of 72% of oleic (containing ~6% trans), 16% of stearolic, and
12% of stearic acid after 1 mol of hydrogen had been absorbed.”® Knight and Diamond
used the W-5 Raney Ni, which had been aged for 5—6 months in dry thiophene-free
benzene, for the preparation of cis-3- (eq. 4.22), -4-, and -6-octenoic acids by the semi-
hydrogenation of the corresponding octynoic acids.”* The hydrogenations were inter-
rupted after the theoretical quantity or slight excess of hydrogen had been taken up,
since in no instance was a sharp break in the rate of hydrogenation observed. The cis-
octenoic acids were thus obtained in 61-82% yields. Hofmann and Sax, however, ob-
tained a cis-vaccenic acid (cis-11-octadecenoic acid) that was contaminated with large
amounts of stearic acid in the hydrogenation of 11-octadecynoic acid over Raney Ni,
and preferred the use of 5% Pd—C in ethanol containing 20% by volume of pyridine
over which the hydrogenation ceased after the uptake of 1.09 equiv of hydrogen to
yield an 88.4% yield of cis-vaccenic acid and 1.02% of stearic acid.”

_ CHy(CHyp); CH,COH
_ 16 g W-5 Raney Ni* < /
CHj(CH,)3,C =CCH,COH c= 4.22
o(CHas €O, 70 ml benzene / C\ ( )
21.5 g (0.15 mol) RT, 1 atm B, 1mol H, H

* Aged 5-6 months. 82%
Oroshnik et al. used a Raney Ni poisoned with zinc acetate and piperidine in partial
hydrogenation of acetylenic compounds with various conjugated enyne systems.”®”’8
As an example, the rate of hydrogen absorption in the semihydrogenation of 26 with
a conjugated trienyne system over the poisoned Raney Ni in methanol at room tem-
perature and atmospheric pressure slowed down from 25 ml/min during the major part
of the reaction to 2 ml/min at the end, and the product 27 with a conjugated tetraene
system was obtained in more than 90% yield (eq. 4.23).”® The same poisoned Raney
Ni was also applied successfully to the semihydrogenation of compounds 28 and 29,
although no sharp change in hydrogen uptake was observed at the end. The results
with these compounds were essentially the same as those obtained over the Lindlar
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catalyst.”” However, an advantage of the use of the poisoned Raney Ni was experi-
enced in the hydrogenation of compounds 30 and 31 where no absorption of hydrogen
occurred with Lindlar catalyst in either alcohol or isooctane.”®

Me Me

I I
CHCH—C—C=CCH,C —=CHCH,0OMe
26
31.4 g (0.105 mol) Me Me

3.0 g Raney Ni (wet
g Raney Ni (wet) CHCH=C—CH=CHCH,C= CHCH,0OMe

150 ml MeOH 57
1.0 g Zn(OAc)-2H,0/10 ml piperidine
29.4 g (93%) 4.23)
Me Me '\|/|e '\|/|e
| |
CH=CHCCH,C =CC—= CHCHOMe CH=CH|CCE CCH= CCHCH,OMe
(le OH
28 29
Me Me l\|/|e Me
CHCH=C C=CCH=CCHCH ' _CHCH=CC=CCH== CCHCH,0Me
30 OH _ 31

Brown and Ahuja found that, in contrast to the nickel boride prepared in an aqueous
solution, denoted P-1 Ni, the nickel boride prepared by reduction of nickel acetate in
ethanolic solution, denoted P-2 Ni, was highly selective in the hydrogenation of dienes
and acetylenes.” Thus, over P-2 catalyst 3-hexyne was hydrogenated quantitatively
to yield 3-hexene of a high cis/trans ratio (eq. 4.24). The P-2 catalyst, however, was
not selective in the hydrogenation of 1-hexyne; at half-hydrogenation a mixture of
hexane:1-hexene:1-hexyne in a ratio of 1:4:1 was formed (by GC analysis). The high
selectivity of the P-2 catalyst over the P-1 catalyst may be related to the surface layer
of oxidized boron species, which has been produced much more dominantly during
the reduction of nickel salts with NaBH, in ethanol than in water.*® The stereoselec-
tivity of P-2 Ni in the formation of cis-alkenes from alkynes was further improved
with addition of ethylenediamine, which was found to be effective among a series of
amines investigated, including quinoline, pyridine, and piperidine (Table 4.3).3!

b2 i boride (5 mmol N CoHg, CHs  H_ Catts
—_ - | boride mmol NI p— J—
CH3CH,C =CCH,CH c=c_ + C=C_ + CHy(CH,),CH
s HCHs ~50 ml 95% EtOH e T Ny 5(CHz)sCHg
3.28 g (0.040 mol 25°C, 1 atm H, 1 mol
. ) 2 L 96% 3% 1%

(4.24)

Nitta et al. compared the selectivity of copper, cobalt, and nickel borides (Cu—B, Co—
B, and Ni—B) as well as Raney Ni and Ni—B modified with copper(Il) chloride, in the
partial hydrogenation of acetylenic compounds.®? The selectivity at 30% conversion
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TABLE 4.3 Stereoselective Hydrogenation of Disubstituted Alkynes over P-2 Ni in
the Presence of Ethylenediamine®”

Cis:Trans Total Yield of

Substrate (mmol) P-2 Ni (mmol) % Olefin® Ratio® cis-Olefin (%)
3-Hexyne (40) 5.0 98 97:1 > 95¢
3-Hexyne (200) 10.0 97 ~200:1 > 95¢ (80)¢
1-Phenylpropyne (100) 5.0 96 ~200:1 > 95¢
3-Hexyn-1-ol (40) 5.0 98 > 100:1 94¢4

“Data of Brown, C. A.; Ahuja, V. K. J. Chem. Soc., Chem. Commun. 1973, 553. Reprinted with permission
from Royal Society of Chemistry.

bTo ethanolic suspension of P-2 Ni prepared in situ by borohydride reduction of Ni(OAc),[dH,0, was
added ethylenediamine (2—3 times molar amounts of catalyst), followed by the substrate. Hydrogenations
were carried out at 20-25°C and 1 atm H,.

¢ GC analysis.

4 Tsolated yield.

as defined by mol% of alkene in alkene + alkane (given in parentheses) increased in
the following order: Co—B (79.0) < Raney Ni (88.0) < P-1 Ni-B (90.0) < P-2 Ni-B
(91.3) < Cu-B (92.0) < Cu-modified Raney Ni (93.2) < Cu-modified P-1 Ni-B (98.3),
in the hydrogenation of phenylacetylene in ethanol at 30°C and 1 atm H,. The selec-
tivities of the catalysts were almost independent of the conversion of acetylenes up to
90%. Thus, treatment of Raney Ni and Ni—B with copper(II) chloride improved their
selectivities significantly, while the selectivity of Ni—-B was improved only slightly
with zinc or iron(I) salts. The selectivity in the hydrogenation of 1-heptyne, 1-
ethynylcyclohexene, and propargyl alcohol over the Cu-modified Ni-B, which
showed the highest selectivity of the catalysts investigated, was 89.7, 94, and 80.3%,
respectively. Hydrogenation of 1-ethynylcyclohexene over the Cu-modified Ni—-B in
cyclohexane did not proceed further after all ethynylcyclohexene had been consumed.
Vinylcyclohexene was formed in 94% yield, together with 6% of monoolefins, but no
ethylcyclohexane was found in the product (eq. 4.25).

Ni-B—Cu*
C=CH ——M8M— CH=CH, + CHs t QCFCHZ
10 ml cyclohexane

° 9 |
0.2 ml 30°C, latmH 94%
~ 3%
*Ni-B, 0.2 g; mol ratio of CHCH, + others 4.25)
Cu:Ni=0.10
e — |

~3%

Brunet et al. studied selective semihydrogenation of acetylenes over a nickel catalyst,
denoted Nic, which was obtained from a mixture of NaH--PeOH-Ni(OAc), in THF
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at 45°C 333% Hydrogenations were carried out in methanol or ethanol usually in the
presence of quinoline at 25°C and 1 atm H,. The presence of quinoline allowed one
to more easily obtain the maximum yields of semihydrogenation products and also de-
pressed dramatically cis—trans isomerization. Hydrogenations were stopped just after
the uptake of 1 equiv of hydrogen for disubstituted acetylenes and after the uptake of
1.2 equiv of hydrogen for 1-alkynes. Under these conditions hydrogenation of pheny-
lacetylene over Nic gave styrene of 91% purity in 90% isolated yield and hydrogena-
tion of 3-hexyne over the Nic washed with ethanol (Nic,) afforded cis-3-hexene of
97% purity in 80% isolated yield. 1-Ethynylcyclohexene was hydrogenated to give 1-
vinylcyclohexene of 80% purity in 84% isolated yield; the results apparently were
comparable to those obtained with Lindlar catalyst (cf. egs. 4.6 and 4.25).

Savoia et al. prepared a highly dispersed nickel-on-graphite catalyst, denoted Ni—
Grl, by reduction of NiBr,2DME (1,2-dimethoxyethane) in THF-HMPTA solution
with C¢K (potassium graphite). Freshly prepared Ni—Grl was found to be highly se-
lective when used in situ for semihydrogenation of alkynes in the presence of ethyle-
nediamine.®® Hydrogen uptake slowed down to about one-fifth of the previous rate for
terminal and conjugated alkynes, while virtually ceased with other nonconjugated
ones. Hydrogenation of 1-decyne over Ni—Grl in THF gave a mixture of 13% of de-
cane, 75% of 1-decene, and 12% of 1-decyne, while 5-decene of a high cis/trans ratio
was obtained in 98% yield in hydrogenation of 5-decyne (GC analysis) (eq. 4.26).

Ni—Grl (0.2 mmol Ni) CHCH=CHCH. +  d
THF/0.5 ml EDA 4HioT— 4Mg ecane

0.73g (5.3mmol)  25°C, 1 atm H, 99.5% conversion 98% 1.5%
(Z/E=98.9/1.1) (4.26)

C4HgC =CCyHg

Mauret and Alphonse reported that a finely divided nickel prepared by reduction of
nickel halide with magnesium in ethanol was more selective for semihydrogenation
of both mono- and disubstituted acetylenes than Raney Ni or those obtained by reduc-
tion in THF.® With the nickel produced in ethanol, the rate of hydrogen uptake after
1 equiv was almost nil in the case of 3-hexyne, and 98—99% of cis-3-hexene along
with only 1-2% of hexane was produced.

4.3 HYDROGENATION OVER IRON CATALYSTS

Paul and Hilly reported that Raney Fe, which was inert for the hydrogenation of ole-
fins, was effective for the semihydrogenation of acetylenes.®” The absorption of hy-
drogen ceased spontaneously after the uptake of 1 equiv. Thus, over Raney Fe,
hydrogenations of 1-heptyne (135°C and 5.2 MPa H,) and 1-octyne (100°C and 6.2
MPa H,) afforded the corresponding 1-alkenes in 90 and 85% yields, respectively.
Thompson, Jr. and Wyatt also studied the use of Raney Fe in the partial hydrogenation
of acetylenes.®® Although diphenylacetylene was hydrogenated to diphenylethane at
100°C and 6.9 MPa H,, 2,5-dimethyl-3-hexyne-2,5-diol was hydrogenated nearly
quantitatively to the corresponding olefin at 150°C and 9.7 MPa H, (eq. 4.27).
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Me Me Me Me
| | 1 g Raney Fe | I
= CH;CCH=CHCC
CH3C|C C|CCH3 50 ml EtOH * | H

OH OH 150°C, 9.7 MPa k| overnight OH OH (4.27)
5 g (0.035 mol) 4 g (79%)

2-Methyl-1-buten-3-yne, a conjugated enyne, was also hydrogenated to give the prod-
uct containing at least 50% of diene (isoprene) even after an 18-h reaction at 100°C
and 6.9 MPa H,. Reppe et al. hydrogenated 2-butyne-1,4-diol over an iron catalyst,
prepared by decomposition of pentacarbonyliron, in water at 50°C and 10 MPa H, and
obtained 2-butene-1,4-diol in ~90% yield, by interrupting the reaction at the uptake
of hydrogen corresponding to 1 equiv (eq. 4.28).*! Over Raney Fe, up to 80% yield of
the butenediol was obtained similarly by interrupting the hydrogenation after the up-
take of ~1.1 equiv of hydrogen. With higher alkynediols, however, the hydrogenation
over iron catalyst proceeded only to produce the alkenediols. For example, 3-hexyne-
2,5-diol was hydrogenated practically quantitatively to 3-hexene-2,5-diol at 100°C
and 20 MPa H,.

50gFef Fe(C
HOCH,C=CCHR,0H 50°C gloeMrPomlzt :( (.S)I)I-Q HOCH,CH=CHCH,OR 4.28
, a mol .
500 g of 33% ag. solution 150 g (89%) ( )

(165 g, 1.92 mol)

Taira hydrogenated 2-butyne-1,4-diol using Urushibara Fe as catalyst in ethanol at
80-100°C and an initial hydrogen pressure of 5—7 MPa until the hydrogen uptake
ceased and obtained cis-2-butene-1,4-diol in 70-75% yield (eq. 4.29).%°

) HOH,C, CHOH
* N /
HOCH,C =CCH,0H 2 g Urushibara Fe c=c (4.29)

50 ml EtOH TN
3g(0. H
4.9 (005 mol) 80-105°C, 5 MPa hi(at 23°C), 2.2 h

70-75%
* Prepared from the reaction of Fg@lith
Zn dust followed by digestion with ag. AcCOH.
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I CHAPTER 5

Hydrogenation of Aldehydes and
Ketones

Aldehydes and ketones are usually easily hydrogenated to the corresponding alcohols
over most of the transition metal catalysts. The rates of hydrogenation of carbonyl
compounds, however, depend on the nature of catalysts; the structure of compounds,
such as aliphatic or aromatic and hindered or unhindered; the reaction medium; as well
as the reaction conditions. Acidic, alkaline, or other additives or the impurities asso-
ciated with catalyst preparation may greatly influence the rates of hydrogenation and
in some cases the product selectivity and stereoselectivity. Hydrogenations of alco-
hols produced to give hydrocarbons seldom take place under mild conditions except
with arylic aldehydes and ketones of ArCHOHR type, where the benzyl-type alcohols
formed are further susceptible to hydrogenolysis to give the corresponding methylene
compounds ArCH,R. Direct hydrogenation of the carbonyl group to the methylene
may occur over some platinum metals especially under acidic conditions. In most
cases, however, the reaction occurs only to minor extents or not at all, and the hydro-
genation to give the alcohol is by far the major reaction. The hydrogenation of car-
bonyl compounds over some platinum metals in alcoholic solvents, in particular in
primary alcohols, under acidic conditions or with a catalyst of acidic nature may be
accompanied by the formation of acetals, which often lowers the rate of hydrogenation
and may lead to the formation of ethers.

5.1 ALDEHYDES

Aldehydes are readily hydrogenated to the corresponding alcohols over nickel and
copper—chromium oxide catalysts.' In general, Raney Ni, especially highly active
ones such as W-6, are preferred to other nickel catalysts for the hydrogenations at low
temperatures and pressures. Raney Ni may further be promoted by the addition of
triethylamine? or triethylamine and a small amount of chloroplatinic acid,** as shown
inegs. 5.1 and 5.2.

2 g Raney Ni (W-6)
CH=CHCHO CH,CH,CH,OH 51
100 ml EtOH + 2 ml EN (CRY)

6.6 g (0.05 mol) RT(25-30°C), 0.‘10—0.31 MPa,H quantitative
39 min
3 g wet Raney Ni (W-6)
(CH3),CHCH,CHO (CHg),CHCH,CH,0H  (5.2)
100 ml EtOH + 2 ml BN + 0.22 mmol PtGl 0
8.6 9 (0.10 mol) RT, 0.31 MPa b, 28 min 91%

170
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For more effective and/or larger-scale hydrogenations, use of higher temperatures and
pressures is advantageous as in an example shown in eq. 5.3.> Supported nickel cata-
lysts such as Ni—kieselguhr may also be useful at temperatures above 100°C (eq. 5.4).°

20 g Raney Ni
CH3OCH,CHCHO CHgOCHz(%HCHZOH (5.3)
CHa 80-100°C, 10.3 MPa10.5h CHa
408 g (4 mol) 389 g (93.5%)
2 g Ni—kieselguhr
CH;CHOHCH,CHO CHsCHOHCH,CH,OH (5.4)
125°C, 17 MPa i 1 h
88 g (1 mol) 39%

Copper—chromium oxide catalyst is effective for the hydrogenation of aldehydes
at a temperature of 125-150°C." The hydrogenation of benzaldehyde over copper—
chromium gives a high yield of benzyl alcohol even at 180°C without hydrogenolysis
to give toluene (eq. 5.5).

@ 7 g Cu—Cr oxide
CHO CH,0H
180°C, 10-15 MPa 410 h* z (5'5)

92%
759 (0'71 mOD * Time required after the contents of the bomb

reached the designated temperature.

With platinum catalysts aldehydes have often been found to be difficult to reduce.® 1

Faillebin found that pure platinum black, prepared by reduction of chloroplatinic acid
with formalin and alkali, was a very poor catalyst for the hydrogenation of aldehydes
and tended to give hydrocarbons, while aldehydes were reduced to alcohols in excel-
lent or quantitative yield over the catalyst prepared from a mixture of chloroplatinic
acid and 5% of ferric chloride.” Adams platinum oxide catalyst becomes inactive very
quickly during the hydrogenation of aldehydes in 95% ethanol; only by frequent re-
activation with air can the hydrogenation be carried to completion. However, when
small amounts of ferrous or ferric chloride were added, hydrogenation of benzalde-
hyde went rapidly to completion without any reactivation with air (eq. 5.6).!° It has
been shown that ferric chloride is first reduced to ferrous chloride and becomes as ef-
fective as ferrous chloride. The hydrogenation of heptanal was similarly accelerated
markedly by the addition of ferrous chloride (eq. 5.7). Dilute alcohol was used as sol-
vent for heptanal, since, on adding even very small amounts of ferrous chloride to so-
Iutions of heptanal in 95% ethanol, heat was evolved with acetal formation
accompanied by polymerization. In the absence of ferrous chloride it was possible to
hydrogenate the aldehyde only by repeated activation of the catalyst. The effect of fer-
rous chloride was interpreted to inhibit an aldehyde to rob the catalyst of the oxygen
that was necessary for its activity.!!

0.23 g Pt oxide
CHO
@ 50 ml 95% EtOH + 0.1 mmol Fegl @ CHZOH (5.6)

RT, 0.23-0.17 MPa § 20-25 min
21.2 g (0.2 mol)
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0.23 g Pt oxide CH{CH)CHOH  (5.7)
CHy(CHy)sCHO .
S(CH)s 65 ml 95% EtOH—40 mi kO + 0.1 mmol FeGl S

22.8.g (0.2 mol) RT, 0.23-0.17 MPa } 25-30 min

Maxted and Akhtar studied the effect of the addition of various metal chlorides in the
hydrogenation of valeraldehyde with platinum oxide in ethanol at 20°C and atmos-
pheric pressure.'? The effect of a constant small amount (10~> mol) of metal chlorides
on the hydrogenation rate of valeraldehyde (1 ml) in ethanol (9 ml) with 0.025 g of
platinum oxide as indicated by the amount of hydrogen absorbed (ml) in 1 h (see fig-
ures in parentheses) was in the following order: SnCl, (127) > FeCl, (92) > CoCl, (69)
> SnCl, (53) > CeCl, (38) > ZnCl, (34) > CrCl; (29) > CuCl, (27.5) > MnCl, (25) >
AICl; (23.5 ) > none (12). Thus stannous chloride has been shown to be the most ef-
fective promoter of the metal chlorides tested, and an increase in rate of at least 10
times its unpromoted value has been obtained with the addition of salt prior to reduc-
tion of the platinum oxide to metal. On the other hand, prereduced platinum black was
poisoned with both stannous chloride and ferric chloride, as observed in the hydro-
genation of cyclohexene. Since the promoters used were in all cases very small quan-
tities of metal salts known to be toxic in catalytic hydrogenation on platinum, Maxted
and Akhtar assumed that the promoting action takes place by retarding the autocata-
Iytic reduction of the platinum oxide to metal in such a way as to prolong the period
during which highly active nascent platinum is being produced.

The promoting effect of stannous chloride has also been observed with supported
platinum and ruthenium catalysts in the hydrogenation of heptanal.'* The effect of
stannous chloride on ruthenium catalysts, however, has been considered to primarily
eliminate the induction period, since no effect on rate was observed when a freshly
prepared ruthenium catalyst, which had no induction period, was used. The overall ac-
tivity of supported platinum and ruthenium catalysts has also been improved by peri-
odic shaking with air similarly with unsupported platinum catalysts. The reactivation
by shaking with air may be attributed to flushing out of catalyst poisons, possibly carb-
on monoxide,'*!3 although shaking with nitrogen, instead of air, did not change the
catalyst activity at all.'> An example showing the effectiveness of ruthenium catalyst
for the hydrogenation of an aliphatic aldehyde is as follows:'®

2.5 g 5% Ru-C*
CHz(CH,)sCHO CHgz(CH,)5CH,OH (5.8)

150 ml 60-80% ag. EtOH Ny
22.8 9 (0.2 mol) RT, 0.3 MPa H, 5-6 h quantitative

* Prereduced for 1 h in 50 ml 80% EtOH

Hydrogenation of aldoses to alditols (polyhydric alcohols) is usually performed in an
aqueous solution with nickel or ruthenium as catalyst, as seen in the examples shown
in egs. 5.9-5.11.17-1°

0.6 g Raney Ni
D-Rhamnose hydrate D-rhamnitol (5.9)

50 ml H,O
309 100°C, 10 MPa i 5h 2.7 g (100%)
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2 g Ni—kieselguhr
D-Glucose sorbitol (5.10)

35 ml KO
209(011mol)  1500c 170 MPag25h  97%
0.1gR
D-Glucose - g - sorbitol 5.11)
18 g (0.1 mol) 50% ag. solution 95%

140°C, 10 MPa bl 20 min

The manufacture of sugar alcohols such as sorbitol, mannitol, and xylitol has been an
industrially important process, and many patents and articles may be found in the lit-
erature. Of these polyhydric alcohols, sorbitol is by far the most important and is
manufactured in largest scale, since it finds numerous applications in various fields
such as vitamin C production, cosmetics and dentifrices, foods and semiluxuries, sur-
factants and adhesives, pharmaceuticals, and many other miscellaneous uses. For an
excellent article on the production of sugar alcohols by catalytic hydrogenation and
their applications, see Albert et al.”’ In an industrial process described by Fedor et al.,
a deionized aqueous solution of dextrose was hydrogenated over Raney Ni.?! The hy-
drogenation was completed within 3 h at 6.9 MPa H, and the temperature controlled
below 150°C during the reaction. In a hydrogenation of a 20% ethanol solution of glu-
cose over 5.3-26.5% Ni—Al,O; catalysts at 50—150°C and 5-6 MPa H,, the optimal
reaction temperature was 120°C, because the hydrogenation was slow below this tem-
perature and at higher temperature marked decomposition and caramelization took
place.? The rate of hydrogenation of b-glucose is increased in alkaline solution, but these
conditions also promote a Cannizzaro type of disproportionation giving D-glucitol and p-
gluconic acid (Scheme 5.1). To avoid this side reaction, the hydrogenation in the presence
of anion-exchange resins of appropriate basicity was reported to be effective in rapid
hydrogenation and the depression of the disproportionation.?*

Ishikawa?* studied the activity of Raney nickel catalysts promoted by various met-
als, prepared from Raney aluminum—nickel-metal ternary alloys, in the hydrogena-
tion of glucose in water at 125°C and initial hydrogen pressure of 6 MPa. The
maximum activities on the basis of unit surface area, which were much greater than
with unpromoted Raney Ni, were obtained by the addition of 15—-20 atom% of tin, mo-
lybdenum, iron, and manganese to the nickel in the alloy. In a discontinuous suspen-
sion batch process described by Albert et al., b-glucose was hydrogenated in 50%
aqueous solution over a Raney nickel catalyst promoted by molybdenum at 110°C and

CHO CH,OH CO,Na
OH vFOH ﬁOH
H H H
o +TNaOH —= o OH
OH OH OH
CH,OH CH,OH CH,OH
D-Glucose sorbitol O-glucitol) D-gluconic acid

Scheme 5.1 Cannizzaro reaction of D-glucose.
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CHO
H
H
_ OH
CHO CHOH y oH
OH OH CH,OH
H OH H
OH — OH D-mannose
OH OH _
OH CH,OH
CH,OH CH,OH \ o
D-Glucose H
OH
OH
CH,OH
D-fructose

Scheme 5.2 Lobry de Bruyn—van Ekenstein transformation of D-glucose.

5 MPa H,. To suppress the isomerization of p-glucose to p-mannose and p-fructose
(Lobry de Bruyn—van Ekenstein transformation) (Scheme 5.2) and the Cannizzaro re-
action, which were both promoted in an alkaline medium, the pH value was main-
tained between 5.5 and 6.5. Under the conditions that were optimized to minimize the
side reactions, the formation of gluconic acid and mannitol was reduced to less than
1% each at 99.5-99.6% conversion, while with a normal nonpromoted Raney Ni 1.5—
2.1% of gluconic acid and 1.3—1.9% of mannitol were formed at 99.5-99.7% conver-
sion.

In a continuous suspension process using a supported nickel catalyst such as Ni—
kieselguhr, p-glucose was hydrogenated at a pH of approximately 5.0 at 140°C and
17 MPa H, to give 95-96% yields of sorbitol at 99.0-99.5% conversion.?’ Cerino et
al. studied the activity and stability of Raney nickel catalysts promoted with molyb-
denum, chromium, and iron,?® which are known to promote the hydrogenation of glu-
cose.? Before hydrogenation at 130°C and 4.5 MPa H,, the pH of a b-glucose solution
(3.37 mol@M'!) was adjusted at 6.5 with acetic acid. Although iron produced the largest
rate enhancement, the catalytic activity markedly decreased with successive recy-
clings. It has been suggested that this decrease in the rate is caused by leaching of the
iron atoms from the surface, as shown by the decrease in Fe/Ni ratio before and after
five hydrogenation cycles. The presence of molybdenum and chromium on the nickel
surface has been found to be beneficial for the stability of catalytic activity since they
decrease side-cracking reactions, which produce the organic fragments poisoning the
catalyst.

The use of ruthenium or ruthenium-based catalysts in the production of polyhydric
alcohols by hydrogenation of aldoses or by simultaneous hydrolysis and hydrogena-
tion of polysaccharides has been the subject of a considerable body of investiga-
tions.?>?” Ru—C was used in the hydrogenation of dextrose to sorbitol in both
continuous and batch processing at elevated temperatures (100—180°C) and hydrogen
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pressures (3.4—13.8 MPa).?® Ruthenium catalysts promoted by palladium have also
been used for the hydrogenation of glucose to sorbitol. In one example, 35 g of p-glu-
cose was hydrogenated over 1.6% Ru/3.4% Pd—C in 65 g water at 126°C and 6.9 MPa
H, to yield a product containing 97.95% of sorbitol.?” Arena studied the deactivation
of ruthenium catalysts in a continuous glucose hydrogenation.>* The accumulation of
iron, sulfur, and gluconic acid on the catalyst was detected. When iron and gluconic
acid poisoning was minimized, substantial improvements in catalyst stability were
achieved.

D-Glucosamine was hydrogenated to b-glucosaminitol (2-amino-2-deoxyglucitol)
with nickel catalyst as its acetyl derivative®! or hydrochloride (eq. 5.12).>"** The end
residues of chitooligosaccharides, the oligomers of 3-1,4-linked p-glucosamine with
a degree of polymerization of 2—6, have been successfully hydrogenated to chitooli-
gosaccharide—alditols with a ruthenium black as catalyst in water at 100°C and 6 MPa
H, in the presence of a small amount of sodium acetate.>® The instability of the chi-
tooligosaccharides has been greatly improved by this hydrogenation. The presence of
an alkaline substance was necessary to depress the coloration of the product that had
been found as a result of dissolution of a slight amount of the ruthenium catalyst prob-
ably by a complex formation with the alditols.

CHO CH,OH
H, -HCI H, -HCI
H 25 g Raney Ni H 512
83 500 ml HO 8: (5.12)
100°C, 8 MPa b, several hours
CH,OH CHOH
130 g (0.60 mol) 122 g (93%)

as raw crystals

The hydrogenation of Mannich bases of the formula I to the corresponding amino al-
cohols of formula IT (in eq. 5.13) proceeded smoothly and in high yields when the hy-
drochlorides of I were hydrogenated with Raney Ni in aqueous solution of pH 3-6
(eq. 5.13).>* Over noble metal catalysts only poor yields of the alcohols resulted.
Hydrogenation of the free amines was even less satisfactory, regardless of whether
noble metals or nickel were used. Leonard and Simet, however, hydrogenated 3-
diethylamino-2,2-dimethylpropionaldehyde (I, R = Et) and 2,2-dimethyl-3-(1-
piperidyl)propionaldehyde (I, R,N = 1-piperidyl), dissolved in one-half their volume
of ethanol, in the presence of Raney Ni, and obtained, respectively, 86 and 92% yields
of the corresponding basic alcohols.®® The hydrogenations were complete in 4.5-5 h
when the temperature was gradually raised to 70—80°C at the initial hydrogen pressure
of 12.4 MPa.

s s
R,NCH,CCHO R,NCH,CCH,OH
CH3 Hs
I 1]
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(CaHo)NCH,C(CH),CHO 3 g Raney N (CaHYNCH,C(CH),CHOH  (5.13)

3M aqg. HCI*
— — 0,
18.5 g (0.087 mol) 60-70°C, 2.76 MPa}i2 h 12-13 g (64-70%)

* The pH was adjusted to 4-4.5 with NH

Palladium catalysts are usually not active for the hydrogenation of aliphatic alde-
hydes. However, palladium is among the most active metals for the hydrogenation of
aromatic aldehydes under mild conditions, although there is a report that benzalde-
hyde was not hydrogenated over borohydride-reduced palladium in methanol.*® The
rates of hydrogenation at atmospheric pressure and room temperature of benzalde-
hyde, furfural, salicylaldehyde, and o-chlorobenzaldehyde were greater over Pd—C
than over Pt—C, Rh—C, and Ru—C.%” Over 5% Pd—C, the rate of hydrogenation of ben-
zaldehyde to benzyl alcohol decreased with solvent in the following order: AcOH >
MeOH > EtOAc > hexane > DMF > benzene > H,O. Although in benzene, hexane,
ethyl acetate, and dimethylformamide the rate declined abruptly to a low value after
absorption of 1 equiv of hydrogen, absorption of the second equivalent of hydrogen
continued at a lower but still appreciable rate in methanol and acetic acid. Therefore,
in methanol and acetic acid, high yields of benzyl alcohol could be obtained only by
interrupting the hydrogenation after absorption of 1 equiv. Overreduction to the
methyl group may also be avoided by employing a moderate amount of catalyst in
neutral solvent (eq. 5.14)°® or by hydrogenating in the presence of an inhibitor (eq.
5.15).%

HQ H
<\:> 4.0 g 5% Pd-C

H CH,OH (5.14

H CHO 200 ml EtOH H ( )

RT, 0.2-0.3MPak<1-2h
41.4 g (0.3 mol) Hl 99% (GC)

Me cHO 0.3 g Pd black 515
50 ml MeOH Me CHOH (5.15)
1.5 mmolIN,N-diethylnicotinamide
13.6 g (0.1 mol) 20°C, 1 atmH1.7 h 13.5 g (98%)

Platinum catalysts appear less prone to the overreduction of aromatic aldehydes, al-
though a promoter such as ferrous or ferric chloride may often be required.®!%4041
Thus, benzaldehyde (eq. 5.6) and 2-naphthalenecarbaldehyde (eq. 5.16)*° were hydro-
genated to benzyl alcohol and 2-naphthalenemethanol, respectively, in high yields
over platinum catalysts in the presence of ferric chloride. With excess ferric chloride,
however, overreduction of naphthenecarbaldehyde (probably to 2-methyl-
naphthalene) occurred. It should be noted that in the absence of the ferric salt benzal-
dehyde was reduced to give toluene’ and over PdA—BaSO +» 2-naphthalenecarbaldehyde
was reduced to give 2-methylnaphthalene (see eq. 5.16).*’ Furfural could likewise be
hydrogenated to furfuryl alcohol quantitatively over Adams platinum oxide and iron
salt in ethanol by interrupting the reaction after absorption of 1 mol of hydrogen. Un-
der similar conditions 2-bromo-5-methoxybenzaldehyde was hydrogenated until ab-
sorption of hydrogen ceased and the corresponding benzyl alcohol was obtained in
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83% yield. Both overreduction and loss of bromine were depressed to low levels (eq.

