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Preface

The impressive developments of organometallic chemistry during the past 50
years have allowed the preparation of a wide variety of soluble metal complexes
useful for organic transformations under mild conditions. Among these metals,
the noble triad of ruthenium, rhodium and palladium has played the major role,
with rhodium being the most relevant when acquiring knowledge of the mecha-
nisms of metal-mediated organic transformations. In fact, the discovery and appli-
cation of Wilkinson’s catalyst, RhCl(PPh;);, proved to be a major milestone during
the mid-1960s, mainly because it led to the initiation of many successful applica-
tions, including rhodium-catalyzed olefin hydroformylation, the Monsanto
production of acetic acid, and industrial asymmetric hydrogenations. Details
of some of the major applications of rhodium complexes were updated
in a recent book, Rhodium-Catalyzed Organic Reactions (edited by P. A. Edwards,
published by Wiley-VCH in 2006). In contrast, iridium complexes have been most
often used as model compounds to acquire an understanding of the elementary
steps of transition metal-catalyzed reactions. A good example of this was ‘Vaska’s
compound’, the details of which were first reported in 1965, and which has since
provided valuable information on the oxidative addition reactions that serve as key
steps in almost every catalytic cycle. Unfortunately, the IrCl(PPh;); complex—
which can be seen as analogous to Wilkinson’s catalyst—is not a good hydrogena-
tion catalyst, due mainly to the inability of the IrH,Cl(PPh;); to lose hydrogen.
Nonetheless, a variety of cationic iridium complexes with a phosphine:iridium
ratio of 1 to 2 have been used extensively as efficient catalysts for alkene hydroge-
nation, including the industrial enantioselective hydrogenation of imines. Although
iridium complexes are less frequently used than their rhodium analogues, in some
processes they may be more effective—the carbonylation of methanol being an
excellent example in the arena of bulk chemistry. Perhaps the most important
catalytic applications of iridium complexes, however, are in the manufacture of
fine chemicals, most notably in areas of chemoselective and enantioselective
hydrogenation. Iridium complexes have also been shown to play an important role
in the enantioselective hydrogenation of C=N, which is used widely in the fine
chemicals industry, and also of non-functionalized C—C bonds, with particular
interest being centered on the creation of intermediates and building blocks in
organic synthesis.
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Preface

Today, although the value of iridium is becoming increasingly recognized in
many organic transformations, it is still not used to any great degree by the chemi-
cals industry. So, it is the aim of this book not only to evaluate the potential of the
most promising reactions that involve iridium complexes, but also to provide an
account of the role of these materials in important organic transformations such
as hydrogenation, hydroamination, hydroboration, C—C bond formation, carbon-
ylation and cycloadditions. The use of relevant ligands as carbenes or pincer
ligands, as well as recent catalytic systems using iridium nanoparticles, are also
described.

We, the editors, believe that organoiridium chemistry has not only a rich past,
but that the application of iridium complexes in organic transformations also has
a brilliant future!

October, 2008 Luis A. Oro, Zaragoza
Carmen Claver, Tarragona
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Application of Iridium Catalysts in the Fine Chemicals Industry
Hans-Ulrich Blaser

1.1
Introduction

Traditionally, catalysis is associated with the production of bulk chemicals, whereas
fine and specialty chemicals are produced predominantly with noncatalytic organic
synthesis. While these statements are basically still correct, there is a growing list
of examples demonstrating that catalytic processes are also an opportunity for the
production of more complex agrochemicals and pharmaceuticals [1]. However, our
experience shows, that only relatively few catalytic transformations are actually
applied on a larger scale and it is probably not surprising that the most important
catalytic applications in fine chemicals manufacture are in the area of chemoselec-
tive and enantioselective hydrogenation [2, 3]. Not surprisingly, this is also the case
for the—until now-rather scarce industrial applications of Ir-catalyzed reactions.
For this reason, the enantioselective hydrogenation of C=N and of nonfunctional-
ized C=C bonds will be discussed in some detail, while miscellaneous catalytic
transformations with industrial potential will be summarized only briefly.

1.2
Industrial Requirements for Applying Catalysts

In order to understand the challenges facing the application of catalysts in the fine
chemicals industry, one has to understand not only the essential industrial require-
ments but also how process development is carried out, and which criteria deter-
mine the suitability of a catalyst.

1.2.1
Characteristics of the Manufacture of Enantiomerically Pure Products

The manufacture of chiral fine chemicals such as pharmaceuticals or agrochemi-
cals can be characterized as follows (numbers given in parentheses reflect the
experience of the authors):
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e Multifunctional molecules produced via multistep syntheses (five to 10 or more
steps for pharmaceuticals, and three to seven steps for agrochemicals) with short
product lives (often <20years).

Relatively small-scale products (1-1000ty™ for pharmaceuticals, 500-10000ty™"
for agrochemicals), usually produced in multipurpose batch equipment
[continuous processes are very rare and catalyst recycling is cumbersome,
especially under a good manufacturing practice (GMP) regime].

e High-purity requirements (usually >99% and <10ppm metal residue in
pharmaceuticals).

High added values and therefore tolerant to relative high process costs (especially
for very effective, small-scale products).

Short development time for the production process (less than a few months to
1-2 years), since the time to market affects the profitability of the product and,
in addition, development costs for a specific compound must be kept low as
process development starts at an early phase when the chance of the product to
ever ‘make it’ is about 10%.

o At least in European companies, chemical development is carried out by all-
round organic chemists, sometimes in collaboration with technology specialists.
For this reason, catalysts must be available commercially as there is little
expertise (and time) for making complex catalysts.

1.2.2
Process Development: Critical Factors for the Application of Catalysts

It is useful to divide the development of a manufacturing process into different
phases:

Phase 1: Outlining and assessing possible synthetic routes on paper. Here, the
decision is made whether to use chemocatalytic steps for making the desired
product or to use classical organic synthesis. This decision will depend on
a number of considerations, such as the goal of the development, the know-
how of the investigators, the time frame, or the available manpower and
equipment.

Phase 2: Demonstrating the chemical feasibility of the key step—which often is
the catalytic reaction—and showing that the catalytic step fits into the overall
synthetic scheme.

Phase 3: Optimizing the key catalytic reaction as well as the other steps. Showing
the technical feasibility (catalyst separation, metal impurities, etc.)

In Phases 2 and 3, it is not only the results of the catalyst tests (selectivity, activ-
ity, productivity, catalyst costs, etc.) but also the total product costs that decide
whether the catalytic route will be further developed, or abandoned.
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Phase 4: Optimizing and scale-up of the catalytic step as well as of the overall
process.

In the final analysis, the choice as to whether a synthesis with an catalytic step
is selected depends very often on the answers to two questions:

e Can the costs for the overall manufacturing process compete with alternative
routes?
e Can the catalytic step be developed in the given time frame?

1.2.3
Requirements for Practically Useful Catalysts

Based on the published results and our own experience, we consider that several
requirements should be met in order to make catalysts feasible for industrial
applications.

1.2.3.1 Preparation Methods

It is not really possible to predict what type of catalyst will be suitable for a given
substrate and process. Therefore, flexible methods that allow different combina-
tions of the most important catalyst components such as metal, ligand or support
are vitally important.

1.2.3.2 Catalysts Cost

The catalyst costs will only be important later, when the costs of goods of the
desired product are compared. For homogeneous catalysts, the (chiral) ligand
often is the most expensive component (typical prices for the most important
chiral phosphines are 100 to 500 $g™ for laboratory quantities and 5000 to
>40000 $kg™ on a larger scale).

1.2.3.3  Availability of the Catalysts

If a specific catalyst is not available at the right time, and in the appropriate quan-
tity, it will not be applied due to time limitations for process development. Today,
a sizable number of homogeneous catalysts and ligands (especially for hydrogena-
tion) are available commercially in technical quantities.

1.2.3.4 Catalytic Performance

The performance concerning selectivity, activity, productivity and so on, must
fulfill the requirements of a given product. As a rule of thumb, (enantio)selectivity
should be >90-95%; turnover numbers (TON) should be >200 for small volume
products and reactions with high added value and >10000 for large-volume prod-
ucts; and reaction times should not exceed 5-10h. Furthermore, functional group
tolerance will often be important as most substrates will have other functional
groups which can either be reduced or which can interfere with the catalyst via
complexation.
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1.2.3.5 Separation

Although the separation of homogeneous catalysts can be problematic, in many
cases product distillation or crystallization and sometimes extraction is possible.
Trace metals can also be problematic as the limit for metal contamination in bio-
logically active compounds is in the ppm region. An additional purification step
such as adsorption is sometimes required.

13
Enantioselective Hydrogenation of C=N Bonds

1.3.1
Catalysts and Scope

Even though the asymmetric hydrogenation of C=N has been investigated less
systematically than that of C=C and C=0 groups, the topic is of relevance here
as chiral amines are important intermediates for biologically active compounds.
The successful implementation of a large-scale process to produce the herbicide
(S)-metolachlor, catalyzed by an Ir—josiphos catalyst (see below), has motivated
increased efforts. As a consequence, in recent years a variety of catalytic systems
has been described for the enantioselective hydrogenation of various C=N func-
tions [4]. Ir-based catalysts have been shown to be very effective for the hydrogena-
tion of N-aryl amines, selected endocyclic C=N bonds and of quinolines; a
summary of the most important results reported up to September 2007 is provided
in Table 1.1. It must be pointed out that, with very few exceptions, all results have
been obtained with monofunctional model substrates (see Figure 1.1) and optimi-
zation was focused on enantioselectivity. As a consequence, the turnover number
(TON) and turnover frequency (TOF) of most catalysts are (as yet) insufficient for
industrial applications, and only time will tell whether real world substrates can
be hydrogenated with the same high enantioselectivities.

Table 1.1 The state of the art for the Ir catalyzed reduction of various C=N groups.

Substrate ee (%)° TON* TOF (h™)* Ligands®

N-Aryl imines ~ 90->99 100-200 2-50 t-Bu-bis-P* [5], f-binaphane [6],
1[7], 2[8], 3[9], josiphos [10], 4[11]

Endocyclic 86-95 100-1000 2-300 binap [12, 13], bicp [14], josiphos
imines [10], bepm [15]
Quinolines 85-97 100-1000 5-80 5 [16], MeO-biphep [17], 6 [18],
P-phos [19], H8-binapo [20],
7 [21]

a  Typical range for suitable substrate (Figure 1.1) and optimized catalyst.
b For structures, see Figure 1.2.
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Figure 1.1 Structure of model substrates.
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Figure 1.2 Structures of important ligands for the hydrogenation of C=N functions.

Here, a few comments should be made with regards to Table 1.1. It is clear that
for all three substrate classes, enantioselectivities can range from good to very
high, whereas the TON—and especially TOF—values are less impressive (and in
most cases have not been optimized). Most catalyst systems require pressures of
20-100 bar (2-10 x 10*hPa) to achieve realistic reaction times but, as a rule, the
chemical yields are very high. In the presence of Ti(OiPr),, Ir/f-binaphane
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catalyzes the reductive amination of aromatic ketones with a variety of substituted
anilines with high enantiomeric excess (ee) values but relatively low catalyst activ-
ity [6]. It was also shown that Ir—phox catalysts work well in supercritical carbon
dioxide (sCO,)-ionic liquid systems, allowing easy separation and recycling of the
catalyst with good catalyst performance [22]. Although the hydrogenation of sub-
stituted heteroaromatic substrates provides access to a variety of cyclic amines,
this is a very demanding reaction for any homogeneous catalyst, and very few
substrate types have been hydrogenated successfully. A patent described the Ir—
josiphos catalyzed hydrogenation of a pyrazine amide with up to 77% ee but very
low catalyst activity (TON ~20, TOF 1h™) [23]. On the other hand, very impressive
results were reported for the Ir-catalyzed hydrogenation of various substituted
quinoline derivatives, again at high pressures.

13.2
Industrial Applications

Until now, only a small number of industrial applications has been reported. The
metolachlor process was originally was developed in the Central Research Labo-
ratories of Ciba-Geigy (now Solvias), but is now operated by Syngenta. With a
volume of >10000ty " it is the largest known enantioselective catalytic production
process [24-20].

Metolachlor is the active ingredient of Dual™, one of the most important grass
herbicides for use in maize and a number of other crops. In 1997, after years of
intensive research, Dual Magnum™, with a content of approximately 90% (1’S)-
diastereomers and with the same biological effect at about 65% of the use rate,
was introduced into the market. This ‘chiral switch’ was made possible by the new
technical process that is briefly described below. The key step of this new synthesis
is the enantioselective hydrogenation of the isolated MEA imine, as depicted in
Figure 1.3.

The search for a commercially viable process took many years, during which
time several approaches with Rh or Ir complexes using commercially available
diphosphine ligands proved to be unsuccessful. However, a critical breakthrough
was achieved when Ir complexes with a new class of ferrocenyl based ligands—now
known as Solvias Josiphos—were used. Especially in the presence of acid and
iodide ions, extremely active and productive catalysts were obtained, and conse-

MeO
MeO)\ MeO
chiral catalyst NH CH,CICOCI ,COCH ,Cl
- ? \©/\
MEA imine (S)-NAA (S)-metolachor

Figure 1.3 Enantioselective synthesis of (S)-metolachlor.
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Table 1.2 The most successful Josiphos ligands for the hydro-
genation of MEA imine (for ligand structures, see Figure 1.2).

R R TON TOF (h") ee(%) Comments

Ph 3,5-xylyl 1000000  >300000 79 Production process
p-CF;Ph 3,5-xylyl 800 400 82 Ligand screening

Ph 4-tBu-C¢H, 5000 80 87 Low temperature

Ph 4-(n-Pr),N-3,5-xyl 100000 28000 83 Optimized conditions

cyclohexane
50 °C, 80 x 105 N m2

o MeO
NH [Ir(cod)Cl], / josiphos )\
z 0 NBu,l, MeSO,H NH
D owe e, _blMeson

reductive amination ee 78%; TON 10 000; TOF >600 h"
@prw
o 0 79 PPh,
: ST NN e
s|02¥07s| NN S
—0

Si0,-bound Josiphos ee 78%; TON 120 000; TOF 12 000 h-'

Figure 1.4 Alternative variants for the production of (S)-metolachlor.

quently several different Josiphos ligands were tested. A selection of the best
results obtained is provided in Table 1.2.

The optimized process is carried out in a loop reactor at 80bar (8 x 10*hPa)
hydrogen and 50°C with a catalyst generated in situ from [Ir(cod)Cl], and the
Josiphos ligand R = Ph, R” = Xyl at a substrate-to-catalyst ratio of >1000000 in the
presence of trace amounts of HI. Complete conversion is reached within 3—4h,
the initial TOFs exceed 1800000h™, and the ee-value is about 80%. The product
(S)-NAA is distilled and the catalyst discarded. Today, this process is operated by
Syngenta on a scale of >10000ty™".

Two alternatives to the homogeneous hydrogenation of the isolated MEA imine
have been investigated (see Figure 1.4). The first method involved the direct ami-
nation of MEA with methoxyacetone in order to avoid isolation of the MEA imine
[27]; the second method involved the use of immobilized josiphos ligands in order
to avoid product distillation [28]. While both variants led to the desired product
with similar ee-values as the homogeneous process, both the TON and TOF were
insufficient for a technical application.

An Ir-catalyzed hydrogenation developed by Lonza for an intermediate of
dextromethorphan was carried out on >100kg scale [29]. Here, the important
success factors were the ligand fine tuning and the use of a biphasic system. The
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Figure 1.5 Industrial hydrogenation of various C=N bonds.

chemoselectivity was high but catalyst productivity rather low for an economical
technical application. Satoh et al. reported up to 90% ee for the hydrogenation of
an intermediate of the antibiotic levofloxacin using Ir—diphosphine complexes.
Best results were obtained with bppm and modified diop ligands in the presence
of bismuth iodide at low temperature [30] (Figure 1.5).

1.4
Enantioselective Hydrogenation of C=C Bonds

1.4.1
Catalysts and Scope

Generally, the enantioselective hydrogenation of C=C bonds is the domain of Rh
and Ru catalysts [3, 31]. Whilst this is due to the high effectiveness of these cata-
lysts, it is still somewhat surprising as one of the most active catalysts for hindered
C=C bonds is Crabtree’s [Ir(cod)(PCy;(py)|PF; catalyst [32]. The very remarkable
exception is the hydrogenation of alkenes without ‘privileged’ functional groups,
which is much more difficult. Here, Ir catalysts are clearly superior, especially in
presence of a variety of P,N ligands such as the above-mentioned phox ligands,
originally developed by Pfaltz [33, 34] which, for the first time, gave high enanti-
oselectivities for unfunctionalized C=C (see Figure 1.6) as well as for cyclic ana-
logues. Later, Burgess reported a carbene/N ligand 9 that was similarly effective
[35]. Today, a range of ligands exists which with can hydrogenate what Burgess
refers to as ‘largely unfunctionalized alkenes’ with enantioselectivities >99%. Most
catalysts require pressures of 5-50 bar (0.5-5 x 10*hPa) and, with few exceptions,
the TON (typically 50-200) and TOF (typically 10-100h™") of most catalysts are
relatively low. Pfaltz has shown however that, under optimized conditions, a TON
of up to 5000 can be realized and that the reactions are initially very rapid, although
catalyst deactivation may be problematic. One special feature of these Ir/PN cata-
lysts is their high sensitivity to anions (by far the best results are obtained with
[Ir(ligand)(cod)]BARF complexes) and to protic and polar solvents. The very high
activity of the selected Ir/PN system was confirmed with the effective hydrogena-
tion of tetrasubstituted C=C bonds as well as (benzo)furanes (Figure 1.6), with
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unfunctionalized alkenes

R, R, R, = H, alkyl, aryl
Ir/various PN
2 ee up to 99%, TON 200-1000; TOF 100-500 h-1

"largely unfunctionalized alkenes"

Y
X = COOEt, CH,OH, &\ /7

Y=N,0,8
Ir/threphox, simplephox
ee 94-99%, TON 100, TOF ~50 h-!

X

furanes and benzofuranes

o ‘@ R = Me, COOEt, CH,CH,COOEt
7R /8 ee 92->99%, TON 50-100, TOF 2-4 h-!

Figure 1.6 Hydrogenation of olefins without privileged substitution and of (benzo)furanes.
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Figure 1.7 Selected PN ligands.

very high enantioselectivities and decent TONs. Although purely alkyl-substituted
olefins are still difficult substrates, Ir catalysts with selected PN ligands (e.g. 8)
have recently been identified that perform well in this case. As this would be
beyond the scope of this chapter, at this point we simply depict some of
the most effective ligands (see Figure 1.7) and refer the reader to reviews by Pfaltz
[34] (phox, threphox, simplephox, 8), Burgess [35] (ligand 9) and Andersson [36]
(ligand 10).

1.4.2
Industrial Applications

Although no large-scale Ir-catalyzed C=C hydrogenation processes have yet been
reported, two interesting cases indicate their industrial potential. Yue and Nugent



10 | 7 Application of Iridium Catalysts in the Fine Chemicals Industry

N H

N O N 0
Ej ' PPh,

x Ir / bdpp
— PPh
rt,4x 105 Nm2 2

bdpp
F F

ee 91%; TON 400; TOF ~35 h'"

Figure 1.8 Hydrogenation of an o,B-unsaturated lactam.

[37], at Bristol-Meyers Squibb, described the hydrogenation of an exocyclic o.,B-
unsaturated lactam which could be carried out with an Ir/bdpp catalyst with up
to 91% ee (Figure 1.8). The catalyst—which was selected after an intensive screen-
ing—involving 32 chiral phosphines and eight Ru, Rh and Ir precursor complexes.
The process was carried out on a 20-kg scale but, presumably, the TON and TOF
were too low for consideration as a manufacturing process.

