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Foreword

Homogeneous hydrogenation of organic compounds catalyzed by metal com-
plexes is undoubtedly the most studied of the entire class of homogenously cat-
alyzed reactions. Indeed, advances in hydrogenation systems have contributed
significantly to progress in homogeneous catalysis more generally, mainly be-
cause of the involvement of intermediate metal hydrides in a wider range of cat-
alytic processes. The historical development of homogeneous hydrogenation is
documented in my 1973 text on this topic, which was intended to represent an
exhaustive treatise on the subject (the process, prior to the computer era, was
certainly exhausting as over 1900 multi-language references were compiled).

Before outlining the content of The Handbook of Homogeneous Hydrogenation,
I will briefly note here a few early facts chronologically for the appropriate con-
text. Melvin Calvin first used the term “homogeneous hydrogenation” in 1938
for some non-aqueous, Cu-based systems, and a year later an M. Iguchi was the
first to record the use of Rh species for hydrogenations in aqueous media. Jack
Halpern was the first to study (in the mid-1950s) the kinetics and detailed
mechanisms of such hydrogenations, while notably R.J.P. (Bob) Williams was
the first (in 1960) to suggest in an equation the possibility of an M(H,) species,
long before their true characterization in the early 1980s! The majority of the
systems studied up to the early 1960s (for homogeneous catalysis generally, as
well as hydrogenations) were in aqueous media — a fact frequently overlooked
by current researchers — but developments at that time in the isolation and
characterization of transition metal hydrides (pioneered especially by Joseph
Chatt's group), including their stabilization by tertiary phosphines, led to in-
creased studies in non-aqueous systems. Cleaner and “greener” aqueous sys-
tems are preferred for industrial processes, and intense interest remains in the
incorporation of, for example, water-solubility enhancing, polar groups (sulfo-
nate, carboxylate, hydroxide, etc.) into phosphine-containing ligands, protona-
tion of N-atoms in P-N donor ligand, and more general use of cationic or anion-
ic species for catalysis. The completion of the cycle back to aqueous systems is
now in progress.

The classic 1961 paper by Halpern et al. (the ‘al.’ being John Harrod and myself)
on the catalytic hydrogenation of unsaturated acids using chlororuthenium(II)
species in aqueous acid solutions certainly motivated the work of Geoffrey Wilk-
inson’s group on Ru- and Rh-triphenylphosphine hydrogenation catalysts; these
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findings, published in the mid-1960s, are now legendary. The next highly signifi-
cant step was the use of chiral phosphines with Rh precursors, first reported in
1968 by the groups of Knowles and Horner, the work providing the first examples
of catalytic enantioselective hydrogenation (of unsaturated acids and a-substituted
styrenes). Thousands of subsequent publications have recorded the development
of catalyst systems containing chiral ligands (such as phosphines, sulfoxides, ox-
azolines, nitrogen-ligands, combinations of P/N/O/S-donors, carbenes, etc.) for
hydrogenation of a wide range of prochiral substrates including alkenes, ketones,
and ketimines. Processes reaching close to 100% enantiomeric excess (e.e.) are no
longer uncommon, and, in a few cases, a remarkable degree of understanding of
the mechanistic pathways has been achieved. About one dozen industrial, catalytic
enantioselective homogeneous hydrogenation processes are now operating, and
the potential for chiral catalyst systems within fine chemical industries (particular-
ly for pharmaceuticals and agrochemicals) remains enormous. The first such pro-
cess, that went on-line in 1970, was for the synthesis of L-dopa, a drug for treat-
ment of Parkinson's disease; the system involved hydrogenation of a prochiral en-
amide using a Rh-chiral phosphine catalyst. In the production of the herbicide Me-
tolachlor, a process that went on-line in 1996, a chiral amine is generated by
hydrogenation of a ketimine using an Ir catalyst, and this currently provides the
largest scale industrial process for an enantioselective synthesis of any type. The
discovery and explanation of non-linear effects in enantioselective reactions, first
reported by Kagan's group in 1986, are also noteworthy, and should lead to im-
proved applications in enantioselective synthesis and, more importantly, a better
understanding of the origins of enantioselectivity.

Advances thus far in experimental enantioselective hydrogenation have
stemmed largely from empirical studies. More trendy and certainly more effec-
tive is high-throughput experimentation using ligand libraries, a methodology
that is being increasingly promoted by researchers in the fine-chemical indus-
tries. Novel attempts to find the best catalyst by purely theoretical work that in-
volves screening virtual catalyst libraries are also being published.

Hydrogenation catalysis in the petrochemical and related industries remains
in the domain of heterogeneous systems, because of the practicality of separat-
ing and recycling the catalyst, although advances in the use of multiphase sys-
tems might find eventually use in relatively small-scale systems where a re-
quirement is high selectivity, a vital property that can be engineered with a
homogeneous catalyst. The design of supported metal complexes, including
dendrimers, the use of size-exclusion filtration methodology, and the use of bi-
phasic systems with all their ramifications (fluorous solvents, ionic liquids, and
supercritical fluids), continue to be areas of intense current interest, and the
findings should lead to further industrial uses of homogeneous catalysts, partic-
ularly in the small-scale synthesis of high value products.