5.17).4
CHO CH,OH
50 ml EtOH + 0.05 mmol Fegl
RT, 1atm B
6.2 g (0.040 mol) 80% (5.16)
excess
Ptozl FeCk
Pd-BaSQ CH3
Br Br
0.175 g Adams Pt
CHO 2 CH,oH (5.17)
150 ml EtOH + 0.013 g (0.1 mmol) FeCl
Med RT,latmBb Med
24 g (0.11 mol) 20.5 g (83%)

The overhydrogenation of aromatic aldehydes beyond benzylic alcohols is rarely
important with copper—chromium oxide and Raney nickel unless the reaction con-
ditions are too vigorous. Thus, over copper—chromium oxide o- and p-
methoxybenzaldehydes were hydrogenated to the corresponding methoxybenzyl
alcohols in high yields in methanol at 110—~125°C and 22—24 MPa H, (eq. 5.18).*
At 185°C, however, p-methoxybenzyl alcohol was hydrogenolyzed to give p-cre-
sol methyl ether (eq. 5.18).

MeO—@CHO 4.0 g Cu=Cr Oxide " Chon Cu—Cr oxide MeO—QCI—g
—_—_— e —_—
100 ml MeOH Hy MeOH

130°C, 22-24 MPa 185°C, 20-24 MPa H
34 g (0.25 mol) H 83% (5.18)

Both o- and p-hydroxybenzaldehydes were very susceptible to overreduction. The hy-
drogenation of these aldehydes over copper—chromium oxide at 110-130°C gave the
corresponding cresols, while m-hydroxybenzaldehyde was reduced to m-hydroxyben-
zyl alcohol in 84% yield in the hydrogenation at 110—-125°C (eq. 5.19).** Both o- and
p-hydroxybenzaldehydes were successfully hydrogenated to the corresponding ben-
zyl alcohols in the hydrogenation with Raney Ni in ethanol at room temperature and
atmospheric pressure as shown in eq. 5.20 for the ortho isomer.*’ In water at room
temperature and atmospheric pressure o-hydroxybenzaldehyde was hydrogenated
only very slowly and the reaction became scarcely more rapid at 50—-60°C. The alde-
hyde was hydrogenated rapidly at 55°C and 1.5-5.5 MPaH,, but to give o-cresol.
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HO. 4.0 g Cu-Croxide HO HO
"N oHo Qg CuCroxge  FOZ CHy + “EN CH,0H (5.19)

— 100 ml MeOH — _
22-24 MPa
34 g (0.25 mol) H
HO: ortho 123-135°C, 2.3 h 86%
: para 110-125°C,1.5h 73% 8%
:meta 110-125°C, 2.0 h 4% 84%
OH OH

CHO 12 g Raney Ni
—_—
250 ml EtOH CHOH (5.20)

RT,latmHB, 6 h
50 g (0.37 mol) 84%

For depressing the overhydrogenation of aromatic aldehydes and ketones over nickel
or copper—chromium oxide at elevated temperatures and pressures, the presence of an
aqueous alkali metal carbonate or hydroxide is effective.* Thus, 60 g of benzaldehyde
was hydrogenated over 1.5 g of a supported nickel in the presence of 2 ml of 10%
aqueous sodium carbonate at 90—115°C and 3.2 MPa H, to give 91.5% of benzyl al-
cohol and 7.7% of toluene, compared to 48.7 and 49.5%, respectively, without aque-
ous sodium carbonate.

5.2 HYDROGENATION OF UNSATURATED ALDEHYDES TO
UNSATURATED ALCOHOLS

Usually, unsaturated aldehydes in which the C—C double bonds are not conjugated
with the C—O double bonds are preferentially hydrogenated to saturated aldehydes and
alcohols unless the C—C double bonds are highly hindered. Over copper—chromium ox-
ide, however, 3-cyclohexenecarboxaldehyde is selectively hydrogenated to the corre-
sponding unsaturated alcohol (eq. 5.21).9

5.4 g Cu—Cr oxide
CHO ————— CH,OH (5.21)
100 g THF

100 g (0.91 mol) 125°C, 10 MPa b 98 g (96%)

Citronellal, an aldehyde with a trisubstituted double bond, was hydrogenated to
citronellol over a ruthenium catalyst poisoned with lead acetate in 90—100% yields
(eq. 5.22)* or over chromium-promoted Raney Ni in 94% yield in methanol at 75°C
and about 0.31 MPa H2.47 Court et al. studied the selective hydrogenation of citral (1,
eq. 5.24) to citronellol over unsupported Ni, _ Mo catalysts, prepared by reduction of
mixtures of metal iodides with naphthalene-sodium as reducing agent, in cyclohexane
and in 2-propanol at 80°C and 1.0 MPa H2.48 Higher yields of citronellol were ob-
tained in 2-propanol than in cyclohexane, primarily via citronellal as the predominant
intermediate. The yields of citronellol for the overall hydrogenation in 2-propanol
over Mo-promoted catalysts were Moy, 43 96%, Moy, o, 98%, and Mo, ;, 96%.
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0.1 g Rug*
MCHO 9 Q MCHZOH

30 ml H,0
15.4 g (0.1 mol) 65°C, 10 MPa K, 70 min

* Poisoned with 0.1% aq. Pb(OAc)
at 80°C for 1 h.

(5.22)
90-100% (GC)

a,B-Unsaturated aldehydes may be hydrogenated to the corresponding unsaturated al-
cohols by selecting appropriate catalysts and reaction conditions. The selectivity to
unsaturated alcohols depends on various factors such as the structure of aldehyde, the
nature of catalyst, and the presence of additive, as well as other reaction conditions.
The selectivity in the hydrogenation of O,(3-unsaturated aldehydes, therefore, has been
a subject of many investigations using various catalysts or catalyst systems.*’ Prob-
ably acrolein is the most difficult of the o, B-unsaturated aldehydes to hydrogenate se-
lectively to the allylic alcohols. The selective hydrogenation may take place more
easily with crotonaldehyde because of the catalyst hindrance of the methyl group on
the double bond to its adsorption. For the same reason 3-methylcrotonaldehyde and
citral are expected to be hydrogenated more easily to the allylic alcohols than crotonal-
dehyde. Cinnamaldehyde, with an a,f-unsaturated aldehyde system conjugated with
a phenyl group, appears to be much more selectively hydrogenated to cinnamyl alco-
hol than aliphatic unsaturated aldehydes.

Cinnamaldehyde and citral were selectively hydrogenated to cinnamyl alcoho
and geraniol,”! respectively, over Adams platinum oxide in the presence of small
amounts of iron and/or zinc salts, which were known to be efficient promoters for the
hydrogenation of aldehydes. ' In the presence of both ferrous chloride and zinc acetate
in proper proportions, cinnamaldehyde was hydrogenated to pure cinnamyl alcohol,
with no more than 1 equiv of hydrogen absorbed (eq. 5.23).% The platinum oxide had
been reduced to platinum black before the substrate and the salts were added. In order
to get uniform results, it is claimed that the oxide should be completely reduced before
the aldehyde is added. If the oxide is reduced in the presence of the aldehyde, a plati-
num black of different activity results and requires more poisoning in the form of salts.
With the catalyst made in this way, conditions were not found whereby the hydrogena-
tion would stop after the absorption of 1 equiv of hydrogen, although it was possible
to obtain a very good grade of cinnamyl alcohol by working up the reaction mixture
after the hydrogen uptake of 1 equiv.>

150

CH=—CHCHO 0.4 g Adams Pt oxide CH= CHCHOH
0.4 mmol FeGl + 0.1 mmol Zn(OAGg) 503
200 ml 95% EtOH (5.23)
52.8 g (0.4 mol) RT,0.2-0.3MPak 9h mp 24-26°C

Blackmond et al. compared the selectivities of ruthenium, platinum, and rhodium sup-
ported on NaY and KY zeolites with those supported on carbon, in the hydrogenation
of cinnamaldehyde and 3-methylcrotonaldehyde in isopropyl alcohol at 100°C (for rho-
dium and ruthenium) or 70°C (for platinum) and 4 MPa H2.52 Good selectivities to un-
saturated alcohols were obtained over zeolite-supported ruthenium and platinum with
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cinnamaldehyde (60—68% at 25% conversion) and over zeolite-supported platinum
with 3-methylcrotonaldehyde (42-56% at 25% conversion). The results have been
discussed in terms of geometric/steric and electronic effects that depended on the sub-
strate hydrogenated. Augustine and Meng studied the effects of a number of metal
salts in the hydrogenation of crotonaldehyde and cinnamaldehyde over 5% Pt—C in
ethanol at 25-40°C and 1-3 atm of hydrogen.*’ The best selectivity was obtained by
treating the platinum catalyst with solutions of iron salts prior to use in the hydrogena-
tion (79% at 60% conversion with crotonaldehyde and 95% at 65% conversion with
cinnamaldehyde at 40°C and 0.3 MPa H,). With ferrous chloride there was more de-
crease in rate than with ferrous acetate. Zinc salts deactivated the catalyst seriously.
The platinum—iron—tin system was found to afford high yields of crotyl alcohol in the
hydrogenation of crotonaldehyde over supported platinum catalysts.>® The selectivity
depended greatly on the support. The platinum catalysts supported on carbon and cal-
cium carbonate produced crotyl alcohol preferentially, while butyraldehyde was
formed over the catalysts supported on barium sulfate and alumina. Other selective
platinum catalyst systems as studied in the hydrogenation of cinnamaldehyde are Pt—
Sn—nylon,** Pt—Ge—nylon,> and the Pt—graphite heated at 500°C under hydrogen and
then at 900°C under vacuum.>®

The hydrogenation of citral [geranial (1)—neral mixture] over platinum oxide could
be controlled to almost completely stop after absorption of 1 equiv of hydrogen to give
geraniol (2) (and nerol) or to give citronellol (3) with uptake of 2 mol of hydrogen, by
adjusting the amounts of the catalyst and/or the additives (eq. 5.24).%!

MCHO 0.2 Pt oxide MCHZOH

0.1 mmol FeS@+ 0.15 mmol Zn(OAg)

1 50 ml 95% EtOH
15.2 g (0.1 mol) RT,1atmH, 1h (5.24)
\ 0.2 g Pt oxide MCHZOH
0.1 mmol FeS@+ 0.10 mmol Zn(OAg)
50 ml 95% EtOH 3

RT,1atmH, 2.47 h

Ferric chloride—doped Ru—C was used for the hydrogenation of 1 in a methanol solu-
tion containing a small amount of triethylamine.’” A 97% yield of a mixture of 2 and
nerol was obtained along with a small amount of 3. Galvagno et al. studied the effects
of metal dispersion and the addition of tin in the hydrogenation of cinnamaldehyde
and 1 with carbon- and alumina-supported ruthenium catalysts in 95% ethanol at 60°C
and atmospheric hydrogen pressure.*® In the hydrogenation of cinnamaldehyde over
Ru-C catalysts, selectivity to cinnamyl alcohol increased with increasing ruthenium
loading (the larger ruthenium particles) from ~30% at 0.5 wt% Ru up to >60% at 10
wt% Ru; however, in the hydrogenation of 1, selectivity to unsaturated alcohols re-
mained constant regardless of the extent of ruthenium loading. Addition of tin to ru-
thenium decreased the catalytic activity but increased the selectivity to unsaturated
alcohols up to 90% with both cinnamaldehyde and 1.
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Didillon et al. studied the hydrogenation of 1 using bimetallic Rh—SnBu,-SiO,
catalysts obtained by treating Rh—SiO, with SnBu, in heptane at 100°C and 5 MPa H,
for 1 h. When 1 was hydrogenated over the Rh—Sn catalysts of various Sn/Rh ratios
in heptane at 77°C and 7.6 MPa H,, the selectivity for 3 increased up to a value of 81%
at 100% conversion for a Sn/Rh ratio of 0.12. Above these ratios, the selectivity for 3
decreased and the selectivity for 2 and nerol increased up to 96% at 100% conversion
for a Sn/Rh ratio of 0.92.%° Similarly prepared Rh—Ge and Rh—Pb catalysts have also
been studied. However, the selectivities for 2 with these catalysts were lower, and thus
the sequence in selectivity with respect to the modifying metal was found to be Sn >
Ge >> Pb.%° In the hydrogenation of substituted acroleins over Al,O5-supported ru-
thenium catalysts, Coq et al. obtained the observation that Sn was the only additive
that promoted the selectivity for formation of allylic alcohols among the metal ions
studied (Sn, Fe, Zn, Ge, Sb).%!

3-Alkoxy-6-formyl-3,5-diene steroids are hydrogenated to the corresponding 6-
hydroxymethyl steroids without difficulty employing a Pt—C catalyst in a slightly ba-
sic medium.%? For example, 6-formylcortisone 21-acetate 3-enol ether (4) was
hydrogenated selectively at the C6 formyl group under the conditions described (eq.
5.25). With use of borohydrides, the 6-formyl and 20-oxo functions were reduced at
comparable rates. Thus, by the hydrogenation over Pt—C the 6-hydroxymethyl 3-enol
ethers derived from cortisone acetate, deoxycorticosterone acetate, and androst-4-ene-
3,17-dione have been prepared in good yields. The hydrogenation over Raney Ni also
proved useful. The success in the selective hydrogenation of the 6-formyl group over
these catalysts is presumed to be due to an unreactive nature of the 3,5-diene system
resulting not only from its high degree of substitution but also from its adsorption to
the catalyst made weaker by a strongly electron-releasing 3-alkoxy group in a basic
medium.

CHZOAC CHZOAC

5% Pt-C (1 pajt (5.25)

MeOH (10-30 parts)
NaOAc (2 parts)
RT, latm B CH,OH

4 (2 parts)

Osmium and iridium catalysts have been shown to be highly selective for the formation
of unsaturated alcohols by hydrogenation of O,3-unsaturated aldehydes without any addi-
tive. Good yields of allyl alcohol (73%), crotyl alcohol (90%), and cinnamyl alcohol
(95%) (eq. 5.26) were obtained by the hydrogenation of acrolein, crotonaldehyde, and
cinnamaldehyde, respectively, over 5% Os—C catalyst both with and without solvent.%

C CHCHO —>% C CHCHO
H=CHCH 9 H= CH H
25 mli-PrOH

100°C, 5.2-6.9 MPa H 95% (GC) (5.26)

10 g (0.76 mol)
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High yields of allylic alcohols have also been obtained in the hydrogenation of o,[3-
unsaturated aldehydes over 5% Ir—C catalyst in ethanol at room temperature and at-
mospheric pressure of hydrogen (Table 5.1). With acrolein, however, the yield of
allyl alcohol was lower (60%).

Prereduced rhenium heptoxide catalyst,*® especially the catalyst poisoned with
pyridine, has been found to give high yields of unsaturated alcohols in the hydrogena-
tion of unsaturated aldehydes (Table 5.2).°° A typical hydrogenation with the rhenium
catalyst is shown in eq. 5.27. In the vapor phase hydrogenation of acrolein to allyl al-
cohol, the selectivity of rhenium catalysts has been found to be improved by poisoning
with CO and CS,.%’

. 0.6 g prereduced R®; _
@CH =CHCHO 12 drops pyriding CH=CHcH,0H (5.27)

110 °C, 17.5 MPa i 8h
26 g (0.2 mol) 99%

Nagase et al. studied the hydrogenation of crotonaldehyde over a Ag—Mn catalyst sup-
ported on Al,O5[5AIPO, in hexane at 5 MPa H2.68 The high activity and selectivity to
crotyl alcohol was obtained over Ag—Mn catalysts with >1.5 Mn/Ag atom ratio at
180°C (72.0% selectivity at 98% conversion, compared to 43.2% selectivity at 84.3%
conversion over the catalyst without Mn).

Cobalt catalysts are generally accepted to be more selective than nickel catalysts in
the hydrogenation of o,B-unsaturated aldehydes to allylic alcohols.*” Hotta and
Kubomatsu found that 2-methyl-2-pentenal was selectively hydrogenated to 2-

TABLE 5.1 Selective Hydrogenation of a,p-Unsaturated Aldehydes to Allylic
Alcohols over Ir-C Catalyst®”

Aldehyde T, (min) Product (%)
CH,=CHCHO 70 CH,=CHCH,0H (60)
CH;CH,CH,0H (12)
CH;CH,CHO (28)
CH;CH=CHCHO 60 CH;CH=CHCH,O0H (96)
CH;CH,CH,CH,0H (4)
PhCH=CHCHO 60 PhCH=CHCH,OH (100)

@ 70 ®\
o CH=CHCHO o) CH=CHCH,OH  (100)

)\/\/\\/CHO 70 )\/\/\\/CHZOH (100)

“Data of Bakhanova, E. N. et al. Izv. Akad. Nauk SSSR, Ser. Khim. 1972, 9, 1993 (CA 1973, 78, 15967¢).
bThe aldehyde (6.0 mmol) was hydrogenated with 5% Ir—C (0.5 g) in 96% EtOH (10 ml) at room
temperature and atmospheric pressure.
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TABLE 5.2 Hydrogenation of Unsaturated Aldehydes over Prereduced Rhenium
Heptoxide Poisoned with Pyridine®?

Yield of

Reaction Unsaturated
Aldehyde Temperature (°C) Conversion (%) Alcohol (%)
Crotonaldehyde 90 96 86
0-Methylcrotonaldehyde 115 98 83
Cinnamaldehyde 110 100 99
0-Methylcinnamaldehyde 120 100 99
Citral 100 100 66°
Citronellal 140 100 96

“Data of Pascoe, W. E.; Stenberg, J. F. in Catalysis in Organic Syntheses; Jones, W. H., Ed.; Academic
Press: New York; 1980, p 11. Reprinted with permission from Academic Press Inc.

bFor a typical hydrogenation, see eq. 5.27.

“Yield of geraniol and nerol.

methyl-2-penten-1-ol over Raney Co in the presence of metal salts such as iron, cobalt,
manganese, and nickel chlorides.””’! Over Raney Co modified with ferrous chloride,
hydrogenation of the pentenal gave the unsaturated alcohol in more than 80% selec-
tivity in 2-propanol at 55°C and atmospheric hydrogen pressure. It was found that the
color of the reaction mixture changed to blue, indicating the presence of Co?* ion. In-
creasing amounts of added FeCl, decreased markedly the rate of hydrogenation of the
C=C double bond while the rate of hydrogenation of the aldehyde group decreased
only slightly. The addition of such modifiers as FeCl,, CdCl,, or CoCl, to Raney Ni
was not effective in producing unsaturated alcohols in the hydrogenation of 2-methyl-
2-pentenal and cinnamaldehyde.”” Nitta et al. found that, while the catalysts prepared
from cobalt chloride as the starting material were highly active and selective in the hy-
drogenation of crotonaldehyde and cinnamaldehyde, this was not the case for the hy-
drogenation of acrolein. The catalysts prepared from cobalt nitrate showed high
activities, and the selectivities depended largely on the support and solvent employed.
The selectivity also increased with increasing size of cobalt crystallites. A relatively
high selectivity to allyl alcohol up to 33% at 50% conversion was obtained in 2-
propanol with a Co-Si0,—Al,0, reduced at 500°C for 1 h.

Vapor-phase hydrogenation of crotonaldehyde has also been studied mostly over
platinum-based catalysts. Improved selectivity for the carbonyl hydrogenation has
been obtained with platinum catalysts modified by Sn, Fe, Ni, and Ga and by the par-
tially reducible support TiOz.73’74 According to Raab et al., the catalytic activity for
hydrogenation of the C=0 group decreased in the order Pt—-Ga-SiO, > Pt-TiO, > Pt—
Sn-TiO, >Pt—Ni-SnO, as compared at a coversion of crotonaldehyde below 10% be-
tween 80 and 140°C at partial pressures of 0.006 and 0.0953 MPa of the aldehyde and
hydrogen, respectively. The highest selectivity to crotyl alcohol was 56% for Pt—Ga—
Si0,, 46% for Pt—TiO, and 31% for Pt—Sn—Si0O,. Pt-SiO, was one order of magni-
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tude less active than the other catalysts and catalyzed only the hydrogenation of the
C=C bond. Coloma et al. have discussed the effects of tin in bimetallic Pt—Sn sup-
ported on pregraphitized carbon black in vapor-phase hydrogenation of crotonalde-
hyde.”> A relatively important amount of Sn** was reduced to Sn® to form Pt—Sn
alloys. The oxidized species of tin had a promoting effect of the hydrogenation of the
C=0 group. A Pt—Sn alloy formation greatly improved the catalytic activity in spite
of the fact that the amount of platinum was reduced. The dilution of surface platinum
by metallic tin would hinder the hydrogenation of the C=C bond. Thus, the presence
of tin had a very important effect for increasing the selectivity for the formation of cro-
tyl alcohol.

Reduced Ni—Cu’®”” and Raney-type Zn,”® Cu—Zn,” Cu—Cd,* and Ag—Zn®' cata-
lysts have been reported to be selective in the hydrogenation of acrolein or crotonal-
dehyde in vapor-phase or liquid-phase hydrogenation. In the hydrogenation of
acrolein in ethanol at 120°C and an initial H, pressure of 5 MPa, Raney Ag—Zn (1:1)
catalyst was superior to Raney Cu, Zn, or Ag catalysts in the selectivity to allyl alco-
hol; an 86.6% selectivity was obtained at 69.8% conversion. The selectivity to allyl
alcohol further increased to 95% by the addition of a small amount of Fe** ion with a
slight decrease in conversion.®! An effective catalyst for the selective hydrogenation
of acrolein to allyl alcohol described by Ueno et al. consisted of 10% Ag, 25% Cd,
73.9% Zn0O, and 13.6% SiO,, and was prepared by adding 4.4 g Si(OMe), to a solution
of 2 g AgNO;, 0.917 g Cd(NO,),, and 34.7 g Zn(NO;), in 30 ml MeOH and 13 ml
H,0, stirring at 90°C for 30 min, drying, and calcining at 350°C for 5 h followed by
reduction with hydrogen.®? Hydrogenation of acrolein with this catalyst at 200°C and
1.47 MPa H, gave allyl alcohol with 54% selectivity at 90% conversion.

In vapor-phase hydrogenation of crotonaldehyde over Rh—Sn—SiO, catalysts, the
selectivity to trans- and cis-crotyl alcohol increased strongly with the tin content,
reaching 62—69% for the trans compound with the Sn/(Sn+Rh) atomic ratio higher
than 40%.%

Hydrogenation of o,B-unsaturated aldehydes with palladium catalysts usually af-
ford saturated aldehydes preferentially. However, cinnamaldehyde, the vinylog of
benzaldehyde, may be hydrogenated at the aldehyde function to give 3-phenyl-1-
propanol and propylbenzene,®* although usually the hydrogenation to hydrocinnamal-
dehyde (3-phenylpropionaldehyde) predominates.®*># The product composition
greatly depends on the solvent, the support, and additives.'>’ Thus hydrogenation of
cinnamaldehyde over Pd—C with ferrous chloride in acetic acid or with Pd—kieselguhr
in methanol containing hydrochloric acid gives 3-phenyl-1-propanol almost exclusively
while hydrogenation with Pd—C—-FeCl, in methanol, Pd—Al,O; in ethanol or Pd—kiesel-
guhrin acetic acid gives hydrocinnamaldehyde almost quantitatively.®” The hydro-
genation of cinnamaldehyde over palladium catalysts is further complicated by
accompanying decarbonylation to give styrene and ethylbenzene as well as by the
isomerization or the dehydrogenation followed by hydrogenation of cinnamy]l al-
cohol to give cinnamaldehyde (see Scheme 5.3).!338 Formation of higher-boiling
products was also recognized.®® These reactions may also occur over catalysts
other than palladium.
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+H; +H,
> Ph-CHCH,CHO --------%--- > Ph- CH,CH,CH,OH
very slow
= 2 +Hp +H
PIm CH=CHCHO <= Ph-CH=CHCH,0H 3 Ph-CH=CHCH; —5 Ph-CH,CH,CH;,
T .
-CO +H,
L —> Ph-CH=CH, —2> Ph-CHCH;,

Scheme 5.3 Hydrogenation pathways of cinnamaldehyde over palladium catalysts.

5.3 KETONES

Aliphatic and alicyclic ketones are usually hydrogenated without difficulty to the cor-
responding alcohols over most of the transition metal catalysts under relatively mild
conditions unless the ketones are highly hindered. The rate of hydrogenation of the ke-
tones, however, greatly depends on the catalyst, the nature of the solvent, and alkaline
or acidic additives, as well as other reaction conditions. Palladium catalysts are seldom
active for the hydrogenation of aliphatic and alicyclic ketones except for some steroi-
dal ketones.®® On the other hand, palladium is an excellent catalyst for the hydrogena-
tion of aromatic ketones, although aromatic ketones may be susceptible to
hydrogenolysis to give the corresponding methylene compounds, and to obtain the
corresponding alcohols selectively, the catalyst and the reaction conditions must be
carefully selected. Raney nickel, especially freshly prepared and highly active cata-
lysts such as W-6,2 W-7,% and T-4,°! is effective for the hydrogenation of ketones at
a low temperature and pressure. Usually the rates of hydrogenation over Raney Ni are
greater in alcoholic solvents than in aprotic solvents such as cyclohexane and tetrahy-
drofuran.? The hydrogenation of carbonyl compounds over Raney Ni is often pro-
moted by the presence of a small amount of triethylamine? or alkali.® Thus the times
required for the hydrogenation of various ketones to the corresponding alcohols with
W-6 Raney Ni were cut in approximately half with addition of triethylamine. Aceto-
phenone was hydrogenated to 1-phenylethanol in 10 min with addition of triethy-
lamine (eq. 5.28) while 22 min was required in the absence of the base.” Insufficiently
washed Raney nickel catalysts such as W-7 and T-4 are quite suitable for the hydro-
genation of ketones since the alkali remaining in the catalyst may promote the hydro-
genation. Blance and Gibson found that lithium hydroxide is a better promoter than
sodium hydroxide, and potassium hydroxide is in turn less efficient than sodium hy-
droxide for promoting the hydrogenation of ketones.”

2 g Raney Ni (W-6)
@COCF& 100 ml EtOH + 2 ml BN QCHOHCF& (5.28)

RT (25-30°C), 0.10-0.31 MPa,HLO min -
6.0 g (0.05 mol) quantitative
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5.3.1 Aliphatic and Alicyclic Ketones

The hydrogenation of ketones over Raney Ni proceeds not always so rapidly under
mild conditions and usually requires a considerable time and/or amount of catalyst be-
cause of decreasing rate with conversion (see Table 5.3). The activity of Raney nickel
is often markedly enhanced by the addition of small amounts of chloroplatinic acid
and sodium hydroxide” or triethylamine and chloroplatinic acid.>* Delépine and
Horeau promoted Raney Ni by treatment with chloroplatinic acid solution, followed
by the addition of sodium hydroxide solution.”® Levering and Lieber added to Raney
Ni triethylamine followed by chloroplatinic acid.® Blance and Gibson compared both
the techniques in the hydrogenation of a variety of ketones over W-4 Raney Ni and
found that a combination of the two techniques, specifically, platinizing Raney Ni by
adding triethylamine and chloroplatinic acid, followed by addition of sodium hydrox-
ide, is superior to either technique as seen from the results shown in Table 5.3.°* The
best results were obtained with a catalyst promoted by adding triethylamine (3.3
mmol), chloroplatinic acid (0.04 mmol), and finally 10M sodium hydroxide (1.2

TABLE 5.3 Time (min) for the Hydrogenation of Ketones over Raney Nickel
Catalyst: Effects of Promoters®”

Promoter
EtN+Pt+

Ketone None NaOH Et;N Pt+NaOH EtN+Pt  NaOH
2-Propanone 39 24 31 21 25 16
2-Butanone 52 38 47 27 47 19
2-Pentanone 76 36 64 30 83 21
2-Heptanone 77 57 83 33 93 25
4-Methyl-2-pentanone 78 53 — 35 126 27
3-Pentanone 80 — — 37 221 27
3-Heptanone 82 — — 38 265 34
2,4-Dimethyl-3-pentanone i — — 253 X i
Cyclohexanone 40 40 — 21 37 17
4-Methylcyclohexanone 60 45 — 23 36 20
2-Methylcyclohexanone 88 65 — 45 161 32
2,2-Dimethylcyclo- 93 70 — 49 167 32

hexanone
2,2,6-Trimethylcyclo- 472 — — 264 i 200

hexanone
2,2,6,6-Tetramethyl- i — — 1600 — 1600

cyclohexanone
Camphor 580 — — 329 — 153
Acetophenone 57 30 38 19 15 14
Propiophenone 90 55 65 34 24 24
Benzophenone 70 40 39 38 34 16

“Data of Blance, R. B.; Gibson, D. T. J. Chem. Soc. 1954, 2487. Reprinted with permission from Royal
Society of Chemistry.

bThe ketone (10 mmol) was hydrogenated with the promoted catalyst (0.5 g) in 20 ml ethanol in the
presence of 1-2 mmol NaOH (added as 10M solution) at room temperature and 1 atm H, (i = incomplete
reaction; x = no absorption of hydrogen).
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mmol) to a rapidly stirred suspension of Raney nickel catalyst (0.5 g). The catalyst was
then washed 3 times with distilled water and 3 times with ethanol.

Nishimura prepared a platinized T-4 Raney nickel by platinizing and simultane-
ously leaching Raney alloy; specifically, chloroplatinic acid solution, made alkaline
with a small amount of sodium hydroxide, was added to a suspension of Raney alloy
in water.”! The partly leached and platinized Raney alloy was then developed in water,
forming a large quantity of bayerite. Partial loss in activity of Raney nickel, which
may result on treatment with chloroplatinic acid, could be avoided in this way, and the
platinized Raney nickel thus obtained showed a better activity than that platinized by
the method of Delépine and Horeau in hydrogenation of typical organic compounds
including ketones such as cyclohexanone and acetophenone.

For hydrogenation of larger amounts of ketones and/or in hydrogenation with Ni—
kieselguhr or copper—chromium oxide, use of higher temperatures and pressures is
preferable as shown in egs. 5.29%° and 5.30.”

2 g Ni—kieselguhr

CHz)sCCOC
(CHa)s " Tl00°C, 12.7-1.3 MPagian (CHIsCCHOHCH; (5.29)
40 g (0.40 mol) 85% (corrected yield, 100%)
5 g Cu—Cr oxide
CH,)sCCOC 5.30
(CHy)s B sc 1015 VPayiian (CHISCCHOHCH, (5.30)
205 g (2.05 mol) 100%

The rates, the products, and the stereochemistry of the hydrogenation of ketones over
platinum metals may depend greatly on catalyst, solvent, and acidic or alkaline addi-
tive, impurities, as well as the structure of ketones. Breitner et al.”’ studied the rates
of hydrogenation of isobutyl methyl ketone, cyclohexanone, and cyclopentanone over
5% Pd-C, Pt—C, Rh—C, and Ru—C catalysts in various solvents (AcOH, H,O, 0.5M
aqueous NaOH, 0.5M aqueous HCl, MeOH, and EtOAc). Palladium was always not
active irrespective of the solvents used. Over Pt—C all three ketones were hydrogen-
ated most rapidly in H,O and 0.5M aqueous HCI, while in 0.5M aqueous NaOH only
cyclohexanone was hydrogenated in a satisfactory rate. With Rh—C and Ru—C all the
ketones were hydrogenated best in H,O and 0.5M aqueous NaOH, and the presence
of HCl depressed the rates of hydrogenation, especially for Ru—C.

Hydrogenation of ketones over platinum metals in alcoholic solvents, especially in
methanol and ethanol, may be accompanied by the formation of acetals (and also
hemiacetals and enol ethers) in the presence of a mineral acid and may lead to the for-
mation of ethers, together with the formation of alcohols and hydrocarbons.”>~1% The
reactions involved under these conditions are shown in Scheme 5.4 for cyclohex-
anone. At an equilibrium in acidic methanol, acetals are present predominantly over
hemiacetals for most ketones.'*!

Babcock and Fieser obtained 3-methoxy steroids by hydrogenation of methyl 3-
oxo-A-"M_cholenate (5), methyl dehydrolithocholate (6), and 5a-cholestan-3-one (7)
over Adams platinum oxide in methanol in the presence of hydrobromic acid (eq.
5.31).” It is noted that the B-methoxy isomers were produced from the ketones of both
5B (5 and 6) and 50 series (7).



188 HYDROGENATION OF ALDEHYDES AND KETONES
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Scheme 5.4 Reactions of cyclohexanone in alcohol in the presence of platinum metals and
hydrogen.