The power of the Ir/PN catalysts was demonstrated in a feasibility study carried
out by Pfaltz in collaboration with DSM for the hydrogenation of y-tocotrienyl
acetate (Figure 1.9) [38]. This reaction involves the reduction of three C=C bonds
and creates two new stereocenters in a single step. Because the two prochiral C=C
units are both E-configured, the sense of asymmetric induction at the two reaction
sites is expected to be the same. The best stereoselectivity was achieved with Ir/8
(R = 2-Tol), which gave almost exclusively the natural (RRR)-isomer of y-tocopheryl
acetate, generating two stereogenic centers in a single step with virtually perfect
stereocontrol. Because these catalysts do not require the presence of any particular
directing substituents near the C=C bond, they should be applicable to a much
wider range of olefins than Rh or Ru catalysts. This was actually confirmed by the
hydrogenation of the four stereoisomers of farnesol, where all four stereoisomers
of the product were accessible with 299% enantioselectivity using the same catalyst
but starting from the corresponding E or Z C=C bond leading to R and S configu-
ration, respectively [34].

1.5
Miscellaneous Catalytic Applications with Industrial Potential

Besides the reaction discussed above, several Ir-catalyzed reactions are available
which probably have some potential to be applied in industrial syntheses.
Asymmetric allylic substitutions are widely applied in organic synthesis, using
various metal complexes, chiral ligands, nucleophiles and allyl systems [39].
Although Pd is often the metal of choice, this is not the case for monosubstituted
allylic substrates, where most Pd catalysts predominantly produce the achiral
linear product. In contrast, Mo, W and Ir catalysts preferentially give rise to the
desired branched products and, in recent years, a number of very effective Ir cata-
lysts for various substrates have been developed [40]. Since, to the best of our
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Figure 1.9 Hydrogenation of y-tocotrienyl acetate and farnesol.

knowledge, no industrial application has yet been described, we provide only a
brief summary at this point (see Figure 1.10). While the first results have been
obtained with Ir/phox catalysts, phosphorous amidites are the ligands of choice
for reactions with malonates (and related compounds), aliphatic nitro compounds,
ketone enolates, various N-nucleophiles (amines, sulfonyl- and acylamines), phe-
nolates and Cu-alcoholates. Reactions are usually carried out in the presence
of [Ir(cod)Cl], and 2 equivalents of ligand (Ir/L = 1) at about room temperature
and with rather low substrate-to-catalyst ratios of between 5 and 50. The yields
are generally good to high, with branched products often >90% and ee-values of
typically 90-97%. The TOFs vary between 5 and 10h™". Pybox (8-12%), under
similar conditions, is preferred for the N-allylation with hydroxylamines, and O-
allylation with hydroxylamines and oximes. Yields vary between 70 and 95%, typi-
cally with 70-95% branched and ee-values of 80-95%. The high enantioselectivities
obtained with various model compounds indicate considerable synthetic potential,
even though the TON and TOF are still rather low.
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Figure 1.10 Ligands and allylic substrates for Ir-catalyzed allylic substitution reactions.

NH,
NH, Cl
Cl
NH, Cl
Catalyst Yield (%) Yield (%)
Pt/C n.a. 96.0
Pd/C 98.2 n.a.
Ir/C n.a. >98.5
Ir-Fe-Cu/C n.a. >99.3
Ir-Fe-Co/C 99.4 n.a.

Figure 1.11 Hydrogenation of nitroarenes with Ir/C catalysts.

Ir-diphosphine complexes have been shown to catalyze a number of potentially
interesting C—C coupling reactions [41]. Special mention should be made of the
various transformations of alkynes (cycloaddition, isomerization, dimerization,
alkynylation), selected aldol and carbonylation reactions, even though the synthetic
potential of some of these reactions has not been explored.

Although the focus of this chapter is on homogeneous Ir catalysis, it would be
advantageous at this point briefly to describe the unusual selectivity of a number
of heterogeneous Ir/C catalysts developed by Degussa for the chemoselective
hydrogenation of chloro nitroarenes [42] and dinitrotoluene [43] (Figure 1.11). The
results obtained for 2,4-dinitrotoluene and the rather demanding substrate 2,4,5-
trichloronitrobenzene, show that especially Ir (5%) catalysts doped with 0.15% of
Fe and Cu or Co are inherently more selective than the Pd and Pt catalysts classi-
cally used for these substrates. Both, the selectivity with respect to hydrodechlori-
nation and the formation of byproducts (such as tars in the case of dinitrotoluene)
were significantly decreased. These catalysts are commercially available from
Degussa and have been applied to unspecified industrial problems on a develop-
ment scale (D. Ostgard, Degussa, personal communication).
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Besides preparative applications, Ir complexes such as Ir(cod)(acac) or
[cp*Ir(PMe;)H3]OTT have successfully been applied for hydrogen/deuterium (H/
D) exchange reactions, which are important for producing labeled compounds for
kinetic and metabolic studies in the pharmaceutical industries [44]. While we do
not know of any ‘real world’ applications, it has been shown that both selective as
well as extensive deuteration are possible, depending on the Ir catalyst and the
deuterating agent.

1.6
Conclusions and Outlook

To date, only a few iridium catalysts have been applied to industrially relevant
targets, especially on the larger scale. It is likely that several types of Ir catalyst are,
in principle, feasible for technical applications in the pharmaceutical and agro-
chemical industries. At present, the most important problems are the relatively
low catalytic activities of many highly selective systems and the fact, that relatively
few catalysts have been applied to multifunctional substrates. For this reason, the
scope and limitations of most catalysts known today have not yet been explored.
For those in academic research, the lesson might be to employ new catalysts not
only with monofunctional model compounds but also to test functional group
tolerance and-as has already been done in some cases—to apply the catalysts to
the total synthesis of relevant target molecules.
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2

Dihydrido Iridium Triisopropylphosphine Complexes:
From Organometallic Chemistry to Catalysis

Luis A. Oro

2.1
Introduction

The impressive developments of organometallic chemistry have allowed the pre-
paration of a wide variety of soluble metal complexes useful for organic transfor-
mations under mild conditions. There is no question that much of the general
knowledge on homogeneous catalysis has stemmed from studies of organo-
metallic chemistry and homogeneous hydrogenation. Following the discovery of
Wilkinson’s hydrogenation catalyst, RhCl(PPhs);, in 1964 [1] — which is by far the
most-studied homogeneous catalyst — Schrock and Osborn reported the catalytic
potential of [Rh(diene)L,]" complexes as hydrogenation catalysts. Under hydrogen,
the diene is hydrogenated to generate the reactive [RhH,S,(PR;),]* species which,
in some cases, can be isolated relatively easily from coordinating solvents (S) such
as acetone or ethanol [2]. In contrast to Wilkinson’s catalyst, a large number of
donor ligands can be used, while the use of a PR;: Rh ratio of 2:1 avoids the need
for phosphine dissociation which is required with Wilkinson’s catalyst.
Interestingly, cationicdieneiridium complexes of general formula [Ir(COD)(PR;),]"
(COD = 1,5-cyclo-octadiene), mainly developed by Crabtree, may be even more
active than the cationic diene rhodium complexes, particularly when dichloro-
methane (DCM) is used as solvent. The solvent is less coordinating and must be
easily displaced by the substrates. Furthermore, its polarity favors the solubility of
the ionic catalyst. As in the case of rthodium systems, [IrH,S,(PR;),]" species can
be observed by hydrogenation of the diene [3, 4]. Another important discovery was
the very active mixed ligand complex [Ir(COD)(py)(PCys)]* (py = pyridine), usually
known as Crabtree’s catalyst, that in DCM as solvent effectively hydrogenates
tetrasubstituted amido-alkenes [3]. The related benzonitrile (bzn) derivatives
[Ir(COD)(bzn)(PRs)]" (PR;=PCy; or the chiral phosphines, neomenthyl-
diphenylphosphine or phenyl-(o-methoxyphenyl)methylphosphine) are also very
active catalysts for the hydrogenation of prochiral didehydro amino acid deriva-
tives [5], although poor enantiomeric excess (ee) values are obtained with chiral
monodentate phosphines. The effectiveness of the [Ir(COD)(L)(PR;)]" cations for

Iridium Complexes in Organic Synthesis. Edited by Luis A. Oro and Carmen Claver
Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
TISRBRN: 97R-3.527-31996-1

15



16 | 2 Dihydrido Iridium Triisopropylphosphine Complexes
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Figure 2.1 Crabtree’s catalyst and Pfalz’s catalyst.

the hydrogenation of hindered alkenes has been boosted towards remarkable
enantioselectivities by replacing the PR;/N-donor ligand pair with a chiral P,N
bidentate ligand such as phosphinooxazolidine (PHOX) in Pfalz’s catalyst
[Ir(COD)(PHOX)]". In this particular case the nature of the anion has proved to
be crucial in avoiding catalyst deactivation and reducing the moisture-sensitivity
of the reactions (Figure 2.1) [6, 7].

Crabtree’s catalyst shows relevant directing effects when the catalyst binds to
directing groups such as ketone, ether, ester or OH groups, due to the low PR;:Rh
ratio of 1. The coordination of those groups on an alkene substrate directs the
attack of the hydrogenation catalyst from the face of the molecule containing the
directing group [8]. One limitation of the above-mentioned iridium catalysts, in
DCM, is their decomposition to inactive cluster hydrido compounds when the
substrate has been hydrogenated. In general, although weakly coordinating
solvents provide optimum activity for Crabtree’s catalyst, the use of more-
coordinating solvents such as nitriles or pyridine should be avoided.

2.2
[Ir(COD)(NCMe)(PR;)]BF, (PR; = P'Pr;, PMe;) and Related Complexes as Catalyst
Precursors: Is 1,5-Cyclo-Octadiene an Innocent and Removable Ligand?

The complexes [Ir(COD)(NCMe)(PR;)]BF, (PR; = P'Pr;, PMe;), which are closely
related to Crabtree’s catalyst, also contain mixed ligands, very basic phosphines,
P'Pr; or PMe;, and a nitrogen donor ligand, acetonitrile. These mixed-ligand pair
combinations have been shown to be very useful for spectroscopic observations
and have provided detailed information on the mechanism of reactions performed
by those complexes [9, 10].

Scheme 2.1 indicates a likely general scheme for activation of the
[Ir(COD)(L)(PR;)]* catalyst precursors, where PR; are basic phosphines such as
P'Pr;, PMe; or PCys, and L is acetonitrile or pyridine.

Under hydrogen, these catalyst precursors undergo partial or total hydrogena-
tion of the cyclo-octadiene ligand to yield the catalytically active species. Thus,
the treatment of [Ir(COD)(NCMe)(PMe;)|BF, with dihydrogen in DCM at 253K
afforded the dihydrido complex [IrH,(1,2,5,6-n-CsH;,)(NCMe)(PMe;)|BE, that,
upon the addition of 1 equivalent of acetonitrile readily led to the formation of the
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monohydrido compound [IrH(1-k-4,5-n-CgH1;)(NCMe),(PMe;)|BF,; this can be

isolated as a pale yellow solid by precipitation in diethylether at room temperature
(Scheme 2.2) [10].
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Scheme 2.2

A cis-reductive elimination will give rise to the formation of cyclo-octene and
finally cyclo-octane, as suggested in Scheme 2.1. In these hydrogenation processes
catalyzed by cationic diene rhodium and iridium complexes with phosphine
ligands, the diene is considered to be removed from the coordination sphere of
the metal by partial or total hydrogenation. On the same lines, diene dihydrido
intermediates of formula [IrH,(COD)(PHOX)|BAr;, where BAr; is the weakly
coordinating tetrakis(3,5-bis(trifluoromethyl)phenyl)borate (BArF), have been
observed by reacting Pfalz’s catalyst with hydrogen at low temperature, followed
by the formation of cyclo-octane [7].

In contrast, 1,5-cyclo-octadiene remains coordinated during the catalytic cycle
of hydrogenation of phenylacetylene to styrene, catalyzed by the related iridium
complex [Ir(COD)(‘Pr,PCH,CH,0Me)|BF,. This complex, which contains an ether-
phosphine-chelated ligand, catalyzes the selective hydrogenation reaction via a
dihydrido-cyclo-octadiene intermediate. The reaction is first order in each of cata-
lyst, phenylacetylene and hydrogen [11]; the proposed catalytic cycle is shown in
Scheme 2.3.

The [Ir(COD)('Pr,PCH,CH,0Me)|BF, complex also catalyzes the hydrosilyla-
tion of phenylacetylene with triethylsilane, to yield —along with the normal
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hydrosilylation products — dehydrogenative silylation products [12]. Scheme 2.4
shows the suggested catalytic cycle for the formation of cis-PhCH—=CH(SiEt;),
showing that 1,5-cyclo-octadiene ligand remains coordinated during the catalytic
cycle.

Formation of the dehydrogenative silylation products, PhC=CSiEt; and
PhC=CH),, is favored by increasing the alkyne:silane ratio, highlighting that the
resultant products are formed via the hydridoalkenyl intermediate (Scheme 2.5),
that it is the main compound under catalytic conditions. The oxidative addition of
triethylsilane to the hydridoalkenyl intermediate could give rise to an iridium(V)
intermediate which, after the subsequent reductive elimination of PhC=CSiEt;,
may yield the dihydrido [Ir H,(COD)(’Pr,PCH,CH,0Me)|BF, which is responsible
for the hydrogenation of PhC=CH to PhCH=CH, [12]. In these reactions the
hybrid hemilabile ether-phosphine ligand can provide a dynamic ‘on and off’
chelating effect during catalysis, allowing coordination sites for the reactants.

It is likely that the diene also remains coordinated during the hydrosilylation
reactions of phenylacetylene with HSiEt;, catalyzed by [Ir(diene)(NCMe)(PR;)|BF,
complexes [PR; = P'Pr;, PMes; diene = 1,5-cyclo-octadiene, tetraflorobenzobarre-
lene (TFB)]. However, detailed studies on the [[r(COD)(NCMe)(PMe;)]|BF, complex
show that cyclo-octadiene cannot be considered, in this case, as an ideal innocent
ligand because it transform into complexes containing cyclo-octadiene, cyclo-
octadienyl or cyclo-octenyl ligands in a variety of coordination modes, due to an
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initial intramolecular C—H activation. Thus, the catalytic hydrosilylation process
catalyzed by [Ir(COD)(NCMe)(PMe;)|BF, affords cis-alkenylsilane as the major
product. However, on the addition of acetonitrile to the catalytic reaction the
selectivity decreases and a formation of disilane is observed. This change in selec-
tivity has been attributed to the appearance of new species promoted by the addi-
tion of acetonitrile (Scheme 2.6).

In contrast, the analogous [Ir(TFB)(NCMe)(P'Pr;)]BF, complex where a C—H
activation is less favorable does not show any dependence upon the addition
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of acetonitrile [10]. Up to eight different coordination modes involving cyclo-
octadiene, cyclo-octadienyl or cyclo-octenyl ligands have been observed by studying
the reactivity of the [Ir(COD)(NCMe)(PMe;)|BF, complex, showing the extreme
versatility of the cyclo-octadiene ligand and its dependence on the presence of
different reactants or solvents and experimental conditions [10]. Thus, simple
alkenes such as ethene or propene react with [Ir(COD)(NCMe)(PMe;)|BF, to yield
[IrH(1-k-4,5,6-n-CsH},)(NCMe) (alkene) (PMe;)|BF, (alkene = C,H,, C;H¢) com-
plexes via a sequence of C—H activation and insertion steps (Scheme 2.7) [13].
This shows that, in some cases, simple substrates or donor solvents can promote
isomerization of the cyclo-octadiene ligands at the iridium center from an
Ir(I)(1,2,5,6-CgH,,) coordination to an Ir(III)(1-k-4,5,6-n-CgH1,) coordination via
an Ir(I11)H(1,2,4,5,6-n-CsH;) intermediate.

These results show the relevant versatility of the cyclo-octadiene ligand, which
may encompass different coordination modes and bonding hapticities, depending
on the electronic and steric properties of the iridium center. Different coordination
modes of the cyclo-octadiene ligand have been previously proposed in order to
explain the diastereomeric interconversion and isotopomer exchange for the
[IrD,(COD)(Me-DuPHOS)|BF, complex [14]. The possibility of using the observed
cyclo-octadiene versatility in some iridium catalytic systems to achieve more
selective and more versatile catalysts for some particular reactions should be not
excluded.
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The Dihydrido Iridium Triisopropylphosphine Complex [IrH,(NCMe);(PPr;)]BF, as
Alkene Hydrogenation Catalysts

The reaction of the cationic complex [Ir(COD)(NCMe)(P'Pr;)]" with hydrogen in
coordinating solvents, gives rise to the formation of tris-solvato complexes of
formula [IrH,(S)3(P'Pr3)]". In particular, in the presence of acetonitrile the white
dihydrido tris-acetonitrile derivative [IrH,(NCMe);(P'Pr;)]BF, can be isolated.
These tris-solvato complexes contain only one phosphine per iridium and the three
labile coordinated solvent molecules in fac-disposition, facilitating access of the
incoming substrates. An alternative and more general procedure for the synthesis
of cationic dihydrido iridium complexes of formula [IrH,(S);(PRs)]", consists of a
reaction of the dimer [Ir(u-OMe)(COD)], [15] with phosphonium salts in the pres-
ence of hydrogen and an appropriate solvent. Thus, [IrH,(NCMe);(P'Pr3)|BF, was
prepared in high yield by the reaction of [Ir(u-OMe)(COD)], with [HP'Pr;|BF, in
the presence of dihydrogen and acetonitrile (Scheme 2.8) [16].

H  |BFa

\Ir/o\ . P [HP/Pr3]BF, / Hy 'prsp\l| __H
A ‘g NCMe /Me,CO . MeCN™" “Nncwe
NCMe

Scheme 2.8

The three acetonitrile ligands of complex [IrH,(NCMe);(P'Pr3)|BF, are labile,
being readily replaced by acetonitrile-d; in solution at room temperature. A
detailed kinetic study of these substitution reactions revealed that any of the ace-
tonitrile ligands coordinated trans to hydride can be easily dissociated to give a
five-coordinate species. This unsaturated species is fluxional, allowing the forma-
tion of an intermediate with the coordination vacancy trans to phosphine. The
life-time of this latter intermediate is long enough to allow substitution reactions
at the position trans to phosphine (Scheme 2.9).

The results of reactivity studies on the [IrH,(NCMe);(P'Pr;)]BF, complex have
suggested that small incoming ligands (e.g. carbon monoxide or ethene) prefer
coordination at the most labile position, trans to hydride, whereas bulkier ligands
substitute at the less-hindered position, trans to phosphine [16].

The [IrH,(NCMe);(P'Pr;)]BF, complex is an active catalyst for alkene hydrogena-
tion, in acetone solution, at 298 K and 1atm of hydrogen. Thus, under these condi-
tions, cyclohexene was hydrogenated with a TOF of 1.1 min". This complex has
also been very useful in the mechanistic investigation of alkene hydrogenation.

H  |BF, H —] BF, H |BF,
Pr3P\ | /H MeCN ’Prap\ | - iPI'SP\ /H
I\"eCN"'| “SNCMe . MeCN™ | \NCMe MeCN™" T\m
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Scheme 2.9
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Accordingly, spectroscopic observation of the reaction of complex
[IrH,(NCMe);(P'Pr;)|BF, with ethene reveals the consecutive formation of several
products, as shown in Scheme 2.10. The complex [IrH,(n*-C,H,)(NCMe),(P'Pr3)|BF,
is observed after a slow stream of ethene is passed through a solution of
[IrH,(NCMe);(P'Pr;)]BF, in deuterochloroform at 233 K. On raising the tempera-
ture to 273K, and in the presence of an excess of dissolved ethene, the stable
diethyl complex [Ir(Et),(NCMe);(P'Pr;)]BF, is formed, as a result of two ethene
insertions into the Ir—H bonds. The spectroscopic control of this reaction reveals
the appearance, and subsequent disappearance, of two monoethyl interme-
diates, which can be identified as [IrH(Et)(NCMe);(P'Pr;)]BF, and [IrH(Et)(n*
C,H,)(NCMe),(P'Pr;)|BF,. Interestingly, if argon is bubbled through a solution
of the diethyl complex at 273K, a quantitative formation of the starting
[IrH,(NCMe);(P'Pr;)]BF, complex is observed, thus demonstrating the reversibility
of the process.