The classic division between heterogeneous and homogeneous catalysts ap-
pears to becoming increasingly blurred and, in some cases involving colloidal/
nanoparticle and metal cluster catalysts, the difference is difficult to determine
experimentally. The large majority of reported homogeneous hydrogenation cat-
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alysts for aromatic residues now appear to be colloidal systems; in terms of ac-
tivity within a particular reaction, the true nature of a catalyst may be con-
sidered somewhat irrelevant, but this is key when catalyst separation/removal
for the purposes of recycling and residual toxicity levels is considered.

The exponential increase in the homogeneous hydrogenation literature over
the last three decades shows no sign of abatement, and indeed, with the “re-
placement” of phosphine ligands by the increasingly popular carbenes, and the
use of various two- and multi-phase systems, a further endemic literature ex-
pansion in homogeneous catalysis, and especially in the most understood area
of hydrogenation, is guaranteed.

There is no question that much general knowledge on homogeneous catalysis
has stemmed from studies on homogeneous hydrogenation, and it is fitting that
The Handbook of Homogeneous Hydrogenation is published about 50 years after
Halpern's first reports on the mechanistic aspects of such reactions. The editors
have assembled an impressive list of eighty-one international experts that review
the field from several aspects noted above. The first six chapters are categorized
according to the catalyst metal used (most often the more traditional group 8-
10 noble metals, although data on the early transition metals are presented),
and there are chapters on the use of metal clusters and nanoparticles. A sepa-
rate chapter appears on the kinetics commonly observed in hydrogenation sys-
tems, and there is one chapter on ionic hydrogenations. Three well-known tech-
niques for studying homogeneous hydrogenation are then each presented in a
chapter that discuss: NMR methods in general, the PHIP (parahydrogen in-
duced polarization) NMR method, and the application of mass spectrometry.
There are chapters on hydrogenation of organic substrates that are generally as-
sembled according to the nature of the unsaturated function present in the or-
ganic, while separate chapters describe hydrogen transfer processes, CO, hydro-
genation, and Rh-catalyzed, hydrogen-mediated, carbon-carbon bond formation.
A large number of the chapters appropriately cover the many aspects of enantio-
selective hydrogenation, including a synopsis of current industrial applications.
The final chapters deal with the fundamental problem associated with applica-
tions of homogeneous catalysis: deactivation, separation and recovery of the cat-
alyst, and related engineering aspects.

The editors and authors are to be congratulated on assembling what is des-
tined to become a classic in the area of Homogeneous Hydrogenation, which
over the years has earned its title in capital letters.

Brian R. James
(University of British Columbia)
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Preface

It is truly astonishing that such a simple reaction as the addition of one mole-
cule of hydrogen to a double or triple bond can have so many facets.

When we had chosen the title of Handbook of Homogeneous Hydrogenation
for our book we meant it to be a comprehensive work of reference. In this re-
spect we are quite satisfied. We only had to skip the chapter on dehydrogena-
tions, for which we could not find an author. We are extremely grateful to the
other 88 authors for dedicating so much of their valuable time to writing the 81
marvellous chapters included in these volumes. We had envisaged an average of
30 pages per chapter but in the end this was not enough, necessitating an ex-
pansion of the two projected volumes to three.

One may wonder how long this handbook remains up-to-date. Indeed many
areas are continuously undergoing new developments. In addition, new topics
that were hardly emerging five years ago seem to develop at a very fast pace.
Colloidal hydrogenation catalysts, for instance, which until recently were seen
as the Cinderella of both homogeneous and heterogeneous catalysis — too solu-
ble to be heterogeneous and too ill-defined to be homogeneous — have become
quite respectable since they were recognized to be part of nanotechnology. Re-
ductive coupling reactions can be considered as a green method to construct
carbon-carbon bonds without taking resort to leaving groups. Indeed, not only
this class of reactions, but all hydrogenations are of course extremely environ-
mentally benign. Also the number of substrates is continuously expanding; car-
boxylic acid derivatives and heteroarenes are good examples of substrates re-
cently added to the existing pool.

Just when everyone thought the chiral-ligand-boom was coming to an end, ex-
tremely simple monodentate ligands turned out to be quite effective, also allow-
ing a combinatorial approach using mixtures of ligands. There is now a bewil-
dering choice of chiral ligands available, increasing the chances of application.
Indeed, the number of industrial applications is steadily increasing; an impor-
tant breakthrough in this area was the advent of high throughput experimenta-
tion, which allowed for the first time to find a chiral ligand with good perfor-
mance within a matter of weeks.

Our insight into the mechanisms of hydrogenation reactions has grown tre-
mendously, thanks to advances in spectroscopic techniques, but also thanks to
the hard work of many organometallic chemists. Many authors now also recog-
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Preface

nise the importance of the rate of these reactions. Turnover frequencies of hy-
drogenations are listed throughout the book.

One aspect that remains underdeveloped is the insight in deactivation path-
ways. Our knowledge in this area is growing, but the pace is slow. We have de-
voted an entire chapter to this topic, since the economics of many processes
could benefit a lot from more insight in ways to reduce catalyst deactivation.

So far none of the industrial processes recycle the catalyst. Yet the number of
ways to do this has grown far beyond simple immobilization. Two-phase cataly-
sis now comes in many flavours.

Looking into the future, we expect that hydrogenation reactions will also be
tremendously important for the conversion of renewable resources. Going from
carbohydrates to valuable chemicals will require deoxygenating reactions. Thus,
hydrogenation of alcohols, aldehydes and carboxylic acids will become very im-
portant topics.

We hope the readers will appreciate as well as enjoy the contents of this book.
Any comments you may have are of course very welcome.

Hans de Vries September 2006
Kees Elsevier
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