C4HgCOCH;,

1. H,, Pt, MeOH-HBr

G ) 2. Hy, Pt, ACOH CaHgCOCHy
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M
€ H
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H
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CgHq7 CgHi7
16 mg Pt oxide
25 ml MeOH + 0.25 ml 48% HBr
O = S
A RT,latmH,4h Me! i
7
150 mg 110 mg (impure plates of mp 76-80°C)

Verzele and Acke et al. obtained reasonable to excellent yields of ethers in the hydro-
genation of ketones in alcohols with platinum oxide catalyst in the presence of hydro-
chloric acid (Table 5.4).%>'%

The acetal formation may occur even in the absence of acid over the platinum met-
als free from alkaline impurities, particularly over palladium, platinum, and rho-
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TABLE 5.4. Percent Yields of Ethers Obtained in the Hydrogenation of Ketones over
Adams Platinum Oxide in HCI-Alcohols*”

Alcohol
Ketone MeOH EtOH PrOH i-PrOH  Cyclohexanol
2-Propanone — — — 57 —
2-Butanone 95.5 60.5 — — —
3-Pentanone 70 52.5 — — —
3-Methyl-2-butanone 93 75 92 58 —
4-Heptanone 80 53 67.5 — —
2,4-Dimethyl-3-pentanone 70 — — — —
5-Nonanone 54 52 — — —
2,6-Dimethyl-4-heptanone 77 — — — —
Cyclopentanone 84 90 92 80 —
Cyclohexanone 95 66.5 85 52 39
2-Methylcyclohexanone 80 — — — —
Camphor 46 — — — —
Cycloheptanone 48 — — — —

“Data of Verzele, M.; Acke, M.; Anteunis, M. J. Chem. Soc. 1963, 5598. Reprinted with permission from
Royal Society of Chemistry. Acke, M.; Anteunis, M. Bull. Soc. Chim. Belg. 1965, 74, 41. Reprinted with
permission from Société Royale de Chimie, Belgium.

bThe ketone was hydrogenated in 15 molar excess of alcohol (2.5M HCl) over Adams platinum oxide (5%
by weight of the ketone) at room temperature and atmospheric pressure.

dium.'® The acetal formation in the absence of acid is probably catalyzed by the ad-
sorbed hydrogen that is ionized on the catalyst surface. Just as in the presence of acid,
the hydrogenation of ketones in alcohols with these alkali-free platinum metals may
also lead to the formation of ethers together with the formation of alcohols and hydro-
carbons. The selectivity to these products may differ greatly by the catalyst and by the
structure of ketones. In Table 5.5 are compared the activities and selectivities of plati-
num, palladium, rhodium, and ruthenium blacks in the hydrogenation of 4-methylcyclo-
hexanone in ethanol.!®>!% It is noted that the metal blacks may be partly poisoned
when ethanol (or methanol) is added to the blacks even under the atmosphere of argon.
If the blacks are pretreated with hydrogen in cyclohexane and then the cyclohexane is
replaced with ethanol, the catalytic activities of the blacks become considerably
greater.'% The palladium and platinum blacks thus pretreated in cyclohexane show
greater activities for both the hydrogenation and the acetal formation, but the increase
in the rate was found to be much greater for the hydrogenation than for the acetal for-
mation, resulting in increased selectivities for the formation of alcohol and hydrocar-
bon and decreased selectivities for the formation of ether. It is also noted that the
cis/trans ratios of the alcohol and the ether formed decreases with the pretreated cata-
lysts except with ruthenium. Usually ethers and hydrocarbons are scarcely formed in
the hydrogenation over ruthenium, osmium, and iridium even when the formation of
acetals has been observed during hydrogenation.
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TABLE 5.5. Hydrogenation of 4-Methylcyclohexanone over Platinum Metals in
Ethanol*®

Rate x 10* Hydrogenation Product
(mollthin~'g
Solvent for metal™") Selectivity (mol%) Cis/Trans Ratio
Pretr.eatment Hydro-
Catalyst with Hy ki< k,’  Alcohol® carbon/ Etherg Alcohol® Ethers
Pd EtOH 0.7 64 0.6 0 99.4 2.0 135
Cyclohexane 7.7 110 3.1 0 96.9 0.92 4.39
Pt EtOH 1.4 12.3 65.0 13.6 21.3 1.87 3.71
Cyclohexane 26.2 17.2 534 36.6 9.9 1.63 1.67
Rh EtOH 9.5 24.6 96.0 0.3 3.7 10.5 7.67
Cyclohexane 15.7 27.3 94.3 0.7 5.0 7.69 6.47
Ru EtOH 35.1 17.3 100 0 0 .75 —
Cyclohexane 98.1 12.8 100 0 0 195 —

“Nishimura, S.; Eto, A. Unpublished results; see also Nishimura et al. J. Chem. Soc., Chem. Commun. 1967,
422; Chem. Lett. 1985, 1275.

b4—Methylcyclohexanone (0.05 ml, 0.41 mmol) was hydrogenated over metal black as catalyst (5-20 mg)
in 2.5 ml of ethanol at 25°C and atmospheric pressure. The catalysts were prepared by hydrogen reduction
of the metal hydroxide, prepared by addition of an aqueous lithium hydroxide to the metal chloride solution
or suspension in water, followed by repeated washings with water and hydrogen reductions until the
washings no longer become acidic or alkaline.

‘Rate of hydrogenation: average rate from 0 to ~50% hydrogenation.

“Rate of acetal formation at an initial stage of hydrogenation.

¢4-Methylcyclohexanol.

/Methylcyclohexane.

81-Ethoxy-4-methylcyclohexane.

5.3.2 Aromatic Ketones

Aromatic ketones of the type ArCOR (R = alkyl or aryl) may be readily subject to hy-
drogenolysis to give the corresponding hydrocarbons (ArCH,R), since the benzyl-
type alcohols formed (ArCHOHR) are also liable to hydrogenolysis as easily. Over
nickel (see, e.g., eq. 5.28) and copper—chromium oxide, this type of hydrogenolysis
is seldom significant or is negligible unless the reaction conditions are too vigorous.
Various aryl ketones were hydrogenated to the corresponding alcohols in high yields
over copper—chromium oxide mostly at 100—-130°C and 22-24 MPa H, (Table 5.6) e

Masson et al. studied the influence of the reaction conditions including tempera-
ture, hydrogen pressure, and the nature of solvents on the rate and selectivity for the
hydrogenation of acetophenone to 1-phenylethanol over Raney Ni.!% The ring hydro-
genation to give cyclohexyl methyl ketone and the hydrogenolysis to give ethylben-
zene or ethylcyclohexane were favored more in cyclohexane than in alcohols,
resulting in lower yields of 1-phenylethanol in cyclohexane. The initial rate of hydro-
genation was much smaller in methanol and ethanol than in isopropyl alcohol. It was
found that the addition of water to isopropyl alcohol increased the rate as well as the
selectivity to 1-phenylethanol. Thus, it was possible to obtain a 1-phenylethanol yield
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TABLE 5.6 Hydrogenation of Aryl Ketones to Alcohols over Copper—Chromium
Oxide®?

Product (wt %)
Temperature Aromatic

Aromatic Ketone °C) Time (h) Alcohol Hydrocarbon
Acetophenone 100-120 0.1 63 5
Butyrophenone® 120-130 2.0 74 18
4-Methylbutyrophenone® 110-125 2.0 89 6
2,4-Dimethylbutyrophenone 110-130 22 90 2
2,4-Dimethylcaprophenone® 175 22 92 5
Acetomesitylene 110-130 1.5 96 —
Propiomesitylene 135 1.5 87 —

“Data of Nightingale, D.; Radford, H. D. J. Org. Chem. 1949, 14, 1089. Reprinted with permission from
American Chemical Society.

bThe ketone (0.25 mol) in 100 ml methanol was hydrogenated at 22—24 MPa H, using 4.0 g of Cu—Cr oxide
catalyst.

“No solvent.

of 97% with a high reaction rate in isopropyl alcohol containing 30% water at 30°C
and 0.9 MPa H,.

Kumbhar and Rajadhyaksha studied the selective hydrogenation of benzophenone
to benzhydrol over Ni and Ni-based bimetallic Ni—Cu and Ni—Fe catalysts in metha-
nol at 135°C and 5.9 MPa Hz.106 The hydrogenation was accompanied by the forma-
tion of an ether, 1-methoxy-1,1-diphenylmethane, in addition to the expected
hydrogenation products, benzhydrol and diphenylmethane. With SiO,-supported
catalysts, the selectivity to the ether, which was found to occur by the reaction of ben-
zhydrol with methanol, decreased in the following order: Ni—Cu (75:25)-Si0, >> Ni—
Si0, >> Ni-Fe (75:25)-Si0,.

Hydrogenolysis or overreduction of aromatic ketones may occur rather readily
over palladium and platinum catalysts, in particular in acidic media. Basic impurities
in the catalysts associated with their preparations may have a marked influence on
their tendency toward the hydrogenolysis in hydrogenations in a neutral me-
dium.'?71% For example, acetophenone is hydrogenated to 1-phenylethanol in a neu-
tral solvent over the palladium catalyst prepared by reduction of palladium chloride
with formaldehyde and alkali, whereas ethylbenzene is produced even in a neutral sol-
vent over the same catalyst when treated with acid'® or over the catalyst prepared by
reduction of palladium chloride with hydrogen.''” The behavior of platinum toward
the hydrogenolysis also depends on its method of preparation when used in a neutral
solvent. Thus 1-phenylethanol was formed quantitatively when acetophenone was hy-
drogenated over Adams platinum oxide in dioxane, while ethylcyclohexane and/or
ethylbenzene was the major product when the reduced platinum oxide that had been
washed with dioxane was used in acetic acid or when the catalyst, used in acetic acid
and washed with dioxane and water, was employed in dioxane.'” In contrast to hy-
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drogenation for aliphatic ketones, palladium is an excellent catalyst for hydrogenation
of aromatic ketones under mild conditions, and may give the corresponding alcohols
in high yields when used in neutral medium or in the presence of an appropriate in-
hibitor. In an example shown in eq. 5.32, 1-phenylethanol containing a trace of start-
ing material and only 0.1% of ethylbenzene was obtained with use of a 5% Pd—C in
ethanol at room temperature and 0.3 MPa H2.111

3.09 5% Pd-C
COCH; CHOHCH; + CH,CH3
100 ml EtOH (532)

RT,0.3 MPaH, 5-6 h
30.0 g (0.25 mol) 0.1%

In a patent, a high selectivity to 1-phenylethanol (>99.5% at 90.5% conversion) was
obtained by hydrogenation of acetophenone in ethylbenzene (the same amount with
acetophenone) over 5% Pd—C at 30°C and 0.62 MPa H2.112 Kindler et al. used a small
amount of organic base such as morpholine or tetrahydroquinoline to depress the hy-
drogenolysis of acetophenone to ethylbenzene on palladium catalysts.>® Since the rate
of hydrogenation of acetophenone over Adams palladium oxide in methanol in the
presence of tetrahydroquinoline was found to be increased by further addition of N,N-
diethylhexanamide, a small amount of N,N-diethylnicotinamide was used as an inhibi-
tor in the hydrogenation of propiophenone and thus a high yield of 1-phenyl-1-
propanol was obtained within a reasonable time (eq. 5.33).%

COCH,CH 05 g Pd black CHOHCH,CH
8 50 ml MeOH 3 (5.33)

1.5 mmolIN,N-diethylnicotinamide
26.8 g (0.2 mol) 20°C,latmh, <4h 26 g (96%)

Werbel et al. applied the Kindler’s procedure to the preparation of various 4- or 4,4'-
substituted benzhydrols by the hydrogenation of the corresponding benzophenones,
using a Pd(OH),—C catalyst, prepared by the procedure described by Hiskey and
Northrop,113 in the presence of nicotinamide or N, ,N-diethylnicotinamide.114 Thus, the
benzhydrols (yields in parentheses) with the substituents, 4,4'-bis(acetylamino) (63 %)
(eq. 5.34), 4,4'-bis(trifluoroacetamino) (61%), 4-methyl (80%), 4-chloro (35%), and
4-amino (59%), were prepared by hydrogenation of the corresponding benzophenones
with the palladium catalyst. In the absence of the inhibitor, 4,4'-bis(acetylamino)benzo-
phenone gave primarily the hydrogenolysis product, 4,4'-bis(acetylamino)diphenyl-
methane. However, this controlled hydrogenation technique failed for the preparation
of benzhydrols with 4-bromo, 4-hydroxy, 4-dimethylamino, 4-acetoxy, 2-carboxy,
and 4,4'-bis(dimethylamino) substituents.

ACHN—@CO—Q—NHAC 4.09 20% Pd.C AcHN—@—CHOH@—NHAc
1.5 liters MeOH
(5.34)

200 g (0.675 mol) 9019 0“5"&‘;256 63%
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In a patent, lead-poisoned palladium catalyst was claimed to be effective for hy-
drogenation of benzophenone to benzhydrol at 115°C and 0.34 MPa H2.115 Kumbhar
and Rajadhyaksha hydrogenated benzophenone to benzhydrol in 98.4% selectivity at
88% conversion over Ni—-Fe (75:25) on TiO, using methanol-10% water as solvent
and NaOH (0.1 wt% of benzophenone) as additive at 135°C and 5.9 MPa H2.116

5.3.3 Hydrogenation Accompanied by Hydrogenolysis and
Cyclization
Aliphatic ketones are usually hydrogenated to the corresponding alcohols with little
or no hydrogenolysis over most transition metal catalysts except when some unhin-
dered ketones are hydrogenated over platinum catalysts in the vapor phase'!’!* or in
acidic media.'?° However, B-keto esters, B-keto amides, and 1,3-diketones may rather
readily undergo hydrogenolysis, especially over platinum metals in acidic conditions.
Ethyl acetoacetate, a [-keto ester, may be hydrogenated to give ethyl 3-hydroxy-
butyrate or hydrogenolyzed to give ethyl butyrate. Under mild conditions hydrogena-
tion and hydrogenolysis are competing reactions since ethyl 3-hydroxybutyrate
formed is not readily hydrogenolyzed to ethyl butyrate (see Scheme 5.5).

Over Ni—kieselguhr (eq. 5.35, A),!?! copper—chromium oxide (eq. 5.35, B)” and
Raney Ni (eq. 5.35, C)'? in ethanol, ethyl acetoacetate is hydrogenated quantitatively
to ethyl 3-hydroxybutyrate under the conditions described in eq. 5.35.

CHyCOCH,CO,Et CHyCHOHCH,CO,Et

A: Compound 0.39 mol, 2 g Ni—kieselguhr, 50 ml EtOH, 125°C, 8.9 Mp28 h (5 35)
B: Compound 0.38 mol, 1 g Cu—Cr oxide, EtOH, 150°C, 10-15 MpP&8 h '
C: Compound 0.4 mol, 5 g Raney Ni, EtOH, 23°C, 2 MBall§ h

However, over Ni—kieselguhr in the absence of solvent or in ether and methylcyclo-
hexane 32-33% of a diester, ethyl 3-(3'-hydroxybutyryloxy)butyrate (8), was pro-
duced along with 68-67% of ethyl 3-hydroxybutyrate and small quantities of
dehydroacetic acid, and over copper—chromium oxide 16% of the diester and 7% of
dehydroacetic acid were formed in the absence of solvent. It was suggested that the
diester is formed through the hydrogenation of the intermediate 9, which results from
2 mol of acetoacetic ester with elimination of 1 mol of ethanol and that the condensa-
tion reaction is reversible (Scheme 5.6). Hence, the formation of the diester is de-
pressed in the hydrogenation in ethanol.'*! The reaction pathway in Scheme 5.6 has

H
CHyCOCH,COOGH; ~———————> CH,CHOHCH,COOGHs;

2H very slow
2 H2 | or not at all

CHCH,CH,COOGHSs

Scheme 5.5 Hydrogenation and hydrogenolysis pathways of ethyl acetoacetate under mild
conditions.
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CH,COCHCOSEL + HOP=CHCQEt === CHCOCH,CO,0==CHCOE + EtOH
CHs 9 CH,

le

CHyCHOHCH,CO,CHCH,CO,Et
8 CH,

Scheme 5.6 Formation of ethyl 3-(3'-hydroxybutyryloxy)butyrate in the hydrogenation of
ethyl acetoacetate.

been supported by the fact that ethyl 2,2-dimethylacetoacetate and ethyl 2-ethyl-2-
methylacetoacetate, which are both incapable of enolization, were hydrogenated
quantitatively to the corresponding hydroxy esters without a solvent.

Faillebin obtained mainly ethyl butyrate in the hydrogenation of ethyl acetoacetate
over pure platinum black regardless of whether it was without solvent or in a solution
of ether or hexane, while over the catalyst prepared by the formaldehyde reduction of
chloroplatinic acid containing ferric chloride or aluminum chloride, only ethyl 3-hydroxy-
butyrate was obtained.'?® Ethyl acetoacetate was hydrogenolyzed to an extent of 56%
over Adams platinum oxide in acetic acid at room temperature (24—-26°C) and atmos-
pheric pressure, while over 3:1 rthodium—platinum oxide under the same conditions
the hydrogenolysis was decreased to 11%.'2° Rylander and Starrick examined the hy-
drogenation of ethyl acetoacetate over platinum metal catalysts in details at room tem-
perature and atmospheric pressure.'”* Over a commercial platinum black in water
90% of ethyl butyrate and 10% of ethyl 3-hydroxybutyrate were formed, but, by the
addition of one atom of iron as ferric chloride per atom of platinum, only ethyl 3-hy-
droxybutyrate was produced. The hydrogenation over Adams platinum oxide or over
5% Pt—C and zinc acetate also afforded ethyl 3-hydroxybutyrate quantitatively. No
hydrogenolysis over Adams platinum may be attributed to the presence of alkaline im-
purities contaminated in it, which functioned to depress the hydrogenolysis com-
pletely. In the hydrogenation over various 5% platinum metals-on-carbon catalysts
under the same conditions, the extent of hydrogenolysis (figures in parentheses) de-
creased in the order Pt—C (12%) > Rh—C (10%) > Ir-C (2%) > Ru—C (0%). The
amount of hydrogenolysis over Pt—C decreased from 12 to 0 and 1%, respectively, by
an increase of temperature (from 26 to 56°C) or hydrogen pressure (from 0.1 to 6.7
MPa). Lease and McElvain hydrogenated a series of w-acetyl esters of the type
CH,;CO(CH,),CO,Et (n = 1-5) to the corresponding hydroxy esters in 82—-88% yields
over Adams platinum oxide in ethanol (eq. 5.36).!% The rates of hydrogenation of
these keto esters were smaller than that of acetone and, in general, decreased with in-
creasing value of n, although the hydrogenations were completed without any addi-
tives.

CH3CO(CHy)COEL (n = 1-5) 0-3 9 Adams Pt oxide CH4;CHOH(CH,),,CO,Et
0.3 mol) 35 ml EtOH

RT, 0.2-0.3 MPa b 82-88% (5.36)
6-11 h (except for the ester with= 4)
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Similar to B-keto esters, B-keto amides may be readily hydrogenolyzed by conditions.
Thus, 3-acyloxyindole (10), a B-keto amide, is cleanly hydrogenolyzed to the corre-
sponding 3-alkyl derivative in ethanol over Adams palladium oxide catalyst (eq.
5.37).1%

COR CH,R
Adams PdO
o . o (5.37)
N EtOH N
\ RT, 0.15 MPaH \ 50-70%
CHs CHs3

10

1,3-Diketones are susceptible to hydrogenolysis at either a carbon—oxygen or a carbon—
carbon linkage. When the diketone is unsymmetric as indicated by the formula III (eq.
5.38), all four linkages indicated by a, b, ¢, and d, may undergo hydrogenolysis to give
rather complicated products. Sprague and Adkins hydrogenated various 1,3-diketones
(0.15-0.5 mol) in dry ether (30—100 ml) with Raney nickel (4—8 g) at 125°C and 15—
20 MPa Hz.127 The yields of the corresponding 1,3-glycols were 44—99% for most of
the unalkylated 1,3-diketones (formula III, R' = H). The cleavage at carbon—carbon
linkages ¢ and d increases with alkylated diketones, especially monosubstituted ace-
tylbenzoylmethanes (formula III, R = Ph and R" = Me). The cleavage may occur even
at 50°C, as seen in an example in eq. 5.38, where the cleavage occurred to an extent
of 68% and the yield of the corresponding diol was only 30.5%.

c d
R—C—i~CHR—i— G—R"
afli T 5-38)
o] o]
1]
PhCHO (24%)
Raney Ni PhCH,CH,COCH; (48%)
PhCOGHCOCH  “55.c 15 20 MPapi  PRCOCHCH,Ph (20.5%)
CH,Ph 1.45 mol H PhCHOHCHCHOHCH (30.5%)

H,Ph

Hydrogenation of 2-acetylcyclohexane-1,3-dione (11) over Pd—C in ethanol at room
temperature and atmospheric pressure gave the product consisting almost entirely of
2-acetylcyclohexanone, together with a small quantity of 2-ethylcyclohexane-1,3-
dione (eq. 5.39).!%® Addition of increasing amounts of sodium hydroxide resulted in
an increased yield of 2-ethylcyclohexane-1,3-dione, which reached 45% in the pres-
ence of 1 equiv.

o} o}

COCHy COCHy CH,CH
éﬁ 0.1 30% Pd-C CL N 278 (5.39)
———
o 25 ml EtOH o 5

RT,1atmH, 20 h
11 &

1 g (6.5 mmol) 0.88 g (80%)
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o) 0 (o] 0 0
— Mo —Hq Ho
o OH OH

Scheme 5.7 Hydrogenation pathway of 5,5-dimethyl-1,3-cyclohexanedione leading to
3,3-dimethylcyclohexanone.

The easy hydrogenolysis of 1,3-cyclohexanedione over palladium catalyst has been
applied to the preparation of 3,3-dimethylcyclohexanone from 5,5-dimethyl-1,3-
cyclohexanedione (eq. 5.40).'% The reaction pathway outlined in Scheme 5.7 has
been suggested for this transformation. 1,3-Cyclohexanedione was also hydro-
genolyzed to give cyclohexanol in a 95% yield over copper—chromium oxide at 200°C
and 17.7 MPa H,.'*

5 g 5% Pd-C

250 ml GHsCO,H/5 ml conc. BSO,
80-85°C, 0.41 MPa

140 g (1 mol) 69-73%

(5.40)
(@]

Tetramethyl-1,3-cyclobutanedione, dimethylketene dimer (12), was hydrogenated to
the corresponding glycol in excellent yields with Ru—C as catalyst in methanol at
125°C and 6.9-10.3 MPa H, (eq. 5.41).3! Hydrogenation over Raney Ni in methanol
was often accompanied by formation of a high-boiling byproduct that was shown to
consist of 1-hydroxy-2,2.4-trimethyl-3-pentanone (13) and methyl 2,2,4-trimethyl-3-
oxovalerate (14).

Me Me Me. Me
o o 20 g 5% Ru-C
600 ml MeOH HO OH (5.41)
Me Me 125°C, 6.9-10.3 MPai1 h Me Me
12
400 g (2.86 mol) 403 g €is andtrans) (98%)
Me_ Me Me_ Me
o=c” CHOH =c  COMe
CHMe, CHMe,
13 14

Torok et al. observed that 12 is selectively hydrogenated to the corresponding hydroxy
ketone over amorphous Ni—P and Ni-B catalysts in ethanol at 120°C and 7 MPa H,,
while over Raney Ni the corresponding diol was obtained and over Ni—P foil, treated
with sulfuric acid during its preparation, the ring-opened product 14 (ethyl ester) was
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formed exclusively. The formation of 14 was attributed to the acidic centers of the
acid-treated Ni—P foil.'*?

Hydrogenation of 1,4- and 1,5-diketones over platinum metals may be accompa-
nied by cyclization to give tetrahydrofurans and terahydropyrans, respectively.'3%!34
The hydrogenation of 2,6-heptanedione over Pt—C at 200°C in cyclohexane gave 40%
of 2,6-dimethyltetrahydropyran, together with 43% of 3-methylcyclohexanone and
15% of 3-methylcyclohexanol, which resulted by an intramolecular aldol condensa-
tion and subsequent hydrogenation.'**

5.3.4 Amino Ketones

Catalytic hydrogenation of amino ketones to amino alcohols has been a subject of a
number of synthetic studies mostly from the viewpoint of pharmacologic interest. The
hydrogenation of amino ketones often encounters some difficulty such as a low rate
of hydrogenation and the loss of amino groups.

Aromatic amino ketones such as 0-aminopropiophenones and w-aminoacetophe-
nones were successfully hydrogenated as their hydrochlorides in aqueous solutions
over Pd—C to give high yields of the corresponding amino alcohols.!*>™'* Use of an
excess of strong acid should be avoided because of the possibility of hydrogenolysis
of the benzyl-type alcohols formed.'*> Corrigan et al. obtained a number of 1-(p-hy-
droxyphenyl)-1-(2-amino)ethanols in 68—-91% yields (as free bases) by the catalytic
hydrogenation of the corresponding w-amino-p-hydroxyacetophenone hydrochlo-
rides with Pd—C as the catalyst in warm aqueous solution.'*® A typical example is
shown in eq. 5.42.

29 10% Pd-C
HO COCH,NHCHMe,-HCI - H CHOHCHNHCHMe,-HCI
200 ml HO (warm solution)

23 g (0.1 mol) 0.34 MPaH, 0.75 h 16.8 g (86%) (as free bas§5.42)

Amidone (6-dimethylamino-4,4-diphenyl-3-heptanone), while resistant to hydro-
genation with Raney nickel, could be hydrogenated to the alcohol with platinum oxide
as catalyst.'"** However, isoamidone (6-dimethylamino-4,4-diphenyl-5-methyl-3-
hexanone)(15, R = Me) did not absorb hydrogen in the presence of platinum oxide and
the reduction to the corresponding alcohol was achieved by reduction with lithium
aluminum hydride.'*!

Hydrogenation of the Mannich-type amino ketones may be accompanied by exten-
sive deamination. Hydrogenation of 4-methoxy-1-(w-dialkylamino)propionaphthone
(16) hydrochlorides was successful only over Adams platinum oxide and gave rise to
fair yields [52% (crude) or 46% (pure) for R = Bu and 69% (crude) or 53% (pure) for
R = Pe] of the amino alcohols, together with some of the hydrogenolysis product, 4-
methoxy- 1-propionaphthone (22% in the case of R = Bu).!*> With the free bases the
products isolated were only dialkylamine and 4-methoxy-1-propionaphthone. With
Raney Ni at 0.3-0.4 MPa H, only hydrogenolysis took place with the hydrochloride
as well as with the free base. With Pd—C at atmospheric pressure the hydrogenation
was incomplete even after 6.5 days and only hydrogenolysis products were obtained.
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COCH,CH,NR,

(IZOQHS ICOCFE
PhRL,CCHRCHNMe, ‘O @CHCHZNRZ
15 16 17

OMe

The hydrogenation of 4-chloro-w-dibutylamino-1-propionaphthone hydrochloride
over Adams catalyst was accompanied by a large proportion of cleavage of the nuclear
halogen. Hydrogenation of the Mannich-type base derived from phenylacetone, 17, R
= Me, as the hydrochloride in an aqueous solution over Pd—C failed to take place.
However, the hydrogenation of the free bases 17, R = Me and R, = (CH,); was suc-
cessful over Raney Ni in ethanol at 0.34 MPa H2.143 Freifelder has reviewed the hy-
drogenation of various amino ketones.'**

5.3.5 Unsaturated Ketones

Hydrogenation of unsaturated ketones usually gives saturated ketones and alcohols.
However, in the cases where the olefinic bonds are tri- or tetrasubstituted, preferential
hydrogenation of the carbonyl group over the olefinic bond may become possible over
some catalyst or catalyst system. Gradeff and Formica hydrogenated unsaturated ke-
tones 18a—18e with trisubstituted carbon—carbon double bonds to the corresponding
unsaturated alcohols in good yields using a chromium-promoted Raney Ni in metha-
nol in the presence of a strong inorganic base.*’ The rates were increased by the pres-
ence of small amounts of water and an amine. The catalytic system is quite specific.
Substitution of the chromium-promoted catalyst by any other metal commonly used
in catalytic hydrogenation or omission of the base or methanol resulted in nonselec-
tivity. A typical example is shown in eq. 5.43 for the hydrogenation of 18a.

@Emﬁﬁtf@ﬁ%

189 (5.43)

o}
4 g Raney Ni—Cr*
60 g MeOH/4 g HO
59 EgN, 459 10% KOH or
KOMe in MeOH

RT,0.28 MPa K, 2.2 h
126 g (1 mol) *W. R. Grace & Co. #24.

3.8% 88.5% 0.8% 4.4%

Ishiyama et al. observed that reduced cobalt oxide or Raney Co is the most selective
of the transition metals investigated for the preferential hydrogenation of unsaturated
ketones to unsaturated alcohols.'***14¢ The hydrogenation of unsaturated ketones 18a,
18f, and 18g over cobalt catalyst gave the corresponding unsaturated alcohols in 100%
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TABLE 5.7 Hydrogen Transfer Reduction of Unsaturated Ketones over MgO“”

a,B- Non- B.y-
Conversion Unsaturated conjugated  Unsaturated
Enone (%) Alcohol (%) Enone (%) Alcohol (%) Others (%)
(0]
\)J\/ 48 43 — — 5
0]

/\)J\/ 89 71 1 4 13
(0]

)\/U\ 91 52 1 36 2

on 37 15 7 9 6
(0]

Ph/\)J\ 77 75 — — 2
O

s~ 95 90 14 4 —

“Data of Kaspar, J.; Trovarelli, A.; Lenarda, M.; Graziani, M. Tetrahedron Lett. 1989, 30, 2705. Reprinted
with permission from Elsevier Science.

bReaction conditions: MgO (0.005 mol), 250°C, flow of reagents 0.2 mlthin™!, mol (2-propanol)/mol
(unsaturated ketone) = 20.

5-Hexen-2-ol.

IMixtures of internal isomers.

selectivity at 50% conversion of substrate in cyclohexane at room temperature and at-
mospheric pressure. In a competitive hydrogenation of 18a and 6-methyl-5-hepten-2-
ol (the unsaturated alcohol product in eq. 5.43) over Raney Co, the unsaturated alcohol
was not hydrogenated until 18a had been completely converted to the unsaturated al-
cohol. The selectivity of the metals for formation of unsaturated alcohols decreased in
the order Co >> Ni, Os >> Ir, Ru, Rh, Pd, Pt. The selectivity of cobalt and nickel cata-
lysts were increased by treatment with an alkaline solution, while the selectivity was
completely lost when the catalysts were poisoned with carbon monoxide.

o,B-Unsaturated ketones may be selectively hydrogenated to allylic alcohols in a
flow system with MgO as catalyst and 2-propanol as hydrogen donor.'*” Typical re-
sults are shown in Table 5.7. A short contact time [LHSV (liquid hourly space veloc-
ity) =9.0h~']in a flow system is essential for minimizing the formation of undesirable
byproducts, which is increased by the high basicity of MgO and a long reaction time
as itis the case in a batch system. Side reactions may be minimized by doping the MgO
catalyst with HCI to decrease its basicity.'*®
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5.4 STEREOCHEMISTRY OF THE HYDROGENATION OF KETONES

The stereochemistry of hydrogenation of ketones has been a subject of continuing in-
terest, particularly for alicyclic ketones, and there have been a large body of investi-
gations on their hydrogenations. The results on the hydrogenation of substituted
cyclohexanones and of cresols were generalized by von Auwers'*’ and Skita,'3%15!
and later modified by Barton'>? on the basis of the concept of conformation and the
steric effect of substituents. The generalized rule, now referred to as the von Auwers—
Skita—Barton rule (ASB rule), may be summarized as follows:

1. Catalytic hydrogenation of both hindered and unhindered cyclohexanones in
strongly acidic media (rapid hydrogenation) leads to the alcohols rich in the
axial isomer.

2. Catalytic hydrogenation in neutral or alkaline media (slow hydrogenation) leads
to the alcohols rich in the equatorial isomer if the ketone is not hindered and to
those rich in the axial isomer if it is strongly hindered.

3. Catalytic hydrogenation in the vapor phase of isomeric cresols over nickel
catalysts at a high temperature leads to alcohols rich in the equatorial isomer.

Rules 1 and 2 may be accepted as a generalization based primarily on the results ob-
tained over platinum catalysts. However, there have been known many examples of
the exception to this rule,'> since the stereochemistry of hydrogenation may be influ-
enced by many factors, such as the solvent, the temperature, the hydrogen pressure,
and the basic or acidic impurity associated with catalyst preparation, as well as the ac-
tivity of the catalyst, and since the effects of these factors may differ sensitively with
the catalyst employed and by the structure of the ketone hydrogenated.

5.4.1 Hydrogenation of Cyclohexanones to Axial Alcohols

As generalized in the ASB rule 1, many axial alcohols have been obtained by hydro-
genating substituted cyclohexanones over platinum catalysts in the presence of hydro-
chloric acid. However, this method has the following disadvantages:

1. The hydrogenations over platinum may be accompanied by hydrogenolysis to
give hydrocarbons, especially with unhindered ketones in acidic media.