However, if solutions of [Ir(Et),(NCMe);(P'Pr;)|BF, are warmed to room tem-
perature, the diethyl-complex disappears and an elimination of ethane is observed.
No traces of butane were detected, which shows that the potential C—C reductive
coupling of the mutually cis-disposed ethyl ligands is not a favorable process in
comparison with the hydrogen B-elimination that seems to be kinetically favored
over the reductive elimination of butane. This unfavorable relationship between
B-elimination and C—C reductive elimination rates can be overcome by using 1-
alkynes as substrates (see Section 2.3). The reductive elimination of ethane should
give rise to iridium(I) species. In the presence of an excess of ethene, the nuclear
magnetic resonance (NMR) spectra of the white solution resulting from the reduc-
tive elimination of ethane display several broad signals. However, after removal
of the ethene excess the color of the solution changes to orange, and the observed
NMR spectra indicate that the solution contains a mixture of the iridium(I) com-
plexes [Ir (NCMe);(P'Pr3)|BF, and [Ir(n*-C,H,)(NCMe),(P'Pr;)]BF,, in a ratio which
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is dependent on the time taken for the removal of ethene. These species react
readily with hydrogen to regenerate the starting dihydrido complex, thereby closing
a cycle for ethene hydrogenation in which most of the participating species have
been spectroscopically characterized (Scheme 2.11). The rate-determining step of
this catalytic cycle is the reductive elimination of ethane, which is the only reaction
that requires temperatures above 273K to proceed.

Scheme 2.11 illustrates the stepwise nature of the ethene hydrogenation process,
where the sequence observed might be considered as a model for the hydrogena-
tion of alkenes by [IrH,(S),(L)(PRs)]" catalysts, derived from [Ir(COD)(L)(PRs)]*
catalyst precursors. Here, the different steps involving iridium species can be
clearly distinguished spectroscopically as the temperature is raised. Although
iridium(V) species have not been detected, this cannot be excluded. Indeed, it is
likely that under catalytic conditions an iridium(I1I)—iridium(V) cycle could be
more favorable than an iridium(I)-iridium(III) cycle, despite the fact that the
iridium(I) complex [Ir(NCMe);(P'Pr3)|BF, has been detected in the conditions
described above. On the basis of kinetic and density functional theory (DFT)
studies, an iridium(IIl)—iridium(V) cycle has been proposed [17] for the hydroge-
nation of unfunctionalized alkenes by the Pfalz catalyst [Ir(COD)(PHOX)]|BArr,
containing the chiral P,N bidentate ligand, phosphinooxazolidine (PHOX). The
proposed ethene hydrogenation cycle (Scheme 2.12) suggests that a dihydrogen
co-ligand undergoes oxidative addition to the iridium during the migratory inser-
tion step.

Nevertheless, controversy persists regarding the oxidation state of the intermedi-
ates in alkene hydrogenation by the Pfalz’s catalyst, and a conventional iridium(I)—
iridium(III) cycle has also been proposed [18]. It has been suggested that both
cycles are energetically very similar [7].
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The complex [IrH,(NCMe);(P'Pr;)|BF, also reacts with other alkenes, such as
propene, though some significant differences are apparent compared to ethene.
Consequently, the reaction of [IrH,(NCMe);(P'Pr3)|BF, with propene at 233K
shows formation of the complex [IrH,n’-C;Hg)(NCMe),(P'Prs)|BF,, in which
propene coordinates trans to the phosphine, in contrast to the cis mutual position
of the analogous ethene complex, most probably for steric reasons. On raising
the temperature to 273K, the propene ligand inserts into one of the Ir—H bonds
to yield the complex [IrH("Pr)(NCMe);(P'Pr3)|BF, which does not undergo any
observable reaction at this temperature. It appears that the regioselectivity of this
insertion is very high, as a species containing the isomeric 2-propenyl ligand
cannot be detected. On warming to room temperature, propane is reductively
eliminated, but the expected iridium(I) species resulting from this elimination
cannot be observed. Instead, a mixture of two allyl-hydrido complexes,
[IrH (n*-C;Hs) (NCMe),(P'Prs)|BF, and [IrH(n*C;Hs)(n*C;Hq) (NCMe)(P'Prs)|BE,,
is obtained (Scheme 2.13). The [IrH(n*-C;Hs)(NCMe),(P'Pr;)]BF, compound is
formed by C—H activation of propene at the iridium(I) nonobserved intermediate,
whilst the [IrH(1n*-C;H;)(n*C;H)(NCMe)(P'Pr;)|BF, complex is the result of the
replacement of one acetonitrile ligand by propene from [IrH(n’-C;Hs)(NCMe),
(P'Pr;)]BF, when the reaction is made under a propene atmosphere. Both allyl-
hydrido complexes have been isolated and fully characterized [16].

A cycle for the hydrogenation of propene can be closed by reaction of the [IrH(n’*-
C;H;)(NCMe),(P'Pr3)|BF, complex with dihydrogen in the presence of 1 equivalent
of acetonitrile. At room temperature and 1atm of dihydrogen, formation of the
starting [IrH,(NCMe);(P'Pr;)]BF, complex is completed within a few minutes. The
NMR spectra of the reaction mixtures formed with substoichiometric amounts of
H, indicate that the formation of [IrH,(NCMe);(P'Pr;)]BF, occurs with the simul-
taneous release of propene (not propane). Under the same experimental condi-
tions, reaction with deuterium leads to the formation of [IrHD(NCMe);(P'Pr3)|BF,
as the major product, together with very small quantities of the [IrD,(NCMe);
(P'Pr;)]BF, complex, the latter being deuterated at both hydride positions. With
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regards to this lack of H/D scrambling, it appears likely that the elimination of
propene from the allyl-hydrido [IrH(n*-C;Hs)(NCMe),(P'Pr;)]BF, complex results
from a c-bond metathesis process in the transient dihydrogen complex [IrH(n*
H,)(n*-C;Hs)(NCMe) (P'Pr;)|BF,. However, under catalytic conditions it is likely
that the formation of propane takes place by a direct reaction of the [IrH("Pr)
(NCMe);(P'Pr;)]BF, complex with hydrogen, being the allyl-hydrido [IrH (n’*-C;Hs)
(NCMe),(P'Pr;)]BF, complex in a resting state (Scheme 2.14).
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The Dihydrido Iridium Triisopropylphosphine Complex [IrH,(NCMe);(PPr;)]BF, as
Alkyne Hydrogenation Catalysts

The reaction of [IrH,(NCMe);(P'Pr;)]BF, with excess of phenylacetylene, at 273K,
gives rise to the formation of a 7:1 mixture of disubstituted butadiene complexes
of formula [Ir(n*(1,3-Ph,C,H,)](NCMe),(P'Pr;)|BF, [Ir(n‘(1,4-Ph,C,H,))(NCMe),
(P'Pr3)|BF,. However, when the reaction with 1 equiv of phenylacetylene was
made at 253K an equimolar mixture of two isomeric alkenyl-hydrido complexes,
[IrH (C(Ph)=CH,)(NCMe),(P'Pr;)|BF, and [IrH (Z-CH=CHPh) (NCMe),(P'P;)|BF,,
containing o- and B-(Z)-alkenyl ligands is observed by NMR [19] (Scheme 2.15).
Both isomers are stable towards the reductive elimination of styrene at room
temperature.

At this point it is worthy of mention that solutions of these alkenyl-hydrido
isomers react with hydrogen, at room temperature, to yield styrene and the starting
[IrH,(NCMe);(P'P13)]BF, complex. Deuterium treatment of the alkenyl-hydrido
isomers shows an easy H/D hydride exchange, which suggests that the reaction
with hydrogen is more favorable than C—H reductive elimination. Therefore,
the hydrogenation is dominated by an iridium(III) species, and most probably
iridium(I) species are not involved under catalytic conditions.

The [Ir(n*-(Ph,C,H,))(NCMe),(P'Pr;)]BF, complexes should be formed by reac-
tion of the isomeric alkenyl-hydrido complexes with a second equivalent of phen-
ylacetylene, suggesting a double insertion/C—C-coupling reaction sequence. This
behavior indicates that for 1-alkynes, the C—C-coupling reaction is more favorable
than the reductive elimination of styrene, whilst for alkenes there is an unfavorable
relationship between B-elimination and C—C formation. These observations agree
with the previous reports regarding a more easy coupling of two sp” carbons, in
comparison with sp’ carbons [20], as well as the lack of reports on B-hydrogen
elimination from alkenyl ligands. It is interesting to point out the different reactiv-
ity of these isomeric alkenyl-hydrido complexes towards the second equivalent of
the phenylacetylene. Thus, [IrH(Z-CH=CHPh)(NCMe);(P'Pr;)|BF, readily reacts

BF. .
Ph 1B Pryp - |BF
. Ph
IPI’3P\\{H MeCN\ ‘
MeCN™ | ~NCMe MecN/""l\“' /
NCMe
PhC=CH Ph
ph |BFa iPrgp | BFa
= MeCN-~_ ‘ Ph
i I _H MeCN/':'»‘“"/
MeCN™" |r\NCMe Ph7\)

NCMe

Scheme 2.15
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with an excess of the alkyne already at 253K giving [Ir(n*-(Ph,C,H,)(NCMe),
(P'Pr;)]BF,, whereas the disappearance of the a-alkenyl-hydrido [IrH(C(Ph)=CH,)
(NCMe);(P'Pr;)]BF, is slow even at temperatures above 273 K. In both cases, the
spectroscopic observations do not allow the detection of any additional intermedi-
ates of this second reaction step. This suggests that, once the second insertion
takes place, the subsequent C—C reductive coupling is rapid. The isomeric distri-
bution resulting from evolution of the alkenyl-hydrido intermediates suggests that
a sequence of two o-insertions is not favored. Moreover, after an initial B-(Z)-
insertion, a subsequent insertion of o-stereochemistry seems to be preferred.

The reaction of [IrH,(NCMe);(P'Pr3)|BF, with an excess of tert-butylacetylene is
more selective, and only the [Ir(n*1,3-Bu,C,H,)](NCMe),(P'Pr;)]BF, complex is
obtained and the intermediate [IrH (Z-CH=CH'Bu)(NCMe);(P'Pr;)]BF, species can
be observed (Scheme 2.16).

’Bu_l BF,
i BF
H —l BF4 P Pr3P . 4
u

iPr3P\ | _H 'BuC=CH iPr3P\ _H 'BuC=CH MeCN\ ‘ /
Pusstizottuaiioieiioesiuntes S

r r Irl NERE]
MeCN™ |"~NCMe MeCN™" | ~NCMe MeCN™ 0,
NCMe NCMe
u:1v)
Scheme 2.16

The [Ir(n*1,3-Bu,C,H,)(NCMe),(P'Pr;)]BF, complex reacts with hydrogen, in
the presence of an excess of acetonitrile, to give alkenes and regenerate the starting
[IrH,(P'Pr;)(NCMe);]BF, complex (Scheme 2.17).
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This reaction suggests an unusual catalytic cycle for the hydrogenative dimeriza-
tion of terminal alkynes at room temperature and an atmospheric pressure of
hydrogen. Thus, when tert-butylacetylene and hydrogen are treated with catalytic
amounts of the [IrH,(NCMe);(P'Pr;)]BF, complex in 1,2-dichloroethane, the
alkenes shown in Scheme 2.17 are the main products formed. In contrast, under
the same catalytic conditions, phenylacetylene affords (almost exclusively) the
simple hydrogenation products of styrene and ethylbenzene. The reason for this
different behavior, and dependence of selectivity on the alkyne, may arise from
the competition of substrates for the alkenyl-hydrido reaction intermediates. Thus,
in the case of tert-butylacetylene, the second alkyne insertion in the [IrH(Z-CH=
CH'Bu)(NCMe);(P'Pr;)|BF, intermediate seems to be kinetically favored over its
reaction with dihydrogen, whereas this latter reaction seems to be the fastest
alternative for the [IrH(C(Ph)=CH,)(NCMe);(P'Pr3)|BF, and [IrH(Z-CH=CHPh)
(NCMe);(P'Pr;)]BF, intermediates. In agreement with such rationalization based
on substrate competition, it can be observed that reaction selectivity depends upon
the relative concentration of the reactants. Thus, the proportion of '‘BuCH=CH,
and 'BuCH,CHj; hydrogenation products has been found to increase at low alkyne
concentrations. Under the latter conditions, the lower substrate: catalyst ratio leads
to a faster isomerization of the kinetic terminal alkene into its internal isomers,
as well as a faster hydrogenation of ‘BuCH—CH, to 'BuCH,CHj;. The observed
competitive processes are summarized in Scheme 2.18.

As expected, the decrease in the initial alkyne concentration results in less
dimerization and higher initial hydrogenation rates. A similar substrate-inhibition
effect has also been observed with PhC=CH as substrate, revealing a complex
dependence of the hydrogenation rate upon the alkyne concentration. To the best
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of our knowledge, such a catalytic hydrogenative dimerization of alkynes has not
been previously reported.

In conclusion, the [IrH,(NCMe);(P'Pr3)|BF, complex has been found to be a good
hydrogenation catalyst, and has demonstrated a high value for mechanistic inves-
tigation. Thus, the spectroscopic studies of this compound in the presence of
alkenes, alkynes and hydrogen have allowed the observation and characterization
of those reaction intermediates likely involved in homogeneous hydrogenation, as
well as the identification of other feasible side reactions which compete with those
leading to hydrogenation. This has allowed a direct comparison to be made among
most elementary organometallic reactions, and the conception of new catalytic
transformations under hydrogenation conditions.

2.5
Dihydrido Arene Iridium Triisopropylphosphine Complexes

Dihydridoareneiridium complexes of formula [(n®-CsHg)IrH,(PR;)|BF, (PR; = P'Pr3,
PCy;) can be prepared by treatment of the dimer [Ir(u-OMe)(COD)], [15] with
phosphonium salts in acetone/benzene, followed by reaction of hydrogen. Follow-
ing this procedure, the [(n°-C¢Hg)IrH,(P'Pr3)|BF, complex was obtained as a white
solid according to Scheme 2.19 [21, 22].

/o\ P [HPPr3]BF, / H,

<> P
‘,:Ir o Ir==

Ir
o Me Me,CO / CgHg iPr3P e \\ H
H

Scheme 2.19

NMR studies have shown the expected signals of coordinated benzene, phos-
phine and the two hydride ligands, when the spectrum was registered in CDCl;,
but when in coordinating solvents (e.g. (CD3),CO) the labile benzene ligand is
partially substituted by the three acetone ligands (Scheme 2.20). The benzene
ligand can be effectively displaced by arene ligands with more coordinating
capability than benzene, such as toluene, 1,3,5-benzene, hexamethylbenzene, 1-
methylstyrene or phenol. The spectroscopic data for these arene complexes are
consistent with the rapid rotation around the iridium-arene axis.

Synthesis of the above-mentioned arene complexes of formula [(n®-arene)
IrH,(P'Pr;)]BF, was carried out by the treatment of acetone solutions of [(n°
CsHe)IrH,(P'Pr;)]|BF, with an excess of the arene. However, in the case of aniline

©—| BF, Me,CO ~ |BFy Rn\c>\j BF,
pep—T—p MeaCO Me,CO— ~OCMe: arene _ m
iPrgp N H T=— 'Prap/\\H - '\\H

H 'Pr3P H

Scheme 2.20
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the synthesis of [(N°-C¢HsNH,)IrH,(PPr;)|BF, requires the use of stoichiometric
amounts of aniline because, in the presence of an excess, the n®-aniline is replaced
by three N-bonded aniline ligands (Scheme 2.21).
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Scheme 2.21

An estimation of the relative coordinating capabilities of the different arenes
has been obtained by measuring the equilibrium constants for arene replacement
by acetone-ds (Scheme 2.20). The values of the equilibrium constants show the
lack of acetone-d, replacement in the case of hexamethylbenzene, and the higher
coordination capability of aniline in comparison with trimethylbenzene or
toluene [22].

It is interesting to mention that, whilst 1-methylstyrene gives rise to the arene
coordination according to Scheme 2.20, under the same conditions styrene did
not yield the arene-substituted product. Thus, the styrene was hydrogenated
to ethylbenzene to yield the [(n%C¢H;Et)Ir(n’-CH,=CHPh)|BF, complex, where
ethylbenzene remained coordinated to the iridium center. The suggested
hydrogenation/coordination pathway is shown in Scheme 2.22.
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This reaction highlights the possibility of preparing arene iridium(I) complexes
by the treatment of dihydrido arene iridium(III) complexes with alkenes that,
initially, will act as hydrogen acceptors to yield the corresponding alkanes. This
proposal has been proved by treating a variety of dihydrido arene iridium(III)
complexes with ethene (Scheme 2.23). The NMR spectra for the [(narene)lr(n*
C,H,)(P'Pr;)|BF, complexes (arene = benzene, toluene, 1,3,5-benzene) indicate
rotation of the arene ligands around the iridium-arene axis, whilst the ethene
ligand is not rotating.

, |BFs ~BF
CoH CoH 4

Ir— Ir
ioe.p” \ H Me,CO, 293K . AN
Prsp” N e,CO, ’Pr3P/ Y4

MeQCO j 1 ,3,5'CGH3M93

T 1BF, " BF,
N

Ir—_ Ir
iprsp” \Y H Me,CO, 313K "Pr3P/ \//

Scheme 2.23

The behavior shown in Schemes 2.22 and 2.23 suggests that these hydrido
arene-iridium complexes might act as hydrogenation catalysts. Thus, the [(n®
CsHe)IrH,(P'Pr;3)]BF, complex has been shown to be an efficient hydrogenation
catalysts for alkenes and alkynes, as well as some carbonyl groups [22].

A recent gas-phase study [18] on the hydrogenation of styrene by the Pfalz’s
catalyst [Ir(COD)(PHOX)J', suggests an iridium(I)—iridium(III) cycle, as shown in
Scheme 2.24. This cycle would imply substitution of the ethylbenzene ligand by
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styrene on the iridium(I) center. However, the evidences found in the related
[(n®-arene)Ir(n*-C,H,)(P'Pr;)]BF, complexes indicate that the cationic arene
iridium(I) species are less labile than the corresponding dihydrido arene
iridium(I11) species, and that substitution of the coordinated n‘-ethylbenzene
from [(M°-C¢HsEt)Ir(n*alkene)(P'Pr;)]BF, did not take place in the presence
of styrene. Thus, it should also be considered that, under catalytic conditions,
alkene hydrogenations can be performed without the participation of iridium(I)
intermediates.

Electron-rich iridium(I) complexes can perform C—H activation reactions under
mild conditions [13]. In this line, acetone-d, solutions of the [(n°1,3,5-CsH;Me;))
Ir(n*C,H,)(P'Pr3)]BF, complex, at room temperature, show deuterium incorpora-
tion to the ethane ligand, most likely due to the participation of hydrido vinyl
iridium(III) species, formed by the C—H activation of ethane, according to Scheme
225 [21].

< <
Ir

— Ir\
"Pr3P/ \// iPr3P//>H

Scheme 2.25

The iridium(I11) complex [(n®-CsHg)IrH,(P'Pr;)|BF, also undergoes H/D scram-
bling, in acetone-d, solution, initially at the hydride ligands and extended after a
longer time to the benzene moiety and phosphine ligand. Such behavior may
involve either oxidative addition to iridium(V) intermediates or a 6-bond metath-
esis process [21]. It has been reported that, for iridium(III) complexes, there is a
preponderance of evidence supporting the participation of iridium(V) intermedi-
ates [23].

A related dihydrido iridium complex of formula [(n°-C¢Hs;CH,CH,P'Pr,-Kk-
P)IrH,|BF, [24] can be prepared by treatment of the dimer [Ir(u-OMe)(COD)J, [15]
with the phosphonium salt, [HP'Pr,CH,CH,CsH;|BF,, in acetone followed by the
reaction of hydrogen (Scheme 2.26).

| BFq
_Me > [HPPryCH,CH,CHs]BF, / Hy
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Scheme 2.26

The functionalized phosphine coordinates to the iridium center as a 6+2 electron
donor ligand. This dihydrido iridium(III) complex reacts with ethene or propene
to yield ethane or propane and formation of the iridium(l) complexes [(n%
C¢H;CH,CH,P'Pr,-k- P)Ir(CH,~CHR)]BF, (R=H, Me) (Scheme 2.27).