2. The stereoselectivities are not always very high, particularly in the cases of
unhindered ketones.!>*-158 For example, only 78% of the cis (axial) isomer was
formed in the hydrogenation of 4-f-butylcyclohexanone over platinum oxide in
AcOH-HCL.1%

3. When acetic acid, in which better stereoselectivities are usually obtained, is used
as the solvent in such strongly acidic condition, acetylated products may be
formed and neutralization of the solvent and hydrolysis of the products are often
required to isolate the alcohols produced.
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Another useful method using a heterogeneous catalyst is the hydrogenation over
rhodium catalyst. High stereoselectivities to axial alcohols have been obtained with
rhodium catalysts in the hydrogenation of 4-methylcyclohexanone,'®*!'% 4-t-butylcyclo-
hexanone,153C and 50-and 5 B-cholestan-S-onesmd in ethanol. The stereoselectivities
are further improved in the presence of hydrochloric acid.'® However, under these
conditions significant amounts (4—16%) of the corresponding ethoxy compounds and
small amounts of hydrogenolysis products are formed as byproducts.'33¢133¢160 The
formation of these byproducts can be depressed almost completely by using isopropyl
alcohol or tetrahydrofuran as the solvent without losing the high stereoselectivities.'®!
Compared to the hydrogenation in isopropyl alcohol, in tetrahydrofuran the addition
of hydrochloric acid in far smaller amounts was sufficient for obtaining high stereose-
lectivities and excess amounts of hydrochloric acid retarded the hydrogenations seri-
ously. This method using rhodium catalyst, however, fails with hindered
cyclohexanones, where the rates of hydrogenation become very small and very high
stereoselectivities are not obtained.'>® Examples of the stereoselective hydrogenation
of typical unhindered ketones over a rhodium black in the presence of hydrochloric
acid are shown in Table 5.8.'%! Scheme 5.8 indicates that the stereoselectivity to axial
alcohol is especially high with 4-t-butylcyclohexanone (19) and 50- and 5[-
cholestan-3-ones (20 and 21) with fixed conformations, compared to that with 4-

H
N% L M M
THF/HCI
¢}

99.3% 0.7%
CgHi7
Rh/Hz H
T THRMHC
H 97.7% 2.3%
CgHa17
Rh/H,
THF/HCI
91 HC
H  96.8% 3.2%
H
* Rh/H,
Q THF/HCI OH “ 90.1% “ 9.9%
H OH

H H H
H H
22 Hs
CHy CHj

Scheme 5.8 Highly stereoselective hydrogenation to axial alcohols of the cyclohexanones
with a fixed conformation.
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TABLE 5.8 Stereoselective Hydrogenation of Unhindered Cyclohexanones to Axial Alcohols over Rhodium Catalyst*?

Product (%)?
HCI Added Axial Equatorial

Ketone (mg) Catalyst (mg) Solvent (ml) (ml)* Time (h) Alcohols Alcohols Others
4-Methylcyclohexanone (100) 5 THF, 2 0.001 4 90.1 9.9 0.0
4-t-Butylcyclohexanone (100) 5 i-PrOH, 2.5 0.02 3 99.2 0.5 0.3
(500) 20 THF, 5 0.006 3 99.3 0.7 0.0

5a-Cholestan-3-one (500) 10 i-PrOH, 30 0.16 4.5 95.4 3.8 0.8
(200) 20 THF, 3.5 0.004 3 97.5 23 0.2

5B-Cholestan-3-one (500) 10 i-PrOH, 12 0.08 4 96.3 2.7 1.0
(200) 20 THF, 3 0.004 3 96.6 32 0.2
17B-Hydroxy-5a-androstan-3-one (30) 12 THF, 2 0.002 1.3 92.0 7.9 0.1
5a-Androstane-3,17-dione (200) 10 THF, 2.5 0.002 2 96.6° 2.7 0.7
5B-Androstane-3,17-dione (100) 6 i-PrOH, 3 0.02 1.7 98.8¢ 0.2 1.0
50-Pregnane-3,20-dione (100) 10 THF, 2 0.002 2.5 94.8" 2.6 2.6/

“Data of Nishimura, S.; Ishige, M.; Shiota, M. Chem. Lett. 1977, 963. Reprinted with permission from Chemical Society of Japan.
bThe ketones were hydrogenated at 25°C and atmospheric pressure.

“37% hydrochloric acid.

4GC analysis.
¢30-Hydroxy-5a-androstan-17-one.
/Mostly the corresponding diols.
$33-Hydroxy-5B-androstan-17-one.
h3a-Hydroxy-5a-pregnan-20-one.
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methylcyclohexanone (22) with a less fixed conformation. Since the hydrogenation of
hindered ketones proceeds only very slowly with rhodium catalyst,'®* use of rhodium
catalyst is also advantageous for the selective hydrogenation of a compound with two
oxo groups of different steric requirements such as 3,17- and 3,20-dioxo steroids (see
Table 5.8).

Hydrogenation of trans-2-decalone (23) with a fixed conformation gave
trans,trans-2-decalol (the axial alcohol) in a high stereoselectivity of 98% both with
rhodium catalyst in THF—HCI and with platinum catalyst in AcOH-HBr. On the other
hand, the hydrogenation stereochemistry of cis-2-decalone (24) is complicated by the
two interconvertible conformations as shown in Scheme 5.9. A mixture of 66%
cis,trans and 34% cis,cis isomers was obtained over rhodium in THF—HCI. Similarly,
a mixture of 44% cis,trans and 56% cis,cis isomers was produced over platinum in
AcOH-HBr.'®?

As in an example of trans-2-decalone described above, the hydrogenation of sub-
stituted cyclohexanones with platinum catalysts usually gives higher yields of axial al-
cohols in the presence of hydrobromic acid than in the presence of hydrochloric acid.
Ruzicka et al. obtained 50-cholestan-30-ol in 67% yield by hydrogenating 50-
cholestan-3-one (62 g, 0.16 mol) with platinum oxide (12 g) in Bu,O (1200 ml)-HBr
(48%, 3 ml) at 65-70°C. Similarly, 53-cholestan-3[3-0l was obtained in 95% yield in
the hydrogenation of 5B-cholestan-3-one (40 g, 0.10 mol) over platinum oxide (8 g)
in AcOH (1200 ml)-HBr (48%, 8 ml) at 60°C.'>> The proportion of hydrogenolysis

H2 (a) H, (e)
trans,cis trans,trans
| Hz l @ Ha l(e)
) H H
) H
H CIS cis H cis,trans
OH H Tl
H
f f “
H
OH
| H2 (e) H, T (a)

Scheme 5.9 Stereochemistry of the hydrogenation of cis- and trans-2-decalones: (a) axial
attack of hydrogen; (e) equatorial attack of hydrogen.
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also decreases in the presence of hydrobromic acid, although the rate of hydrogenation
becomes smaller than in the presence of hydrochloric acid. Similarly, 4-z-butylcyclo-
hexanone (20 mg, 0.14 mmol) was hydrogenated to give cis-4-t-butylcyclohexanol in
a 98% stereoselectivity in hydrogenation over a platinum black (3 mg) in AcOH (2
ml)-HBr (48%, 17 umol) at 25°C and atmospheric pressure. The proportion of ac-
companying hydrogenolysis was reduced from 10.8% in AcOH to 2.5% in AcOH-
HBr while the rate of hydrogenation decreased from 14 x 10~ molhin'[g cat™! in
AcOH to 8.8 X 10~* molhin'[g cat™! in AcOH-HBr.'%*

Hydrogenation of substituted cyclohexanones over nickel catalysts in the liquid
phase usually gives the products rich in axial alcohols, although the stereoselectivities
are rarely very high.!>%~153¢ High reaction temperature, long reaction time, and the
presence of alkali may promote isomerization of the product alcohols, which results
in the decrease of the proportions of axial isomers.'>* The addition of sodium hydrox-
ide, however, was found to increase the formation of axial isomers in the hydrogena-
tion over Raney Ni in ethanol at room temperature and atmospheric pressure.'>*¢ Thus,
the formation of cis isomer in the hydrogenation of 4-t-butylcyclohexanone over a
freshly prepared catalyst increased from 74 to 88% with the addition of sodium hy-
droxide. The formation of axial isomers also increased when aged Raney nickel was
used. For example, hydrogenation of 4-t-butylcyclohexanone over the catalyst aged
in ethanol for 10 days gave 92% of cis-4-t-butylcyclohexanol, compared to 74% of the
cis isomer over the freshly prepared catalyst.!>*¢ When substituted cyclohexanones are
hydrogenated with nickel catalysts under high pressures, axial alcohols are formed
predominantly even at elevated temperatures, particularly in methanol or etha-
nol, 133@1530:165-167 A ¢ 4y example, the hydrogenation of 3-methylcyclohexanone (150
g) in 250 ml methanol over 3-g Raney Ni at 130°C and 12-9 MPa H, afforded 3-
methylcyclohexanol consisting of 86% trans and 14% cis isomers.'S” On the other
hand, the hydrogenation of 5a-cholestan-3-one with Urushibara nickel A (U-Ni-A)!6®
gave S0-cholestan-30-ol, the axial isomer, in an 87% yield (GC) in cyclohexane at
35°C and 9.8 MPa H,, compared to 51% yield in #-butyl alcohol.'® Thus, a higher
stereoselectivity to axial alcohol was obtained in cyclohexane in this case rather than
in an alcoholic solvent. This procedure was applied to the stereoselective hydrogena-
tion of 5-cholesten-3-one to 5-cholesten-3a-ol (epicholesterol) in a high yield of 94%
(GC) without any isomerization to 4-cholesten-3-one or saturation of the 5,6 double
bond (eq. 5.44).!%° No hydrogenolysis occurred as well. The yield was further im-
proved to 99% (GC) by thoroughly removing the water in the catalyst.'”® This method
was also applied to the selective hydrogenation of 4-cholestene-3,6-dione and 50-
cholestane-3,6-dione to 30-hydroxy-50-cholestan-6-one in 70 and 77% yields, re-
spectively.!”!  Similarly, 3a-hydroxy-50-cholestan-7-one was obtained from
5a-cholestane-3,7-dione in 77% yield.

CgHiz

U-Ni-A (0.4 g Ni) (:'@/ . ,(:'@/
30 ml cyclohexane HO™ HO' (5.44)

o 35°C, 9.8 MPa bl 2.5h
1.5 g (3.9 mmol) 1.38 g (92%) 0.08 g (5%)
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CHs CH CHs

Pd Catalyst

Cl\(;, CHS

Ho

g

Pd Catalyst

Figure 5.1 Stereochemistry of the hydrogenation of 50- and 5B-cholestan-3-ones on
palladium based on a strong interaction of the steroid o face with the catalyst. (From Nishimura,
S.; Murai, M.; Shiota, M. Chem. Lett. 1980, 1239. Reproduced with permission of Chemical
Society of Japan).

On the other hand, 5B-cholestan-3-one was hydrogenated to the axial alcohol, 5[3-
cholestan-3[3-ol, in 99% yield (GC) over Urushibara cobalt A (U-Co-A) in methanol
as solvent (eq. 5.45) and in 72% yield (GC) over U-Ni-A."7% In these cases the yields
decreased in less polar solvents over both catalysts.

CeH17
U-Co-A*
3 ml MeOH HO (5.45)
o H 30-35°C, 6.9-9.8 MPa412.5 h H
100 mg * Prepared from 1.5 g of precipitated Co. 75% (99% by GC)

5B-Cholestan-3-one was also stereoselectively hydrogenated to the axial alcohol in
98.5% yield (GC) over a palladium black in isopropyl alcohol at 25°C and atmos-
pheric pressure (see Fig. 5.1 and Section 5.4.2).!3¢ Accompanying formation of the
isopropyl ether was not observed in the case of the steroid ketone, whereas a large
amount (55%) of the ether and an almost 1:1 mixture of cis and trans alcohols were
produced in the hydrogenation of 4-#-butylcyclohexanone under the same conditions.

5.4.2 Hydrogenation of Cyclohexanones to Equatorial Alcohols

The stereochemistry of hydrogenation of cyclohexanones in neutral and alkaline me-
dia is not as straightforward as generalized in ASB rule 2. If unhindered cyclohex-
anones are hydrogenated over a platinum catalyst containing no alkaline impurity, the
products that are rich in axial alcohols rather than equatorial alcohols are often ob-
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tained. For example, the hydrogenation of 4-methylcyclohexanone over Adams plati-
num oxide in ethanol at room temperature and atmospheric pressure leads to a product
rich in equatorial alcohols; however, over the catalyst that was well washed with water
or ethanol after reduced to platinum black, a product rich in axial alcohol results under
the same conditions.'>!9*172 The stereoisomeric composition of the products may be
further complicated by the isomerization of the alcohols produced in hydrogenation
at an elevated temperature under a low hydrogen pressure and/or in the presence of
alkali.'>** For example, hydrogenation of 3,3,5-trimethylcyclohexanone (dihydroi-
sophorone) over 2.5% of reduced nickel at 20°C and 6.9 MPa H, afforded the product
containing 17% of the cis (equatorial) isomer while hydrogenation at 130°C gave the
product containing 73% of the cis isomer. It was observed that 3,3,5-trimethylcyclo-
hexanol containing 90% of the trans isomer was isomerized to the alcohol containing
76% of the cis isomer over reduced nickel catalyst at 130°C and 6.9 MPa H, for 5 h.
Since hydrogenation is usually faster than isomerization at low temperatures and/or
high pressures, a sufficiently prolonged reaction time will be required to obtain a
stereoisomeric equilibrium mixture of the product and; therefore, isomerization of
product alcohols does not appear to be important under mild conditions.!”

In some exceptional cases the product rich in equatorial alcohol may be obtained
in a stereoselectivity higher than that expected from the composition at an equilibrium.
The hydrogenation of 5a-cholestan-3-one (20) over a palladium black in isopropyl al-
cohol at 25°C and atmospheric pressure afforded a product consisting of 98.9% of
equatorial 3B-ol and 1.1% of axial 30-01.">*¢ This unusually high stereoselectivity, to-
gether with the results on 5(3-cholestan-3-one (Section 5.4.1), has been explained by
a strong interaction of the steroid o face with palladium catalyst, as illustrated in Fig.
5.1. Evidence for supporting this explanation has been obtained from the fact that 50-
cholestan 3-one was reduced 30 times as fast as 4-t-butylcyclohexanone in a competi-
tive hydrogenation over palladium in #-butyl alcohol at 26°C and atmospheric
pressure.® Over the other platinum metals, such an unusually high reactivity of the
steroid ketone versus 4-t-butylcyclohexanone was not observed and the mixture of
3a- and 3B-ols was produced. 3B-Hydroxy-50-cholestan-7-one (25) was similarly hy-
drogenated stereoselectively to the product containing a 99.4% of equatorial 33,7[3-
diol over palladium black under the same conditions (eq. 5.46).1%* A high reactivity
of the steroid ketone over 4-#-butylcyclohexanone was also observed with 25, which
was hydrogenated 16.6 times as rapidly as 4-t-butylcyclohexanone in a competitive
hydrogenation. The hydrogenation of 25 over Raney Ni and Raney Co catalysts also
gave the equatorial 3[3,7[3-diol in high stereoselectivities in #-butyl alcohol at 26°C

CgH17
+
\i j i W m Hom

t-BuOH
26°C,1atmH 3B,7B-diol 3B,7a-diol (5 46)
Pd 99.4 0.6
Raney Ni 95.6 4.4

Raney Co 98.0 20
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(see eq. 5.46). However, in contrast to palladium, in the hydrogenation of 20 over
these base metals the 3-ols mixture containing 28.3 and 32.6% of axial 30 isomer, re-
spectively, were obtained. Also, the unusually high reactivity of the steroid ketone as
observed over palladium was not found over these base metal catalysts.'%*

5.4.3 Effects of a Polar Substituent and Heteroatoms in the Ring

The stereochemistry of the hydrogenation of cyclohexanones may be influenced sig-
nificantly by a polar group substituent or a heteroatom such as oxygen and nitrogen
in the ring. For example, hydrogenation of 2- and 4-methoxycyclohexanones over
platinum metals gives the alcohols of higher cis/frans ratios than in the corresponding
methylcyclohexanones, as seen from the results of Table 5.9.'% It is noted that this
trend is particularly pronounced over iridium and platinum catalysts. Senda et al. stud-

TABLE 5.9 Cis / Trans Isomer Ratios of the Alcohols formed in Hydrogenation of

Methoxy- and Methylcyclohexanones®”
Cyclohexanone Cyclohexanone
Catalyst Solvent 2-Methoxy 2-Methyl Rgye/Rye’ 4-Methoxy 4-Methyl Rope/Rye’
Ru EtOH 22 1.8 1.2 2.5 2.0 1.3
Rh EtOH 2.24 2.0¢ 1.1 3.9 3.0¢ 1.3
Pd EtOH 3.6" 1.5 24 3.7 1.4 2.6
Os EtOH 2.8 2.7 1.0 1.9 1.1 1.7
Ir EtOH 8.2! 14 5.9 6.3 I 5.7
Pt EtOH 30" 3.5 8.6 17p 1.7¢ 10
Pt -BuOH 67" 13¢ 52 22! 3.5¢ 6.3

“Data of Nishimura, S.; Katagiri, M.; Kunikata, Y. Chem. Lett. 1975, 1235. Reprinted with permission from
Chemical Society of Japan.

bThe ketone (0.2 ml) was hydrogenated over 10 mg of catalyst in 5 ml of solvent at 25°C and atmospheric
hydrogen pressure. The products other than the corresponding alcohols (A, cyclohexane; B,
methylcyclohexane; C, methoxycyclohexane; D, ethoxymethylcyclohexane; E, ethoxymethoxy-
cyclohexane; F, cyclohexanol) are given below in percent.

“The ratio of the cis/trans isomer ratios of the alcohols from methoxycyclohexanone and from
methylcyclohexanone.

dAnalyzed at 45% hydrogenation. A, 7.3; C, 28.3.

B, 4.3; D, 19.

C, 0.6, E, 3.6.

$Analyzed at 67% hydrogenation. B, 1.2; D, 6.1.

hAnalyzed at 23% hydrogenation. A, trace; C, 15; E, 65.

D, 75.

7E, 97.

kAnalyzed at 86% hydrogenation. D, 98.

lAnalyzed at 64% hydrogenation.

"B, trace; D, 3.5.

"Analyzed at 69% hydrogenation. A, 2.0; C and an unidentified product, 2.5; F, 1.3.

B, 0.6; D, 17.

?Analyzed at 57% hydrogenation. C, 9.0; E, 10.5.

9B, 11; D, 27.

"A,4.9;C,3.9;F, 4.7.

B, trace.

'C, 15.

“B, 21.
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ied the effects of the ring oxygen and nitrogen atoms on the stereochemistry of hydro-
genation of cyclohexanone systems.!”*!”> A high stereoselectivity to the cis alcohol
was obtained in the hydrogenation of 6-#-butyltetrahydropyran- 3-one (26) and 2-¢-bu-
tyl-1,3-dioxan-5-one (27), compared with that for 4-z-butylcyclohexanone, over all
the catalysts investigated (Table 5.10). The results have been explained in terms of an
intramolecular ny—Ti, interaction that may favor the adsorption from the equatorial
side in 26 and 27.

The results shown in Table 5.11 show that the addition of hydrogen from the equa-
torial side is hindered by the presence of the ring oxygen or nitrogen atom. The results
have been explained by a similar intramolecular interaction effect of the lone-pair
electrons of oxygen or nitrogen atom.

5.4.4 Alkylcyclopentanones

The hydrogenation of 2- and 3-alkyl-substituted cyclopentanones over Raney Ni al-
ways affords the cis alcohols in greater amounts than the trans alcohols.!>*176177 [n
some cases the presence of sodium hydroxide further increases the proportions of the
cis isomers.!”” The hydrogenation of 2-isopropylcyclopentanone over platinum black
(Willstiitter) in AcOH—HCI gave the cis alcohol in 69% yield'”® and with 2-cyclopen-
tylcyclopentanone the yield of the cis isomer decreased to 56%.'32® On the other hand,
the hydrogenation of 2-methylcyclopentanone over Adams platinum catalyst gave the
trans alcohol predominantly in ethanol'® as well as in ethanol—hydrochloric acid.'”®
2-Cyclopentylcyclopentanone is hydrogenated to the cis alcohol in nearly 90% yield

TABLE 5.10. Percent Cis Isomer of the Alcohol Product®”
Ketone Hydrogenated

Ao 30 o

Catalyst Amount (mg) (26) 27)

Raney Co 1000 80 91 56
Raney Ni 1000 89 97 71
Ru 20 90 91 77
Rh 20 94 100 —
Pd 20 96¢ 100 —e
Os 20 66 67 55
Ir 20 70 88 58
Pt 20 81 90 32

“Data of Senda, Y.; Terasawa, T.; Ishiyama, J.; Kamiyama, S.; Imaizumi, S. Bull. Chem. Soc. Jpn. 1989,
62, 2948. Reprinted with permission from Chemical Society of Japan.

bThe ketone (0.5 mmol) was hydrogenated in 3 ml ethanol at room temperature and atmospheric hydrogen
pressure. The values were obtained when 50% of the substrate was consumed.

“Acetal, 98%.

dAcetal, 85%.

¢Acetal and ethers, 100%.
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TABLE 5.11 Percent Alcohols Formed by Addition of Hydrogen from Equatorial
Side®?

Ketone Hydrogenated

Catalyst Amount (mg) /((;j ,?l

Pt oxide 25 8 17 77°
Pt-C 25 8 15 29
Ru-C 25 38 43 41¢
Rh-C 25 62 33 88¢
Pd-C 25 35 11 40¢
Raney Ni 100 26 31 52¢
Raney Co 250 26 45 79

“Data of Senda, Y.; Okamura, K.; Kuwahara, M.; Ide, M.; Itoh, H.; Ishiyama, J. J. Chem. Soc., Perkin
Trans. 2 1992, 799. Reprinted with permission from Royal Society of Chemistry.

bThe ketone (0.5 mmol) was hydrogenated in ethanol (3 ml) at room temperature and atmospheric
hydrogen pressure.

“Mitsui, S.; Saito, H.; Yamashita, Y.; Kaminaga, M.; Senda, Y. Tetrahedron 1973, 29, 1531. Reprinted
wth permission from Elsevier Science.

over ruthenium and osmium catalysts in ethanol.!” The results of the stereochemistry
of hydrogenation of alkylcyclopentanones are summarized in Table 5.12.

5.4.5 Hindered Ketones

The addition of hydrogen to hindered ketones usually occurs preferentially from a less
hindered side and the stereochemistry is less influenced by the nature of solvents than
in the cases of unhindered ketones, as generalized in ASB rules 1 and 2. According to
these rules, the axial alcohols are formed predominantly in the hydrogenation of hin-
dered cyclohexanones under both acidic and neutral (or alkaline) conditions. The ABS
rule, however, is oversimplified, as pointed out by Dauben et al.,'®° since the addition
of hydrogen from a less hindered side does not always give axial alcohols as in the

cases of 50-cholestan-1-one (28)'®! and the 12-oxo steroid 29 (hecogenin),182 where

CgHy7 CgHi7
Pt omde/l—é

ACOH

M
Pt oxide/H

" ELO/ACOH

Scheme 5.10 Stereochemistry of the hydrogenation of 1- and 12-oxo steroids.
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TABLE 5.12 Stereochemistry of the Hydrogenation of 2- and 3-Alkylcyclopentanones

Cyclopentanone Cyclopentanol
(8 Catalyst (g) Solvent (ml) T(°C) H, P (MPa) Time (h) Cis (%) Trans (%) Ref.
2-Methyl
0.1 Pt, 0.005 EtOH, 5 RT 0.1 22¢ 27 73 177
0.1 PtO,, 0.005 EtOH, 5 RT 0.1 220 26 74 177
0.1 Pd-C,0.02 EtOH, 5 RT 0.1 32¢ 27 73 177
0.1 Pd-C, 0.02 EtOH, 5 RT 7.8 54 73 27 177
0.1 RaNi, 0.1 EtOH, 5 RT 0.1 20° 80 20 177
0.1 RaNi, 0.1 EtOH, 5 + NaOH, 0.008 (g) RT 0.1 20 81 19 177
2-Isopropyl

36 Pt, 2 AcOH, 270 + conc. HCI, 30 RT 0.1 48 64 36 176
148 RaNj, 5 MeOH, 500 80 8 24 69 31 176



T1¢C

46
0.1
0.1
7.7
0.04
0.04
80.5
0.1

0.1
0.1
0.1

Pt, 2.5

Pt, 0.02
PtO,, 0.02
PtO,, 0.5
Ru, 0.005
Os, 0.005
RaNj, 3
RaNi, 0.1

Pt, 0.005
PtO,, 0.005
RaNi, 0.1

2-Cyclopentyl

AcOH, 405 + conc. HCI, 45 RT
EtOH, 5 RT
EtOH, 5 RT
EtOH, 80 RT
EtOH, 1 26
EtOH, 1 26
MeOH, 500 180
EtOH, 5 RT
3-Methyl
EtOH, 5 RT
EtOH, 5 RT
EtOH, 5 RT

0.1
0.1
0.1
0.1
0.1
0.1
10-6.5
0.1

0.1
0.1
0.1

5/
58
100

16
28.5
5

10
10
10

56
41
50
51.5
90.4
89.9
72.5
73

75
76
66

44
59
50

48.5
9.6

10.1

27.5
27

25
24
34

153b
177
177

153b
179
179

153b
177

177
177
177

“92% conversion.
80% conversion.
€51% conversion.
4379% conversion.
€90% conversion.

/8% conversion.
89% conversion.
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Pd—PYHCI/H
EtOH-H,0 H
o OH

Norcamphor ende2-norbornanol

PUH,

AcOH OH

o H
Camphor

exo2-bornanol (isoborneol)
Scheme 5.11 Stereochemistry of the hydrogenation of norcamphor and camphor.

the equatorial 13- and 123-ols are formed exclusively as the result of the addition of
hydrogen from the less hindered o face (Scheme 5.10). The predominant product in
the hydrogenation of bicyclo[2.2.1]heptanones may be an endo alcohol or an exo al-
cohol by the steric requirement around the carbonyl group, as shown in Scheme
5.11.133-185 Hydrogenation of camphor over a reduced iron catalyst, however, was re-
ported to give predominantly endo-2-bornanol (borneol).!3®

Wipke and Gund'®” have evaluated the steric congestions of a number of ketones
at a reaction center toward nucleophilic addition and correlated them with the
stereoselectivity of steric-approach-controlled reactions.'%!88 Since the stereochem-
istry of hydrogenation of hindered ketones may be controlled by the adsorption of the
ketones to the catalyst or the first addition of hydrogen to the carbonyl group, it will
be of interest to compare the stereochemical outcome of the hydrogenation of hin-
dered ketones with the stereoselectivity expected by the values of congestions, where
“overt” means the least congested side and “covert,” the most congested side of ke-
tones. Some of the results in the literature are summarized in Table 5.13.189-1%

5.4.6 Hydrogenation of Fructose

The hydrogenation of p-fructose leads to a mixture of p-mannitol and D-sorbitol
(Scheme 5.12). The diastereoselective hydrogenation of b-fructose to D-mannitol has
been a subject of some industrial interest.*®® Usually high selectivities to D-mannitol
have been obtained over supported copper catalysts with addition of sodium borate.?’!
Hegediis et al. obtained the highest selectivity of 82.7% of p-mannitol over a cobalt-
containing Raney Cu in the presence of sodium borate in the hydrogenation of 20 wt%
of p-fructose in water at 50-75°C and 4-7 MPa H2.202 An even higher selectivity of
88.2% of p-mannitol was obtained over a CPG (controlled-pore glass)-supported Cu
catalyst in the presence of sodium borate.

5.4.7 Enantioselective Hydrogenations

Enantioselective hydrogenation®®* using a heterogeneous catalyst, which was first ap-

plied to a carbon—nitrogen double bond,>**** has been studied extensively by Izumi



TABLE 5.13 Stereochemistry of Hydrogenation of Hindered Ketones

€T¢

Congestion® Congestion Ratio .
Predominant Product (Observed
Ketone Overt Covert Overt Covert Reaction Conditions” Overt:Covert Ratio) Ref.
Norcamphor 7.4 30.3 20 80  Pd-Pt/EtOH-H,0O-HCl endo-2-Norbornanol 183
1-Aza-3-norbornanone — — — —  PtO,/EtOH¢ endo-1-Aza-3-norbornanol 189
Camphor 24.4 454.7 5 95 Pt/AcOH Isoborneol (exo:endo = >90:5) 185
Fenchone 45.6 99.4 31 69 [3-Fenchol 190
Isofenchone — — — —  PtO,/AcOH -Isofenchol 191
5a-Cholestan-1-one 22.5 69.2 25 75  PtO,/AcOH 5a-Cholestan-1f3-ol 181
5a-Cholestan-2-one 32 153.2 2 98  PtO,/AcOH 5a-Cholestan-23-ol 192
U-Ni-A/C¢H,, ¢ 5a-Cholestan-2[3-ol 170
(B:a =98:2)
5a-Cholestan-4-one 3.8 488.3 1 99  PtO,/AcOH 5a-Cholestan-43-ol 193
5a-Cholestan-6-one 1.1 386.3 1 99  PtO,/MeOH 5a-Cholestan-6f3-ol 194
5a-Cholestan-7-one 6.4 28.1 18 82  PtO,/AcOH 5a-Cholestan-7f3-ol 195
(0: =38:62)
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TABLE 5.13 Continued

Congestion Congestion Ratio Predominant Product (Observed
Ketone Overt Covert  Overt Covert Reaction Conditions? Overt:Covert Ratio) Ref.
5a-Cholestan-11-one® 6.6 346.9 2 98  PtO,/AcOH 5a-Cholestan-113-ol 196
(exclusive)
5a-Cholestan-12-one 24.5 56.8 30 70  PtO,/AcOH 5a-Cholestan-123-ol 182
trans-1-Decalone — — — —  PtO,/AcOH/HCI trans,cis-1-Decalol 197
(trans,cis:trans,trans = 89:11)
2-Methylcyclohexanone 3.1 17.3 15 85  Pt/AcOH/HCI cis-2-Methylcyclohexanol 198
(cis:trans = 93:7)
RaNi/EtOH/ NaOH cis-2-Methylcyclohexanol 153¢
(cis:trans = 80:20)
3,3,5-Trimethylcyclohexanone 2.7 52.6 5 95  PtO,/MeOH trans-3,3,5-Trimethylcyclohexanol 153a
(trans:cis = 91:9)
Nic/EtOH trans-3,3,5-Trimethylcyclohexanol 199
(trans:cis = 95:5)
2-Methylcyclopentanone 3.6 17.2 17 83  Pt/AcOH/HCI cis-2-Methylcyclopentanol 153b
(cis:trans = 65:35)
RaNi/EtOH cis-2-Methylcyclopentanol 177

(cis:trans = 80:20)

“Wipke, W. T.; Gund, P. J. Am. Chem. Soc. 1976, 98, 9107. Reprinted with permission from American Chemical Society. Overt—Ileast congested side of ketone;
covert—most congested side of ketone.

bAt atmospheric hydrogen pressure unless otherwise noted.

€At 0.34 MPa H,.

4At 6.9-9.8 MPa H,.

“The structure of the 11-one really hydrogenated is not certain.
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CH,OH CH,OH CH,OH
o H, H OH
H - > H + H
OH OH OH
OH OH OH
CH,OH CH,0H CH,OH
D-fructose D-mannitol D-sorbitol

Scheme 5.12 Hydrogenation of D-fructose.

and co-workers on the hydrogenation of B-keto esters to optically active B-hydroxy es-
ters.2% Raney nickel catalyst modified by optically active tartaric acid has been found
to be effective for the hydrogenation of methyl acetoacetate to optically active 3-hy-
droxybutyrate.””’ Later studies have revealed that to obtain a high optical yield use of
reduced nickel oxide or Ni—Pd—kieselguhr modified with tartaric acid is effec-
tive.2%82%% Thus, optically active ethyl 3-hydroxybutyrate was obtained in an 81.7%
ee (enantiomeric excess) from the corresponding keto ester over reduced nickel oxide
modified by tartaric acid with addition of a small amount of acetic acid.>®® Similarly,
optically active methyl B-hydroxybutyrate was obtained in 90.6% ee over Ni—Pd—ki-
eselguhr modified by tartaric acid with addition of a small amount of formic acid (eq.
5.47).2% The optical yields given above are those corrected on the basis of a newly es-
timated value of [0 ]2DO =-22.95° (neat) for pure methyl (R)-3-hydroxybutyrate.*!’

2.3 g Ni-Pd—kieselguhr (1:0.01:1)*
CH4COCH,COMe CH3;CHOHCH,COMe (5.47)
44 ml THF/1.1 mmol HCGH

23.59 (0.2 mol) 98-100°C, 8.3-6.9 MPagi24 h  [alp*= —20.79° (90.6% ee)

* Modified by 1.5% ag. solution oR/R)-
tartaric acid at pH 4.3 and 83-85°C.

Later, the optical yields over the modified Raney Ni were greatly improved by hydro-
genating the substrate in the presence of sodium bromide.?!? Thus, the best optical
yield of 88.6% ee was obtained in the hydrogenation of methyl acetoacetate over Ra-
ney Ni modified 3 times with tartaric acid in the presence of sodium bromide with ad-
dition of a small amount of acetic acid (eq. 5.48).