The complex [(n*-CsHsCH,CH,P'Pr,-k-P)IrH,]BF, also reacts with diphenylacet-
ylene, that acts as a hydrogen acceptor, to yield the stilbene complex [(n®

CsHsCH,CH,P'Pr,-k-P)Ir(Z-PhCH=CHPh)|BF,. The latter compound can also be
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obtained by replacement of the propene analogue with Z-stilbene. If diphenyl-
acetylene were to be added to the propene complex, [(n°-CsHs;CH,CH,P'Pr,-k-
P)Ir(CH,—CHMe)|BF,, the alkene would be replaced by the alkyne to yield
[(N®-CsHsCH,CH,P'Pr,-k-P)Ir(PhC=CPh)|BF, (Scheme 2.28).

| BFy _ | BFs
(@ CH,=CHMe (Q PhC=CPh
e Ir\H N » |

PP\ ipnp”” N Me
2 s 2 v
CH3CH2Me
NCMe NCMe
P/Pr,CH,CH,Ph | BF4 {:P"Prz " |BFs
H\l _—~NCMe Ha ||r/NCMe
H~"| NCMe R H~ | ~NCMe
NCMe NCMe
PhC=CPh NCMe ‘PhCECPh
| BF, | BFy
_ Ir PhC=CPh ) Ir Ph
L 'PrzP/ \//_Ph B 'Pl'zp/ \% -— ]
Ph Ph

Scheme 2.28

The [(n®-CHsCH,CH,P'Pr,-k-P)Ir(CH,—CHMe)|BF, complex reacts with aceto-
nitrile toyield the arylhydrido complex [IrH (C;H,CH,CH,P'Pr,-k*-C,P)(NCMe);|BF,
as a consequence of an intramolecular C—H metalation. This arylhydrido complex
can also be obtained by treatment of the n-alkyne complex [(n°-C¢HsCH,CH,P'Pr,-
K-P)Ir(PhC=CPh)|BF, with excess of acetonitrile in acetone [22]. These observa-
tions support the concept that the insertion of a metal into one of the arene C—H
bonds is reversible, as was previously observed in related complexes [25]. The
reaction of the arylhydrido complex [IrH(C¢H,CH,CH,P'Pr,-k*-C,P)(NCMe);|BF,
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with hydrogen, in acetone, gives rise to formation of the dihydrido iridium complex
[IrH,(NCMe);(CeH;CH,CH,P'Pr,-k-P)|BF,, in which the ligand is only coordinated
by the P-atom. This dihydrido complex is also obtained by treatment of the [(n®
C¢HsCH,CH,P'Pr,-k-P)IrH,]BF, complex with excess of acetonitrile in acetone
(Scheme 2.28). A kinetic study of the latter reaction suggests a 1°~n* phenyl ring
slippage, as shown in Scheme 2.29. Slippage from n°- to n*-arene coordination has
been considered previously to be a key step in ligand exchange processes and cata-
lytic reactions [26].

BF BF. .
. 1BFs , |BFa P/Pr,CH,CH,Ph | BF4
i, e T _NCMe NCMe_ H—!| _ncme

PP\ oryp” L H H™ " Ncwe
H L NCMe

Scheme 2.29

2.6

Dihydrido Iridium Triisopropylphosphine Complexes as Imine
Hydrogenation Catalysts

The complexes [IrH,(NCMe);(P'Pr3)|BF, and [(n°-CsHg)IrH,(P'Pr;)|BF, have shown
to be efficient hydrogenation catalysts for alkenes, and spectroscopic studies on
these compounds have allowed the observation and characterization of several
reaction intermediates [16, 22]. Whilst the hydrogenation of C=C functionalities
is easily performed by a large number of transition-metal complexes [27],
the homogeneous catalytic hydrogenation of C=N bonds is generally considered
to be a difficult process [28]. Interestingly, the triisopropylphosphine complexes
[IrH,(NCMe);(P'Pr;)|BF, and [(n®-CsHg)IrH,(P'Pr;)|BF, are also capable of hydro-
genating of N-benzylideneaniline under mild conditions, although at very different
reaction rates (the arene complex being the more efficient). NMR observations
under conditions similar to those of catalysis showed the formation of new mono-
hydrido or dihydrido iridium resting states. Thus, the solutions obtained from the
more active catalyst precursor [(n°-CsHg)IrH,(P'Pr;)]BF, have been found to contain
a sole observable iridium complex, [IrH,n*-{(CsHs)NHCH,Ph}(P'Pr;)]BF,, in
which the hydrogenation product coordinates the metal through a phenyl ring. In
the case of the [IrH,(NCMe);(P'Pr3)|BF, precursor the formation of cyclometalated
complexes of formula [ItH{PhN=CH(C¢H,)-k-N,C}(NCMe),(P'Pr;)|BF, and
[IrH{PhN=CH(C¢H.)-k-N,C}(NCMe)(NH,Ph)(P'Pr;)]BF, have been observed
(Scheme 2.30).

Both monohydrido complexes contain a cyclometalated molecule derived from
the N-benzylideneaniline substrate, and the presence of the aniline ligand in the
later complex seems to be due to some imine hydrolysis caused by adventitious
water. Accordingly, this aniline complex practically disappears when carefully
dried substrates and solvents are used [29].
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The complex [IrH,{n’-(C¢Hs)NHCH,Ph}(P'Pr;)|BF, can be obtained directly by
substituting the benzene ligand in [(n*CsHg)IrH,(P'Pr3)]BF, by N-benzylaniline,
according to Scheme 2.31.
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Scheme 2.31

The X-ray structure of the complex confirms coordination of the amine as an
n*-ligand containing a C=N double bond. Thus, five of the six Ir—C distances are
within the range 2.24-2.35A, whereas one Ir—C(1) distance is clearly longer, at
2.500(6) A, whilst the N—C(1) distance of 1.335(9) A confirms the proposed C=N
double bond. The '"H NMR spectra of the compound also agree with such a
bonding description, revealing a hindered rotation around the C=N bond at low
temperature. It is of interest to note that the reactions between [IrH,(n’-(C¢Hs)
NHCH,Ph)(P'Pr;)]BF, and deuterium reveal a selective sequence of deuterium
incorporation into the complex which is accelerated by the amine product.

Under catalytic conditions the more efficient catalyst precursor [(n®-CeHy)
IrH,(P'Pr;)|BF, transforms into the resting state [IrH,(n’-(C;Hs)NHCH,Ph)(P'Pr;)]
BF, in which the hydrogenation product coordinates the metal through a phenyl
ring. The catalytic hydrogenation process is strongly dependent upon concentra-
tions, temperature and solvents, with methanol being the solvent that leads to the
fastest reactions. Although some activation periods have been observed, the addi-
tion of amine at the start of the catalytic reactions shortened the induction periods.
Such behavior suggests that, besides its contribution to form the resting state
[IrH,(n’-(CeHs)NHCH,Ph)(P'Pr3)|BF,, the amine product may play a significant
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role in the hydrogenation mechanism. Indeed, the results of kinetic studies have
indicated a first-order dependence of the reaction rate on the catalyst, imine and
dihydrogen concentrations.

All of these experimental observations point to a remarkable hydrogen-bonding
chemistry among the components of the catalytic reaction. In addition, MP2 cal-
culations performed on model compounds allow the formulation of an ionic, outer
sphere, bifunctional hydrogenation mechanism, as shown in Scheme 2.32.

The amine adduct that initiates the process could be formally described as an
iridium(I) complex containing an ammonium moiety connected to both the metal
and the arene ligand nitrogen through hydrogen bonds. This adduct implies a
formal deprotonation of the metal atom by the amine product which allows for a
subsequent dihydrogen oxidative addition that eventually forces the proton to
migrate to the nitrogen. Such a process is feasible also due to the coordination
versatility of the arene ligand, which can change its coordination mode from 1® to
N*. The result of the oxidative addition is the formation of an iridium(III) inter-
mediate containing a hydrogen-bonded amine that, in a subsequent step, is
replaced by a hydrogen-bonded imine [29]. This exchange is followed by a bifunc-
tional hydrogenation of the imine which, in accordance with theoretical calcula-
tions, presents a transition state similar to those previously described in C=0
hydrogenations and transfer hydrogenations by hydrido(diamine)ruthenium
species, where a hydride on Ru and a proton of the NH, ligand are simultaneously
transferred to the C=0 function via a six-membered, pericyclic transition state
[30]. Thus, the last step involves the simultaneous transfer of proton and hydride
from the catalyst to the imine.
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2.7
Conclusions

Dihydrido iridium cationic complexes with basic isopropylphosphine ligands are
effective catalysts for a variety of reactions involving alkenes and alkynes as sub-
strates. Interestingly, these complexes have allowed the identification of several
reaction intermediates derived from the initial coordination of alkenes or alkynes
to the iridium center, as well as the detailed observation of various elementary
reactions involved in catalytic hydrogenation processes, that most likely follow an
iridium(I11)-iridium(V) cycle. In contrast, observations on the mechanism for
imine hydrogenation indicate that C=N bonds are hydrogenated by an ionic outer-
sphere bifunctional mechanism similar to those found in C=0 hydrogenation,
and transfer hydrogenation by Noyori-type ruthenium catalysts [30]. However, a
special feature of the above-mentioned imine hydrogenation iridium catalyst is
that protons are transferred to the substrate from the NH moiety of a coordinated
molecule of the amine hydrogenation product, so that ancillary ligands bearing
NH functions are not required.
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Iridium N-Heterocyclic Carbene Complexes and
Their Application as Homogeneous Catalysts
Eduardo Peris and Robert H. Crabtree

3.1
Introduction

N-Heterocyclic carbene (NHC) ligands, which were first reported as ligands by
Ofele [1] and Wanzlick and Schonher [2] and later isolated in the free state by
Arduengo and coworkers [3], have emerged as an extremely useful class of ligands
for transition-metal catalysis. It is well recognized that the replacement of phos-
phines by N-heterocyclic carbenes can provide complexes with enhanced catalytic
performances and greater stability [4]. This interest in the design of new NHCs
and their coordination to metal complexes can be exemplified by the continuous
increase in the number of articles on NHC-compounds, as shown in Figure 3.1.
Although most of the early NHC-complexes were Pd-based and were mainly used
in C—C-coupling reactions, the ligands soon proved to be highly versatile and
capable of coordinating to many other transition metals. A noteworthy example is
the application of NHCs in Ru-complexes as the later-generation catalysts for
alkene metathesis reactions [5]. After palladium and ruthenium, iridium is most
likely one of the metals for which the most NHCs have been described, and indeed
the number articles concerning Ir—NHCs has also shown a dramatic increase
during the past ten years (see Figure 3.1). Besides the obvious catalytic interest
raised by the introduction of a new family of ligands for iridium complexes,
Ir—NHCs have provided the first information on a new coordination form for
NHCs (the so-called ‘abnormal’ NHC), as well as mechanistic aspects concerning
the metallation processes of the precursor imidazolium salts.

Although not a comprehensive treatise on Ir—=NHC complexes, this chapter first
describes the different types of Ir—NHC described in the literature, with particular
attention to their reactivity and special chemical features. Later in the chapter the
most relevant catalytic applications of this type of complex are described, mainly
in the field of C—H activation. The general atom-numbering scheme for NHCs,
which is used throughout the text, is shown in Figure 3.2.
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Figure 3.2 The general atom-numbering system in NHCs.

3.2
Types of I—NHC and Reactivity

The wide diversity of topologies that can today be found for NHC-precursors,
together with the different efficient metallation strategies [6], have provided a large
set of Ir—=NHC complexes among which monodentate, bis-chelate and chiral
species are abundant.

3.2.1
Mono-NHCs and Intramolecular C—H Activation

The preparation of carbonyl-Ir—=NHC complexes (Scheme 3.1) and the study of
their average CO-stretching frequencies [7], have provided some of the earliest
experimental information on the electron-donor power of NHCs, quantified in
terms of Tolman’s electronic parameter [8]. The same method was later used to
assess the electronic effects in a family of sterically demanding and rigid N-
heterocyclic carbenes derived from bis-oxazolines [9]. The high electron-donor
power of NHCs should favor oxidative addition involving the C—H bonds of their
N-substituents, particularly because these substituents project towards the metal
rather than away, as in phosphines. Indeed, NHCs have produced a number of
unusual cyclometallation processes, some of which have led to electron-deficient
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species that had never been observed with other types of ligand. For example,
Nolan recently described the interaction of N,N’-di(t-butyl)imidazol-2-ylidene
(ItBu) with [IrCl,(coe),], (coe = cyclo-octene) leading to the formation of a doubly
cyclometallated product (1, Scheme 3.2). Abstraction of the halide with AgPF;
allowed the preparation of an unusually stable 14-electron species, 2 [10]. The sta-
bility of this electron-deficient complex is undoubtedly due to the high electron-
donor power of the NHC ligands. The reaction of 2 with H, leads to a remarkable
electron-deficient dihydride complex [IrH,(ItBu),](PFs), 3, in which two C—H
agostic interactions are observed [11].
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In a recent investigation, Yamaguchi and coworkers reported the intramolecular
alkyl C—H activation of a series of iso-propyl functionalized imidazolylidenes
coordinated to the Cp*Ir fragment [12]. The ability of Cp*Ir(NHC) complexes to
undergo intramolecular C—H activation had been reported by Herrmann and
coworkers, who described the cyclometallation of the complex Cp*Ir(ICy)(Me),
(ICy = 1,3-dicylohexylimidazol-2-ylidene) [13]. For the analogous phosphine com-
plexes of the ‘Cp*Ir(PR;)’ fragment, Bergman and coworkers have extensively
studied a number of inter- and intramolecular C—H activations [14]. For this type
of complex, both aromatic and aliphatic C—H activations have been described by
us, both being highly favorable processes [15-18]. In the cases where both aliphatic
and aromatic C—H activation is possible—as in the case depicted in Scheme
3.3 —steric factors seem to determine the selectivity of the reaction [16].

For the reaction outcome of this reaction, it seems that the steric hindrance of
the reaction products determines the selectivity of the process. For the carbene
containing an iPr group, the reaction proceeds through an aromatic C—H activa-
tion pathway because the Ir—C,omaic bond is stronger than its aliphatic analogue.
In addition, the orientation of the iPr group allows the hydrogen atom to point
towards the Cp* ring, thus providing steric relief in the final product (A, Scheme
3.4). For the tBu-substituted NHC, metallation via the aromatic ring would provide
a highly strained structure, with one of the methyl groups of the tBu pointing
towards the Cp* ring (B). For this case, metallation through one of the methyl
groups affords a more favorable situation, as the benzyl group can orient such that
it points away from the coordination sphere of the Ir atom (C).
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3.22
Chelating bis-NHCs

Polydentate NHC ligands have provided numerous new compounds [19]. Chelate-
N-heterocyclic ligands also allow the fine-tuning of topological properties such as
steric hindrance, bite angles, chirality and fluxional behavior. In the case of
Ir—chelate—NHC compounds, most of the data that have been reported were
obtained as an extension of investigations into their thodium analogues [19, 20].

Crabtree and coworkers prepared a series of complexes with a methylene linker
and different wingtips. Changing the bulk of the wingtip groups has a strong
influence on whether a chelating conformation is achieved. For example, in the
case of the tert-butyl group a monocarbene complex was formed (Scheme 3.5)
instead of the chelate complex [21].

Some mechanistic studies on the formation of bis-chelating NHCs from imid-
azolium precursors have been performed, indicating that C—H oxidative addition
of the imidazolium salt may play a decisive role in the overall process, at least for
Ir(I). The reaction of a ferrocenyl-bis-imidazolium salt with [IrCl(cod)], in the pres-
ence of NEt; provided the first evidence of the intermediacy of a stable NHC—Ir""—H
complex by direct oxidative addition of the imidazolium salt [22]. Although initially
it was proposed that the ferrocenyl fragment might be sterically protecting the
M—H from subsequent reductive elimination, it was later shown that this frag-
ment was not necessary in order to obtain the intermediate NHC—Ir""—H com-
plexes (Scheme 3.6) [23]. The oxidative addition of the C,—H bond of the
imidazolium salt may be followed by a reductive elimination of HX initiated by a
weak base, and this could explain why NHC—M—H complexes are so scarce
(Scheme 3.7). A combined experimental and theoretical approach provided a
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|
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unified mechanism for the metallation of a series of bis-imidazolium salts
with linkers of different lengths between the azolium rings [23]. It was concluded
that metallation of the second imidazolium ring proceeds by C,—H oxidative addi-
tion. The final formation of the bis-NHC—Ir"—H (short linker) or bis-NHC—Ir'
(long linker) depends on whether the oxidative addition product yields the trans
[short linker, n=1,2, mechanism (a)] or cis [long linker, n =3, mechanism (b)]
products (Scheme 3.8). The trans products are the thermodynamically favored
complexes, but in the case of the ligands with long linker lengths, the cis complexes
are kinetically favored, thus providing the bis-NHC—Ir' reductive elimination
products [23].
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The chelate effect also favors oxidative addition of the C,—H bonds of imidazo-
lium salts because it provides stabilized complexes. The reaction of a pyridine—
imidazolium salt with [[rCl(cod)], yields the oxidative addition product, even in the
absence of a base (Scheme 3.9), thus confirming that the oxidative addition of an
imidazolium salt should be considered as a valid process for the preparation of
NHC—M—H complexes [24].

In an attempt to obtain tripodal tris-NHCs of Rh and Ir, the ligand 1,1,1-[tris(3-
alkylimidazole-2-ylidene)methyllethane (TIME) [25], was used. Depending on the
metallation strategy, bis-NHC mononuclear or tris-NHC-dinuclear species were
formed, as depicted in Scheme 3.10. The N-anchored analogue of TIME is the
ligand tris[2-(3-alkylmethylimidazole-2-ylidene)ethyllamine (TIMENF); this can
coordinate to Ir, affording the trinuclear species shown in Figure 3.3.
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Figure 3.3 Molecular diagram of [(TIMEN™);Ir(COD)3](PFe)s.
The hydrogen atoms and counterions (PF¢) have been omitted

for clarity.
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3.23

Abnormal NHCs

Iridium complexes were the first to show an interesting type of NHC binding, in
which the metallation occurred in the ‘wrong way’—that is, with the metal being
bound not to the activated C, position but rather to the Cs position [26, 27]. This
mode of NHC binding—which today is generally referred to as ‘abnormal’ NHC
(aNHC) binding—was first observed for the reaction of an N-isopropyl-substituted,
methylene-linked pyridine-imidazolium salt and IrHs(PPhs), (Scheme 3.11). For-
mation of the abnormal NHC is favored by the lower steric strain at the metal
center. On moving to the smaller wingtip Me group, a mixture of the normal and
abnormal carbenes is obtained (Scheme 3.12).

Theoretical calculations suggested that the normal binding is thermodynami-
cally favored when the anion-free complexes are considered, but ion-pairing has
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a significant effect in lowering the energy of the abnormal-binding species, most
likely due to the energy differences in the C,/Cs C—H hydrogen bonding to the
anions. The counteranions BF,, PF; and SbF; give predominantly an abnormal
product, whereas Br favors the normal C, bond. This happens because the Cs—H
oxidative addition is anion-insensitive, whereas the C,—H metallation occurs by
proton transfer and hence is highly sensitive to the anion. The better ion pair
former, bromide, accompanies the proton during its migration and hence favors
formation of the normal NHC [28].

The ‘abnormal’ metallation is also favored when the conjugated pyridine-imid-
azolylidene precursor (with a smaller bite angle) is used. For these precursors, an
abnormal binding is produced even with a small wingtip group, as shown in
Scheme 3.12. Under the same conditions, the pyridine-benzimidazolium ana-
logue afforded the C, carbene complex (Scheme 3.12) [27].

Chelation is not necessary to promote the abnormal metallation. When imidazo-
lium salts with bulky substituents (e.g. iPr, tBu) are refluxed with pyridine and
IrH;5(PPhs), in tetrahydrofuran (THF), aNHC complexes are obtained in good
yields, with the least sterically hindered of the three imidazolium carbons selec-
tively bound to the metal (Scheme 3.13) [29]. Infrared spectroscopy on carbonyl
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derivatives indicated that the aNHCs are much stronger electron donors than their
C, analogues [29].

A very convenient method for the selective preparation of aNHC complexes is
to block the imidazolium ligand precursors by substitution at C, with alkyl or aryl
groups [29, 30]. Following this procedure, the coordination of 1,2,3-trimethylimid-
azolium iodide to [Cp*IrCly], afforded Cp*Ir(aNHC), as shown in Scheme 3.14
31].

The use of methylene- and ethylene-bridged bisimidazolium salts with C,-Me
gave unexpected results. Depending on the length of the linker, and on the nature
of the bisimidazolium salt used, the corresponding aNHC complexes or the
products resulting from the activation of the C—H bond in the C—Me group
were obtained. As depicted in Scheme 3.15, the reaction of 1,1’-ethylene-2,3,3'-
trimethylbis(1 H-imidazolium) dibromide with [Cp*IrCl,], in the presence of
NaOAc in refluxing acetonitrile allows the preparation of a compound, in which
the chelating-biscarbene ligand is coordinated by both the abnormal and normal
modes.

The reaction gave completely different products when doubly C,-Me-substituted
bisimidazolium salts were used, for which the length of the linker clearly deter-
mined the reaction outcome. For the methylene-bridged ligand, the major product
obtained contained a bischelating ligand coordinated by an aNHC, and a metal-
lated methylene group. For the ethylene-bridged bisimidazolium, the major
product was the expected chelating bis-aNHC, together with the chelating C,-Me-
activated compound and a new neutral species with a 1,2-dimethylimidazole ligand
(Scheme 3.16) [31].

Formation of the reaction products, in the case of the methylene linker, was
rationalized by means of density functional theory (DFT) calculations with the
inclusion of a solvent effects polarized continuous model (PCM). The calculations
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could not identify whether the first metallation occurs by direct deprotonation of
the ligand by the base, or metallation through C—H activation at Ir. However, both
cases point to a kinetic preference for first metallation at the C,-Me group. The
second metallation process is the result of kinetically preferred C—H activation at
the Cs position [31].

33
Catalysis with Ir—NHCs

The wide application of NHCs to catalysis places them along with phosphines and
cyclopentadienyls in their utility for organometallic catalysis. Being much more
donor in nature than phosphines, the NHCs occupy a distinct region of the
Tolman ligand map [32]. A number of pincer NHC derivatives are catalytically
active, but are not discussed here because they have been fully described elsewhere
[33]. Some other important recent reviews discuss catalysis by NHC complexes in
general [10, 34, 35].

A large number of reports have concerned transfer hydrogenation using isopro-
panol as donor, with imines, carbonyls—and occasionally alkenes—as substrate
(Scheme 3.17). In some early studies conducted by Nolan and coworkers [36], NHC
analogues of Crabtree catalysts, [Ir(cod)(py)(L)|PFs (L = Imes, Ipr, Icy) all proved
to be active. The series of chelating iridium(III) carbene complexes shown in
Scheme 3.5 (upper structure) proved to be accessible via a simple synthesis and
catalytically active for hydrogen transfer from alcohols to ketones and imines.
Unexpectedly, iridium was more active than the corresponding Rh complexes, but
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neopentyl substituents at the azole nitrogen were required for high activity [21].
Even aldehydes were successfully reduced with this system [34]. Aldehydes are
normally problematic substrates because of their tendency to undergo metal-
mediated decarbonylation and base-mediated aldol condensation.

A series of new iridium(I) triazole-based NHC complexes [(cod)Ir(NHC)L|BF,
(L = PPhs, pyridine) were later prepared and showed excellent activity for the
transfer hydrogenation of C=0, C=N and C=C double bonds in refluxing 2-
propanol with K,CO; as mild base. The phosphine series was shown to be more
active than the pyridine series in the case of imine transfer hydrogenation. A
neopentyl wingtip substituent on the NHC once again gave the best catalytic activ-
ity with the following competitive order: aldehyde > ketone > imine. In a substrate
containing both aldehyde and ketone functionalities, only the aldehyde was
reduced. A rare extension of transfer hydrogenation to polarized and even nonpo-
larized C=C bonds also proved possible. In a useful organic synthetic application,
a direct, one-pot catalytic reductive amination of RCHO with R'NH, to give
RCH,NHR’ was demonstrated for a variety of cases [37]. NHC—P hybrids were
also effective for iridium-catalyzed asymmetric transfer hydrogenation [38].

In a very recent study, trialkylated 1,2,4-triazoles were shown to produce the
novel bridging diylidynes with metals coordinated at C; and Cs. For example, with
(cod)M (M = Rh and Ir) as the metal fragment they proved active in transfer hydro-
genation, although it is possible that their activity in the cyclization of alkynoic
acids may be more relevant [39].

The catalytic activity of Cp*Ir(IlI) complexes in the Oppenauer-type oxidation
of alcohols was considerably enhanced by the introduction of N-heterocyclic
carbene ligands. Here, high turnover numbers (TONs) of up to 950 were achieved
in the oxidation of secondary alcohols [40].

Interestingly, Cp*Ir(NHC) complexes were also shown to be efficient catalysts
for the deuteration of organic molecules using CD;OH or (CD;),CO as deuterium
sources (Scheme 3.17). A wide set of organic molecules (including ketones, alco-
hols, olefins and ethers) were deuterated in high yields [15].

Cp*Ir(NHC) complexes are a very versatile type of catalyst, with a wide range of
applications. In a chemoenzymatic application, Cp*Ir complexes activated by fluo-
rinated and nonfluorinated NHC ligands were shown to be catalysts for racemiza-
tion in the one-pot chemoenzymic dynamic kinetic resolution (DKR) of secondary
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alcohols. Excellent conversions and good enantioselectivities were observed for
alkyl aryl and dialkyl secondary alcohols (Scheme 3.18) [41].

Five-coordinate complexes of the type shown below have the attractive feature
of containing four alkene ligands which, in principle, are capable of being removed
by hydrogenation to reveal an Ir(NHC) cation. Although these, too, are active for
transfer hydrogenation, in related complexes the allyl substituents do not seem to
be hydrogenated [42].

=/\
I, N
(e :@
N
;/

Despite the very low number of examples describing effective iridium-based
asymmetric catalysts, there are some which deserve to be mentioned at this
point. The preparation of hybrid NHC—oxazoline ligands, allowed Burgess and
coworkers to prepare Ir(I) complexes for the asymmetric hydrogenation of aryl
alkenes (Scheme 3.19) [43]. These catalysts are among the most efficient in terms
of yield and asymmetric inductions for this reaction.
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In asymmetric ketone hydrosilylation, axially chiral bidentate N-heterocyclic
carbene ligands derived from BINAM proved to be moderately effective when
bound to iridium, but less so with rhodium (Scheme 3.19) [44].

New N-heterocyclic carbene rhodium and iridium complexes derived from
2,2’-diaminobiphenyl were successfully synthesized and their structures
unambiguously characterized by X-ray diffraction (XRD) analysis. These are cata-
lytically active for the hydrosilylation of ketones with diphenylsilane, although an
NHC—rhodium complex was found to be the best among those investigated
[45].

The reaction of (S,5)-1,3-di(methylbenzyl)imidazolium chloride with [Cp*IrCl,],
in the presence of NaOAc affords the diastereoselective formation of a Cp*Ir(NHC)
complex with a chelating ligand coordinated through the carbene and the
ortho-position of one of the phenyl groups. The complex was used in the catalytic
diboration of olefins, providing high efficiencies and chemoselectivities for
the organodiboronate products [17].

Perhaps most dramatically of all, for the first time, bis(carbene)-substituted
iridium complexes, such as [Ir(cod)(NHC),]* (NHC =1,3-dimethyl- or 1,3-
dicyclohexylimidazolin-2-ylidene] were successfully used by Herrmann and
coworkers as C—H-activation catalysts in the synthesis of arylboronic acids starting
from pinacolborane and arene derivatives [46].

3.4
Conclusions

Despite many studies having been reported regarding the reactivity of Ir—NHC
complexes, it seems that the catalytic properties of these materials have not yet
been fully explored. Studies on the reactivity, and the access to new molecular
architectures in which the metal in highly electron-rich, envisage a wide set of
applications in homogeneous catalysis. It is noteworthy to point out that Ir—NHcs
offer a clear advantage over other metal complexes in processes implying C—H
activations, as observed by the number of intramolecular versions of this process
that have been reported and fully studied.

Despite Ir—NHCs having demonstrated their worth as catalysts, there are clearly
many more reports of transfer hydrogenation. Consequently, many further inves-
tigations must be conducted in other areas of catalysis, where there is every reason
to feel that the Ir—=NHCs will be equally useful.
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4
Iridium-Catalyzed C=O Hydrogenation

Claudio Bianchini, Luca Gonsalvi and Maurizio Peruzzini

4.1
Introduction

The homogeneous hydrogenation of carbonyl groups from organic compounds is
a valuable tool for the catalytic synthesis of alcohols, many of which bear other
functionalities such as C=C double bonds. Thus, early reports have focused on
o,B-unsaturated carbonyl compounds as test substrates for novel chemoselective
and regioselective catalysts. The hydrogenation protocols of choice have used
either hydrogen gas or transfer hydrogenation conditions as terminal reducing
agents, and the literature review will be therefore divided into these two topics in
the following sections. Metals other than iridium have been successfully used to
catalyze the chemoselective, regioselective and stereoselective reduction of C=0
double bonds [1]. In this chapter, for the sake of completeness, one section is
dedicated to ketone and aldehydes hydrogenations in heterogeneous phase by
catalysts comprising either iridium metal particles or iridium single-site catalysts
tethered to various support materials. Among these, ruthenium and rhodium play
a major role, with the former reported as being generally more active. Although,
as a general trend, iridium catalysts exhibit a lower activity as compared to ruthe-
nium and rhodium catalysts, they are often more selective, especially in terms of
chemoselectivity and regioselectivity. Both, experimental and theoretical studies
have been conducted to address the different activities of iridium complexes versus
ruthenium analogues [2]. It is generally agreed that the different binding of the
supporting ligands controls the energy of the transition state, thus ultimately
determining the reduction kinetics [1, 2].

4.2
Homogeneous C=0 Hydrogenations

The selective reduction of the C=0 functional group of organic substrates has
been reported using hydrogen gas and various iridium complexes as precatalysts.

Iridium Complexes in Organic Synthesis. Edited by Luis A. Oro and Carmen Claver
Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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In the following sections, the most relevant reports dealing with Ir-catalyzed
hydrogenations using a homogeneous phase (molecular single-site catalysts
soluble in the reaction media) using hydrogen are summarized, and divided into
chemoselective and enantioselective reactions, respectively. Under these condi-
tions, the actual catalytic species have been invariably associated with metal
hydrides (Scheme 4.1).

4.2.1
Chemoselective Hydrogenations

Chemoselectivity is often a major issue in the reduction of multifunctional organic
substrates such as substituted conjugated enones. The corresponding unsaturated
alcohols have found use as building blocks for pharmaceutically active molecules;
for example B-amino-o-phenylethanol is used for the synthesis of B-blockers
which are the active molecules for controlling hypertension and other cardiac
disorders.

One of the first accounts on Ir-catalyzed CO hydrogenation dates back to 1967
by Coffey, in which a 5% 107* M solution of [IrH;(PPhs)s] (1) in AcOH catalyzed
the hydrogenation of 0.56 M PrCHO quantitatively to BuOH at 50°C and 1atm of
H, in 4h. Whilst octenes were not reduced under similar conditions, activated
olefins, CH,=—CHCO,R (R=H or Me) were hydrogenated to EtCO,R (R=H or
Me). A mixture of Ir hydrido-acetates formed by the reaction of 1 with AcOH was
indicated as the actual hydrogenation catalyst [3]. A patent was filed in the same
year [4] which claimed that aldehydes or ketones were hydrogenated to alcohols
in the presence of a carboxylic acid and an iridium compound. As an example,
IrH;(PPhs); was dissolved in AcOH to give IrH(OAc)(PPh;); (2) and IrH,(OAc)
(PPhys); (3). The solution obtained was stirred for 20min under H, at 50°C, PrCHO
was added, and the mixture stirred for 3h to give an 88% conversion to BuOH
and BuOAc.

The same precatalyst was used by Strohmeier et al., who prepared the homoge-
neous catalyst in situ by the reaction of IrH;(PPhs); with HOAc, and then used
it to hydrogenate saturated and unsaturated aldehydes at 10atm of H,, without
solvent. High conversions [turnover number (TON) up to 8000] could be obtained.



4.2 Homogeneous C=0 Hydrogenations

However, the hydrogenation of unsaturated aldehydes was found not to be selec-
tive, and ketones were not hydrogenated at pressures up to 10 atm [5]. Similar
results were obtained by Kalinkin et al., using 1 and (Ph;P)IrH;s (4) in CF;CO,H.
These authors proposed that an ionic mechanism, including H-transfer from the
Ir complex to the protonated ketone, was active in these systems. It was confirmed
that C=C and C=0 groups of o,B-unsaturated ketones were hydrogenated non-
selectively [6].

A comparative study on the hydrogenation of o,B-unsaturated ketones using
Ir and Ru (carbonyl) complexes such as RuCl,(CO),(PPhs),, RuCl,(CO),(PCys),,
RuHCI(CO)(PPhy),, RuCL(PPh,), Ir(CO)CI(PCy;), (5) and Ir(CO)Cl(PPhy),
[Vaska’s compound, (6)] was carried out by Strohmeier et al. [7]. The study results
showed that all these complexes were selective catalysts for the reduction of C=C
double bond instead of the C=0 bond. The TONs ranged from 6 to 196, depend-
ing on the substrate, catalyst and reaction conditions. The highest selectivity to
saturated ketone in the hydrogenation of mesityl oxide was achieved using
RuCl,(PPh;), or 5 at 160°C and 15 bar (1.5 x 10*hPa) of H,.

By replacement of the chloride ligand with perchlorate ClO; in 6, Ir(ClO,)(CO)
(PPhs), (7) was synthesized [8] and further reacted with unsaturated aldehydes to
give the k'-O coordinated [Ir(trans-RCH,=CHCHO)(CO)(PPhs),](ClO,) (R = Me,
8a; Ph, 8b), in analogy with the ligand-substitution reactions carried out earlier on
[IrL(CO)(PPhs),)(ClO,) (L = unsaturated nitriles). Under an atmosphere of H, at
room temperature, the precatalyst was converted into [Ir(H),(ClO,)(CO)(PPhs),]
(9), which catalyzed the C=C bond hydrogenation of cinnamaldehyde and acrolein
to the saturated aldehydes. Complex 7 (typically 0.1 mmol) was then used as the
precatalyst for ketone (3.0mmol) hydrogenations in CHCI; at 70°C under 3atm
of H,, to give conversions which ranged from 6% (acetophenone) to 100% (cyclo-
hexanone) [9]. Under the same conditions, saturated aldehydes were hydrogenated
to the corresponding alcohols [10]. Further investigations of the reaction condi-
tions showed that, by raising the pressure to 9atm and lowering the tempera-
ture to 50°C, complete selectivity to cinnamol was achieved after 6h using
[Ir(CO)(PPhs);])(ClO,) (10), albeit with lower yields [11]. Replacement of the CO
ligand led to similarly active complexes [Ir(cod)(PPh;)L](ClO,) (11) [12].

A clearer understanding of the type of metal hydride required to achieve selective
C=0 bond hydrogenation in o,B-unsaturated substrates was provided by Graziani
and coworkers. The selective hydrogenation of cinnamaldehyde and benzylidene
acetone to the corresponding unsaturated alcohols (Scheme 4.2) was achieved in
the presence of [H,Ir(phosphine),]* complexes in toluene; the introduction of a
chiral phosphine such as (S)-(+)-PPh,(CH,CHMeCH,Me) gives a 7.4% enantio-
meric excess (ee) of (S)-(-)-1-phenylbut-1-en-3-ol [13].

As a general trend a large excess (up to 10:1 to Ir) of ligand is required to
increase selectivity to C=0 bond hydrogenation, which is in parallel accompanied
by a decrease in the catalyst activity and the need for longer reaction times
(Table 4.1).

In a subsequent detailed study, other iridium phosphine systems prepared in
situ were used. Depending on the steric properties of the phosphine employed and
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Table 4.1 Hydrogenation of o,fB-unsaturated carbonyl compounds [13].

Scheme 4.2

Catalyst P:lr % % % Saturated = %

ratio  Conversion Unsaturated  aldehyde/ Saturated

(h) alcohol” ketone’ alcohol

[Ir(cod)(OMe)], + PEt,Ph 2 93 (5)° 0 83 10
10 97 (48)" 90 5 2
[Ir(PEt,Ph),]" (12) - 96 (70)° 91 4 1
cis-[H,Ir(PEt,Ph),]*(13) - 92 (28)" 81 7 4
[Ir(cod)(OMe)], + PEtPh, 10 99 (10)" 9 2 1
[Ir(cod)(OMe)], + PEt,Ph 10 98 (7)° 97 0 1
12 - 99 (28)° 98 0 1
( 0 1

13 N 95 (22)° 94

a  Conditions: [Ir] = 4 x 107 M; substrate: Ir ratio = 500; toluene 75ml, H, 30 atm; 100°C.
b Substrate: benzylidene acetone.
¢ Substrate: cinnamaldehyde.

the P:Ir ratio, different species are formed in solution, as evidenced by NMR
spectroscopy. [IrHs(PRs),] (R = alkyl or aryl), formed in the presence of bulkier
phosphines under an atmosphere of H,, was found to be a catalyst for the hydro-
genation of the C=C double bond, whereas mer-[IrH;(PR;);] catalyzes the reduc-
tion of the carbonyl group with a selectivity up to 100% (PR;—PEt,Ph, 14a; PMePh,,
14b) [14].

Spogliarich et al. published the details of a study [15] on the electronic effect
implicated in reactions catalyzed by iridium/phosphine systems, and found there
to be a slight dependence on the charge distribution around the carbonyl group
of the substrates, while electron-withdrawing groups enhance the reduction rate
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of the C=0 function and selectivity of the reaction. In the presence of 14 generated
in situ under a pressure of H, (generally 20atm) at 100°C starting from the
[Ir(cod)(OMe)], precursor, enones such as CH,—CHC(O)Et, Me—CH—CHC(O)Et,
Me,—C=CH—C(O)Me, PhCH=CHC(O)Me (benzylidene acetone) and
PhCH=CHC(O)Me (chalcone) were hydrogenated to various activities (24-100%
conversion) and selectivities (0-92% to the unsaturated alcohol). These authors
concluded that, for this system, the steric hindrance of the catalytic species was
necessary to achieve chemoselectivity in the reduction of conjugated enones, and
for chalcone electronic parameters to either increase or decrease the C=0 reduc-
tion rate. Moreover, the enantioselectivity towards chiral alcohol is also related
to the steric hindrance of the substrate (see Section 4.2.4). For example, when
using [Ir(S,S-DIOP),]* (15; S,S-DIOP = (+)-2,3-O-isopropylidene-2,3-dihydroxy-1,4-
bis(diphenylphosphino)butane) in the reduction of 4-substituted chalcones, a
maximum ee-value of 25% was obtained (Scheme 4.3). It was concluded that both
steric and electronic effects were active in ruling the stereoselectivity and chemose-
lectivity of the reaction. In a subsequent, more detailed, study Tolman’s cone angle
of the phosphine ligands was correlated to the selectivity towards unsaturated
alcohol for hydrogenation of substrates such as cinnamaldehyde, which was found
to be close to 100%, with cone angles greater than 140°; this was in contrast to
what was observed for transfer hydrogenation with the same complexes [16].

The use of bidentate P,N ligands for Ir-catalyzed hydrogenations of saturated
and o,B-unsaturated substrates such as crotonaldehyde, ethylvinyl ketone, 2-
cyclohexen-1-one, benzylidene acetone and chalcone was reported by Dahlenburg
et al. [17]. [Ir(CO)(PPh;)(2-Ph,PC;H,NR-kNkP)] (R=H, 16a; R=Me, 16b),
[Rh(CO)(PPh;)(2-Ph,PC{H,NR)] (R=H, Me), [Rh(PPh,),(2-Ph,PC;H,NH)] and
[Ir(CO)(PPhs)(2-Ph,PC;H ,N{C(O)camph-(15)}-kN,kP)] (17, C(O)camph-(15) = (15)-
camphanoyl) were tested. Only 16a showed significant activity for the reduction
of the C=O group. The catalytically active species was found to be cis-
[IrH,(CO)(PPhs)(2-Ph,PC,H,NH)] (18), which was observed by '"H NMR under
45bar (4.5x10*hPa) of H, (Scheme 4.4). The homogeneous hydrogenation
proceeded with chemoselectivities for the corresponding allylic alcohols with dif-
ferent performances, varying between zero for EtC(O)CH—=CH, and 78% for
MeCH=CHCHO. Complex 16a was characterized by X-ray structural analysis;
the molecular structure is shown in Figure 4.1.