CH3COCH,COM 089 Raney ¥ CH3;CHOHCH,COM
e e
’ 23 ml GHsCO,Me, 0.2 ml AcOH s HCO) (5.48)

11.5ml RT to 100°C, 8.8 MPa <10 h [a]p?’= —20.34° (88.6% ee)

* Modified by a solution of 1 gR,R)-tartaric acid
and 10 g NaBr in 100 mlJ© at pH 3.2 3 times.

4-Hydroxy-2-butanone and its methyl ether were also hydrogenated in 69 and 68% ee,
respectively, using the same modified nickel catalyst.”!! Acetylacetone was first hy-
drogenated to (R)-4-hydroxy-2-pentanone in 87% ee over the Raney Ni modified by
(R,R)-tartaric acid. Then the (R)-hydroxy ketone was hydrogenated to a mixture of
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78.3% of (R,R)-2,4-pentanediol and 8.7% of (R,S)-2,4-pentanediol. The results indi-
cate that the hydrogenation of the (R)-hydroxy ketone to the (R,R)-diol was highly di-
astereoselective (90%).%'> The presence of an appreciable amount of carboxylic acid
was favorable for obtaining high optical yields in enantioselective hydrogenation of
various alkyl methyl ketones over the modified Raney Ni.?!* The highest optical yield
of 74% was obtained in the hydrogenation of 3,3-dimethyl-2-butanone in the presence
of pivalic acid.

Later detailed studies revealed that the enantioselectivity of the Raney Ni is im-
proved by removing the aluminum-rich component from the surface of the catalyst,
as has been effectuated by treating the catalyst repeatedly with tartaric acid. The ad-
sorbed tartaric acid was found to be effective only when it existed as a mono- or diso-
dium salt, and free tartaric acid or its salts of lithium, potassium, magnesium, and
aluminum were not effective.?!* Tai et al. have prepared an improved asymmetrically
modified Raney Ni by ultrasonic irradiation of Raney Ni in water followed by re-
moval of the resulting turbid supernatant suspension by decantation.?!® It has been
shown that the aluminum-rich part of Raney Ni is thus removed effectively by
analysis of the solid materials collected from the supernatant suspension. By
modifying the Raney Ni thus pretreated with optically active tartaric acid and so-
dium bromide, high enantioselectivities and activities have been obtained in the
hydrogenation of 1,3-diketones and 3-oxoalkanoic esters. With use of this im-
proved modified catalyst, the reaction time was shortened by a factor of 2—4 and
the optical yield improved by 5—8% in comparison with the previous modified Ra-
ney Ni in the hydrogenation of methyl 3-oxoalkanoates. The highest optical yield
(94%) was obtained in the hydrogenation of methyl 3-oxotetradecanoate at 100°C and
9.8 MPa H,. The hydrogenation of acetylacetone gave (R,R)-2,4-pentanediol in 91%
optical yield. More than 98% optical yield has been reported in the hydrogenation of
methyl 3-cyclopropyl-3-oxopropanoate.>'®

Orito et al. were successful for the hydrogenation of a-keto esters to optically ac-
tive d-hydroxy esters using Pt—C or Pt—Al,0, modified with quinine or cinchonidine
as the catalyst.’!”*!8 Usually higher optical yields were obtained over the modified
Pt—Al,0; than over the modified Pt—C. Thus, methyl pyruvate was hydrogenated to
methyl (R)-(+)-lactate in 86.8% ee over 5% Pt—Al,O; modified with quinine (eq.
5.49). Ethyl benzoylformate was likewise hydrogenated to ethyl (R)-(—)-mandelate in
83.9% ee in benzene over 5% Pt—Al,O, modified with cinchonidine at room tempera-
ture and 4.9 MPa H,.

0.5 g 5% Pt-AIOz*
CH3;COCQOMe — CH3;CHOHCQOMe
12.3ml 24 ml benzene/0.1 g quinine

RT,6.9MPal, <1h  [alp™= +7.16° (86.8% ee)

(5.49)

* Preheated at 400°C undeg Eind modified
by 1% EtOH solution of quinine at RT.

Later studies by Blaser et al. revealed that the enantioselectivities as well as the rates
of hydrogenation for 0-keto esters are increased by hydrogenation in acetic acid. In
the hydrogenation of ethyl pyruvate the best results (93—95% ee) were obtained in ace-
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tic acid, using a special wide-pore Pt—Al,O; catalyst and 10,11-dihydro-O-methyl-
cinchonidine (30) as modifier (eq. 5.50).2" It is of interest that the modification with
cinchona alkaloids leads to a marked increase in reaction rate.”?’ Similarly, ethyl 4-
phenyl-2-oxobutyrate was hydrogenated to give the corresponding optically active
hydroxybutyrate in 91% ee at 10°C. It is noted that the platinum catalyst modified with
the cinnconidinium chlorides quaternarized with methyl or benzyl groups in the ali-
phatic nitrogen are completely ineffective for enantioselective hydrogenation.!

(5.50)
H  OH
50 mg 5% Pt-AiOg*
CHyCOCOSEt RPAY . g
20 ml AcOH/10 mg dihydr@-methylcinchonidine 3
5 ml (45 mmol) 20-25°C, 10 MPa § 0.5 h o)
* Johnson Matthey JMC 5R94. 94% ee

Blaser and Jalett obtained moderate to good (>80%) optical yields in enantioselective
hydrogenation of 0-keto acids using platinum catalysts modified with cinchona alka-
loids. In contrast to the cases with a-keto esters, high optical yields were obtained by
hydrogenation in aqueous alcohols. The best results were obtained in hydrogenation
with a combination of Pt—Al,O (Johnson Matthey 5R94) and 30 in EtOH/10% H,O
at 25-30°C and 7-10 MPa H,, which led to an 85% ee with 4-phenyl-2-oxobutyric
acid and a 79% ee with pyruvic acid.**?

Minder et al. studied various modifiers containing a nitrogen base for the enan-
tioselective hydrogenation of ethyl pyruvate.*?2* Up to 82% ee with (R)-1-(1-
naphthyl)ethylamine and up to 75% ee with (R)-2-(1-pyrrolidinyl)-1-(1-naphthyl)-
ethanol as modifiers were achieved in the hydrogenation of ethyl pyruvate to (R)-ethyl
lactate over Pt—Al,O; in acetic acid.

Simple 2-alkanones, which usually afford optically active alcohols only in low op-
tical yields with modified Raney Ni, have been converted to active alcohols in 72—
85% ee by hydrogenation over the Raney Ni modified with optically active tartaric
acid and sodium bromide in the presence of an excess amount of pivalic acid (eq.
5.51).227227 In the absence of pivalic acid the optical yield was negligible in the hy-

o Raney Ni modified by OH
R)J\ (R,R)-tartaric acid/NaBr R)\

10:9 THF—-pivalic acid

60°C, 9 MPa H % ee (5.51)
R =Et 72
=i-Pr 85

= hexyl 80
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drogenation of 2-octanone. The optical yield in the presence of pivalic acid increased
with decreasing reaction temperatures from 180°C to 50—60°C. The mechanism of
heterogeneous enantioselective hydrogenations has been discussed by Sutherland et
al.,>8 Augustine et al.,”*° Simons et al.,>° Schwalm et al., ! and Margitfalvi et al.??

5.5 MECHANISTIC ASPECTS OF THE HYDROGENATION OF
KETONES

Tanaka has recently reviewed the hydrogenation of ketones with an emphasis on the
mechanistic aspects of the reaction.”>* Numerous references related to this subject can
be found in his article. Deuteration of cyclohexanones and an application of NMR
spectroscopy to the analysis of deuterated products have revealed that on ruthenium,
osmium, iridium, and platinum, deuterium is simply added to adsorbed ketones to give
the corresponding alcohols deuterated on the C1 carbon, without any deuterium atom
at the C2 and C6 positions, while over palladium and rhodium the C2 and C6 positions
are also deuterated.>** A distinct difference between rhodium and palladium is that on
rhodium deuterium is incorporated beyond the C2 and C6 positions whereas on pal-
ladium the distribution of deuterium is limited to the C2 and C6 carbons.”****> From
these results, together with those on the deuteration of adamantanone,>*¢ it has been
concluded that a T-oxaallyl species is formed on palladium while deuterium may be
propagated by an o, process>>’ on rhodium via a staggered o,B-diadsorbed species.
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I CHAPTER 6

Preparation of Amines by Reductive
Alkylation

An aldehyde or ketone may react with ammonia or a primary or secondary amine to
give alkylated amines in the presence of catalyst under hydrogenation conditions. The
reaction that was first described by Mignonac! has been widely applied to the prepa-
ration of various amines and is known as the reductive alkylation of ammonia and
amines or the reductive amination of aldehydes and ketones.” Alcohols may also react
with primary and secondary amines in the presence of hydrogenation catalysts such
as nickel, palladium, and copper—chromium oxide to give secondary and tertiary
amines.® Since amines are seldom alkylated with tertiary alcohols, alkylation is be-
lieved to occur by the reaction of the aldehyde or ketone, formed by dehydrogenation
on the catalyst, with amines. As is expected, the reaction of amines with alcohols re-
quires much higher temperatures (180°C or higher over Raney Ni and Cu—Cr oxide)
and longer reaction times than the reaction with the carbonyl compounds.?

6.1 REDUCTIVE ALKYLATION OF AMMONIA WITH CARBONYL
COMPOUNDS

Reductive alkylation of ammonia may proceed under mild conditions over nickel cata-
lysts. In examples using Raney Ni, temperatures ranging from 40 to 150°C and hydrogen
pressures of 2—15 MPa have been used to obtain satisfactory results.** In general, the re-
ductive alkylation of ammonia with carbonyl compounds may produce primary, secon-
dary, and tertiary amines, as well as an alcohol, a simple hydrogenation product of the
carbonyl compound (Scheme 6.1). The selectivity to respective amine depends primarily
on the molar ratio of the carbonyl compound to ammonia, although the nature of catalyst
and structure of the carbonyl compound are also important factors for the selectivity. As
an example, the reaction of benzaldehyde in the presence of 1 equiv of ammonia in ethanol
over Raney Ni gave benzylamine in an 89.4% yield while with 0.5 molar equivalent of
ammonia dibenzylamine was obtained in an 80.8% yield (eq. 6.1).*

10 g Raney Ni
PhCHO  +  NHs g Raney PhCHNH,  +  (PhCH),NH
300 ml EtOH*
40-70°C, 9 MPa Kl
318 g (3 mol) 51 g (3 mol) 89.4% 7.1%
318 g (3 mol) 25.5 g (1.5 mol) 11.8% 80.8%
6.1)

* The aldehyde was added to a solution of ammonia in cooled ethanol.
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H :

RCOR' + NH; ———2—> RRCHNH, + H;0
2H ,

2RCOR' + NH; ————2%—> (RRCH)LNH + 2H,0
3H, ' +

3RCOR' + NH; ———2——>  (RR'CH)N 3 H,0
H :

RCOR' — 2 RR'CHOH
(R' = Horalkyl)

Scheme 6.1 Products of the reductive alkylation of ammonia with an aldehyde or ketone.

With aliphatic aldehydes having a-hydrogen atoms, especially of the type RCH,CHO,
the yields of the corresponding alkylamines may be lowered with the formation of
tarry byproducts through the aldol or other condensation reactions. Further, reductive
alkylation with lower aliphatic aldehydes tends to give a mixture of primary, secon-
dary, and tertiary amines. Butyraldehyde ammonia hydrate, butyraldehyde in an alco-
holic solution of ammonia, and heptanal ammonia were converted into compounds of
relatively high molecular weight to the extent of 47-55% in the hydrogenation over
Ni—kieselguhr at 100—125°C and 10-15 MPa H2.5 The yields of primary amines were
32-36% and those of secondary amines, 12-26%. With butyraldehyde ammonia hy-
drate, 32% of butylamine, 12% of dibutylamine, and 23% of 2-propyl-3,5-
diethylpyridine, as one of high-molecular-weight condensation products, were
isolated, although Mignonac obtained a 68% of butylamine at low-pressure hydro-
genation of butyraldehyde in aqueous ammonia over a nickel catalyst. The reaction of
butyraldehyde with 0.5 equiv of ammonia over Raney Ni also resulted in a mixture of
31% of butylamine, 17% of dibutylamine, and 8% tributylamine.® Heptanal was con-
verted to heptylamine in 59% and 53-63% yields in the presence of excess ammonia
in methanol over Raney Ni (eq. 6.2).”

1 tablespoon Raney Ni
CH5(CH,)sCHO - CHs;(CH,)sCH,NH,,
500 ml MeOH/150 ml (6.4 mol) lig. N&

320 g (2.8 mol) 150°C, 34.5-24 MPa H 53-63% (6.2)

Caproaldehyde (hexanal), pelargonaldehyde (nonanal), and azelaaldehydic esters (8-
alkoxycarbonyloctanals) were converted to the corresponding primary amines in high
yields in the presence of a large excess of ammonia over Raney Ni.® In particular,
methyl 9-aminononanoate was formed in 97.2% yield (GC) from methyl azelaaldehy-
date in the presence of a 20-fold excess of ammonia over Raney Ni in heptane—metha-
nol at 75°C and 6.9 MPa H, (eq. 6.3). The only other product detected was 2.8% of
methyl 9-hydroxynonanoate. It has been suggested that the use of the two immiscible
solvents led to the high yield of the amino compound.
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Raney Ni
H,N(CHp)gCOMe + HO(CH,)sCO,Me
OHC(CH,),CO,Me heptane/MeOH 2 2)8CO, H)eCO,
20-fold molar excess Ng1 97.2% (GC) 2.8% (GC)
75°C, 6.9 MPa ki 6.3)

The reaction of nonanal with 0.5 equiv of ammonia gave dinonylamine in 81% yield
(GC) along with small amounts of nonylamine, trinonylamine, and 1-nonanol over
Raney Ni in heptane/methanol at 75°C and 6.9 MPa H,, while substitution of Pd—C
for the nickel catalyst and omission of solvent resulted in the formation of trinony-
lamine as the predominant product (eq. 6.4). It is noted that hydrogenation of the
stoichiometric 3:1 aldehyde—ammonia mixture resulted in decreased yield of trinony-
lamine (73.2%) accompanied by the formation of 1-nonanol in an amount of 20.0%.

CgH;,.CHO  +  29.9%aq.Nj ——> CoHiNH, + (CgHig),NH + (CoH1g)sN + CgH1gOH
259 (0.176 mol)  5.75ml (0.0905 mol) 3 g Raney Ni* 549 81.0% 3.2% 8.79%F
109 (0.0703mol)  2.30 ml (0.036 mol) 1 g 10% P8-C 3,794 6.8% 84.1% 0.0%8
* Solvent: 75 ml heptane~75 ml MeOH; 75°C; 6.9 MPaih. *Plus 1.7% of other product. (6.4)

T No solvent; 100°C; 6.9 MPaut4 h. § Plus 5.4% of other product.

Yada et al. investigated the reductive amination of nonanal in the presence of a
large excess of ammonia (molar aldehyde/ammonia ratio = 1: 9.4) over group VIII
(groups 8—10) metals in ethanol at 50°C and 8 MPa H2.9 As seen from the results
shown in Table 6.1, the yield of nonylamine increased with respect to catalyst metal
in the following order: Pd < Os < Pt < Rh < Ir < Ru = Raney Ni < Raney Co. The high-
est yield (94%) of nonylamine was obtained with Raney Co. Over ruthenium and Ra-
ney Ni the yield decreased to 87%, due to the formation of dinonylamine and
I-nonanol, respectively. On the other hand, over palladium and osmium dinonylamine
was produced in larger amounts than nonylamine, while trinonylamine was found
only in small amounts (6% and 1%, respectively). In general, the formation of primary
amine did not increase with the addition of ammonium chloride, although it was re-
ported to be effective for the conversion of some ketones to primary amines over plati-
num.!® On the other hand, the formation of tertiary amine over palladium increased
from 6 to 45% in the presence of ammonium chloride. The maximum amount of the
Schiff base, N-nonylidenenonylamine (2), found as an intermediate during the reac-
tion, was 69% over Raney Ni, 67% over Raney Co, and 53% over ruthenium, which
were in all cases much greater than the amounts of secondary amine produced over
the respective metal. These results indicate that the reaction pathways leading to the
formation of primary amine involve the decomposition of 2 formed as an intermediate
into nonylamine and 1-nonanimine (1) in the presence of ammonia (see Scheme
6.2).!! Significant amounts of N,N-dinonyl-1-nonenylamine (5), a tertiary amine pre-
cursor (see Scheme 6.3), were also found as an intermediate during the reaction even
when no tertiary amine was formed. Similar to 2, the tertiary amine precursor S also
appears to be decomposed into the secondary amine and 1-nonanimine in the presence
of ammonia (Scheme 6.3). The hydroamide N,N'-dinonylidene-1,1-nonanediamine
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TABLE 6.1 Reductive Alkylation of Ammonia with Nonanal*®

Yield of Product (%)°

Conversion Schiff
Catalyst (%) Nonylamine Dinonylamine Trinonylamine 1-Nonanol base?
Pd 95 24 62 6 0 3
Ru 97 87 10 0 0 0
Rh 99 52 46 0 1 0
Pt 89 48 33 0 2 6
Ir 97 66 28 0 1 2
Os 99 35 53 1 10 0
Raney Co 100 94 6 0 0 0
Raney Ni 100 87 2 0 11 0

“Data of Yada, S.; Takagi, Y.; Hiyamizu, M. Nippon Kagaku Kaishi 1995, 107. Reprinted with permission
from Chemical Society of Japan.

’Nonanal (0.71 g, 0.005 mol) was hydrogenated in the presence of 0.8 g (0.047 mol) of

ammonia in 10 ml of ethanol over 0.01 g of platinum metal or 0.5 g of Raney catalyst at 50°C

and 8 MPa H, for 24 h.

“Analyzed by GC.

dN—Nonylidenenonylamine.

OH

+ NH; [ -H,0 _ H,
CgH;,CHO CgH17CHNH, CgH;/CH=NH ——> CgH;\H,
| —NH, +H,0 1 |
| |
1
u | u
NH
OH PH |2
CgH1/CHN= CHGH 7 CgH17CHNHGH; CeH17CHNHGH;
+NH
+H,0 N -H,0 +H,0 w -H,0 S "
- 3
C7H;CH=CHN=CHGH,; CgH1/,CH=NCgH;q
H, 2
—HN=CHGgH,; H + HN=CHGH,7 H
——2——  CgHiNHCgH1o
_ N=CHGgH7
CgH1/CH S -
N=CHCyH,; C7H1CH=CHNHCgHq
3 4

Scheme 6.2 Reactions of nonanal in the presence of ammonia and hydrogen leading to the
formation of nonylamine and dinonylamine.



230 PREPARATION OF AMINES BY REDUCTIVE ALKYLATION

OH
|
CgH17CHO + HN(Cngg)Z - C8H17CHN(C9H19)2

+ HZON - H,0

C7H15CH =CHN(CgH19), (CgH19)aN
5
_NH3N * NHs CoH1gNH,
Ha /
C8H17CIHN(C9H19)2
NH, <—=  CgH;7CH=NH + HN(CgH;g),

Scheme 6.3 The formation and reactions of trinonylamine precursor 5 in the presence of
ammonia and hydrogen.

(3), although not detected over Raney Ni and Raney Co, was found over ruthenium
and palladium at initial stages of the reaction, although it was transformed into other
products more rapidly than the Schiff base 2. On the basis of these results, the reaction
pathways leading to the formation of the intermediates as well as to the primary, sec-
ondary, and tertiary amines are formulated as in Schemes 6.2 and 6.3.° The selectivity
of catalyst metals for the formation of primary and secondary amines has been dis-
cussed by Yada et al. on the basis of the reaction pathways that involve the isomeri-
zation of the Schiff base 2 to the enamine 4, which may explain the extensive
formation of secondary amine over palladium.’

The reductive alkylation of ammonia with ketones is performed under conditions
similar to those for aldehydes, but appears to proceed with more difficulty. Skita and
Keil obtained only about 30% yields of primary amine from acetone and 2-butanone
in hydrogenation over a nickel catalyst in water containing slightly excessive molar
ratios of ammonia at 90°C and 2 MPa H,, although primary amines were usually ob-
tained in fair to good yields from most ketones.'? Cyclohexylamine was obtained in
~50% yield in 50% ethanol-water solution under otherwise identical conditions, al-
though ~80% yields were reported by other investigators.""'* Rhormann and Shonle
obtained 2-aminoheptane in 75-80% yield by reductive amination of 2-heptanone in
absolute ethanol saturated with dry ammonia at —10°C over Raney Ni at 75-80°C and
10 MPa H2.14 Schwoegler and Adkins hydrogenated various ketones over Raney Ni
in the presence of 1.4 equiv of ammonia to ketone in methanol at 150°C and 15 MPa
H, and obtained the corresponding primary amines in yields of 65% with 3-methyl-
2-butanone, 51% with 3,3-dimethyl-2-butanone, 48% with 2.4-dimethyl-3-pen-
tanone, 72% with 5-nonanone, 64% with acetophenone (eq. 6.5), and 19% with
benzophenone.? Acetonylacetone under the same conditions gave 2,5-dimethylpyr-
rolidine and 2,5-dimethylpyrrole in 28 and 59% yields, respectively, while acetylace-
tone underwent ammonolysis to give acetamide in quantitative yield.> Somewhat
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lower yields of 1-phenylethylamine (44—52%) from acetophenone and 50-55% yields
of 2-aminoheptane from 2-heptanone were reported in the hydrogenation over Raney
Ni in a 5-fold excess liquid ammonia at 150°C and 34.5-24 MPa H2.7

coch, 3-4 g Raney Ni CHCH,
50 ml MeOH/0.7 mol NH AH 6.5)
2

150°C, 15 MPa b ~1 h
60 g (0.5 mol) ak 64%

The yields of primary amines over platinum oxide were improved in the presence of
an excess molar equivalent of ammonium chloride in low pressure reductive alkyla-
tion of ammonia with ketones in methanol saturated with ammonia.'® With acetophe-
none and 4-methyl-2-pentanone, the yields of primary amine increased from 37 and
49% in the absence of ammonium chloride to 69 and 57-65%, respectively, in the
presence of ammonium chloride. Méller obtained a much higher yield (>90%) of 1-
phenethylamine from acetophenone by adding a small amount of acetic acid to metha-
nol-ammonia with Raney Ni (eq. 6.6).'® The reductive amination of benzophenone in
the presence of Raney Co and some ammonium acetate gave ~70% yield of benzohy-
drylamine, compared to only 19% under usual conditions with Raney Ni.?

20 g Raney Ni @
coC CHC
::: s 100 ml MeOH/1 ml AcOH/200 ml lig. Nl AH, H (6.6)

130-135°C, 10-15 MPajH0.5 h

Gobolos et al. studied reductive amination of acetone with ammonia in a flow system
at 169-210°C and 0.8 MPa H, (H,/NH, = 0.5) on Raney Ni that had been modified
by organic tin compounds with general formula of SnR Cl,_, (R = Et, Bu, or benzyl)
in order to suppress the formation of isopropyl alcohol.'® By introducing tin from
tetraalkyl tin, the selectivity to the formation of secondary amine significantly in-
creased at the expense of the primary amine (isopropylamine/diisopropylamine ratio
= 68.2/24.1 at 192°C, compared to 83.6/8.6 at 190°C with unmodified catalyst). By
modifying the catalyst with SnBzl,Cl,, the lowest selectivity (<1%) for the formation
of isopropyl alcohol was obtained at temperatures of 171-202°C. The isopropy-
lamine/diisopropylamine ratio was close to the values obtained on the unmodified
catalyst (7.3% selectivity to isopropyl alcohol at 190°C).

Dialkyl ketones, especially sterically hindered ones, tend to give the corresponding
alcohols to significant extents under conditions of reductive amination, resulting in
lower yields of amines. As in the cases of the aromatic ketones described above, the
addition of small amounts of acetic acid or ammonium acetate is effective to depress
the formation of alcohols, which may become a significant side reaction over those
catalysts that are active for the hydrogenation of ketones to alcohols such as ruthe-
nium, Raney Co, and Raney Ni.7 Thus, the formation of 2-nonanol could be de-
pressed effectively in the presence of ammonium acetate in the reductive amination
of 2-nonanone over these catalysts (eq. 6.7).
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CHyCOGH; 5 CH4CH(NH,)C;H,5 + CH,CHOHCH
10 ml EtOH/0.8 g (0.047 mol) NH s 2Ciths * CHCHORG s

0.71 g (0.005 mol) 50°C, 8 MPa H (6.7)
Catalyst (g) NH,OAc (g)
Ru, 0.01 — 75 (%) 25 (%)
Ru, 0.01 0.2 93 7
Raney Co, 0.5 — 67 33
Raney Co, 0.5 0.2 98 2
Raney Ni, 0.5 — 46 54
Raney Ni, 0.5 0.2 100 0

In the reductive alkylation of ammonia with cyclohexanone, Skita and Keil found that,
although cyclohexylamine was obtained in 50% yield over a nickel catalyst, over col-
loidal platinum dicyclohexylamine was produced as the predominant product even in
the presence of an excess molar equivalent of ammonia. Steele and Rylander com-
pared the selectivity to primary amine, secondary amine, and alcohol in the reductive
alkylation of ammonia with 2- and 4-methylcyclohexanones over 5% Pd-, 5% Rh-,
and 5% Ru-on-carbon as catalysts.'® As seen from the results shown in Table 6.2, the
formation of secondary amine is greatly depressed by the methyl group at the 2 posi-
tion. Thus over Pd—C the secondary amine was formed predominantly with cyclohex-
anone and 4-methylcyclohexanone while the primary amine was produced in 96%
selectivity with 2-methylcyclohexanone. Over Ru—C the alcohol was formed quanti-
tatively with 4-methylcyclohexanone without the formation of any amines, whereas
with 2-methylcyclohexanone the alcohol was formed only to an extent of 57%, ac-
companied by the formation of 4 and 39% of the secondary and primary amines, re-
spectively. These results indicate that secondary amine formation is affected by the
steric hindrance of the methyl group to a much greater extents than is the formation
of the primary amine or the alcohol. The results with Ru—C and Rh—C also indicate

TABLE 6.2 Reductive Alkylation of Ammonia with Cyclohexanones®?

Product (wt%)

Molar Ratio of Cyclo- Dicyclo-  Cyclo-
Catalyst Cyclohexanone NH; to Ketone hexylamine hexylamine hexanol
5% Rh—C  4-Methyl- 6 44 40 16
5% Ru—-C  4-Methyl- 6 0 0 100
5% Pd—C  4-Methyl- 6 27 72 1
5% Pd—C  4-Methyl- 1.25 8 91 1
5% Rh—C  2-Methyl- 6 80 0 20
5% Ru-C  2-Methyl- 6 39 4 57
5% Pd-C  2-Methyl- 6 96 3 1
5% Pd-C  Unsubstituted 6 4 96 0

“Steele, D. R.; Rylander, P. N. in Rylander, P. N. Catalytic Hydrogenation over Platinum Metals,
Academic Press: New York, 1967; p 292. Reprinted with permission from Academic Press Inc.
bTemperature, 100°C; H, pressure, 6.9 MPa; no solvent; ammonia present as concentrated aqueous
solution.
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that the primary amine formation is depressed by the steric hindrance to a lesser extent
than is the alcohol formation. Under the conditions of the reaction, Pt—C was rapidly
poisoned.

Yada et al. studied the selectivity as well as the stereochemistry of the reductive al-
kylation of ammonia with 4-t-butylcyclohexanone over the six platinum metals in
ethanolic ammonia (about 3.5:1 molar ratio of NH;: ketone) at 50°C and 7.8 MPa H,
(Table 6.3)." The selectivity to the primary amine, which was always higher than that
to the secondary amine, was the highest with ruthenium (97%), while the selectivity
to the secondary amine was the highest over platinum (34%). Over all the metals the
cis isomer and the cis—cis isomer were predominant in the formation of the primary
and secondary amines, respectively. The results on the hydrogenation of stereoi-
someric mixtures of the azomethine, N-(4-t-butylcyclohexylidene)-4-t-butylcyclo-
hexylamine, (cis- and trans-6, Scheme 6.4) indicated that the addition of hydrogen to
the C=N bond occurred almost exclusively (91-100%) from the equatorial side. The
formation of the alcohol was always at low levels (0—9%). Over ruthenium and palla-
dium, the maximum amounts of the azomethine 6 formed as an intermediate during
the reaction were greater than the amounts of the secondary amine finally produced,
while over platinum the azomethine 6 was formed in a lesser amount than the secon-
dary amine. The results with ruthenium and palladium catalysts indicate that 6 formed
as an intermediate is decomposed to give the primary amine in the presence of ammo-
nia, similarly as in the reductive amination of nonanal (cf. Schemes 6.2 and 6.3). In
fact, the hydrogenation of 6 over ruthenium in the presence of ammonia gave 95% of
the primary amine and only 5% of the secondary amine, while in the absence of am-
monia 6 was hydrogenated to the secondary amine quantitatively. Over platinum the

TABLE 6.3 Reductive Alkylation of Ammonia with 4--Butylcyclohexanone over
Platinum Metals*®

Primary Amine® Secondary Amine?
cis,cis:
Reaction cis,trans: Alcohol
Catalyst Time (h)  Yield (%) cis: trans  Yield (%) trans,trans (%)°
Ru 9 97 77:23 0 — 3
Rh 3 95 88: 12 4 — 1
Pd 4 90 79: 21 10 68:32: 0 0
Pt 2 59 63: 37 34 51:46:3 7
Os 16 74 82: 18 17 68:32: 0 9
Ir 5 88 66: 34 11 70:30: 0 1

“Data of Yada, S.; Yazawa, N; Yamada, Y.; Sukegawa, S.; Takagi, Y. Nippon Kagaku Kaishi 1989, 641.
Reprinted with permission from Chemical Society of Japan.

b4-t-Butylcyclohexanone (0.77 g, 0.005 mol) was hydrogenated over 0.01 g of metal black in 10 ml ethanol
containing about 0.3 g (0.0176 mol) of ammonia at 50°C and 7.8 MPa H,.

4-t-Butylcyclohexylamine.

Bis(4-t-butylcyclohexyl)amine.

4-t-Butylcyclohexanol.
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H
H—
I
equatorial addition NH
[ H
H H
cis,cis

>~ "
Y axial addition W
Cis-6
H : / equatorial addition K( W
—
>~ N

cis,trans

axial addition H H
 E—
/ C N :; (
H H H
trans,trans

Scheme 6.4 Stereochemistry of the hydrogenation of «cis- and trans-N-
(4-t-butylcyclohexylidene)-4-7-butycyclohexylamine.

azomethine 6 appears to be hydrogenated rapidly without being accumulated in a
greater amount than the secondary amine. Even over platinum, 69% of the primary
amine was formed along with 31% of the secondary amine from the azomethine in the
presence of ammonia. Yada and Takagi also studied the reductive amination of men-
thone (7) and isomenthone (8) over four platinum metals supported on carbon as well
as over Raney Ni and Raney Co under similar conditions as for 4-#-butylcyclohex-
anone.”” In line with the results by Steele and Rylander (Table 6.2), the formation of
secondary amine was completely depressed with these hindered ketones. The selec-
tivity to the primary amines, however, was decreased by concurrent formation of the
alcohols, which greatly depended on the catalyst: none (0%) over Pd—C and as great
as 61.7% over Pt—C with menthone. The selectivity to the primary amines (see figures
in parentheses) decreased in the following order with respect to the catalyst: 5% Pd—C
(100%) > 5% Ru—C (96.5%) > 5% Rh—C (90.2%) > Raney Co (61.7%) > Raney Ni
(51.1%) > 5% Pt—C (38.3%). The formation of stereoisomeric products in the amine
and alcohol products as well as the presence of isomenthone in unreacted menthone
indicated that the isomerization of menthone to isomenthone and/or the isomerization
of the corresponding imine occurred extensively during the reductive amination prob-
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ably through the reactions shown in Scheme 6.5. Since the rate of reductive amination
of 8 was much smaller than that for 7, a significant part of the products from 8 appears
to be formed through 7.

In a process for the synthesis of isophoronediamine (3-aminomethyl-3,5,5-
trimethylcyclohexylamine) (11), which finds an expanding demand on the market
such as in the manufacture of polyurethanes, paints, and vanishes, isophoronenitrile
(9) was aminated through the reaction with hydrazine to give bis(3-cyano-3,5,5-
trimethylcyclohexylidene)azine (10) followed by hydrogenation of the azine with Ra-
ney Ni or Raney Co (Scheme 6.6). In this manner the formation of byproducts such
as amino alcohol, azabicyclic compound, or the secondary amine could be minimized,
and isophoronediamine was obtained in 90-95% overall yields.?! Analysis of the re-
action mixture in the course of the hydrogenation of 10 indicated that 10 was rapidly
hydrogenated at the nitrile group to give the azine with two aminomethyl groups,
which was further hydrogenated to 11, probably through the corresponding hydrazine,
although it was not observed during the hydrogenation. The cis/trans isomer ratio of
11, obtained thus via the azine, was 44/56 over Raney Ni and 49.5/50.5 over Raney
Co, which were quite different from that obtained by the usual amination of 9 (about
80/20). In a patent, isophoronenitrile was first transformed into the iminonitrile with
use of active carbon at 20°C and then the iminonitrile was hydrogenated over Co—
Si0, at 114°C and 6.9 MPa H, to give 11 in 94.9% yield.”> In another patent,
isophoronenitrile was kept in methanol and ammonia at 40°C for 2.5 h, allowed to cool
to room temperature, and then hydrogenated over a supported ruthenium—cobalt cata-
lyst at 120°C and 9.8 MPa H, to give 82.1% of the corresponding diamine and cy-
anoamine.”

catalyst
0 NH

EtOH/NH,
N 7 60°C,7MPaH A~ N

A

H> "NH,

*
? ""OH

~

O -

OH NH,

o -

catalyst

O  EtOH/NH, NH
g 60°C,7MPaHl

Scheme 6.5 The products of the reductive amination of menthone (the compounds indicated
by asterisks were not found in the products).
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2 O + NyH4H,0 MeOH NN + sho
HCO,H
N CN 10 CN
9 98%
10 8 g (wet) Raney Ni , .,
40 g (0.123 mol) 400 ml MeOH/16.7 g (0.98 mol) NH "
g (0. mo 150° MP P
P oraRes CH,NH,
95% (GC)

Scheme 6.6 Reductive amination of isophoronenitrile via the formation of an azine.

6.2 REDUCTIVE ALKYLATION OF PRIMARY AMINES WITH
CARBONYL COMPOUNDS

The reaction of a primary amine with a carbonyl compound may give an addition
product or an azomethine derived from it, and may give a secondary amine by hydro-
genation. If the addition product of the secondary amine with a carbonyl compound
has an 0-hydrogen adjacent to the carbonyl group, the formation of a tertiary amine
may be possible through an enamine as intermediate, although direct removal of the
hydroxyl group by hydrogenolysis might also be possible (Scheme 6.7). The reductive
alkylation of primary amines with a carbonyl compound provides a useful method for
the preparation of mixed secondary amines, RNHR', which are seldom easy to prepare
by other methods.?* Skita et al. alkylated primary and secondary amines with an alde-
hyde or ketone using a colloidal platinum mostly in water at room temperature and 0.3
MPa Hz.lz’25 Fair to good yields of secondary amines were obtained from an equi-
molar mixture of primary amine and carbonyl compound under these conditions.
Thus, there have been prepared ethylisoamylamine in good yield from isoamy-
lamine and acetaldehyde, s-butylmethylamine in 69% yield from methylamine and
ethyl methyl ketone, N-isopropylcyclohexylamine in 79% yield from cyclohexy-
lamine and acetone, and N-s-butylcyclohexylamine in 60% yield from cyclohexy-
lamine and ethyl methyl ketone. However, the reaction of cyclohexylamine and
diethyl ketone gave only a 31% yield of N-(1-ethylpropyl)cyclohexylamine. It ap-
pears that the yield of secondary amines decreases in the cases of the ketones with-
out at least one methyl group.

Winans and Adkins obtained N-butylcyclohexylamine (eq. 6.8) and N-
butylpiperidine in 91 and 93% yields, respectively, by hydrogenating a mixture of cy-
clohexylamine or piperidine with slightly molar excess of butyraldehyde over
Ni—kieselguhr at 125°C and 10 MPa Hz.26 Under similar conditions hydrogenation of
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r T"
RCOR' + H,NR' =—= ’>CNHR"

OH
R R P R

RCOR' + R"HNCH —= CNCH _
N 7 N
Rl Ru '

(R' = H or alkyl) 1N

Scheme 6.7 Reductive alkylation of a primary amine with an aldehyde or ketone to produce
secondary and tertiary amines.

an equimolar mixture of cyclohexylamine and cyclohexanone gave dicyclohexy-
lamine in 70% yield, along with 28% of cyclohexanol. Hydrogenation of a mixture of
B-phenethylamine and butyraldehyde, however, afforded only a low yield (36%) of N-
butyl-B-phenethylamine along with 11% of N,N-dibutyl-B-phenethylamine and 21%
of unreacted B-phenethylamine.

4 g Ni-kieselguhr Q
NHC,Hs (6.8
QNHZ + CHg(CHCHO 125°C, 10 MPa B L h 4o (6.8)

49.5 g (0.5 mol) 39.6 g (0.55 mol) 70.1 g (91%)

Henze and Humphreys prepared various N-alkylbutylamine by hydrogenating the
aldimines or ketimines, obtained by adding a hydrocarbon solution of aldehyde or ke-
tone to a hydrocarbon solution of butylamine and drying over anhydrous potassium
carbonate or sodium sulfate in the case of aldimines but without isolating the imines,
over Raney Ni at 75°C and an initial hydrogen pressure of 21 MPa.** Thus N-methyl-,
N-ethyl-, N-propyl-, N-isopropyl-, N-isobutyl-, N-s-butyl, N-pentyl (eq. 6.9), and N-
isoamylbutylamines were prepared in 26—56% yields. In the case of N-methylbuty-
lamine, obtained from methylamine and butyraldehyde, a significant amount of
N-methyldibutylamine was also formed.
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CH3(CH,)sCHO  + HoN(CHysCH; —> CHz(CH,)3CH=NH(CH,)3CH; (6'9)
43 g (0.5 mol) in 36.5g (0.5 mol) in 10 g Raney Ni
25 ml Skellysolve* 25 ml Skellysolve* CH3(CHp)sNH(CH,)5CH3

75°C,21 MPa b, <3h

o . X 51%
* Chilled in salt-ice, the aldehyde solution added slowly

to the amine solution, allowed to stand for 1 h,

dried over KCO; after the water is separated.

Campbell et al. prepared unsymmetric secondary aliphatic amines from aliphatic al-
dehydes and primary amines in overall yields of 33—63% from the primary amine, by
hydrogenation of the isolated aldimines over prereduced platinum oxide in ethanol at
room temperature and 0.2—0.3 MPa H2.27 The hydrogenation was best carried out in
absolute ethanol in the presence of a small amount of the starting primary amine to
minimize cleavage of the aldimine. An example is seen in eq. 8.2 for the preparation
of butylpropylamine. Prereduced platinum oxide was superior to Pd—C in the rates of
hydrogenation and the yields of amine. With Raney Ni the calculated amount of hy-
drogen was taken up rather rapidly, but distillation of the reduction product yielded
little or no secondary amine. Other examples where imines were prepared in situ prior
to hydrogenation but subjected to hydrogenation without being isolated are seen in
egs. 8.3 and 8.5.

Cope and Hancock alkylated ethanolamine with ketones containing 3—10 carbon
atoms over prereduced platinum oxide in ethanol at room temperature and 1-2 atm of
hydrogen.?® Most of the hydrogenations were exothermic and proceeded rapidly with-
out heating in alcohol solution and gave 2-sec-alkylaminoethanols in nearly quantita-
tive yields (mostly 92-98%). The hydrogenations were most rapid with methyl
ketones except acetophenone. An example is shown in eq. 6.10. The hydrogenations
with cyclic ketones, except /-menthone, were equally rapid. In the case of diethyl ke-
tone the hydrogenation was slightly slower, but went to completion without heating.
With acetophenone, dipropyl ketone, dibutyl ketone, and /-menthone the reaction
mixtures were heated to 50-60°C, and rather long reaction times (20—30 h) were re-
quired for completing hydrogenation. No reduction occurred with diisobutyl ketone
under these conditions. The hydrogenations were much slower in acetic acid, and still
slower when Pd—C was used.

o

0.5 g Pt oxide*
9 = oxde CeH12CHNHCH,CH,OH

CHaCO(CH)<CH; + H,NCH,CH,OH 100 T Eon
166 g (1.3 mol) 61 g (1 mol) RT,0.1-0.2 MPakj 7 h 9% (6.10)
* Prereduced in 50 ml EtOH at 1 atm.H

Raney Ni and copper—chromium oxide can be used satisfactorily for these reductive
alkylations at elevated temperatures and pressures in ethanol solution or without a sol-
vent (eq. 6.11). 2-prim-Alkylaminoethanols were prepared in a similar manner in 60—
90% yields by hydrogenating mixtures of aldehydes with ethanolamine. In these cases
the alcohol solution of ethanolamine was cooled in ice while the aldehyde (15% molar
excess) was added slowly in order to avoid polymerization.
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o
H H- +  HNCHCHOH ———>  CyH:CHNHCH,CH,OH
CHaCOGHs o 6.9-13.8 MPa b
28 g (0.39 mol) 18 g (0.3 mol)
3 g Raney Ni, 150°C 27.2 g (86%)

1 g Cu-Cr—Ba oxide, 160°C  28.5 g (88%)

(6.11)
The condensation products of ketones with ethanolamine, the intermediates of the hy-
drogenations, were found to be not alkylideneaminoethanols (I), but oxazolidines (II),
which were converted to 2-alkylaminoethanols on hydrogenation. In solution, oxa-
zolidines are considered to exist in fairly mobile equilibrium with the corresponding
alkylideneaminoethanols (Scheme 6.8). In cases of certain hindered ketones, how-
ever, the condensation products may be the alkylideneaminoalcohols. For example,
the condensation product obtained from diisobutyl ketone and ethanolamine has been
shown to be largely or completely in the form of the alkylideneaminoalcohol. A num-
ber of 1-alkylamino-2-propanols,®® 2-alkylamino-1-propanols,* 2-alkylamino-1-bu-
tanols,>® 2-alkylamino-2-methyl-1-propanols,® 1-alkylamino-2-methyl-2-propanols,*
and 3-alkylamino-1-propanols®' were prepared similarly. Steric hindrance of either
the carbonyl or the amino group slowed the reaction. It was necessary to prepare the
anhydro compounds before hydrogenation in the cases of diisobutyl ketone with 2-
amino-1-propanol and 2-amino-1-butanol. The hydrogenation of ketones with 2-
amino-2-methyl-1-propanol in the presence of platinum or Raney Ni failed to give the
alkyl derivatives, although the oxazolidines from an aldehyde could be hydrogenated
in the presence of platinum. Those from ketones were hydrogenated with Raney Ni at
higher temperatures. However, hydrogenations of ketones with 1-amino-2-methyl-2-
propanol in which the amino group is not hindered proceeded rapidly and gave high
yields of the alkyl derivatives.

Buck and Baltzly have described a method that gives good yields of dialkylamines
by the use of reductive debenzylation of benzyldialkylamines.*? Benzaldehyde is con-
densed with a primary aliphatic amine to give a Schiff base, which is then catalytically
reduced to the corresponding benzylalkylamine. Addition of an alkyl halide (or, in the
case of methylamine, reductive methylation) gives the hydrohalide of the benzyldial-
kylamine. Reductive debenzylation of the hydrohalide or the corresponding base
gives dialkylamine and toluene or methylcyclohexane (Scheme 6.9). The Schiff base
may be purified (e.g., by distillation), but usually this is unnecessary as any remaining
primary amine is eliminated on distilling the benzylalkylamine. Since the benzylalky-
lamine does not undergo hydrogenolysis, any unchanged benzylalkylamine that was

O
'Hzo /
R,C=0 + H,NCH,CH,O0H —— > RxC=NCH,CH,OH P — RZC\ j

| N

Scheme 6.8 Condensation products of ethanolamine with carbonyl compounds.
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H R'X
CeHsCH=NR ——2—> CeHsCH,NHR ———>

CeHsCHO + HLNR

CeHsCH,NRRHX

1 wt% Pt oxide
CgHsCHoNRR! - - - HNRR' + GHsCHz
AcOH (twice the weight of amine)

0.1 mol 65-75°C, 0.3 MPaf<8h

Scheme 6.9 Preparation of dialkylamines by reductive debenzylation of benzyldialkyl-
amines.

not separated from the tertiary benzylamine by distillation may be removed after re-
duction. The benzyldialkylamine, as base or salt, is best hydrogenolyzed over plati-
num oxide in acetic acid. Pd—C, which retains its activity longer, may be used and
Raney Ni may also be used with the free base in ethanol, but the platinum catalyst was
superior.

Emerson and Waters alkylated primary aromatic amines with C,—C, aliphatic al-
dehydes and benzaldehyde over Raney Ni in the presence of sodium acetate as a con-
densing agent and obtained N-alkylanilines in 47-65% vyields.* With C,—Cq
aldehydes, up to 10% of the tertiary amines were produced, but no tertiary amines
were found in the case of heptanal and benzaldehyde. With acetaldehyde in the ab-
sence of sodium acetate , aniline was recovered unchanged over platinum oxide and
a mixture of amines resulted over Raney Ni, compared to 41 and 58% yields of N-
ethylaniline over platinum oxide and Raney Ni (eq. 6.12), respectively, in the presence
of sodium acetate.

58 g Raney Ni
QNHZ + CHsCHO graney ™ o @NHCZH5
150 ml EtOH, 1 g NaOAc

9.3 g (0.1 mol) 0.2-0.5 mol RT,0.34 MPaH 58%6.12)

Similarly, N-ethyl-1-naphthylamine was prepared in 88% yield, and N-ethyl-, N-bu-
tyl- and N-benzyl-2-naphthylamine, and N-ethyl- and N-butyl-p-toluidine were pre-
pared in 50-64% yields.>* In the alkylation of p-toluidine and p-anisidine with
butyraldehyde, N, N-dibutyl derivatives were also produced in 19 and 25% yields, re-
spectively. The Emerson—Waters procedure was also applied to the reductive alkyla-
tion of 2-phenylpropylamines and 2-phenylisopropylamines with C,—C; aldehydes
(amine : aldehyde ratio = 1 : 3).®> With higher aldehydes the monosubstituted products
were isolated in good yields (in 48—94% yields with acetaldehyde), while with formal-
dehyde N,N-dimethyl derivatives were obtained in 51-85% yields.

Dovell and Greenfield have shown that base metal sulfides as well as noble metal
sulfides are excellent catalysts for the preparation of secondary amines by the reduc-
tive alkylation of primary amines (or their nitro precursors) with ketones.*®3” There
was little or no hydrogenation of aromatic rings for arylamines, an important side re-
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action over nickel and platinum metal catalysts. The sulfides of rhenium, iron, cobalt,
nickel, molybdenum, tungsten, and nickel—tungsten were active catalysts for the re-
ductive alkylation and gave good results with both alkyl- and arylamines. The reduc-
tive alkylation of aniline and cyclohexylamine with acetone and cyclohexanone,
respectively, are shown in egs. 6.13 and 6.14.3¢

10 g 20% Mo sulfide—Al0,
NH, + NHCHM
Q 2 CH,COCH, 185°C, 9.7-11 MPa}3.5h ©

70 g (0.75 mol) 131 g (2.25 mol) 91% (+ 4% aniline) (GC)
(6.13)
15 g Ni sulfide*
NH, + o) NH
180°C, 9.7-12 MPa 114 h
99 g (1.0 mol) 186 g (1.90 mol)  * Supported on montmorillonite 95.5%
(15% Ni). (6.14)

Rhenium sulfide was the most active and hydrogenated excess ketone to the corre-
sponding alcohols. The platinum metal sulfides were found to be more active than the
base metal sulfides and highly selective for the formation of N-alkylarylamines. They
usually produce a pure product with little or no side reactions, require no excess above
the stoichiometric amount of ketone, and are active at relatively low pressures of hy-
drogen. An example with N-phenyl-p-phenylenediamine is shown in eq. 6.15.%” Plati-
num metal sulfides may also be used for the reductive alkylation of aliphatic amines
and their nitroalkane precursors with aliphatic ketones.

3.2 g 5% Pt sulfide-C (6.15)
PhNH—< :>— NH, + :
% + MeCOCHCHMe, 175-180°C, 2.7-4.1 MPa,H4.5 h

158 g (0.86 mol) 95.2 g (0.95 mol)

PhNH—@ NHCH(Me)CHCHMe,
228 g (99%)

The reductive alkylation with aldehydes to prepare N-n-alkylarylamines generally
leads to a mixture of N,N-dialkyl- and N-alkylarylamines, and the yields of alkylated
amines are often poor with aldehydes other than formaldehyde (see eq. 6.12).

6.3 PREPARATION OF TERTIARY AMINES

The preparation of tertiary amines by reductive alkylation of ammonia appears to find
only limited application. Triethylamine and tripropylamine were prepared by hydro-
genation of acetaldehyde and propionaldehyde, respectively, in the presence of am-
monia over platinum catalyst.’® A high yield (84.1% by GC) of trinonylamine was
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obtained by hydrogenating an approximately 2:1 molar mixture of nonanal and am-
monia over Pd—C without a solvent at 100°C and 6.9 MPa H, (see eq. 6.4). This char-
acteristic tendency of Pd—C to favor the tertiary amine formation is in line with the
observation that tertiary amines were formed in high yields in the hydrogenation of
aliphatic nitriles over Pd—C, in particular in aqueous ammonia (see Section 7.5).%

The reductive alkylation of a primary amine to give tertiary amine is often success-
ful with formaldehyde over nickel catalyst. Thus aralkylamines ArCH(CH,)CH,NH,
and ArCH,CH(CH;)NH, were converted to N,N-dimethyl derivatives in 51-85%
yields with formaldehyde and hydrogen over Raney Ni in ethanol in the presence of
sodium acetate (eq. 6.16).35

CH,CH(CHJNH,  + 58 g Raney Ni
2CH(CHINH, CHO 100 ml EtOH/1 g NaOAC CHCH(CHNMe,

13.5 g (0.1 mol) 0.3 mol RT, 0.3 MPa i} 67%
as a solution (USP* XI) (6.16)

* United States Pharmacopoeia

Triethylamine was obtained in a yield of 16% by alkylating ethylamine drop by drop
with acetaldehyde in a 1:2 molar ratio in a colloidal platinum solution at room tem-
perature and 0.1 MPa H2.12 Benzyldiethylamine was prepared in a 31% yield from
ethylamine, benzaldehyde, and acetaldehyde in a 1:1:1 molar mixture over a colloidal
platinum in H,0—-AcOH-EtOH at room temperature and 0.3 MPa H,. The yield of the
tertiary amine, however, was improved to more than 50% by alkylating ethylbenzy-
lamine with acetaldehyde.

A more general method for the preparation of tertiary amines is the reductive alky-
lation of secondary amines with carbonyl compounds. Skita et al. alkylated various
secondary amines with a 2 molar ratio of aldehydes and ketones over a colloidal plati-
num at room temperature and 0.3 MPa H2.25 The alkylation with aldehydes was ap-
plicable to a wide range of secondary amines, including diphenylamine, whereas the
alkylation with ketones depended greatly on the structure of both ketones and amines.
Scheme 6.10 is an example showing how the yield of (2-butyl)(3-pen-
tyl)(methyl)amine depends on the structure of starting compounds. In general, the al-
kylation of secondary amines containing at least one methyl group by methyl ketones
with lower alkyl groups gave good results, although the yields were not high (47% at
the highest). The results by Skita et al. on the reductive alkylation of various secondary
amines with aldehydes and ketones are summarized in Table 6.4.

Malz, Jr. and Greenfield studied the preparation of tertiary amines by reductive al-
kylation of aliphatic secondary amines with ketones, using platinum metals and their
sulfides as catalysts.*” Excellent yields of tertiary amines were obtained with unhin-
dered ketones, such as cyclohexanone and acetone, and relatively unhindered secon-
dary amines. In this study, 5% Pd—C and various transition metal sulfides were
compared in the reductive alkylation of dibutylamine with cyclohexanone. By using
the reaction conditions suitable to each catalyst, excellent yields of tertiary amines
were obtained, as shown in Table 6.5. Approximately 5—15% of the excess cyclohex-
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CHj
| H,
CH3NHCHCH +  C,HsCOGH
3 CHs 2HsCOGHg 0.2% N\
CH, C,H
?ZHS 9’ | 3 I2 5
2 C,HsCHNCHGH
CH3NHCHC,Hs +  CHCOGHs 23% 20 CHs
CH,
| | HCHO e
C2H5CHNHCHCZH5 + 73%

Scheme 6.10 Preparation of (2-butyl)(3-pentyl)(methyl)amine from three different pairs of
compounds.

TABLE 6.4 Reductive Alkylation of Secondary Amines with Aldehydes and Ketones
over Platinum Catalyst®’

Secondary Amine Alkylated Aldehyde or Ketone Yield of Tertiary Amine (%)
C,HsNH(CH,),CH(CH;), CH;(CH,)sCHO 19
CzHSNH(CHz)ch(CH3)2 Citral 47
[(CH3),CH(CH,),],NH CH,;CHO 34
[(CH3),CH(CH,),],NH CH;CH=CHCHO 44
[(CH3),CH],NH CH;CH,CHO 26
[(C,HsCH(CHj;)],NH CH;(CH,)sCHO 5.7
Ph,NH HCHO 63
Ph,NH CH;CHO 80
Ph,NH CH;CH,CHO 53
Ph,NH CH;(CH,),CHO 33
Ph,NH (CH;),CHCHO 7.5
CH;NHCH(CH;)C,H; CH;COCH; 47
CH;NHCH(CH;)C,H; CH;COCH,CH; 18
CH;NHCH(CH;)C,H; CH;CO(CH,),CH; 17
CH;NHCH(CH;)C,H; CH;CO(CH,);CH; 7.6
CH;NHCH(CH;)C,H; CH;CO(CH,),CH; 2.7
CH;NHCH(CH;)C,H; CH;CO(CH,)sCH; 0.6
CH;NHCH(CH;)C,H; Cyclohexanone 15
CH;NHCH(CH;)C,H; 4-Methylcyclohexanone 3.8
CH;NHCH(CH;)C,H; 3-Methylcyclohexanone 4.8
CH;NHCH(CH;)C,H; 2-Methylcyclohexanone 0
C,HsNHCH(CH3)C,Hjs CH;COCH; 2.1
C,HsNH(CH,),CH(CHj;), CH;COCH; 24
[(CH3),CH(CH,),],NH CH;COCH; 14

“Data of Skita, A.; Keil, F.; Havemann, H. Ber. Dtsch. Chem. Ges. 1933, 66, 1400.
b1:2 molar ratio of amine: carbonyl compound was hydrogenated over colloidal platinum in aqueous
solution or suspension at room temperature and 0.3 MPa H,.
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TABLE 6.5 Reductive Alkylation of Dibutylamine with Cyclohexanone®”

Yield (mol%)
Amount H, P Time Tertiary

Catalyst (2 T (°C) (MPa) (h) Amine© Cyclohexanold
5% Pd-C 3.5 45-50 24-34 4.3 98 14
5% Pd-C 3.5 85-95 4.1-5.5 1.4 96 6
5% PtSy—C 3.5 45-50 34-55 10.3 84 9
5% PtSxy—C 3.5 105-110 34-4.8 0.7 95 —
5% RhSy—C 3.5 95-100 34-55 3.8 100 —
PdSy — 135-145 34-55 7.0 94 —
RuSy —f 75-80 34-55 3.3 96 —
20% MoSx—Al,04 7.0 240-250 5.5-6.9 4.3 89 11

“Data of Malz, Jr., R. E.; Greenfield, H. in Heterogeneous Catalysis and Fine Chemicals II;, Guisnet et. al.,
Eds.; Elsevier Science: Amsterdam, 1991; p 351. Reprinted with permission from Elsevier Science.
bEach experiment was run with 64.6 g (0.50 mol) of dibutylamine and 250 ml (~2.4 mol) of cyclohexanone.
°N,N-Dibutylcyclohexylamine.

“Based on excess (1.9 mol) cyclohexanone.

“Prepared from 10 g palladium chloride hydrate.

fPrepared from 10 g ruthenium chloride hydrate.

anone was hydrogenated to cyclohexanol.The condensation of the ketone was esti-
mated to be about 5% of the excess ketone. Under the same catalyst level and hydro-
gen pressure, the temperature required for achieving a significant reaction increased
from 95°C with acetone, 145°C with ethyl methyl ketone, to 200°C with isobutyl
methyl ketone (eq. 6.17).

Me
Me 3.595% Ptg-C 7
Bt ¢ o= g5% PR - Bu,NCH
AN © 4-9.
who CHCHMey  200°C:34-55MPakis CH.CHME),
(0.50 mol) 250 ml (~ 2.0 mol) 60% (GC) (6.17)

In the reductive alkylation of N-ethylcyclohexylamine with cyclohexanone at 160°C
and 4.1-5.2 MPa H,, platinum gave only a 27% conversion of the starting secondary
amine and 22% yield of the corresponding tertiary amine, compared with 52% con-
version and 42% yield of the tertiary amine with platinum sulfide. Thus, in general,
platinum sulfide, or other platinum metal sulfides, have been shown to be the catalysts
of choice when more hindered reagents require more severe reaction conditions.
Reductive alkylation of primary arylamines with an aldehyde is often accompanied
by side reactions leading to polymeric products, especially with formaldehyde. Grad-
ual addition of an aldehyde to an amine in order to maintain low concentrations of the
aldehyde is an effective procedure for minimizing the side reactions.*' Thus, Bonds
and Greenfield obtained high yields of N,N-dimethylarylamines by the reductive al-
kylation of primary arylamines with formaldehyde over Pd—C by gradually adding an
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aqueous formaldehyde or using paraformaldehyde.*! N,N-Dimethyl-o-toluidine was
obtained in an 89% yield (GC) by adding 277.5 g (3.42 mol) of 37% aqueous formal-
dehyde to 171.4 g (1.60 mol) of o-toluidine in 55 ml toluene in a rate of 0.55 ml/min
during the hydrogenation over Pd—C at 120°C and 0.83 MPa H, (eq. 6.18). N,N-Di-
methyl-o-toluidine was also obtained in 84—85% yields with use of 95% paraformal-
dehyde, and methanol, 2-propanol, or toluene as a solvent. The alkylation was shown
to proceed stepwise through N-methyl derivative as the intermediate, which amounted
to 60% maximum. The reactivity toward the alkylation decreased in the order with re-
spect to the structure of arylamines: p-toluidine >> m-toluidine, aniline >> o-toluidine
as observed by the competitive reaction of aniline with each toluidine.

Me Me

0.85 g 5% Pd-C
NH, + 37% ag. CHO NMe,
55 ml toluene

171.4g (1.60 mol) 277.5g (3.42 mol)*  120°C,0.83MPali9h

* Added by the rate 0.55 ml/min.

89% (GC)
(6.18)

The reductive alkylation of N-alkylarylamines and diarylamine with ketones to give
tertiary amines has been investigated by Greenfield and Malz, Jr.** with platinum met-
al sulfides that had been shown to be excellent catalysts for the reductive alkylation
of primary arylamines with ketones®’ (see eq. 6.15). Good conversions to tertiary
amines were obtained with relatively unhindered secondary arylamines and less hin-
dered ketones. The relative ease in the reductive alkylation of diarylamines with ke-
tones was in the following order: cyclohexanone > acetone > ethyl methyl ketone >
isoamyl methyl ketone > isobutyl methyl ketone. For example, 58% of diphenylamine
was converted to N-alkyldiphenylamine with cyclohexanone over rhodium sulfide at
150°C and 3.4-5.5 MPa H, (eq. 6.19), while with isobutyl methy] ketone, a conver-
sion of only 28% was obtained even at 235°C with in the same reaction time.

10 g 5% Rh sulfide-C
NH + (0] N
150°C, 3.4-5.5 MPa 19 h 2
146 g (58%)

[+ 67.6 g (40%) diphenylamine]
(6.19)

In a patent, aniline (0.2 mol) was alkylated with acetone (0.82 mol) to give 56% yield
of N,N-diisopropylaniline over 5% Pd—C (2 g) in acetic acid (140 ml) containing con-
centrated sulfuric acid (4 ml) at 51°C and 12.4 MPa H, for 5 h. N,N-Di-sec-buty-
laniline was prepared similarly.

The one-step synthesis of N,N-dimethyldodecylamine from dodecanoic acid or its
methyl ester, ammonia, methanol, and hydrogen has been studied by Barrault et al.
over supported copper—chromium catalysts in a fixed-bed reactor at 300°C and 5 MPa
H2.44 The selectivity to N-methyl- and N,N-dimethyldodecylamine was greatly en-

169 g (1.0 mol) 350 ml (~ 3.4 mol)
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hanced when the catalysts were promoted with Ca or Mn. The total amine selectivity
was particularly high (>98%) over Ca-promoted Cu—Cr—Al,O; (eq. 6.20), compared
to 80% without promoter.

C11H23COMe + NHg + MeOH + H (1 : 10 : 40 : 100)
Cu (15)-Cr (15)-Ca-Al,05

300°C, 5 MPa ki, LHSV 1/6 h!
100% conversion

C1oH25NH, + CiHosNHMe + CpoHosNMe; + others
10% 20.8% 65.7% 3.5%
(6.20)

6.4 REDUCTIVE ALKYLATION OF AMINE PRECURSORS

Amine precursors such as nitro and azo compounds may be reductively alkylated with
a carbonyl compound. Major hydrogenated p-nitrophenol in acetone solution over
platinum catalyst and obtained good yields of p-hydroxy-N-isopropylaniline.*> Emer-
son and Mohrman obtained N-alkylarylamines from aromatic nitro compounds in 31—
96% yields by hydrogenation of an alcoholic solution of the nitro compound and an
aldehyde over Raney Ni in the presence of sodium acetate; an example with nitroben-
zene and butyraldehyde is shown in eq. 6.21.% In the case of p-nitrotoluene, apprecia-
ble quantities of the tertiary amines (53% of N,N-dibutyl-p-toluidine with
butyraldehyde and 34% of N,N-diheptyl-p-toluidine with heptanal) were formed. The
same procedure was also applied to the preparation of N-alkylanilines from azoben-
zene and aldehydes in 49-74% yield.*” When an activating group such as hydroxyl or
dimethylamino was present in the ortho or para position, a tertiary amine was produced.

3-6 g Raney Ni
NO, + CH3CH,CH,CHO > NHBuU
150 ml EtOH/2.0 g NaOAc

12.3 g (0.1 mol) 21.6 g (0.3 mol) RT, 0.28 MPa H, 12-24 h 94, 9%%)21)

Tertiary arylamines were prepared in good yields by hydrogenation of an alcoholic so-
lution of a nitro compound and an aldehyde over Raney Ni in the presence of triethy-
lamine hydrochloride or, better, over platinum oxide in the presence of acetic acid (eq.
6.22).*8 Base metal and platinum metal sulfides are also effective to the reductive al-
kylation of nitro compounds with ketones®®*’ as in an example shown in eq. 6.23.

0.1 g Pt oxide
N02 + CH3CH2CH2CHO NBU2
150 ml EtOH +10 ml AcOH

123g(O0.1mo)  21.6g©03mol) N 0-28MPaki96h 14.5 g (69%)
(6.22)

HZN—Q—NOZ + MeCOEt 11.5 g Co sulfide Et(Me)CHNH—@— NHCH(Me)Et
180°C, 8.3-9.7MPa 46 h
(6.23)

419 (0.30mol) 130 g (1.8 mol) 94% (GC)
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Mylroie et al. studied the optimal conditions for reductive alkylation of N-(4-ni-
trophenyl)acetamide with ketones using Pt—C and sulfided Pt—C.*’ In general, the sul-
fided catalyst was superior in the yield of the alkylated amines. There was no
indication of either reduction of the ketone or saturation of the ring. With a higher
loading of ketone (6 equiv) at 100°C and 6.9 MPa H, in ethanol, excellent yields
(98.5-99%) of the alkylated amines were obtained from the reaction of acetone (eq.
6.24), cyclohexanone, 2-pentanone, and 3-pentanone with  N-(4-ni-
trophenyl)acetamide.