Later, the same group [18] reported more detailed studies on the hydrogenation
of prochiral ketones in the presence of P,N-chelated Ir complexes and a strong
base under hydrogen pressure. A general scheme summarizing the cationic B-
aminophosphine complexes used is shown in Scheme 4.5.

Pr, P >j ! P Me><oj/\PPh2
AR < -
e p Mg~ o, ~FPhe

P

15 (+)-DIOP
Scheme 4.3
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Figure 4.1 The molecular structure of [Ir(CO) (PPh;) (2-Ph,PCsH,NH-kN,kP)] (16a).
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If combined with an alkaline or amine base (1-5equiv.) in MeOH under 10—
50bar (1-5 X 10*hPa) of H, and temperatures ranging from 25 to 50°C, all com-
plexes catalyze the reduction of aryl alkyl ketones to the corresponding 1-
arylalkanols. The role of the base was described by the authors as ‘metal-assisted
direct transfer of H*/H®* to the C=0 function’, and higher rates were obtained
in the presence of stronger bases such as LiOH, K,CO; and KOH. Mechanistic
studies on hydrogen/deuterium (H/D) exchange highlighted the role of the amine
in assisting heterolytic hydrogen splitting, and a series of cis-dihydrides derived
from oxidative addition of H, was observed (Scheme 4.6).
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Five iridium hydrido carbonyl complexes containing bidentate phosphine
ligands, IrH(CO)(PPhs)(L) [L=BPPB, 1,2-bis(diphenylphosphino)benzene, 18;
BISBI, 2,2"-bis(diphenylphosphinomethyl)-1,1"-biphenyl, 19; BDNA, 1,8-bis
(diphenylphosphinomethyl)naphthalene, 20; BDPX = 1,2-bis(diphenylphosphino-
methyl)benzene, 21; PCP-H, 1,3-bis(diphenylphosphino methyl)benzene, 22] were
synthesized by Li et al. [19] (Scheme 4.7). The catalytic hydrogenation activities
and selectivities for citral and cinnamaldehyde reductions were studied. Com-
plexes 18-21 showed high selectivity for the hydrogenation of C=0 group in citral.
In the case of cinnamaldehyde using complex 21, high selectivity to C=0 bond
hydrogenation could be obtained in the presence of excess of ligand (BDPX).

The influence of ligand structure on the biphasic hydrogenation of aldehydes
was investigated by Gulyas et al. Rh and Ir complexes of trisulfonated triarylphos-
phines, TPPTS (tris(3-sulfonatophenyl)phosphine), T(p-A)PTS (tris(3-sulfonato-
4-methoxyphenyl)phosphine), T(2,4-X)TS (tris(2,4-dimethyl-5-sulfonatophenyl)
phosphine; Scheme 4.8), were synthesized starting from the precursors [M(cod)Cl],
(M = Rh, Ir) and tested in the biphasic (H,0/EtOAc) hydrogenation of benzalde-
hyde and caproaldehyde at 65°C and 20bar (2 x 10*hPa) of H,. T(2,4-X)TS could
not stabilize the Rh complex under the applied conditions, due to the large cone
angle (196°, 210°). Interestingly, the T(2,4-X)TS/Ir catalyst is stable and effective
in the hydrogenation of benzaldehyde and caproaldehyde (Table 4.2). The reason
for this behavior was explained by the authors as a dependency on the size of the
metal center, which results is a less-crowded region, even in the presence of bulky
phosphines for Ir (with a larger atom radius) [20].
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Table 4.2 Biphasic hydrogenation of aldehydes using sulfonated phosphines [20].

Ligand Substrate Conversion (%)
TPPTS Benzaldehyde 7
T(p-A)PTS Benzaldehyde 6
T(2,4-X)PTS Benzaldehyde 99
TPPTS Caproaldehyde 4
T(p-A)PTS Caproaldehyde 4
T(2,4-X)PTS Caproaldehyde 93

Conditions: [Ir(cod)Cl], = 0.01 mmol; substrate, 4 mmol; ligand = 0.1 mmol, buffer (pH 7):EtOAc
3ml:3ml, H, 20atm; 65°C.

422
Enantioselective Hydrogenations

The asymmetric reduction of ketones to form optically active secondary alcohols
attracted the attention of research groups at Monsanto during the late 1970s, at
which time a patent was filed involving the use of trisubstituted monodentate
phosphines or arsines ER;R,R; (E =P, As; Ry, R,, Ry =H, aryl, alkyl) and Rh(I),
Ir(I) precursors [21]. Under pressures ranging from 5 to 50atm of H, and tem-
peratures ranging from —20°C to 100°C, alcohols with percentage optical purities
(defined as observed optical activity of the mixture x 100/optical activity of pure
enantiomer) from 5.9 to 19.9 were obtained using complexes such as [Ir(cod)L,|BF,
(L = cyclohexyl (o-methoxyphenyl)methylphosphine, 23) (Scheme 4.9).

The asymmetric hydrogenation of o-amino-acetophenones such as PhCOCH,NRR'
[R = CH,Ph, R' = Me, CH,Ph; RR' = (CH,)s] to B-amino-o-phenylethanol deriva-
tives was described by Graziani and coworkers using the cationic Ir(I) complexes
[Ir(cod)(prolophos)|BPh, (24) and [Ir(prolophos),]BPh, (25) (prolophos = (S)-(-)-N-
(diphenylphosphino)-2-diphenylphosphinoxymethylpyrrolidine) (Scheme 4.10).
All reactions were carried out using 2mol% of catalysts at 60°C and 70atm of H,,
as no activity was observed at lower temperatures and pressures.
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Interestingly, whereas the highest ee-value in the product was found using 24
(30%), the configuration of the chiral center was observed to be strongly solvent-
dependent in the presence of 25—that is, the (S)-(+) was obtained in benzene and
the (S)-(—) amino alcohol in toluene (only the (S)-(+) form was produced by 24
irrespective of the solvent). These authors suggested that this effect might be due
to different hydride catalytic species being generated in the different solvent media
[22]. The same catalysts were applied to the hydrogenation of o,B-unsaturated
ketones such as benzylidene acetone. 1-Phenyl-1-buten-3-ol was selectively
produced in high yields using 25 and [Ir(S,S-DIOP),]* (15; S,S-DIOP = (+)-2,3-O-
isopropylidene-2,3-dihydroxy-1,4-bis(diphenylphosphino)butane) and as catalyst
precursor or high P:Ir ratios in the systems prepared in situ [23]. The use of
15 in the reduction of cyclic o,B-unsaturated ketones such as 2-cyclopenten-
1-one, 3-substituted-2-cyclohexen-1-ones and R-(-)-carvone (5R-isoprenyl-2-
methylcyclohexen-1-one) was tested under a pressure of 20bar (2 x 10°hPa) of H,,
100°C, substrate: catalyst ratio = 500, in toluene and gave the highest ee-value for
the latter (28%) after a reaction time of 144 h and at 10% conversion [24].

The enantioselective hydrogenation of acyclic alkyl aryl ketones PhCOR (R = alkyl
or cycloalkyl group) has been accomplished using the catalytic systems derived
from [Ir](S)-BINAP](cod)]BF, (26) or [Ir[(S)-HS-BINAP|(cod)]BF, [27, HS-
BINAP = 2,2"-bis(diphenylphosphino)-5,5",6,6",7,7,8,8"-octahydro-1,1’-
BINAPhthyl] and bis(o-dimethylaminophenyl)phenylphosphine in dioxane : MeOH
(5:1) under hydrogen pressures varying from 54 to 61 atm [25] (Scheme 4.11). The
ee-values, as well as the absolute configurations of the corresponding alcohols,
were found to depend heavily on the steric size of the alkyl or cycloalkyl groups,
and the highest ee-values were obtained with R = 'Pr (84%, R) and C¢H;; (80%, R).
Other related active catalysts were described as complexes [H,IrL;L,]Y (28,
L, = optically active phosphine, e.g. BINAP; L,=tertiary phosphine, e.g. o-
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dimethylaminodiphenylphosphine; Y = BF,, PF, which were prepared by stirring
[Ir(cod)[(+)-BINAP]|BF, with L, in tetrahydrofuran (THF) under H, for 18h. The
hydrogenation of 3-oxotetrahydrothiophene (214.5g) in the presence of 28 gave
(+)-3-hydroxytetrahydrothiophene (63 g, 63.2% ee) [26].

Other phosphines based on the same principle of C,-symmetry and the binaph-
thyl framework were reported for the synthesis of transition-metal complexes
(including Ir, but mainly Ru-based) and application as catalysts for the enantiose-
lective hydrogenation of C=0. (R)-(+)-CM-BIPHEMP was used as a chiral ancillary
ligand to hydrogenate substrates such as HOCH,COMe in MeOH at 65 °C under
10atm of H, for 16h to 97.8% (R-HOCH,CHMeOH [(R)-(+)-CM-
BIPHEMP = (R)-(+)-2,2’-bis(diphenylphosphino)-5,5’-dichloro-4,4",6,6’-
tetramethyl-1,1"-biphenyl] [27]. The use of chiral diphosphines such as (R)- or
(S)-2,2’-diphosphino-6,6"-bis(acyloxy)-1,1"-biphenyls, and in particular (R)-2,2’-
bis(diphenylphosphino)-6,6’-diacetoxy-1,1"-biphenyl, as optically active ligands for
transition-metal complexes (e.g. M,H,X,L,(Sv),; M =Ru, Rh, Ir; X=Cl, Br, F, [;
Sv = tertiary amine, ketone, ether; L = chiral ligand; y=0,1;x=1,2;z=1,4;,p=0,
1) and asymmetric catalytic reduction methods was also patented [28].

Asymmetric C=0 hydrogenations in water were also reported by Lemaire et al.
This catalytic system is based on Ir(cod)L* complexes, where L* is a hydrophilic
chiral C,-symmetric diamine ligand such as p-substituted (1R 2R)-(+)-1,2-
diphenylethylenediamine derivatives (29a—e; Scheme 4.12). The use of such
ligands allowed catalyst recovery without loss of activity and enantioselectivity in
at least four acetophenone hydrogenation cycles [29]. The ee-values observed in
the reduction of phenyl glyoxylate in the water phase were, however, lower than
were found when running the tests in THF (Table 4.3), when the substituents
were H and Me, and about the same with OH, OMe and O-(C,H,O);Me.
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Table 4.3 Phenylglyoxylate methyl ester reduction in the presence of Ir(l) and 29a—e.

Ligand Solvent Yield (%) ee (%) (R)
29a THF 99 31
29a H,0 100 15
29b THF 100 80
29b H,0 73 56
29c THF 100 45
29c¢ H,0 96 50
29d THF 100 49
29d H,0 100 42
29e THF 98 43
29e H,0 100 54

Conditions: [Ir(cod),]BF, = 5mol%; substrate, 0.5 moll™; H, 50 atm; 50°C, 15h.

By introducing phosphonic acid groups at the para position of the aromatic
rings, the same authors [30] developed another chiral N,N ligand and tested the
corresponding iridium complex for asymmetric hydrogenation of ketones under
MeOH /water conditions. The system was shown to perform as well as the homo-
geneous organic phase counterpart, but with noticeably higher reaction rates. For
the hydrogenation of acetophenone in MeOH at 45 atm H,, total conversion and
ee-values varying between 34% and 55% were obtained in the function of metal:
ligand: substrate ratio. Other, different ketones were tested and, under the same
conditions, a maximum ee of 72% was obtained for the asymmetric hydrogenation
of phenyl t-butyl ketone (Scheme 4.13).

As part of the above-mentioned study on chemoselective hydrogenation per-
formed by Dahlenburg, 18 chiral versions of P,N-chelating ligands were synthe-
sized and used in the asymmetric hydrogenation of aryl alkyl ketones under a
pressure of hydrogen. Ir(I) complexes 31-33 catalyzed the direct hydrogenation of
alkyl phenyl ketones to the corresponding 1-phenylalkanols, combined with an
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alkaline base or an amine in methanol under H, (10-50bar; 1-5 x 10*hPa) and
between 25 and 50°C (Scheme 4.14). In the case of acetophenone, modest to
moderate ee-values (30-55%) were observed using 33 (R,R) and different bases.
When using KOH or (—)sparteine as a base the results showed, in all cases, that
enantioselectivities obtained in the presence of KOH were higher than with
(—)sparteine (19-55% and 4-47%, respectively). Other alkyl aryl ketones were
hydrogenated with 33 (R,R) as catalyst, and a maximum of 68% ee was obtained
in the case of phenyl 3-chloropropyl ketone.

A series of Ir(III) complexes bearing a chelating chiral diamine and mono-
or bidentate (chiral) phosphines was described very recently by Dahlenburg
and coworkers [31]. Reactions of [IrH,(OCMe,),(PPh;),|BF, or [IrH;(PR;),]/HBF,
(R="Pr, cy) with chelating diamines H,NNH, gave the corresponding cis-
dihydridoiridium(III) chelate complexes [IrH,(H,NNH,)(PR;),]BF, [PR; = PPh;,
HLNNH, = 1,2-(H,N),CH, (34a); (1R2R)-(H,N),C¢Hy,o {(R.R)-dach} (34b);
(R)-2,2-diamino-1,1’-binaphthyl {(R)-dabin} (34c); PR; = P'Pr;, H,NNH, = (R,R)-
dach (35a), (R)-dabin (35b); PR; = PCy;, H,NNH, = (R)-dabin (36)]. By oxidative
addition of HCI to Ir[(cod){(S,S)-bdpcp}|BF, [(S,S)-bdpcp = (15,25)-(Ph,P),CsHg],
the mononuclear adduct [Ir(cod)(H)(CL){(S,S)-bdpcp}|BF, (37) was obtained. In
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contrast, the reaction of [Ir(cod){(R)-binap}|BF, with HCl gave the triply chlorido-
bridged diiridium complex [{(R)-binap},Ir,H,(u-Cl);]BF, (38). Subsequent reaction
with chelating diamines yielded complexes [Ir(H)(Cl)(H,NNH,){(R)-binap}|BF,
[H,NNH, = (1R,2R)-H,NCH (Ph)CH (Ph)NH, {(R,R)-dpen} (39a), (R,R)-dach (39b)
and H,NCMe,CMe,NH, {tmen} (39¢), as shown in Scheme 4.15. It was shown
that, for the enantioselective hydrogenation of acetophenone, the dihydrides
[IrH,{(R,R)-dach}(PR,),]BF, and [IrH,{(R)-dabin}(PR;),]BF, (R='Pr, Ph) per-
formed poorly, while complexes 39a—c catalyzed the formation of 1-phenylethanol
in good enantiomeric excess [ee.x = 82-84% (S)] in the presence of KOH at 40—
50°C under a pressure of 20 bar (2 x 10*hPa) of H,.

A highly efficient method for the asymmetric hydrogenation of substituted ace-
tophenones catalyzed by Ir complexes with chiral planar ferrocenyl phosphino-
thioether ligands was disclosed by Le Roux et al. [32]. Optimization of the conditions
led to a highly active catalytic system with TONs up to 915 and a turnover fre-
quency (TOF) of up to 250h™". The reactions were run in isopropanol at 30bar
(3 X 10*hPa) H,, in the presence of strong bases such as NaOMe, ‘BuOK or KOH.
At room temperature the asymmetric hydrogenation of acetophenone gave 43—
77% ee, the best value being obtained with the complex having benzyl as substitu-
ent on the sulfur atom (Scheme 4.16). When the reaction was carried out at 10°C,
much higher enantioselectivities (up to >99% for 4-fluoroacetophenone) were
obtained while the catalytic activities remained invariably high. Whereas, the need
for an alcoholic medium is not required as the reaction could be carried out also
in toluene, the presence of both base and molecular H, is mandatory in order to
obtain substrate conversion (Table 4.4).

Finally, the asymmetric hydrogenation of a series of o-hydroxy aromatic ketones
in methanol catalyzed by Cp*Ir(OTf)(MsDPEN) (42, MsDPEN = N-(methanesul-
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Table 4.4 Asymmetric hydrogenation of acetophenones using
Ir complexes bearing planar chiral ferrocenyl phosphino
thioethers.”

0 OH
30 bar H,
>
X IPrOH, MeONa X
X=H, Me, F
Catalyst X Conversion (%)" ee (%)’
40b H >99 78
40c H 99 87
40b Me 86 93
40c Me 84 93
40b F >99 >99
40c F 96 >99

a Reaction conditions: catalyst, 6.4 X 10~ mmol; NaOMe, 3.2 X 10> mmol; substrate, 3.2 mmol
(1/5/500), 10°C, ‘PrOH, 30 bar (3 x 10*hPa) H,, 8h.
b Conversion and ee-value determined using chiral gas chromatography.

fonyl)-1,2-diphenylethylenediamine) affords the 1-aryl-1,2-ethanediols in up to
99% ee [33] (Scheme 4.17). The reactions could be carried out with a substrate:
catalyst molar ratio as high as 6000 at 60°C under 10 atm of H,. 1-Hydroxy-2-
propanone was also hydrogenated with high enantioselectivity (80% ee) to
(R)-1,2-propanediol.

4.2.3
Transfer Hydrogenation (TH)

Reduction methods based on the use of a sacrificial reagent such as an alcohol
(usually isopropanol) together with a metal or transition metal, or other
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compounds able to transfer hydride ligands to the catalysts (NaOMe, HCO,H, etc.)
have received much attention during recent years, and are generally known as
transfer hydrogenation (TH) reactions. On the topic of selective C=0 reduction,
ruthenium-based catalysts represent the vast majority of protocols studied to date,
and apply to many diverse multifunctional substrates, based largely on the seminal
studies of the groups of Noyori [34] and Zhang [35]. Although Ir-based TH systems
are known to a lesser extent (and will be reviewed here), this subject is best covered
by dividing it into those reports which deal with standard TH reactions, and those
that deal with enantioselective versions (asymmetric transfer hydrogenation;
ATH).

The mechanism of reversible -hydrogen elimination from square planar Ir(I)
alkoxide complexes with labile dative ligands, followed by associative displacement
of the coordinated ketone or aldehyde by incoming phosphine, which can be
implied in TH reactions, was proposed by Hartwig and coworkers [36].

The biphasic TH of aldehydes catalyzed by water-soluble phosphine TPPMS
complexes of Ru(II), Rh(I) and Ir(I) (e.g. Ir(CO)Cl(PR,R), R = Ph, R, = m-SO;NaPh,
TPPMS) was reported by Benyei and Joo [37]. Aromatic and aliphatic aldehydes
can be reduced to the corresponding alcohols by hydrogen transfer from formate,
catalyzed by water-soluble complexes bearing the monosulfonated triphenylphos-
phine TPPMS, in aqueous/organic biphasic systems without the need for
phase-transfer catalysts. Whereas, a complete conversion of benzaldehyde (5ml,
0.5M solution in PhCl) was obtained after 20min in the presence of 0.01mM
RuCl,(TPPMS), and an excess of free ligand (0.1 mM) using 3ml of 5 M solution
of NaHCO, at 80°C, and 80% conversion after 1h using HRuCl(CO)(TPPMS);,
only 11% conversion was achieved using IrCl(CO)(TPPMS), (43).