AcNH NO, +MeCOMe 1.2 g Pt—C sulfided AcNH NHCHMe,
125 ml EtOH

100°C, 6.9 MPa bj 3-4 h
25g 483 00°C, 6.9MPa bi 3 98.5%
(0.139 mol)  (0.833 mol) (6.24)

6.5 ALKYLATION OF AMINES WITH ALCOHOLS

Amines may be alkylated with alcohols at high temperature to give N-alkylamines.
Adkins and Cramer obtained N-ethylcyclohexylamine in an excellent yield by the hy-
drogenation of aniline in ethanol solution with Ni—kieselguhr as catalyst.>° When cy-
clohexylamine (0.55 mol), ethanol (1.2 mol) and Ni—kieselguhr (4 g) were heated at
200°C under 7.5 MPa of hydrogen for 3.5 h, the fraction of the products showed 8.6
g of cyclohexylamine, 42.0 g of N-ethylcyclohexylamine, 6 g of N,N-diethylcyclo-
hexylamine, and 2.0 g of dicyclohexylamine.”® Similarly, piperidine and Q-
methylpiperidine reacted with ethanol, butanol, and cyclohexanol at 200°C to give the
corresponding tertiary amines in 76—80% yields. The alkylated amines were obtained
in the same yields in an atmosphere of nitrogen as in an atmosphere of hydrogen, al-
though the reaction is believed to involve the dehydrogenation of alcohols to alde-
hydes or ketones. Reynolds and Greenfield studied a commercial method of preparing
N-n-alkylarylamines in the liquid-phase alkylation of primary arylamines with pri-
mary alcohols. The N-alkylations can be achieved simply by refluxing a mixture of 5:1
molar ratio of alcohol and arylamine in the presence of Ni—kieselguhr or Raney Ni.*!
The removal of the water formed during the reaction, such as by azeotropic distilla-
tion, has been demonstrated to be advantageous for obtaining the alkylarylamines in
high yields. As an example, N-hexylaniline was obtained in 93% yield by refluxing a
mixture of 27.9 g (0.30 mol) of aniline, 153 g (1.5 mol) of 1-hexanol, and 250 ml of
toluene in the presence of 5.0 g of Ni—kieselguhr for 5 h at 125°C, with water removed
by azeotropic distillation. Good to excellent conversions (47—-100%) and yields (43—
100% based on converted aniline) of N-n-alkylanilines were obtained from aniline and
ethyl, n-propyl, or n-hexyl alcohol with the exception of methanol, with which aniline
was converted to the product in only <5% yield. None of the catalysts other than nickel
(platinum, ruthenium, rhodium, Re—C, and copper—chromium oxide) appeared out-
standing or preferable to nickel with the exception of cobalt, although an appreciable
amount (7.5% selectivity) of tertiary amine was also formed over this metal. Rusek
has found that Pt—Sn—SiO, pretreated with Ca* is useful for the N-alkylation of or-
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tho-disubstituted aniline with both primary and secondary alcohols in the vapor phase
at 275°C in the presence of 1 mol H,/mol aniline.”?

6.6 SYNTHESIS OF OPTICALLY ACTIVE a-AMINO ACIDS FROM
a-OXO ACIDS BY ASYMMETRIC TRANSAMINATION

Hiskey and Northrop prepared optically active d-amino acids by hydrogenating o-
oxo acids in the presence of (R)-(+)- and (S)—(—)—l—phenylethylamine.53 The reaction
was carried out in two steps as described in Scheme 6.11. Thus, a mixture of an d-oxo
acid and chiral 1-phenylethylamine in ethanol was first hydrogenated to N-(1-
phenylethyl)-a-amino acids over 10% Pd—C without isolating the intermediate con-
densation product (an azomethine). The hydrogenation product was further
debenzylated in the presence of Pearlman’s palladium hydroxide-on-charcoal cata-
lyst.>* The debenzylation was not successful with 10% Pd—C (Mozingo), platinum ox-
ide, or Raney Ni, even with the use of various acidic solvents. Since an equivalent of
ammonia was produced during the debenzylation, the overall reaction was formulated
as shown in the scheme. The failure of the debenzylation with Pd—C catalyst is prob-
ably due to a deactivation of the catalyst that may occur when the catalyst containing
the surface oxygen is in contact with ethanol.> It is probable that such deactivation
could be avoided by the use of Pd(OH),—C catalyst. Nishimura et al. observed that the
debenzylation was greatly promoted by a small amount of acetic acid. Acetic acid
probably remained in Pearlman’s Pd(OH),—C catalyst since it was finally washed
with acetic acid in its preparation.”> When ethanol is added to a Pd—C catalyst pre-
treated with hydrogen in cyclohexane, such deactivation can be avoided and the de-
benzylation reaction may proceed smoothly over an ordinary Pd—C catalyst with
addition of a small amount of acetic acid (see Tables 13.6 and 13.7).55

The results on the asymmetric transamination of 0-oxo acids or ester by Hiskey and
Northrop and by Harada and Matsumoto are summarized in Table 6.6.3°%%7 It is seen
that the configuration of the 0-amino acid produced is the same as that of the optically

CHs CO, CH; CO,” CHg
I I I 1.5 g 10% Pd-C I |
RCOCQH + 2PhCHNH —> | RC=NCHPh | ———————> RCHNH,CHPh
* * 30°C, 0.34 MPa bl * tT
R = Me: 9-(): 10 h
1.00 g (9.79 mmol) 2.37 g (19.6 mmol)
in 40 ml EtOH in 27 ml EtOH

R
filtrate and washings =0 ml 30% EtOH RCHCo, + NHa' + 2PhCHCH,
concentrated to 20 ml o
25°C,0.34MPall (766 g (75.9%):
(9-(+) (62.8% ee)

catalyst filtered, NH3"
washed with hot water) _ 1.3 g Pd(OH}-C (Peariman) '
.

Scheme 6.11 Reductive asymmetric amination of 0-oxo acids with chiral 1-phenylethyl-
amine.
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TABLE 6.6 Reductive Amination of a-Oxo Acids with Chiral Benzyl- and Naphthylamines®

Amino Acid
0-Oxo Acid or Ester Chiral Amine Catalyst® Yield (%) ee(%) Configuration Ref.
CH;COCO,H (R)-(+)-PhCH(Me)NH, 10% Pd—C 47.9 70.6 R (=) 53
CH;COCO,H (8)-(-)-PhCH(Me)NH, 10% Pd—-C 43.1 81.5 S) ) 53
CH;COCO,H (8)-(-)-PhCH(Me)NH, 10% Pd—-C 78 63 S ) 57
CH;COCO,CH,Ph (8)-(-)-PhCH(Me)NH, 10% Pd—-C 22.0 74 S) ) 53
CH;COCO,H (R)-(+)-1-C,(H,CH(Me)NH,*¢ 10% Pd—-C 76 80 R (=) 56
CH;COCO,H (8)-(-)-PhCH(Et)NH, 10%Pd-C 76 52 (I 57
CH;CH,COCO,H (8)-(-)-PhCH(Me)NH, 10% Pd—C 84.9 62.8 I 53
CH;CH,COCO,H (R)-(+)-PhCH(Me)NH, Pd(OH),-C 71.7 43.5 R) (=) 53
CH;CH,COCO,H (R)-(+)-PhCH(Me)NH, PtO, 59.2 12.6 R) (=) 53
CH;CH,COCO,H (8)-(-)-PhCH(Et)NH, 10% Pd—-C 69 36 S ) 57
Me,CHCOCO,H (R)-(+)-PhCH(Me)NH, 10% Pd—-C 15.7 28.4 R (=) 53
Me;CCOCO,H (R)-(+)-PhCH(Me)NH, Pd(OH),-C 0.0 — — 53
PhCOCO,H (R)-(+)-PhCH(Me)NH, 10% Pd-C 73 29 R (=) 57
PhCH,COCO,H (R)-(+)-PhCH(Me)NH, 10% Pd-C 53.8 12.9 R 53
PhCH,COCO,H (S)-(-)-PhCH(Me)NH, 10% Pd—C 65.0 12.1 ) =) 53
HO,C(CH,),COCO,H (8)-(-)-PhCH(Me)NH, 10% Pd—C 74 13 I 57

“The mixture of 0-oxo acid and amine was hydrogenated in ethanol at room temperature and 0.34 or 0.28 MPa H,.

bThe catalyst for the hydrogenation of the methine intermediates (Mozingo, R. Org. Synth., Coll. Vol. 1955, 3, 685). For the debenzylation, Pd(OH),—C catalyst was used
(Hiskey, R. G.; Northrop, R. C. J. Am. Chem. Soc. 1961, 83, 4798 (see also Pearlman, W. M. Tetrahedron Lett. 1967, 1663).

¢1-(1-Naphthyl)ethylamine.
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active amine from which it is derived. The magnitude of the induced asymmetry de-
pends on the catalyst used and the nature of the alkyl portion of the oxo acids, as well
as the structure of the optically active amine. Of the three catalysts used, 10% Pd—C
gave a considerably greater % ee as observed in the preparation of butyrine (Q-ami-
nobutyric acid). As the size of the alkyl group of the oxo acids increases, the optical
purity of the amino acid produced decreases in the order Me > Et > Ph > PhCH, >
HO,CCH,CH,. 1-Phenylethylamine induces higher optical purities than 1-phenyl-
propylamine. Alanine of a high optical purity (80%) was also obtained from pyruvic
acid (R = Me) with the use of optically active 1-(1-naphthyl)ethylamine. When benzyl
pyruvate was treated with (S)-(—)-1-phenylethylamine bimolecular condensation
products of pyruvate were formed. The low yield of alanine obtained from the ester
(see Table 6.6) may be accounted for by this side reaction.”

Harada and Matsumoto studied the effect of solvents on the % ee of the amino
acids formed in asymmetric transamination.’® Generally, the optical activity of
alanine prepared from benzyl pyruvate and (5)-(-)-1-phenylethylamine decreased
with increasing polarity of the solvents used. From the finding that sodium a-
phenylglycinate was hydrogenolyzed easily to ammonia and phenylacetate over
palladium catalyst, Harada prepared optically active alanine, butyrine, glutamic
acid, and aspartic acid in 40-60% optical purities from the corresponding 0-oxo
acids using a-phenylglycine in aqueous alkaline solution.’® A solvent effect simi-
lar to that observed with 1-phenylethylamine was found with 0-phenylglycine es-
ters. In the frans amination between ethyl pyruvate and alkyl
(R)-a-phenylglycinates [PhCH(NH,)CO,R, R = Me, Et, i-Pr], the optical purity of
resulting alanine decreased in the order Me > Et > i-Pr. The optical purity de-
creased with increasing polarity of solvent in the order benzene > THF > -
BuOH > EtOH > MeOH in cases with the methyl and ethyl esters.>’

6.7 ASYMMETRIC SYNTHESIS OF 2-SUBSTITUTED
CYCLOHEXYLAMINES

Knupp and Frahm obtained optically active 2-substituted cyclohexylamines from
racemic 2-substituted cyclohexanones and optically active 1-phenylethylamine ac-
cording to the three-step procedure outlined in Scheme 6.12 for 2-methylcyclohex-
anone.® The hydrogenation of the imines 12a and 12b over Raney Ni proceeds under
complete diastereoselective and enantioselective control to give the cis secondary
amine 13b. Hydrogenolysis over Pd—C led to highly enantiomerically enriched cis
primary amine 14b. These results indicate that the epimeriztion of the diastereomeric
imines 12a and 12b takes place prior to hydrogenation and that either (1) the dias-
tereomer 12b is greatly favored at equilibrium or (2) the hydrogenation rate of 13b is
much greater than that of 13a. Similarly, asymmetric reductive amination has been ap-
plied for obtaining optically active, diastereomerically pure 2-substituted cyclopentyl-

amines.%!
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H
HZN\?(Ph
+
Me
0 Me
(Rand9 (R)-1-phenylethylamine
‘ -H,0
| .
%_Ph
(R) Me/N//,// Me _ N Me
_—
H -~ Me
Ph
12a ) 12b
| EtOH
Raney Ni| RT, 0.5 MPa H
NH, H
A
(R) Pd-C HN
Me <—— (as HCl salt) Me
) EtOH (R)
45°C, 0.5 MPa Me
14b 13b
®
+ PhCHCH,

Scheme 6.12 Asymmetric synthesis of 2-methylcyclohexylamine.
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H CHAPTER 7
Hydrogenation of Nitriles

7.1 GENERAL ASPECTS

Catalytic hydrogenation of nitriles has long been used for the preparation of various
amines. It is performed over metallic catalysts mostly in the liquid phase. The method
is also of industrial importance and has been applied to the commercial production of
various amines, for example, various aliphatic amines from fatty acid nitriles, hexa-
methylenediamine (1,6-hexanediamine) from adiponitrile, and xylene-0,0'-
diamines [bis(aminomethyl)benzenes] from the corresponding phthalonitriles.

Hydrogenation of nitriles to primary amines (eq. 7.1) is usually accompanied by
the formation of secondary amines (eq. 7.2) and even tertiary amines (eq. 7.3). The
selectivity to respective amines depends on the structure of substrate, the nature and
amount of catalyst, basic and acidic additives, the reaction medium, and other reaction
conditions. Among these factors the nature of catalyst appears to be the most impor-
tant for determining the selectivity.

2H

RC=EN———= RCHNH,  + 120K (7.1)
4H

2RC=N 2 (RCH),NH +  NHg (7.2)
6H

3RC=N——=2—> (RCH,);N + 2NH, (7.3)

The formation of secondary amines probably results from a series of reactions shown
in eqs. 7.4-7.6, as originally proposed by von Braun et al. in 1923." The reactions in-
volve the addition of the primary amine produced to the intermediate aldimine 1 to
form an 0-aminodialkylamine 2 and the Schiff base 3, which is formed from 2 by loss
of ammonia.

H H
RC=N—=> RCH=NH —2»> RCH,NH, (7.4)
1

H
RCH=NH + H,NCH,R =—= RCH(NH)NHCH,R —=2» (RCH),NH (7.5)

2 + NH,
+NH, N ~NH,
H
RCH=NCHR ——— (RCH)NH  (7:0)
3
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The formation of tertiary amines is also explained by the analogous reactions shown
in eqs. 7.7 and 7.8. In this case, however, elimination of ammonia from the addition
product 4 to form an azomethine type compound is not possible, but tertiary amines
may be formed either by direct hydrogenolysis of 4 or through the formation of an
enamine 5 followed by hydrogenation.

H
RCH,CH=NH + HN(CH,R), =—= RCH,CH(NH)N(CH;R), —2= (RCH,),N

(RCH, =R) 4 e, 77
+NH, N _NH,
H
RCH=CHN(CHR), —> (RCH)N (7.8)
5

When the temperature of hydrogenation is high, secondary amine may also be formed
from 2 moles of the primary amine produced by loss of ammonia (eq. 7.9).2~> Thus,
benzylamine was converted to dibenzylamine in more than 90% yield with evolution
of ammonia when heated to boiling in xylene (140°C) over Pd-BaSO, under a stream
of hydrogen.” In another example, the ratio of primary to secondary amine formed was
1:2.4 when phenylacetonitrile was hydrogenated at 200°C with Ni—kieselguhr as cata-
lyst, compared to 1:0.23 at 125°C,’ suggesting the occurrence of the reaction 7.9.

2 RCH,NH, (RCH,),NH +  NH; (7.9)
If the hydrogenation is carried out in an alcohol as solvent, a mixed secondary amine
may be formed at high temperature by the reaction of primary amine with the alcohol
(eq. 7.10).° Over Ni—kieselguhr the reactions shown in eqs. 7.9 and 7.10 become sig-
nificant at temperatures above 160—170°C.*

RCH,NH, + R'OH RCHNHR' + H,0 (7.10)
The yield of amines from nitriles may be reduced in hydrogenation in the presence of
water due to the formation of amides, which results from the addition of water to ni-
triles (eq. 7.11), although addition of water is often effective in increasing the rate of
hydrogenation by depressing the poisoning action of ammonia and thus improving the
selectivity to primary amine.”® The effects of water, however, are not so straightfor-
ward, as have been discussed in details by Volf and Pasek.?

RC=N +H,0 — > RCONH (7.11)

The hydration of nitriles to form amides is promoted by metallic catalysts such as
nickel and copper,” and the copper catalyzed hydration has been utilized in an indus-
trial process for the production of acrylamide from acrylonitrile.'® The hydration of
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nitriles, however, does not appear to occur to any significant extents in the hydrogena-
tion over platinum metals (see, e.g., Table 7.2).

The mechanism for the formation of secondary amine, proposed by von Braun et
al., is supported by the fact that the formation of secondary amine decreases with ad-
dition of ammonia.'""'> Ammonia may add to the aldimine 1 competitively with pri-
mary amine, forming O,0-diamine 6 (eq. 7.12), and thus may suppress the
condensation reaction leading to secondary amine formation (egs. 7.5 and 7.6). Fur-
ther, in the presence of ammonia, the intermediates 2 and 3 may be decomposed to
give one mole of aldimine and one mole of primary amine by the reversal of the reac-

tions in egs. 7.5 and 7.6'*!* and may thus effectively depress the formation of secon-
dary amine.
NH,
+NH3 |
RCH=NH ——= RCHNH, (7.12)
—NH; 6

Mignonac proposed the hypothesis that the formation of dibenzylamine in the hydro-
genation of benzonitrile resulted through the intermediate hydrobenzamide 7 formed
from benzalimine, as shown in egs. 7.13-7.15.

Hy

PhC= N ——>  PhCH=NH (7.13)

3 Ph\CH=NH ——>  PhCH(N=CHPh) + NH, (7.14)
7

PhCH(N= CHPRy —or2 PhCHNH, + (PhCH),NH (7.15)

A later study by Juday and Adkins with Raney Ni has shown that the behavior of hy-
drobenzamides toward hydrogenation differs from that of benzonitriles and that the
formation of secondary amines through the intermediate hydrobenzamides is not
probable.'®

The mechanism of von Braun et al. is further supported by the formation of mixed
secondary and tertiary amines when a nitrile is hydrogenated in the presence of a pri-
mary or secondary amine that is different from the one formed from the nitrile. Thus
the hydrogenation of phenylacetonitrile in the presence of dipropylamine over a pal-
ladium black in alcohol resulted in extensive formation of N,N-dipropylphenethy-
lamine,® and the hydrogenation of valeronitrile over Raney Ni in the presence of
benzylamine and substituted benzylamines led to the formation of corresponding
mixed secondary amines.'®

On the other hand, when p-tolunitrile or anisonitrile was hydrogenated in the
presence of benzylamine, the secondary products did not contain an appreciable
amount of the mixed Schiff base; however, when a mixture of benzonitrile and an-
isonitrile was hydrogenated, benzal( p-methoxybenzyl)amine was formed together
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with anisal(p-methoxybenzyl)amine. The failure of mixed Schiff bases to form
from the added primary amine during the hydrogenation of aromatic nitriles is not
consistent with the mechanism of von Braun et al.; hence, Juday and Adkins sug-
gested the formation of an imine dimer (8) for the hydrogenation of aromatic ni-
triles as a possible intermediate leading to the Schiff base (eq. 7.16) and the
secondary amine.!®

NH,
) H
2 ACHENH——>  ACHN=CHAr ——> AICH,N=CHAr
8 (7.16)

Over platinum metal catalysts, however, the hydrogenation of benzonitrile in the pres-
ence of butylamine forms benzylbutylamine, the amount of which was greatly de-
pendent on the catalyst and solvent used, although the hydrogenation in the presence
of diethylamine afforded no benzyldiethylamine.'’

Regarding probable courses for secondary and tertiary amine formation, Volf and
Pasek take the view that these amines are not formed by direct hydrogenolysis of a-
aminodialkylamine 2 and 0-aminotrialkylamine 4 (egs. 7.5 and 7.7), but produced via
alkylidenealkylamine 3 and enamine 5 as precursors, respectively (eqs. 7.6 and 7.8).'8
Their view is based on the fact that hydrogenation of valeronitrile in methanol yields
large quantities of tripentylamine over Pd—C and Pt—C while hydrogenation of ben-
zonitrile gave no tribenzylamine over Pd—C, Pt—C, and Rh—C, although dibenzy-
lamine was formed extensively over these catalysts (see Table 7.2).!7 In the
hydrogenation of benzonitrile, the formation of the enamine intermediate leading to
tribenzylamine from 0-aminotribenzylamine by loss of ammonia is not possible. The
fact that the hydrogenation of benzonitrile over platinum metals in the presence of
diethylamine afforded no benzyldiethylamine'” can be explained for the same reason.
Tribenzylamine, however, is formed in the hydrogenation with addition of a large mo-
lar ratio of water to benzonitrile over Pt—C (see Table 7.2).19 In this case, however, it
is possible that benzaldehyde, formed by the hydrolysis of the imine 9, can react with
dibenzylamine to form a-hydroxytribenzylamine (10), which may be hydrogenolyzed
to give tribenzylamine (eq. 7.17).

OH
H,0 PhCH),NH ' H
PhCH=NH —25% phchHo ~PNCHNH oo iiNcHPh)y,  — 2> (PRCH)N

9 10 +H0
(7.17)
Some mechanistic aspects of the selectivity for the formation of primary and secon-
dary amines have been discussed by Volf and Pasek?® and Dallons et al.?! In the hy-

drogenation of lauronitrile over cobalt catalyst (from decomposition of its formate),
the intermediate dodecylidenedodecylamine begins to hydrogenate rapidly only at the
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R NH

H N7 +3H
R—-C=N + | — I RCH,NH,
* *
R'NH, | (R =H or alkyl)
R 'T‘HZ +H + 2H
\C/ NHR® ——> RCH=NR —> RCH,NHR’
1 + NHg

Scheme 7.1 The surface intermediates in hydrogenation of nitriles leading to primary and
secondary amines.

end of the hydrogenation when the nitrile is no longer present. This indicates that on
cobalt the adsorption coefficient of the nitrile is substantially greater than that of
the intermediate dodecylidenedodecylamine. On the other hand, on nickel the con-
centration of dodecylidenedodecylamine is lower because of its continuous hydro-
genation to didodecylamine. Volf and Pasek conclude that the reason for the
difference in selectivity between cobalt and nickel rests on the difference in the
relative rates of condensation and hydrogenation on these metals. With pure cobalt
as catalyst it has also been found that the selectivity is practically independent of
the catalyst concentration in the reaction mixture, suggesting that the condensation
reactions leading to secondary amines also proceed on the catalyst surface. A simi-
lar view has also been developed by Dallons et al. from their results on the hydro-
genation of propionitrile with Raney Ni and supported rhodium catalysts. The
selectivity for the formation of propylidenepropylamine and dipropylamine does
not increase with the conversion of the nitrile and is nearly constant during hydro-
genation. Further, the selectivity for the secondary amine and mixed secondary
amine in hydrogenation of a nitrile in the presence of a primary amine different
from the one formed from the nitrile is also rather constant with conversion. A
great difference in the selectivity for formation of secondary amine has been ob-
served between Rh—C (70%) and Rh—Al,O; (26.8%) in the hydrogenation of
propionitrile in methanol at 55°C. From these results, together with the observa-
tion that no aldimine is detected in reaction mixtures, Dallons et al. have proposed
the view that the selectivity is governed by the two parallel surface reactions, one
leading to the primary amine and the other to the secondary amine, which proceed
via the surface intermediates shown in Scheme 7.1. The support has been consid-
ered to influence the selectivity by adsorbing the primary amine. The alumina sup-
port, which is of acidic nature, may adsorb the primary amine strongly and thus
depresses the secondary amine formation that occurs on the hydrogenation sites on
metal far from the support.
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7.2 HYDROGENATION TO PRIMARY AMINES

Among various metallic catalysts, nickel and cobalt catalysts have been far more
widely used for the hydrogenation of nitriles to primary amines. In general, cobalt
catalysts are recognized to be more selective than nickel in the formation of primary
amines, although nickel catalysts are usually more active than cobalt catalysts.?2~>’
The formation of secondary amine increases with increasing reaction temperature, but
the effect of hydrogen pressure is complex and may depend on the nature of catalysts
and the structure of nitriles.?® For minimizing the secondary amine formation with Ra-
ney nickel, it has been recommended to carry out the hydrogenation at a temperature
and pressure sufficiently high to complete the reaction within a few hours, using a ni-
trile free of halogen and a relatively high ratio of catalyst.”® Secondary and tertiary
amine formation can be suppressed effectively by hydrogenating nitriles in the pres-
ence of ammonia.''? With sterically hindered nitriles, primary amines are formed in
higher yields than with unhindered ones. For example, the yields of primary amine
were higher with o-tolunitrile than with m- and p-tolunitrile and with d-naphthonitrile
than with B-naphthonitrile.'

Besson et al. studied the hydrogenation of valeronitrile over Raney Ni, prepared
from chromium- and molybdenum-doped Ni,Al, alloys, in cyclohexane at 90°C and
1.6 MPa H2.30 Chromium was found to be an effective promoter for initial activity and
for the selectivity to primary amine (83—85%, compared to 79.2% with unpromoted
catalyst), whereas the addition of molybdenum was not effective.

There are many reports that good yields of primary amines have been obtained over
nickel catalysts with addition of ammonia. Minute traces of halide, which are often
contained in nitriles owing to their preparative methods, may have a strong poisoning
effect on the catalyst, and such impurities should be removed, such as by distilling the
nitriles from Raney nickel, before being subjected to hydrogenation. In the hydrogena-
tion of valeronitrile and capronitrile with Raney Ni, Schwoegler and Adkins obtained
90 to 95% yields of primary amines with less than 5% yields of secondary amines,
with addition of 2.25-2.29 molar ratios of ammonia to nitrile.'” Typical hydrogena-
tions in the presence of ammonia are shown in egs. 7.18>! and 7.19.% Capronitrile,
however, was converted to hexylamine in only 67-70% yields under similar condi-
tions.*?

Raney Ni(1 tablespoon)
CH,CN CH,CH,NH,

1 kg (8.55 mol) 120-130°C, 13.8 MPa#i<1 h 860890 g (83-87%)
Raney Ni(5-10 ml)
CH,CN CH,CH,NH,
300 ml MeOH saturated with NHat 0°C (7.19)
100-125°C, 3.45-6.90 MPa,}2 h 51-54.5 g (84-90%)

58.5g (0.5 mol)
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An aliphatic dinitrile sebaconitrile has been converted to 1,10-decanediamine in 79—
80% yields with addition of an 8 molar ratio of ammonia to the nitrile (7.20).3* In this
hydrogenation, the presence of ammonia at least in 5 molar ratio to the nitrile was
claimed to be necessary to minimize the formation of secondary amine. The hydro-
genation of a number of dinitriles, including industrially important adiponitrile and m-
and p-phthalonitriles, has been reviewed by Freidlin and Sladkova.*

Raney Ni (6 g in 25 ml 95% EtOH)
NC(CH,)sCN HoN(CHy);oNH,
82 g (0.5 mol) 25 ml EtOH, lig. NH 68 g (4 mol) . (7.20)
gt 125°C, 10.3 MPak} 1-2 h 68-69 g (79-80%)

Addition of alkaline substances has also been known to depress secondary amine for-
mation,” =% although addition of strong alkali such as sodium carbonate and sodium
hydroxide may often seriously decrease the rate of hydrogenation.”* The hydrogena-
tion of phenylacetonitrile over Raney Ni gave 3-phenethylamine in 92.5% yield with
addition of sodium hydroxide at room temperature and atmospheric pressure, whereas
with well-washed Raney Ni 51.5% yield of the primary amine and 37.5% yield of the
secondary amine were obtained.*® Likewise, over rhodium catalyst, which is usually
highly selective for the formation of secondary amines,'”'*?%4* benzonitrile was hy-
drogenated to give benzylamine in 90% yield along with 10% of hexahydrobenzy-
lamine with addition of lithium hydroxide at 60—65°C (eq. 7.21) or with addition of
sodium hydroxide at 98—100°C.*° A similar result has been obtained with a rhodium—
platinum oxide of Adams type*' which is known to be contaminated with alkaline sub-
stances resulting from its preparation.*?

0.05 g Rh hydroxide + 0.02 g LIOH,&
QCN grh y 9 Lok QCHZNHZ +QCH2NH2
30 ml EtOH

10.3 g (0.1 mol) 60-65°C, 7.8-9.8 MPaji1 h

0% 10%

(7.21)
Takagi et al. studied the effects of the nature and amount of added alkalis on the rho-
dium hydroxide—catalyzed hydrogenation of adiponitrile. The yield of 1,6-hexanediamine
increased with increasing amount of added alkali, but the hydrogenation was greatly
retarded by the addition of larger amounts of sodium hydroxide. On the other hand,
with addition of even larger amounts of lithium hydroxide, the hydrogenation was re-
tarded only slightly and gave an 85% yield of 1,6-hexanediamine (eq. 7.22).%

0.1 g Rh hydroxide + 0.02 g LiOH,©

30 ml EtOH .
80°C, 7.8-9.8 MPa 510.2 h 9.86 g (85%) (7.22)

NC(CH,),CN
10.8 g (0.1 mol)

HoN(CH,)eNH,

There have been many known cases where high yields of primary amines were ob-
tained over cobalt catalysts in the hydrogenation of nitriles. Hydrogenation of 3,4-



7.2 HYDROGENATION TO PRIMARY AMINES 261

methylenedioxyphenylacetonitrile gave homopiperonylamine (3,4-methylenedi-
oxyphenethylamine) in 88% yield with use of Raney Co in ethanol-ammonia (eq.
7.23).% It was also noted that Raney Co in dioxane solvent with no ammonia afforded
as good results as did Raney Ni even when the latter was used with ethanol-ammonia
as the solvent. 4-Chlorobenzonitrile was hydrogenated without dechlorination to give
4-chlorobenzylamine in 91.7% yield over Raney Co in the presence of NH,Cl in NH;-
saturated methanol at 40°C and 0.88 MPa H2.43

rO ( (0]
0 .
O\G’CWCN Raney Co (5 wt% of nitrile) O\DCH2CHZNH2
90 ml EtOH saturated with Nyt 0°C
70 g (0.43 mol) 125-150°C, 20 MPa 10.25 h 88%

(7.23)

Excellent yields (93-97%) of 1,6-hexanediamine were obtained in the hydrogenation of
adiponitrile over Raney Co (eq. 7.24), Co—Al,O, (Raney type), and Co—kieselguhr as
catalysts with addition of ammonia.** The yields decreased from 97.2 to 93.1% in the ab-
sence of ammonia and from 93 to 77% with nickel catalyst in place of cobalt catalyst.

NC(CH).CN Raney Co (8 g as ethanol paste) HN(CHy)eNH
(CHo)a 75 g NH; (4.4 mol) ZeeT R (7.24)

100 g (0.93 mol) 120°C, 6.9-21 MPa §10.67 h 104 g (97%)

Taira and Kuroda hydrogenated adiponitrile with Raney Co—Mn—Al,Oj; catalyst that
had been obtained by developing Raney Co—Mn—Al alloy in water with addition of
bayerite and a small amount of alkali.** The catalyst has been claimed to be highly ac-
tive and durable for repeated use in the hydrogenation of adiponitrile, affording the
product consisting of 96.2% of 1,6-hexanediamine and 3.8% of hexamethylenimine
(hexahydroazepine) (eq. 7.25). There are many other patents where this industrially
important diamine was obtained in high yields in the hydrogenation over cobalt-based
catalysts.*’

Raney Co—Mn-AIO; (from 6 g alloy*)
NH
NC(CH,)4,CN 80 mi lig. NF, HoN(CHo)egNH, +

50 g (0.46 mol) 120°C, 12 MPa i
1h

* Co: Mn: Al = 40:5:55.

96.2% 3.8%

(7.25)

The byproducts of the hydrogenation of adiponitrile are small amounts of hexahy-
droazepine, 1,2-diaminocyclohexane and 2-(aminomethyl)cyclopentylamine, besides
acyclic secondary products. In an example of a continuous process, a 1:12.5 molar ra-
tio of adiponitrile and ammonia that was mixed with 10-fold amount of a hydrogen-
ated reaction mixture from a prior run to give a 1:44 adiponitrile-ammonia mixture
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was passed continuously over a 91:5:4 Co—Mn-H;PO, catalyst at 50-95°C and 20
MPa H, to give 1,6-hexanediamine contaminated with 0.07% of hexahydroazepine
and 1.05% of an acyclic secondary product.*>* The hydrogenation with iron-based
catalysts has also been described in many patents to be useful for obtaining high yields
of 1,6-hexanediamine from adiponitrile.*® In one patent the hydrogenation of adiponi-
trile over activated Fe,O; in the presence of ammonia at 118—185°C and 32.9 MPa H,
gave 98.6% of 1,6-hexanediamine and 0.21% of 1,2-diaminocyclohexane.46C

Marion et al. discussed the formation pathways of cyclic byproducts in the hydro-
genation of dinitriles over Raney Ni.*’*3 1 2-Diaminocyclohexane has been shown to
be formed in a parallel pathway with the hydrogenation of adiponitrile to amino-
capronitrile and not in the course of the hydrogenation of the aminonitrile to 1,6-
hexanediamine. It has been suggested that the diimino compound is an intermediate
leading to the diaminocyclohexane, as shown in Scheme 7.2. The formation of the
diaminocyclohexane may be depressed by the addition of sodium carboxylates with-
out any loss of catalytic activity. The formation of 2-aminomethylcyclopentylamine
has been considered to take place through the nucleophilic addition of the carbanion
formed at the a-carbon to the first electron-withdrawing group in the presence of base
to the second electrophilic center to give a Thorpe—Ziegler adduct (see Scheme 7.2).
This pathway has been supported by the stereochemistry to give trans-aminomethyl-
cyclopentylamine as the major isomer, while the aminomethylcyclopentylamine
formed from aminocapronitrile, probably through dehydrogenation to the imino nitrile, af-
fords the cis isomer predominantly.

Aromatic dinitriles such as isophthalonitrile and terephthalonitrile were also hy-
drogenated over Raney Co in the presence of ammonia to give high yields of the cor-
responding diamines**™? (eqs. 7.26* and 7.27°%). Hydrogenation of o-phthalonitrile,

NH
C=N 2H, CH=NH H, 2
—_— —T
C=N CH=NH
NH,
l Base
=N 3H
E\ — NH —> NH, 2, NH,
c” =N

H— CN CN CHNH,

Scheme 7.2 The formation pathways of the carbocyclic byproducts in the hydrogenation of
adiponitrile.

NC H,NCH,

OCN Raney Co (4 parts)
H,0 (5 parts)/NH (95 parts) CHNH, (7.26)

116°C, 10.3 MPa k1.4 h
(20 parts) L2 90%




7.2 HYDROGENATION TO PRIMARY AMINES 263

Raney Co (0.6 part)
NC CN H,NCH, CH,NH,
toluene (14 parts)/NE(3.7 parts)

(1 par) 95-105°C, 11 MPa {2 h 86%

(7.27)

however, leads to extensive intramolecular cyclization to form isoindoline (see eq.
7.59), and only 9% of the corresponding diamine was obtained under the conditions
in eq. 7.26.

Volf and Pasek compared various cobalt and nickel catalysts in the hydrogena-
tion of stearonitrile at 150°C and 6 MPa H2.27 A cobalt catalyst promoted by Mn (5%
Mn) gave the best yield of 95.4% of primary amine together with 4.6% of the secon-
dary amine (eq. 7.28). It is to be noted that the high yield was obtained in the absence
of ammonia over this catalyst.

3 g Co-Mn (5% M
CHs(CH,)1¢CN CH3(CH,);7NH, + [CH3(CH,)17],NH
3 16 150°C,6MPa|§L 0.38h 3! 17 2 3! 21712
80 g (0.32 mol) 95.4% 4.6% (7.28)

High yields of primary amines have also been obtained over cobalt boride as cata-
lyst, 263334 which has been found to be not only highly selective but also less inhibited
by solvent and ammonia than other cobalt and nickel catalysts in hydrogenation of ni-
triles.?® The hydrogenation of propionitrile in isopropyl alcohol over cobalt boride
(5% on C) in the presence of 15:1 molar ratio of ammonia to the nitrile gave propy-
lamine in a high yield of 99% (eq. 7.29).

1 g Co boride (5% on C)
CH3CH,CN CH3CH,CHNH, (7.29)
300 mli-PrOH-NH; (NHz:nitrile 15:1) 99%
13.8 ¢ (0.25 mol) 70°C, 0.2 MPa b} 26 h 0

Hydrogenation of nitriles in an acylating solvent or in strongly acidic media has been
shown to be effective for preventing the formation of secondary and tertiary amines.
The primary amines formed in the hydrogenation of nitriles are acylated in acylating
solvents or protonated to form their salts in acidic medium, and thus addition of the
amines to the intermediate imines, which may lead to secondary amine formation, is
inhibited. Equation 7.30 shows an example of the hydrogenation with an aromatic ni-
trile carried out in acetic anhydride over Adams platinum oxide as catalyst.”® This
method has been applied to a nickel-catalyzed hydrogenation with addition of sodium
acetate or sodium hydroxide (eq. 7.31).%

0.24 g Pt oxide
HsC CN HsC CH,NHAC
60 ml AcO + 25 ml AgO/50 ml AcOH

23.4¢g (0.2 mol) RT, ~0.3 MPa |j, 5.3h 2879 (88%)

(7.30)
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Raney Ni (2-3 g)
CHj3(CH,)11CN CHj3(CH,)1,NHAC (7.31)
12.0 g NaOAc + 120 ml A©® :
19.5 g (0.10 mol) 50°C, 0.34 MPa b 1 h 24.1 g (100%)

Hydrogenation of nitriles in acidic media over palladium or platinum catalysts is also
effective to obtain high yields of primary amines. Benzonitrile was hydrogenated to
benzylamine in an 80% yield (isolated as hydrochloride) over Pd-BaSO, in acetic
acid in the absence of a mineral acid, although with p-hydroxybenzonitrile the secon-
dary amine was the major product.’” In the case of phenylacetonitrile, addition of dry
HCI or concentrated H,SO, was required to obtain a satisfactory yield (73%) of -
phenethylamine. Benzonitrile was also hydrogenated to pure benzylamine hydrochlo-
ride very smoothly over Pd—C in absolute ethanol in the presence of =1 equiv of
hydrogen chloride.’® Without hydrogen chloride, a mixture of benzylamine, dibenzyl-
amine, and ammonia was obtained. It is of interest that, in the presence of diethyl-
amine, the hydrogenation of benzonitrile with Pd—C in octane, ethanol, or benzene
afforded no dibenzylamine, or diethylbenzylamine, but benzylamine quantitatively.'’
The hydrogenation of nitriles in acidic media was also performed with Adams plati-
num oxide as catalyst.>*®! Typical hydrogenations in acidic media with palla-
dium®*®* and platinum catalysts®*¢! are shown in egs. 7.32—7.35. These procedures,
however, were not successful in the hydrogenation of some basic heterocyclic nitriles

6.0 g 5% Pd-C
FsC CN FsC CHyNH,
200 ml EtOH
17.1 g (0.1 mol) 0.3 mol HCI or equivalent conc. HCI 80% as hydrochloride
RT,2MPaH, <1h
62% as base

(7.32)
MeQ MeQ
. 3.5gPd-C N
R CH,CN CH,CH,NH,-HCI
250 ml EtOH/25 ml conc. HCI
R2 RT, 0.2-0.3 MPa ki R2
16.3 g (0.1 mol) 76% (R = OH, R=H)

95% (R = OH, RR= OMe)
90% (R = R>= OMe)

(7.33)
CN CH,NH,
N 0.05 g PtQ X
N 60 ml MeOH + 60 ml M HCI =
~20°C, 1 atm N
29 (0.013 mol) almost quantitative

(7.34)
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3 g Pt oxide
NCCH,CO,Et
e, 400 ml AcOH/10 ml conc. bSO, HZNCHZCHchOZEt (7.35)
30 g (0.27 mol) 22°C, 4MPal, <1h 23 g (74%)

where the formation of difficultly soluble products decreased the rates of hydrogena-
tion and the formation of secondary amines increased.** For these basic nitriles, hy-
drogenation with Raney Ni at room temperature in methanol with addition of 3—4 mol
of ammonia for 1 mol of nitrile gave high yields of primary amines (see also eq. 7.51).

7.3 HYDROGENATION OF DINITRILES TO AMINONITRILES

Aminonitriles are often produced in good yields in the hydrogenation of the corre-
sponding dinitriles under controlled conditions. The selective hydrogenation of
adiponitrile gives good yields of 6-aminocapronitrile, an intermediate leading to €-
caprolactam for the production of nylon-6. The hydrogenation was studied with a
nickel catalyst in EKOH-NH; or in the presence of other bases by interrupting the re-
action at the uptake of 2 mol of hydrogen.%> As an example, 1710 g of adiponitrile was
hydrogenated over Raney Ni in the presence of 574.4 g of 1,6-hexanediamine and 0.63
g of KOH at 50°C and 2 MPa H, to give an 81% conversion and a 60.3% yield of 6-
aminocapronitrile, which was converted to €-caprolactam in more than 98% yield by
treating an aqueous solution of the aminonitrile with SiOz—A1203.65C The hydrogena-
tion was also studied over nickel boride catalysts; 50-60% of 6-aminocapronitrile and
2-5% of 1,6-hexanediamine were obtained. The best results were obtained in the hy-
drogenation over the catalyst promoted with chromium at 75-80°C and 10 MPa Hz.66
Ziemecki studied the selective hydrogenation of dinitriles containing 4—12 carbon at-
oms over Raney Ni at temperatures from 40 to 120°C and hydrogen pressures from
1.5 to 10 MPa.®” High selectivities to aminonitriles were obtained with dinitriles con-
taining 5—12 carbon atoms over Raney Ni promoted with chromium and iron or with
molybdenum in the presence of 10-fold molar excess of MeOH containing 1.5%
NaOH or in liquid ammonia. Yields of aminonitriles decreased with increasing tem-
peratures. From the practical point of view, operation of the selective hydrogenations
in the range of 50—80°C has been recommended. Selectivity to the corresponding ami-
nonitriles is highest for 5- and 6-carbon systems and lowest for 10- and 12-carbon sys-
tems. With glutaronitrile (Cs), up to 15% of aminonitrile was found in the form of
dimers; with succinonitrile (C,), more than 50% of aminonitrile existed as dimers. In
a typical run with adiponitrile at 70°C and 3.4 MPa H,, the concentration of (-ami-
nocapronitrile in the reaction mixture reached maximum of 72% at ~90% conver-
sion of the dinitrile in the presence of 5 mol of ammonia per mol of dinitrile. It has
been suggested that a cyclic intramolecular interaction between the amino group
and the cyano group to form a cyclic conformation which is assisted by the pres-
ence of NaOH in methanol or in liquid ammonia is responsible for the high selec-
tivity to aminonitriles with C5 and C; dinitriles. In one patent, succinonitrile was
converted into a product consisting 96 mol% of aminobutyronitrile and 4 mol% of
diaminobutane at 40% conversion in hydrogenation over a prereduced Ni—ZSM-
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34 catalystin diaminoethane at 100°C and 7 MPa H2.68 In another patent, succinoni-
trile was hydrogenated to a product mixture comprising 85% aminobutyronitrile,
14% diaminolactone, and 1% pyrrolidine at 100% conversion over Raney Ni in
diaminoethane at 80°C and 7 MPa H,. The Raney Ni was washed with anhydrous
MeOH, treated with KOMe in MeOH and then washed with diaminoethane.®® Iron
catalysts have also been applied to the selective hydrogenation of aliphatic dini-
triles to aminonitriles.”

Mares et al. studied in details the hydrogenation of o,w-dinitriles NC(CH,),CN
(n = 2-5) to the corresponding aminonitriles over rhodium catalysts (Table 7.H).71
Highly dispersed rhodium supported on a high-surface-area magnesia has been found
to be very selective and efficient to the selective hydrogenation. The selectivities to
w-aminonitriles decreased with increasing chain length between the two cyano
groups. Striking differences in the amount and type of byproducts were observed be-
tween the dinitriles. In the case of succinonitrile (n = 2) and glutaronitrile (n = 3), the
corresponding 0,w-diamines were not formed even at 90% conversion. A cyclic imine
was also not found among the products from succinonitrile, and the only byproduct
was a dimeric intermediate, NC(CH,),CH=N(CH,),;CN. On the other hand, the only
byproduct in the case of 1,5-dicycanopentane (n = 5) was the corresponding diamine. With
adiponitrile the selectivity to 6-aminocapronitrile is favored by high dilution, neat ammo-
nia as the reaction medium, and higher hydrogen pressure. Under the best conditions a se-
lectivity of 94% was obtained at 70% adiponitrile conversion (eq. 7.36).

Rh-MgO (4-5% Rh, AN/Rh molar ratio = 1340?_| N(CHy)-CN
2 5!

NH; (NH5/AN molar ratio = 12) (7.36)

100°C, 10.3 MPa K 94.1% selectivit_y
L at 70% conversion
AN: adiponitrile

NC(CH,),CN

1,4-Cyclohexanedicarbonitrile was converted to a mixture of 61.9% of 4-(ami-
nomethyl)cyclohexanecarbonitrile, 19.8% of 1,4-cyclohexanebis(methylamine), and

TABLE 7.1 Hydrogenation of o  -Dinitriles to ®-Aminonitriles over Rh-MgO
Catalyst®”

n Selectivity (%)
Dimeric
In NC(CH,),CN Conversion (%) Aminonitrile Cyclic Imine Diamine product
2 89.4 87.3 0 0 13.3
3 92.0 81.6 4.1 0.2 129
4 90.0 74.0 2.0 21.0 3.0
5 92.7 65.4 0 34.0 0

“Data of Mares, F.; Galle, J. E.; Diamond, S. E.; Regina, F. J. J. Catal. 1988, 112, 145. Reprinted with
permission from Academic Press Inc.

bHydrogenations in THF at 100°C and 5.2 MPa H, with 21% (w/v) of dinitrile; NHs/dinitrile molar ratio
= 13 and dinitrile/Rh molar ratio = 300.
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6.3% of 3-azabicyclo[3.2.2]nonane in hydrogenation over Raney Co in dioxane with
or without ammonia at 125°C and 10 MPa H2.72 With Raney Ni, however, a mixture
of 25% of the aminonitrile and 70% of the diamine was obtained. On the other hand,
both isophthalonitrile and terephthalonitrile have been converted to the corresponding
cyanobenzylamines in high yields in the hydrogenation over palladium catalysts. In a
patent, 4-cyanobenzylamine was obtained in 97% yield when 100 parts of terephtha-
lonitrile was hydrogenated in portions over 10 parts of 5% Pd—Al,O; in cumene-etha-
nol-ammonia at 0—150°C.”® Likewise, 3-cyanobenzylamine was obtained in 85%
yield from isophthalonitrile. Terephthalonitrile was also hydrogenated to give an 84%
yield of 4-cyanobenzylamine with Pd—C in methanol at 50% of the hydrogen uptake
required for complete hydrogenation (eq. 7.37)."

i ; 5% Pd—C (8 parts) Q
NC CN NC CH,NH
MeOH (2000 parts) 2ne (7.37)

(256 parts) 20°C, 2-4 MPa i (222 parts) (84%)

7.4 HYDROGENATION TO ALDIMINES OR ALDEHYDES

The hydrogenation of nitriles to aldimines or the corresponding aldehydes,” formed by
hydrolysis of the aldimines, is usually possible under carefully controlled conditions or in
those cases where further hydrogenations of the imines or the aldehydes are inhibited by
reaction with other functional groups or reagents. Although the formation of an aldehyde
has been recognized to an extent of 50% in hydrogenation of an aromatic nitrile,”® hydro-
genation of butyronitrile over Raney Ni in dilute acetic acid gave only a 30% yield of
butyraldehyde even when the hydrogenation had been interrupted at the uptake of 1 mol
of hydrogen. In the case of phenylacetonitrile the products were a mixture of primary and
secondary amines and the starting nitrile only.”” However, some cases are known where
hydrogenation of nitriles over palladium catalyst in the presence of water and mineral acid
gives high yields of the corresponding aldimines or aldehydes (eq. 7.38).7%"°

NC OHC,
N N
Z/ N 10% Pd-C Z/ it
HN ll\l/ 300 ml 0.M HCI HoN ll\l/ (7.38)
RT,1atm B
CH,Ph ’ CH,Ph
2 1 molH, 2
1.99 g (0.01 mol) 92%
in 200 ml EtOH

Hydrogenation of nitriles over Raney Ni in the presence of sulfuric acid has been
found more generally applicable for obtaining aldehydes in high yields.®" In the pres-
ence of nitriles Raney Ni is not dissolved into solution with sulfuric acid and retains
the activity to hydrogenate nitriles. Thus, the hydrogenation of phenylacetonitrile in
H,SO,—EtOH over Raney Ni at 5°C and 1 atm gave an 83% yield of phenylactalde-
hyde, which was isolated as the hydrogen sulfite adduct (eq. 7.39).” This method is
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especially useful for the synthesis of 0-hydroxy aldehydes from the corresponding cy-
anohydrins. An example with mandelonitrile is shown in eq. 7.40.8!

~4 g Raney Ni
CH,CN CH,CHO (7.39)
11 g conc. HSO, + 50 ml EtOH

5°C, 1 atmH, 6-7 h
11.7 g (0.1 mol) 18.5 g (83%)
(as NaHS@adduct)

QCHOHCN 67 9 Raney N Q CHOHCHO  (7.40)
21 g conc. HSO, + 100 ml EtOH

0-5°C,1atmH 16.6 g as dimer (61%)
(70-80% as NaHS{adduct)

28 g (0.2 mol)

Hydrogenation of nitriles in the presence of carbonyl reagents may give the corresponding
aldehyde derivatives in high yields. The aldehydes are readily recovered by hydrolysis of
the products. According to Plieninger and Werst, in the hydrogenation of aliphatic and
arylaliphatic nitriles with Raney Ni, use of semicarbazide gives better results than
other reagents such as phenylhydrazine, toluenesulfohydrazide, benzhydrazide, hy-
droxylamine and hydrogen sulfite.”” Hydrogenation at atmospheric pressure gives
better results than at elevated pressures. Raney Ni gives better yields than Raney Co.
The hydrogenation of phenylacetonitrile (eq. 7.41) and indolyl-3-acetonitrile gave es-
pecially good yields of the semicarbazones of the corresponding aldehydes (70 and
75%, respectively). Indolyl-3-acetonitrile was also hydrogenated in the presence of 1,2-
dianilinoethane to form a tetrahydroimidazole derivative that was easily hydrolyzed at
20°C with 19% hydrochloric acid to give indolyl-3-acetaldehyde (eq. 7.42).

CH-CN 5 g Raney Ni
z 8.2 g NaDAC CH,CH=NNHCONH,

11.2 g BNHNCONH,-HCl 105 g (70%)

11.7'9 (0.1 mol) 100 ml 50% EtOH
25°C,1atmH, 1 molH, 3-4 h (7.41)
Ph
\
N
cHeN T { j
HN 22 gR i CH;
A\ + W g Raney Ni ’\1
N ~ 240 ml MeOH + 10 ml AcOH Ny Ph
H H'I\‘ 40°C, 11 MPa i N
Ph 1 mol H, H 15 g (30%)
22.59(0.144 mol) 40 g (0.19 mol)
CH,CHO
19% HCl in E3O N\
—_—
20°C N (7.42)

H
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In the hydrogenation of y- and &-hydroxynitriles the intermediate aldimines may react
with the hydroxyl group to form aminotetrahydrofurans or -pyrans, which protect the
aldimines from further hydrogenation to amines. This method has been used by Kuhn
and co-workers to lengthen the carbon chain of aldoses and ketoses by hydrogenating
their cyanohydrins with palladium catalyst.®*~** Thus, the hydrogenation of a mixture
of L-gluconic acid and L-mannonic acid nitriles, obtained from L-arabinose, over Pd—
BaSO, in dilute hydrochloric acid solution gave 28% of L-glucose and 56% of man-
nose phenylhydrazone (eq. 7.43).3

L-glucose
HCN L-glucononitrile 15 g Pd(OHYBasQ, 15 g (28%)
LArbinose - o * 170 ml M HCI (0.34 mol *
m .34 mo
Y L-mannononitrile RT 1 ( ) L-mannose
96% ,latmH, 8h
44.4 g as phenylhydrazone
50 g (0.28 mol) (56%)
in 100 ml KO (7.43)
Hzc_NHZ
OH

CN HC=NH HC=0
—OH  1molH, —OH +HO R——OH
i  — i - = i

: : —NH, :

H—f—0H H—f—OH
|

Il 1
Aldose: R =H ﬂ l

Ketose: R = CKHOH
H——NH, so  H—TOH
R——OH ——— R—TOH

Scheme 7.3 The reaction routes for the synthesis of aldoses with one more carbon chain
involving the hydrogenation of the cyanohydrins.
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Both p- and L-arabinose cyanohydrin have been transformed to the amino, arylamino,
and benzylaminonitriles, which, on hydrogenation followed by hydrolysis, gave p-
and L-glucosamine hydrochloride in 70-75% yields.®? Fructose cyanohydrin, which
is less stable than the cyanohydrin of an aldose, has been hydrogenated to give O-D-
fructoheptose in 61% yield (as an acetal with acetone).** General reaction pathways
of these transformations are formulated in Scheme 7.3. The aldimine II formed from
the cyanohydrin Iis cyclized to give glycosylamine V much faster than the hydrolysis
of II to form the aldehyde III or the hydrogenation to form the amine I'V. Thus the aldose
VI is formed from the cyanohydrin I by the reaction pathway I — I — V — VI3

7.5 HYDROGENATION TO SECONDARY AND TERTIARY AMINES

Hydrogenation of aliphatic nitriles over platinum metal catalysts often results in ex-
tensive formation of secondary and tertiary amines.”!”?®%> For example, hydrogena-
tion of butyronitrile over Rh—C in water at 100-125°C and 2.76—4.14 MPa H, gave
amixture of 51.5% of butylamine and 48.5% of dibutylamine, while in hydrogenation
with addition of ammonia (167 mol% based on butyronitrile) dibutylamine was
formed quantitatively. Under similar conditions the hydrogenations with Pd—C and
Pt—C gave tributylamine in yields exceeding 95%.”

Hydrogenations in methanol tend to be poisoned by ammonia. It is noteworthy that,
in contrast to the hydrogenation with nickel and cobalt catalysts, the yields of secon-
dary and tertiary amines even increased in the presence of ammonia over these plati-
num metal catalysts.

The hydrogenation of aliphatic nitriles over the catalysts based on copper also gives
high yields (70-90%) of secondary amines.® In a patent, high yields of secondary
amines were obtained in a two-stage process in the hydrogenation of fatty nitriles over
nickel catalyst.®” In the first stage, fatty nitriles, such as C,, nitrile, is hydrogenated to
primary and secondary amines at 120-220°C and 1.5-3.3 MPa H,, and in the second
stage the primary amines are transformed (deaminated) into secondary amines at 150—
200°C and 0-1.0 MPa H,. Product mixtures typically contain 91-94% secondary
amines. In another patent, a high yield (93.2%) of secondary amine was obtained by
hydrogenation of tallow nitrile (a mixture of C,4 and C nitrile) over a Ni-Cu—Cr—
Mo catalyst at 155°C and 3.4 MPa H, in cyclohexane in the presence of ammonia.®®
Removing of NHj in the course of the transformation of primary to secondary amines
may improve the yield of secondary amine.®

Hydrogenation of aromatic nitriles over platinum metals gives the results on prod-
uct distribution that are, in certain respects, different from those with aliphatic nitriles.
Hydrogenation of benzonitrile over Pd—C affords a mixture of benzylamine and
dibenzylamine. However, the product changes markedly with solvent, from predomi-
nantly benzylamine (63%) in octane to predominantly dibenzylamine (63%) in ben-
zene.'” Further, it is noted that benzonitrile is hydrogenated to give an 80% yield of
benzylamine (isolated as hydrochloride) in acetic acid over Pd-B aSO4,5 7 while diben-
zylamine is formed almost exclusively over Rh—C and Pt—C in neutral solvents.!”""
In contrast to the hydrogenation of aliphatic nitriles, no tertiary tribenzylamine is
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formed over any of these catalysts. Typical results on the hydrogenation to secondary
and tertiary amines of some aliphatic nitriles and benzonitrile are shown in Table 7.2.

The platinum-catalyzed hydrogenation of benzonitrile without a solvent in the
presence of sufficient water has been shown to be superior for the manufacture of
dibenzylamine on a commercial scale.'” The presence of water in amounts more than
1.0 molar ratio to nitrile eliminated the poisoning of the catalyst. The only significant
byproduct was toluene, the yields of which increased from 3—4 mol% at the lower
pressures to 8-9% at the higher pressures in the range of 2.1-8.3 MPa H,. The effect
of temperature on product distribution was minor in the range of 40—-130°C. A typical
run of the hydrogenation is shown in eq. 7.44. Hydrogenation in the presence of much
higher ratios of water, however, produced substantial amounts of tribenzylamine. For
example, the hydrogenation of 150 g (1.45 mol) of benzonitrile over 3 g of 5% Pt—-C
in the presence of 1500 g (83 mol) of water at 100°C and 2.1-3.4 MPa H, gave 39%
of tribenzylamine together with 45% of dibenzylamine.

@CN 409 5% Prc CH,NH, +

36 g (2 mol) HO 2z CHz)NH + Ch

105°C, 3.45-5.52 MPaH .
206 g (2 mol) 25h 0% 97% 3%
(7.44)

Hydrogenation of nitriles under conditions favorable for the formation of secondary
and tertiary amines can be applied to the synthesis of mixed secondary and tertiary
amines. The N-substituted phenethylamines were synthesized by hydrogenation of a
phenylacetonitrile in the presence of an amine; an example is shown in eq. 7.45.%

5% Pd-BaSQ
O,N CH,CN + MeNH ———— >  HyN CH,CH,NMe,
C,HsOH

Rylander and Hasbrouck have shown that the hydrogenation of valeronitrile in the
presence of butylamine (MeOH, RT, 0.34 MPa H,) gives butylpentylamine in high se-
lectivities over Pt—C, Pd—C, and Rh—C.!” The hydrogenation of benzonitrile in the
presence of butylamine gives high yields of butylbenzylamine with Rh—C in octane
and with Pt—C in octane, ethanol, or benzene. The yield of butylbenzylamine over Rh—
C depends highly on the solvent. Nearly quantitative yield of the mixed amine was ob-
tained in octane while in benzene no butylbenzylamine was formed but dibenzylamine
was obtained exclusively. In contrast to the case with butylamine, in the presence of
diethylamine no diethylbenzylamine was formed in the hydrogenation of benzonitrile
over any palladium, rhodium, and platinum catalysts. It is noteworthy that, in palla-
dium-catalyzed hydrogenation, the presence of diethylamine prevented the formation
of dibenzylamine, and benzylamine was produced quantitatively.!’

A mixed tertiary amine is obtained in high yield in copper-catalyzed hydrogenation
of an aliphatic nitrile. Thus, the hydrogenation of lauronitrile over a copper catalyst in
the presence of dimethylamine gave N,N-dimethyldodecylamine in a yield of 95%.°"
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TABLE 7.2 Hydrogenation of Nitriles to Secondary and Tertiary Amines

Selectivity (or Yield) (mol%)

Primary Secondary Tertiary Other
Nitrile Catalyst Medium T(°C) H, P (MPa) Amine Amine Amine Products Ref.
Valeronitrile Rh/C* MeOH RT 0.34 0 93 7 — 17
Rh/C MeOH RT 52 0 100 0 — 17
Pd/C? MeOH RT 0.34 0 16 84 — 17
Pt/C¢ MeOH RT 0.34 4 29 67 — 17
Butyronitrile Pd/C H,0/NH;4 125 3.2-4.1 0 3 97 — 7
Rh/C H,0/NH;4 75-110 3.2-4.1 0 100 0 — 7
Pt/C H,0/NH;4 125 3.2-4.1 0 3 97 — 7
Stearonitrile CuO-Cr,04 — 210 9 7.8 88.1 4.1 — 86
Benzonitrile Rh/C Octane RT 0.34 0 100 0 — 17
Pd/C Octane RT 0.34 63 34 0 — 17
pPt/C Octane RT 0.34 0 94 — 67 17
Rh/C H,0¢ 100-110 6.2-8.3 22 42 — I/ 19
Pd/C H,0¢ 100 2.1-34 19 49 0 30.3¢ 19
Pt/C H,0" 105 34-5.5 0 97 0 3 19
Pt/C H,0’ 100 2.1-34 0 45 39 0.9 19

“94% conversion.

b28% conversion.

“21% conversion.

Miscellaneous compounds.

“Molar ratio of H,O to nitrile = 1.05.
fToluene.

830% of toluene and 0.3% of benzamide.
"Molar ratio of H,O to nitrile = 1.0.

Molar ratio of H,O to nitrile = 57.

10.2% of benzamide and 0.7% of a Schiff base.
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Caillault et al. obtained high yields of N,N-dimethyldodecylamine and N-methyldi-
dodecylamine from lauronitrile and hexamethylenetetramine (HMTA) over a reduced
nickel catalyst (31% Ni-32% NiO-13% MgO-24% SiO,) in dodecane at 140°C and
1 atm H, (eq. 7.46).°> When the nitrile was first hydrogenated to give about 95% yield
of didodecylamine at 140°C and then HMTA was added to the reaction mixture, N-
methyldidodecylamine was obtained with a yield of about 90%. Since direct forma-
tion of N-methyldidodecylamine was not observed in the reaction between
didodecylamine and methylamine, it has been suggested that the methyldidodecy-
lamine is formed by the reaction of didodecylamine and the methanimine produced
from HMTA.

0.2 g Ni catalyst*
B E——

Cp1HpCN + (CH)N, CyHsNHMe + CpoHogNMe, + (C;Ho5),NMe + others

65 ml dodecane 69.4% 30.4% 0.2%

3.9ml 759 140°C, 0.1 MPa K 22h
[mol (HMTA/RCN) = 3]

* 31% Ni—-32% NiO-13% MgO-24% SiQ (7.46)

prereduced with Klat 420°C for 9 h.

7.6 HYDROGENATION ACCOMPANIED BY SIDE REACTIONS

7.6.1 Aminonitriles

Hydrogenation of a-aminonitriles (R,NCH,CN: R = H or alkyl) to the corresponding
1,2-diamines is often accompanied by the hydrogenolysis of the C—CN bond or R,N—
C bond. In the case of N-unsubstituted 0-aminonitriles, low-pressure hydrogenation
in alcoholic hydrogen chloride over platinum oxide gives good yields (60—-82.5%) of
the corresponding diamine hydrochloride (eq. 7.47).° This method, however, is not
applicable to N-substituted 0-aminonitriles. Extensive hydrogenolysis of the C—CN
bond took place during the hydrogenation of 1-cyclohexyl-2,5-dicyano-2,5-dimethylpyr-
rolidine, yielding 89% of methylamine hydrochloride and 69% of 1-cyclohexyl-2,5-
dimethylpyrrolidine (eq. 7.48).

1R2 19 Ptoxide R'R?C(NH,)CH,NH,- 2HClI
RR?C(NH,)CN > :
(NHp) 235 ml 14% EtOH-HCI 2)CHNH,
(0.3 mol, added to 0.3 MPa b 60-82.5%
EtOH-HCI at <10°C) (7.47)

Me><_><Me Pt oxide Me><_><Me
2 CHgNH,-HCI +

NC™ 'N" "CN  EtoH-Hcl Ho N H
CeH11 0.3 MPaH 89% CeHi11
69%

(after treatment with NaOH)
(7.48)
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According to Reihlen et al., d-aminonitriles undergo decomposition under hydro-
genation conditions liberating HCN which may poison the catalyst.”* The decompo-
sition can be prevented by acetylating the aminonitriles. Thus, 0-aminonitriles were
hydrogenated in acetic anhydride over platinum oxide and o,B-diacetamino com-
pounds were obtained in high yields. Hawkins and Biggs hydrogenated the monoace-
tyl derivatives of 0-aminonitriles over Raney Ni to form dihydroimidazoles that were
hydrolyzed by acid or alkali to yield the corresponding diamines (eq. 7.49).%

R
R\C/CN Raney i R’ﬁ/\NH OHorH* R CHNH,
7N ; ~ —_— C
rR” “NHcocH, 30 ml EtOH, 200 g lig. Ni N\( HO /i
90°C, 13.8 MPak 1.5h Me 2
70 g (0.5 mol) 5.5 g (88%)
(R=Et,R=Me) (7.49)

Hydrogenation of N-substituted 0-aminonitriles with nickel catalyst is labile to hydro-
genolysis, resulting in cleavage of the amino group and lower yields of the corre-
sponding amines than in usual nitriles. In the case of a-piperidinocaprylonitrile and
o-piperidinophenylacetonitrile the hydrogenolysis was apparently complete and none
of the corresponding hydrogenation products were obtained, with the recovery of 80%
of piperidine, in the hydrogenation over Raney Ni in ethanol at 80—100°C.°® How-
ever, several successful hydrogenations with Raney Ni have been reported in the
presence of ammonia. Baganz and Milster obtained 82 and 79% yields of N-(f3-
aminoethyl)morpholine and N-(B-aminoethyl)piperidine in the hydrogenation of the
corresponding nitriles with Raney Ni in methanol and ammonia.”” Various dialky-
laminoacetonitriles have been hydrogenated to give 34—-88% yields of the corre-
sponding diamines with Raney Ni in ether in the presence of liquid ammonia at
125°C and 8-9.5 MPa H2.98 In one patent, it is claimed that the hydrogenation of
0-diethylamino- and a-dimethylaminoacetonitriles over Raney Co in cyclohexane-
or benzene-ammonia at the temperature below 110°C gives the corresponding
diamines in 95 and 80% yields, respectively.” Freifelder reports that the hydro-
genation of a-dialkylaminonitriles over Rh—Al,O; (10-20% ratio) at room tem-
perature and 0.2—-0.3 MPa H, gives high yields (68.4-92.5%) of the corresponding
diamines in the presence of at least five molar equivalents of ammonia.'% The hy-
drogenation, however, was not successful for 0-alkylaminonitriles. In the case of
o-methylaminoacetonitrile the hydrogen uptake was incomplete and with O-
cyclohexylaminoacetonitrile, hydrogenolysis to give cyclohexylamine occurred ex-
tensively under these conditions.

Various [3-aminonitriles, which are best prepared by the addition of ammonia, pri-
mary amines, or secondary amines to acrylonitrile,'°! were successfully hydrogenated
with Raney Ni at temperatures of 90-130°C and 6.7-27 MPa Hz.lo2 A typical hydro-
genation is shown in eq. 7.50 for f-morpholinopropionitrile. Hydrogenation of the
nitrile at 190°C decreased the yield of y-morpholinopropylamine to 45%. The de-
crease in