The hydrogenation of ketones and olefins via hydrogen transfer catalyzed by
rhodium and iridium phosphine complexes in organic solvents was described
by Graziani and coworkers in 1982 [38]. It was shown that a combination of
[Rh(coe),Cl], and [M(cod)Cl], (M = Rh, Ir) in the presence of tertiary phosphines
(PR;, R=Ph, p-MePh, p-MeOPh, o-MePh, 0-MeOPh, Cy, '‘Bu, Cy,Ph, CyPh,,
MePh,, Me,Ph) or bidentate phosphines R,PCH,CH,PR, (R = Ph, dppe; Et, depe;
Me, dmpe) would catalyze H transfer from isopropanol to 4-t-butylcyclohexanone
with almost complete conversion using KOH as a base, at 50°C. The catalytic
activity was found to depend on the electronic and steric properties of the tertiary
phosphine ligands and on the activation time. A 1:1 mixture of ketone and olefin



4.2 Homogeneous C=0 Hydrogenations

was seen to slow the reaction, without affecting chemoselectivity. The reduction
of unsaturated ketones such as MeCOCH,CH,CMe—=CH, was also carried out
under the same conditions (Ir/PPhs), but no conversion was observed. Later, the
study was expanded by testing specific Ir complexes such as [Ir(cod)(PPhs),]* (44)
for the TH of cyclic ketones such as 4-t-butylcyclohexanone in ‘PrOH and KOH
(initial TON 175000, after 15s) which are nominally rivalling with horse liver
alcohol dehydrogenase (HLAD) for performance. With the substrate as above,
complete conversion was reached after 4min at a substrate : catalyst ratio of 30000,
running the reaction at 83 °C [39]. The catalytic activity was seen to depend on the
basicity of the coordinated phosphine, in the order PPh; > P(p-anisyl); >>PMePh,
> dppe, in parallel with classic hydrogenation reactions, where a nonoxidative
addition of hydrogen was proposed.

An alternative system which was developed during the same period and by the
same group [40] used a combination of Ir(III) and Sn(II) for the TH of cyclohexa-
nones in isopropanol under acidic conditions (HCI). Both, IrCl; hydrate and
H;IrClg could be used as precatalysts and showed essentially the same activity. The
best results (93% yield in the alcohol) were obtained for the reduction of 4-t-
butylcyclohexanone using an SnCl, x 2H,0/IrCl; x 3H,0 ratio of 3, at a substrate:
catalyst ratio of 150, for 5h at 83°C. Both, an increase in the Sn:Ir ratio and the
presence of excess of chloride decreased the activity of the catalytic system.

Complexes of the type [Ir(NN)Hd]CIO, (45) and [Ir(NN)HdX], (46, NN = bipy,
phen and substituted derivatives; Hd = 1,5-hexadiene; X = Cl, Br, ) in the presence
of a mineral base ([KOH]:[cat] = 1) are described as very active catalyst precursors
for the selective reduction of unhindered cyclohexanones to the equatorial alcohols
by TH in isopropanol. The catalytic activity depends on the [KOH]:[cat] ratio and
the coordinating power of the ligands, and is higher at high base:Ir ratios. The
stereoselectivity reached its highest value with the 3,4,7,8-Me,phen derivative and
was independent of the KOH concentration, with high activities and selectivities
with substrate: catalyst ratios of 20000 [41].

The system formed in situ from [Ir(cod)Cl], and P(0-MeOPh); catalyzed the selec-
tive TH of the CO group in 5-hexen-2-one [42]. The maximum yield of 91% of
unsaturated alcohol was obtained after 1h reflux in ‘PrOH in the presence of KOH
using a P:Ir ratio of 100. This effect was explained by the presence of an intramo-
lecular interaction between the substrate and the MeO groups in the ortho-position
of the phosphine. The same system, when tested with benzylidene acetone, showed
a lower selectivity under the same conditions, thus reflecting the higher reactivity
of the C=C bond due to activation by the C=0 group. 2-Hexanone was also
reduced to the alcohol, while the sterically crowded Me,C=CHCH,CH,COMe also
gave (selectively) the unsaturated alcohol upon reduction. It was established that
the possibility of chelation affects the reactivity of the molecule as compared to
the simple ketone-olefin mixture. The same group also reported cinnamaldehyde
and crotonaldehyde selective C=0O hydrogenation, using the same system [43].

The anchimeric assistance by the methoxy group of P(0-MeOPh); in determin-
ing the selectivity of C=0 hydrogenation, with OMe coordination to Ir and an
increase in electron density, was further verified by replacing the oxygen atom
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with a nitrogen donor as in the ligand (P)-NMe, (o-diphenylphosphino)-N,N-
dimethyl aniline to form the iridium complex {HIr(cod)[(P)-NMe,]} (47). Both,
NMR and X-ray structural data indicated that a six-membered chelate ring is
formed upon oxidative addition of the N-methyl C—H bond, when 47 is placed at
reflux under latm H,. The product {H,Ir[(P)-NCH,Me][(P)-NMe,]} (48) thus
obtained was used to reduce a series of o,B-unsaturated ketones at a substrate: Ir
ratio of 500 in isopropanol at reflux (Scheme 4.18). In the case of benzylidene
acetone, the unsaturated alcohol was obtained with 93% selectivity after 1h of
reaction [44].

Following this trend, the development of Ir complexes for TH reactions has
involved the use of polydentate aminophosphine ligands. Bianchini et al. [45]
reported on the use of electron-rich Ir complexes with mixed-donor polydentate
ligands such as "PrN(CH,CH,PPh,), (PNP) and Et,NCH,CH,N(CH,CH,PPh,),
(P,N,) for the chemoselective reduction of benzylidene acetone to the correspond-
ing allylic alcohol (C=0 bond reduction). An interesting coordination isomerism
was observed between the 6,n*cyclo-octenyl complexes [(PNP)Ir(c,n*-CsH13)] (49)
and the n*cod isomer [(PNP)IrH(n*CgH1;)] (50) via the B-elimination/hydride
migration pathway, driven by the central nitrogen atom which plays a hemilabile
‘arm-off’ role in driving the equilibrium (Scheme 4.19). A similar behavior
was observed for the P,N, analogues, namely [(P,N,)Ir(c,n*CsHy;)] (51) and
[(P,Ny)IrH(n*CsH13)] (52). Both, preformed 49 and 51 and the precatalysts formed
in situ from [Ir(cod)(OMe)], + PNP/P,N, catalyzed the reduction of benzylidene
acetone with about 90% conversion. However, the P,N,-based system gave a higher
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activity than the PNP analogue as the reaction time could be halved (120min
versus 240min for 90% conversion, 83°C in ‘PrOH) and it also gave the best per-
formance overall (93% conversion, 2min, 140°C in cyclopentanol). The major
factor determining the selectivity in such reductions remains the degree of nucleo-
philicity of the coordinated hydride.

Later, this study was extended to other tripodal tetraphosphines such as PP,
[PP; = P(CH,CH,PPh,);] and other transition metals (Fe, Ru, Os), as Ir was
observed to be inactive in the presence of such ligands [46]. In the case of the latter
system, a vacant site for substrate coordination was easily generated by the loss of
a weakly bound ligand from the metal precursor, that is [(PP;)MH(H,)]".

A TH protocol based on the common Ir(I) precursor [Ir(cod)Cl], together with
dppp [1,3-bis(diphenylphosphino)propane] and Cs,COj; in isopropanol, was used
by Ishii and coworkers to hydrogenate cyclic and acyclic ketones at 80°C, with a
4h reaction time. Cyclohexanone, octanone and hexanal were smoothly converted
into the corresponding alcohols, with selectivities varying from 94 to 98%. Sub-
sequently, it was found that the same protocol could be applied to alkene hydro-
genation, and interestingly competition experiments, with the hydrogenation of
o,B-unsaturated ketones or aldehydes giving a selective reduction of the C=C
double bond [47].

Cationic iridium complexes bearing imidazol-2-ylidene ligands were applied as
TH catalysts by Hillier et al. [48]. Here, [Ir(cod)(py)(L)]PF, (L = IMes, 1,3-bis(2,4,6-
trimethylphenyl)imidazol-2-ylidene (53a), IPr, 1,3-bis(2,6-diisopropylphenyl)imidazol-
2-ylidene (53b) and ICy, 1,3-bis(cyclohexyl)imidazol-2-ylidene (53c) were employed
as catalysts for TH from 2-propanol to various unsaturated substrates, and com-
pared to [Ir(cod)(py)(PCys)|PFs and complexes formed in situ from [Ir(cod)(py),]PFs
and diazabutadienes (RN—CHCH=NR, DAB-R; R = cyclohexyl, DAB-Cy; 2,4,6-
trimethylphenyl, DAB-Mes; adamantyl, DAB-Ad; 2,4,6-trimethoxyphenyl, DAB-
trimethoxyphenyl). All complexes were active catalysts for the TH of acyclic
ketones, with complex 53c being the most active, showing 100% conversion of
'BuC(O)Me and PhC(O)Ph in 25 and 10min, respectively, using 0.025mol% of
catalyst and KOH in ‘PrOH at reflux (Scheme 4.20).

In being considered as phosphine analogues, Arduengo-type carbenes
have naturally attracted much attention for use as ancillary ligands in catalytic
applications. In 2002, Faller, Crabtree and coworkers published the details of an
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interesting study on the effect of chelated Ir(IIl) bis-carbene complexes as air-
stable catalysts for the TH of substituted acetophenone and other ketones (Scheme
4.21) [49].

The primary advantage of these ligands is the higher stability of the complexes,
which can be handled in air and are not moisture-sensitive. Furthermore, high
TOFs (h™') were obtained for the reduction of benzophenone, with the highest at
50000 using 54d (0.1 mol%, ‘PrOH, reflux, KOH), acetophenone (TON 5300, 54d
0.01mol%) and substituted acetophenones, for which a high compatibility with
the functional groups was observed. By contrast, benzylidene acetone reduction
was shown to be selective mainly to the saturated ketone and alcohol. A second
generation of NHC carbenes was developed which included a modification of the
imidazolium ring, while the neopentyl-substituted bis-N-heterocyclic carbene
iridium acetates obtained were found to catalyze the reduction of (enolizable)
aldehydes under TH conditions using alkali metal carbonates as bases.

The iridium-bis-NHC complexes 54d, 55a,b (Scheme 4.22) were obtained by the
reaction of [Ir(cod)Cl], or [Ir(coe),Cl], with the corresponding bis-imidazolium or
bis-triazolium salts in the presence of NaOAc, and used as catalysts for the TH of
4-substituted benzaldehydes and other aldehydes RCHO (R = PhCH,, PhCHMe,
PhCH,CH,, 2-naphthyl, Me,C=CH(CH,),CHMeCH,) by 2-propanol in the pres-
ence of alkali metal carbonate or KOH; as a consequence, high yields of ArCH,OH
and R,CH,OH were afforded, even in the case of enolizable aldehydes [50]. The
higher TOF was measured for R = 2-naphthyl in the presence of 54d (0.1 mol%;
3000h™), and the most efficient base was found to be K,CO;. The effect of the
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number of carbon atoms in the linker was also examined for the test reduction of
acetophenone. The bis-imidazoles generally exhibited higher catalytic activities
than the bis-triazoles, with CH, being the best spacer for imidazoles and neopentyl
for the triazoles [51].

Following on the triazole motif, a series of new iridium(I) 1,2,4-triazole-3-ylidene
NHC complexes [Ir(cod)(NHC)L|BF, (56a—c, L =PPh;, pyridine; Scheme 4.23)
were synthesized and tested and good results found for TH on C=0, C=N and
C=C double bonds in 2-propanol with K,COj; [52].

Complexes bearing PPh; showed a higher activity than those with pyridine for
imine TH. A neopentyl wingtip substituent on the NHC gave the best catalytic
activity in the order: aldehyde > ketone > imine, and in competitive experiments
with mixtures containing both aldehyde and ketone functionalities (i.e. 3-acetyl-
bezaldehyde) only the aldehyde was reduced with selectivity greater than 95%. The
direct, one-pot reductive amination of RCHO with R’"NH, gave secondary amines
RCH,NHR’ in the presence of such catalysts (56b, L = PPh;), via hydrogenation of
the imine formed by a room-temperature reaction in ‘PrOH/K,CO;. These com-
plexes are among the most active homogeneous catalysts for imine hydrogenation
(TOF 333h7Y).

An interesting variation in the imidazole-based ligand design is the presence of
N-allyl substituents, which can behave as hemilabile chelating ligands and stabilize
free coordination sites at catalytically active metal centers. Oro and coworkers [53]
described the synthesis of mono- and bis-N-allyl-substituted benzimidazol-2-
ylidene NHCn ligands (NHC, = 1-methyl-3-(2-propenyl)benzimidazolium iodide;
NHC, = 1,3-di-(2-propenyl)benzimidazolium bromide, respectively) and use of the
corresponding Ir(I) catalysts [[rX(cod)(NHCn)] (n=1, X=1, 57a; n=2, X =Br,
57b) formed by reaction with [Ir(cod)(OMe)], in the catalytic TH of cyclohexanone
in 'PrOH. The cationic derivative of 57b, namely [Ir(cod)n*n*C-NHGC,)] (57¢)
obtained by reaction with AgBF, (Scheme 4.24), features an Ir center which is
exclusively coordinated by sp” carbon atoms, alkene, allyl and carbene type, as
shown by the X-ray crystal structure obtained (Figure 4.2).

Reaction of the mono-hapto bis-allyl complex 57b with NaOEt in EtOH gave
allyl group hydrogenation yielding [Ir(cod)Br(NHGC;)] (55d, NHC;=1,3-
di(propyl)benzimidazol-2-ylidene). Complexes 57a, b and d were tested for the TH
of cyclohexanone (4mM) using an equimolar amount of KOH to the catalyst
(0.2mM) in 'PrOH at 80°C. Complex 57d showed the highest activity, reaching a
TOF of 6000h™", whereas 57a and 57b achieved TOFs of 70 and 50h™", respectively,
as might be expected from the presence of additional n’-allyl coordination which
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Figure 4.2 The molecular structure of 57c.

is likely to reduce availability of the vacant coordination site required for substrate
activation.

Pyridine-functionalized N-heterocyclic carbene Rh and Ir complexes have also
been described as active precatalysts for C=0O bond TH. For example, Peris and
coworkers observed the formation of metal hydrides by C—H oxidative addition
of a pyridine-N-substituted imidazolium salt such as N-"Bu-N -(2-pyridylmethyl-
imidazolium) hexafluorophosphate in the reaction leading to M-pyNHC com-
plexes, that is [Ir(cod)H(pyNHC)Cl] (58) [54]. Transmetallation from silver carbene
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yielded the M(I) corresponding N,C-chelates [M(cod)(pyNHC)]CI (59a,b) or M(III)
bischelates [M(pyNHC),CL]PF; (60a,b), depending on the starting precursor and
reaction conditions (Scheme 4.25). Complexes 60a,b were tested as catalysts for
the TH of benzophenone and acetophenone, using KOH and ‘BuOK in ‘PrOH
under reflux conditions. Both complexes were seen to provide complete conver-
sion to the corresponding alcohols, with 60b (M = Ir) performing better for both
substrates and with a catalyst loading as low as 0.1mol%.

Iridium 2-pyridinylmethyl imidazolylidene C,N-chelates were obtained by
transmetallation of the silver carbene complexes and tested for catalytic activity
in the TH of benzophenone and nitroarenes by isopropanol [55]. The neutral
monodentate complexes [(L-kC)Ir(COD)CI] [61a,b; L= 1-methyl-3-(6-mesityl-2-
pyridinylmethyl)-2-imidazolylidene,  1-mesityl-3-(6-mesityl-2-pyridinylmethyl)-2-
imidazolylidene] were converted into cationic chelates [(L-kC,kNPy)Ir(COD)][BE,]
(62a,b) by chloride abstraction. Complexes 62a,b, once exposed to CO, yielded the
carbonyl complexes [(L-xC,kNPy)Ir(CO),|[BF,] (63a,b). The pyridine nitrogen
donor is weakly bonded to the metal, as evidenced by NMR by reversible replace-
ment of the MeCN ligand in acetonitrile solution of such complexes. Complexes
61-63 showed catalytic activity in the TH of benzophenone, at 0.1 mol% catalyst
loading, with TOFs ranging from 42 (62a) to 78h™" (61b) (Scheme 4.26).

Another category of multidentate molecules which has received interest for use
in homogeneous reductions by TH are ‘pincer ligands’. The air-stable complex
IrH,Cl[(‘Pr,PC,H,),NH] (64) was synthesized by Gusev et al. [56] from the reaction
of [IrCl(coe),], with the P,N,P pincer ligand (Pr,PC,H,),NH in isopropanol at
reflux. The reaction of 64 with ‘BuOK in THF resulted in the formation of the air-
sensitive amidodihydride IrH,[(‘Pr,PC,H,),N] (65), which in isopropanol gives the
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moderately air-stable trihydride complex IrH;[('Pr,PC,H,)2NH] (66). Complexes
65 and 66 were found to be exceptionally active catalysts for the TH of ketones
such as acetophenone, benzylidene acetone, benzophenone, cyclohexanone and
linear alkyl ketones, in the absence of a base (complete conversions of acetophe-
none at catalyst load as low as 0.0001 mol%), whereas 64 was inactive under similar
reaction conditions. ‘BuOK in isopropanol was required to activate 64 and to obtain
complete reduction of acetophenone under comparable reaction conditions. A
bifunctional TH mechanism was proposed by these authors for the catalytic
process (Scheme 4.27).

The same group followed on this research line by synthesizing the P,N,N pincer
analogue ‘Bu,PC,H,NHC,H,NEt, (PNHN) and using to coordinate Ir from the
readily available precursor [Ir(coe),Cl],. Under an atmosphere of H, the dihydride
cis-[IrH,Cl(i’>-PNHN)] (67) was formed; this was then reacted with ‘BuOK to
produce the 16-electron amido complex cis-[IrH,Cl(k*-PNN)] (68). The subsequent
exposure of 68 to H, led to production of the trihydrido complex mer-[IrH;Cl(x*
PNHN)] (69), which was identified and isolated as the dimer [IrH,Cl(k*PNHN)],(u-
H), (70) [57] bearing an Ir=Ir double bond. X-ray crystallographic studies also
showed a hemilabile behavior on the NEt, arm (Figure 4.3). Complexes 68-70 were
tested for the TH of acetophenone and butanone at catalyst load of 0.1 mol% and
0.12mol% for cyclohexanone, reaching initial TOFs of 1500, 1850 and 1600h™",
respectively.

Bis(imino)aryl iridium N,C,N pincer complexes (Scheme 4.28) were obtained
through the oxidative addition of 2-bromoisophthalaldimines 2-BrCsH;(CH=NR),
to [Ir(cod)Cl], in the presence of NaBr to form xN,kC,KN-[IrBr,(MeCN)
(CeH3(CH=NR),] (R=Ph (71a), Mes (71b, Mes = 2,4,6-mesityl), 'Pr (71c), Me
(71d)). The X-ray crystal structure of 71a is shown in Figure 4.4 [58].
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\ Figure 4.3 The molecular structure of [IrH,Cl (i
*Bu,PC,H,NHC,H,NEL,)], (u-H), (70).

Complex 71a (0.5mol%) was used as the catalyst for the TH of acetophenone
and benzophenone at room temperature in ‘PrOH in the presence of KOH. In the
case of acetophenone, 50% conversion was reached after 5h with a KOH : catalyst
ratio of 2, whereas for the reduction of benzophenone, a strong excess of base was
required (25 equiv. to the catalyst) in order to obtain a meaningful conversion
(92% after 3.5h).
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Figure 4.4 The molecular structure
of iridium(ll1) kN,C N-
bis(phenyl)isophthalaldimin-2-yl
dibromide-MeCN (0.5 H,0) (71a).

Some reports have appeared describing the use of water-soluble iridium cata-
lysts for TH in either aqueous phase or biphasic systems. Ajjou and Pinet [59]
reported the use of water-soluble ligands such as 2,2’-bisquinoline-4,4’-
dicarboxylic acid potassium salt (BQC) and m-trisulfonated triphenylphosphine
(TPPTS), together with [Ir(cod)Cl], and various reducing agents (PrOH, HCO,Na,
H,) for the TH reduction of benzaldehyde and acetophenone. All of the systems
tested performed rather poorly when compared to the corresponding Rh
analogues, and a maximum yield of 19% benzyl alcohol was obtained in
H,0/'PrOH/Na,CO:;.

A robust and highly active catalyst for water-phase, acid-catalyzed THs of car-
bonyl compounds at pH 2.0-3.0 at 70°C was disclosed by Ogo and coworkers [60].
The water-soluble hydride complex [Cp*Ir(bipy)H]" (72, Cp* = 1’-CsMes, bipy = 2,2’
bipyridine) was synthesized from the reaction of [Cp*Ir(bipy)(H,O)]** (73) with
HCOOX (X =H or Na) in H,0 under controlled pH conditions (2.0 < pH < 6.0,
25°C). The pH control is pivotal in avoiding protonation of the hydrido ligand of
72 below pH ca. 1.0 and deprotonation of the aquo ligand of 73 above pH ca. 6.0.
The rate of the reaction is heavily dependent on the pH of the solution, the reac-
tion temperature, and the concentration of HCOOH. High TOFs of the acid-
catalyzed transfer hydrogenations at pH2.0-3.0, ranging from 150 to 525h7,
were observed for a variety of linear and cyclic ketones, as summarized in
Table 4.5.
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Table 4.5 Transfer hydrogenation of various ketones in water,
catalyzed by 73 using HCOOH at pH 2.0.

Substrate TOF (h™) Time (h) Yield (%)
Cyclohexanone 376 1 99
Acetophenone 343 1 97
Trifluoromethylacetophenone 525 1 99
Ethyl methyl ketone 150 4 99
Pyruvic acid 481 1 98
p-SO;Na-acetophenone 419 1 99
o-Tetralone 203 3 98

Conditions: 73:substrate: HCOOH = 1:200:1000; substrate, 0.32 mol; H,O 3ml; 70°C.

Finally, rapid, selective and high-yielding THs of a wide range of aldehydes
are achieved using Ir(III) catalysts with simple monotosylated ethylenediamine
ligands. This procedure is suitable for aldehydes with a wide range of functional
groups. [(Cp*IrCly),] and N-tosylethylenediamine in water catalyzed the TH of
PhCHO in the presence of HCO,Na to give 98% PhCH,OH [61]. The introduction
of a CF; withdrawing group in the para position of the tosylate end of the diamine
increased the TOF for the TH of benzaldehyde to 132000h™", with a substrate:
catalyst ratio as low as 1:50000. Another advantage of this system is that the reac-
tions can be carried out in air, without any observable loss of either activity or
selectivity. Until now, this system has been considered as the benchmark for che-
moselective homogeneous TH reduction of aldehydes using Ir catalysts.

4.2.4
Asymmetric Transfer Hydrogenation (ATH)

Although ruthenium and rhodium phosphine or amine complexes predominate,
some reports have been made which deal with Ir-based ATH reactions. These have
been published in the peer-reviewed and patent literature during the past 20 years,
and the subject has also been reviewed [62]. During the early 1980s, investigations
into the enantioselective synthesis of secondary optically pure alcohols from the
catalyzed reduction of ketones via ATH protocols focused mainly on the use of
simple chiral phosphines as ancillary ligands. Graziani and coworkers used
[Ir(cod)Cl], and [Ir(cod)(py),]PFs precursor and chiral phosphines NMDPP (neo-
menthyldiphenylphosphine), (R)-PROPHOS (R-(+)-bis(1,2-diphenylphosphino)
propane), (S,S)-CHIRAPHOS  [(-)-(2S,3S)-bis(diphenylphosphino)  butane]
(Scheme 4.29) and (+)-DIOP [(+)-2,3-0-isopropylidene-2,3-dihydroxy-1,4-bis (diphe
nylphosphino)butane] (see Scheme 4.3) as catalysts for the asymmetric reduction
of PhCOR (R = Me, Et, Pr), 2-octanone and cyclohexylmethylketone with 'PrOH
to the corresponding alcohols [63]. Rapid conversions (4h) and high yields (97%)
were observed using NMDPP (20:1 excess to Ir) for the reduction of acetophe-
none, although the optical yield was found to be about 18% at best, when running



82| 4 Iridium-Catalyzed C=0O Hydrogenation

Me
PPhy Me wMe
Mev, Ph,P PhyP
PPh, PPh,
iPr
NMDPP (R)-PROPHOS (S,5-CHIRAPHOS

Scheme 4.29

the tests in 'PrOH at reflux in the presence of KOH. In the case of (R)-PROPHOS
and (S,S5)-CHIRAPHOS, longer reaction times and lower yields were accompanied
by a slight increase in ee-value (30 and 28%, respectively) or no increase for (+)-
DIOP (14%).

This initial study was followed by a broader substrate scope and more detailed
investigations on the effect of reaction conditions and the catalysts compared to
the Rh analogues [64]. It was noted that not only the presence of a small amount
of KOH but also activation of the precatalyst was necessary for higher catalytic
activity. [Rh(nbd)L,]" (L, = (S,S)-CHIRAPHOS), when activated for 30min in
refluxing degassed isopropanol, to which aqueous KOH was added, gave (R)-(+)-
PhCHEtOH (34.3% ee) from PhCOEt with a conversion of 59% after 4h. The Ir
counterparts [Ir(cod)(CHIRAPHOS)]" (74) and [Ir(cod)(PROPHOS)]" (75) required
a longer activation time (up to 15h reflux, then 5.5h in the presence of KOH) but
gave a higher conversion (71%) and ee-value (58%, S-phenylethanol, using 75).

The use of P-based ligands other than phosphines was reported in the literature.
Whereas, the use of [IrHCIX(dmso);] (X =Cl, RCO;) including chiral systems
proved to be inactive in homogeneous hydrogenations either under H, pressure
or using TH conditions, the replacement of dimethylsulfoxide (DMSO) with phos-
phites gave efficient precatalysts, formed from [IrCl(coe),],, a carboxylic acid, and
P(OR,); (R, ="Bu, Ph, Me), for the TH of cyclohexanone and ATH of acetophe-
none in isopropanol under Ar [65]. In the case of TH of cyclohexanone, the best
carboxylic acids were BzZOH, AcOH, MeCH=CHCO,H, PhCH=CHCO,H and the
chiral acids (R)-(-)-PhCH(OH)CO,H and (R)-(+)-HO,CCH,CH(OH)CO,H. The
addition of Et;N increased conversion to 78% when the reaction mixture contained
BzOH and P(OMe);. The cis/trans ratio of cyclohexanol increased as the P(OMe);-
Ir ratio increased to approximately 4. Acetophenone was converted to (S)-
PhCH(OH)Me in 75% yield, but with only 1.0% ee in the presence of NaOMe
as base. (R)-(—)-PhCH(OAc)CO,H gave a 12% ee of the S-isomer, with 20%
conversion.

Phosphinite-Ir complexes were also tested in the ATH of ketones. Ligands
such as BDPODP, (1R,3R)-(-)-1,3-bis(diphenylphosphinoxy)propane, and BDPOP,
(2R,4R)-(-)-2,4-bis(diphenylphosphinoxy)pentane (Scheme 4.30) were used toge-
ther with both [Ir(coe),Cl], and [Ir(cod)Cl], precursors and a strong base such as
NaOMe, KOH, '‘BuOK, Et;N in ‘PrOH. The highest optical yield observed was
17.9% (R-isomer) at 85% conversion after 9h using [Ir(cod)Cl},, BDPOP, NaOMe
(1:2:10 ratios). The authors suggested that the role of the strong base in the reac-
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tions with [Ir(cod)Cl], was to retard the substitution of cod and open reaction
pathways, leading to higher enantioselectivities.

Another class of ligands for ATH is represented by multidentate Schiff bases
and their derivatives. Zassinovich and Mestroni reported on the effective reduction
of alkyl aryl ketones catalyzed by a series of Ir(I) complexes with chiral bidentate
pyridylaldimines, of the form [Ir(cod)(NNR*)]ClO, (76a—f; see Scheme 4.31). It was
observed that both the activity and selectivity depended heavily on the nature of
the substituents at the chiral center of the ligand, and also at the prochiral center
of the substrate. Optical yields of up to 50% (R-isomer) at 100% conversion were
obtained in the ATH of ‘BuC(O)Ph and PhCH,C(O)Ph using [Ir(cod)(PPEI)]ClO,
as the precatalyst (0.1% mol, 83°C, 'PrOH, KOH) [66].

Based on these findings, new pentacoordinated Ir complexes [Ir(cod){(S)-(+)-
(NNR*)I] were synthesized and characterized also by X-ray crystal structure deter-
mination by the same authors (NNR* = 2-pyridinal-1-phenyhethylimine, PPEI,
77a; 2-acetylpyridine-1-phenylethylimine, APPEI, 77b; Scheme 4.32). The com-
plexes were tested in the ATH of ketones in isopropanol and the data compared
with results obtained using the corresponding square planar complexes [Ir(cod){(R)-
(-)PPEI}ICIO, (76d) [67].

Both, the activities and selectivities were observed to depend heavily on many
variables, including KOH concentration, the presence of water, and the nature of
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Table 4.6 Asymmetric transfer hydrogenation of ‘BuC(O)Ph in
isopropanol, catalyzed by 76d and 77a.

Catalyst KOH:Ir ratio H,0 (%, v/v) Conversion (%) Time (min) ee (%)

77a 15 0 98 120 66.0 S-(-)
77a 2.0 0 95 105 66.0 S-(-)
77a 15 0.5 94 105 73.5 S-(-)
77a 15 1.0 94 120 78.0 S-(-)
77a 15 15 94 120 80.0 S-(-)
76d 15 0 91 120 50.0 R-(+)
76d 2.0 0 99 75 51.5 R-(+)

Conditions: [cat] = 1.6 x 10™*M; substrate : catalyst ratio = 1000; ‘PrOH 125ml; 83°C.

Table 4.7 Asymmetric transfer hydrogenation of prochiral
ketones in isopropanol, catalyzed by 77a and 77b.

Catalyst Substrate Conversion (%) TOF (h™) ee (%)

77a MeC(O)Ph 88 160 36.5 S-(-)
77a PrC(0)Ph 91 183 52.0 S-(-)
77a ‘BuC(O)Ph 94 472 79.5 S-(-)
77b MeC(O)Ph 92 153 19.5 S-(-)
77b ‘PrC(0)Ph 92 154 27.0 S-(-)
77b ‘BuC(O)Ph 96 382 42.0 S-(-)

Conditions: [cat] = 1.6 x 107*M; KOH : Ir ratio = 2; H,O (vol.%) = 2.0; substrate: catalyst
ratio = 1000; 'PrOH 125 ml; 83°C.

the chiral ligand. In general, the pentacoordinate species proved to be less active
but more selective catalysts (66% versus 50% ee) for the reduction of ‘BuC(O)Ph.
The asymmetric induction was observed to depend more heavily on the water
content (Table 4.6). An increase in KOH concentration had a positive effect on the
activity of 76d; for example, in the case of 77a a higher substrate:catalyst ratio
caused a sharp decrease in optical induction, whereas for 76d increases in both
activity and selectivity were noted (TOF 1660h™", 63.5% ee, substrate: catalyst
ratio = 3000).

A substrate screening was also carried out and reported [67]. For both penta- and
tetracoordinate complexes the reaction rate and selectivity increased on going from
methyl to t-butyl ketone, thus following the steric hindrance and electrophilicity
of the substrate. In the comparison between PPEI and APPEI, the former were
markedly more selective in both the neutral (Table 4.7) and cationic complexes.
An increase in the iodide: Ir ratio also had an improving effect on the asymmetric
induction for 77a, reaching a maximum 84% ee at [I']:[Ir] = 3.

Industrial applications of this type of Ir complex can be found in the patent
literature. Optically active Ir complexes of 6-alkyl substituted pyridylimine Ir(I)
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complexes 78 [R =Me, R, =chiral carbon hydrocarbyl group; R=H, R;=1,2-
diphenylethyl, five- to six-membered-heteroalicyclic group containing two chiral
carbon atoms and one Ph or alkyl group at o-position; X = basic (in)organic acid
anion; Y, Z = ethylene or YZ = cyclic dienes], were used as enantioselective homo-
geneous catalysts for the TH of prochiral ketones. As an example, it was reported
that 1.43g of butyrophenone was treated with 36ml ‘PrOH in the presence of
catalyst (1.33 x 10™* M) at 60°C for 21h to give 69.7% of 1-phenyl-1-butanol with a
49.2% enantiomer excess of the (S)-isomer [68].

Chirality was also achieved by using cyclic (chiral) substituents on the imino
nitrogen. Complexes 79 and 80 (the latter obtained by reduction of the C=N double
bond) were tested for the ATH of butyrophenone in isopropanol at 60°C with
NaOH. The activity (26% versus 68% conversion for 79a,b) and stereoselectivity
(64% versus 3% for 79a,b) were sharply reduced when a methyl group was intro-
duced into the 6-position of the pyridine ring. Tetracoordinated cationic complexes
and pentacoordinated neutral species displayed similar efficiencies (64 versus
66% ee for 79a and 80a, respectively).

Variations on the theme of pyridylimines as ligands for ATH reactions included
use of the C=N double bond reduced versions—that is, substituted pyridylamino
ligands such as DHPPEI (81; Scheme 4.33; R=H, R, =H, R,=Me, R;="Ph).
Among simple alkyl phenyl ketones, an increase in the steric bulk of the alkyl
substituents affected only slightly the enantioselectivity and the relative rates.
However, a marked increase in stereoselectivity was obtained by introducing a
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Scheme 4.33
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phenyl group into the alkyl chain—that is, phenyl 3-phenylpropyl ketone was
reduced with more than 90% ee under similar ATH conditions [62, 69].

Among other examples of Schiff base Ir complexes applied to ATH reactions,
worthy of mention are the chiral N,N,N-terdentate bis-pyridylimino ligands PDPBI
and the N,N-bidentate (1R,2R)- and (15,25)-diaminocyclohexyl arylimines (Scheme
4.34). Whereas, poor selectivity was observed for the ATH of acetophenone using
a catalyst generated in situ by the reaction of [Ir(coe),Cl], and PDPBI, 4-phenyl-3-
buten-2-(S)-ol could be obtained in 95% yield and 67% ee by ATH reduction of
the corresponding o, B-unsaturated ketone [70]. In the case of 82, the correspond-
ing Ir(cod)Cl complexes catalyzed the ATH of alkyl aryl ketones ArC(O)R (Ar = Ph,
1-naphthyl, 2-naphthyl, 2-fluorenyl, R = Me, Et, CHMe,) in 'PrOH at room tem-
perature to give the corresponding chiral secondary alcohols with enantioselectivi-
ties up to 61% ee at 88% yield (82b) [71].

Mixed donor chiral tetradentate PNNP diaminodiphosphines 83 (Scheme 4.35)
have found application in the ATH of ketones, catalyzed by iridium. The results
showed that, in the presence of [IrCl-(R,R)-83], chiral alcohols could be obtained
with high activity (up to 99.4% yield) and excellent enantioselectivities (up to 99.0%
ee) under mild conditions using a ketone:catalyst ratio of 5000 with KOH in
'PrOH. In the case of propiophenone, the TON reached 4780 mol product per mole
iridium, while the TOF was as high as 1593h™" at 55°C [72].

The same authors further developed the catalytic system described above,
wherein the chiral Ir catalytic system generated in situ from the iridium hydride
complex [IrH(cod)Cl,], and chiral diaminodiphosphine ligand 83 was employed
in the ATH of aromatic ketones PhC(O)R (R = Me, Et, 'Pr, cy, 'Bu, etc.) to produce
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Ph////,,. N N ..\\\\\Ph /:N\\ N=\
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(R,R)-(+)-PDPBI (S,5)-82 (R.R)-82
Scheme 4.34
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Scheme 4.35
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Table 4.8 Asymmetric transfer hydrogenation of aromatic
ketones, catalyzed by [IrH(CO) (PPhs);]/83 under base-free

conditions.

Substrate’ Temperature (°C) Time (h) Yield (%) ee (%)
PhCOEt 75 0.5 97 90
PhCOEt 82 2 98 84
PhCO'Bu 75 6 90 93
PhCO'Bu 75 4 99 80
0-NO,C¢H,COMe 70 1 99 92
m-OMeC,H,COMe 75 1 91 70
1,1-Ph,-COMe 75 8.5 99 97
PhCOCy 75 3 96 94

a Conditions: substrate: catalyst ratio = 200; solvent ‘PrOH.
b Substrate: catalyst ratio = 2000.

chiral alcohols with up to 99% ee in quantitative yield for substrates such as 1,1-
diphenylacetone. The same ketone could be reduced using KOH as base, with a
substrate: catalyst ratio of up to 10000:1, although a reaction time of 63h was
required to reach 89% conversion [73]. Base-free conditions could be also applied
by using a precursor such as [[rH(CO)(PPhs);] [74]. In this way, it was possible
to reduce PhC(O)Et to the corresponding chiral alcohol at a substrate: catalyst
ratio of 200, in 'PrOH at 75°C, reaching 97% yield and 90% ee after 30 min. A
broader catalyst scope was demonstrated, the results of which are summarized in
Table 4.8.

Later, chiral PNNP ligand 83 together with precursor [IrH(cod)Cl,], were applied
for the first time in the ATH of aromatic ketones with HCOONa in water using
5% mol of a phase-transfer catalyst, giving the corresponding alcohols in high yield
and excellent enantioselectivity (for a-tetralone up to 99% ee). The reduction of
propiophenone was carried out at a substrate: catalyst molar ratio as high as 8000,
while still maintaining a high enantioselectivity (85% ee at 88% yield after 101h,
at 60°C [75]. Finally, the water-soluble analogue of 83, namely the PNNP tetraden-
tate diaminodiphosphine ligand [(R,R)-CsP,(NH),(SO;Na),] (84), was prepared by
the sulfonation of 83 with 50% SO; oleum. The water-soluble iridium catalyst
obtained in situ from [Ir(cod)(PPh;)Cl] and 84 was tested for the ATH of various
aromatic ketones in ‘PrOH:H,0 (2:1) solvent mixture using KOH as base, with
good results for both yields and enantioselectivities. Even those ketones which had
great bulk within the alkyl group (e.g. isobutyrophenone, phenyl cyclohexyl ketone,
1,1-diphenylacetone) were smoothly converted to optically active alcohols with ee-
values of 98-99% and yields ranging from 89 to 97% [76].

A tetradentate macrocylic ONNO-type ligand was used recently by the same
authors for Ir-catalyzed ATH reactions. The reaction of 1,3-bis(2-formylphenoxy)-
2-propanol with chiral 1,2-diaminocyclohexanes gave (S,S)- or (R,R)-macrocyclic
CsO;N, ligands (85) (Scheme 4.36), while the catalysts generated in situ in the
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presence of the iridium hydride complex [IrH(cod)Cl,], were used in the ATH
reduction of aromatic ketones PhC(O)R (R =Me, Et, 'Pr, cy, 'Bu, etc.), using 2-
propanol as a source of hydrogen. The yields of the chiral alcohols ranged from
41 t0 99%, depending on the substitution on the phenyl ring, and showed ee-values
of 50-91%, when using 1% of catalyst and running the reactions at 40°C. The
addition of water to the system caused a decrease in activity for the reduction of
propiobenzophenone, without affecting the enantioselectivity (85% ee). One
advantage of this system is that the reactions can be performed in air, without
affecting conversions and selectivities, as compared to tests run under a rigorously
inert atmosphere [77].

Another class of NN ligand used in enantioselective catalysis is represented
by bis-oxazoles and their derivatives. C,-symmetric 4,4",5,5"-tetrahydro-2,2’-
methylenebis[oxazoles] (86) and 4,4",5,5 -tetrahydrobis(oxazoles) (87) were synthe-
sized by Pfaltz and coworkers and applied as chiral ligands for a series of reactions,
including Ir-catalyzed ATH of ketones using isopropanol [78] (Scheme 4.37). Alkyl
aryl ketones were readily reduced in the presence of 87 and [Ir(cod)Cl],, affording
the corresponding alcohols in 47-91% ee, whereas dialkyl ketones were less reac-
tive and gave low yields of the racemic products. The best result was obtained with
the isopropylsubstituted ligand and isopropyl phenyl ketone as the substrate (91%
ee at 70% conversion).

Despite these promising results, bis(oxazoline) ligands seem to perform better
in the ATH of ketones when associated with Ru precursors. Pinel et al. [79]
described a comparative study on the effect of the metal in ATH of acetophenone
using the hydroxymethyl-substituted bis(oxazoline) 88 (Scheme 4.38). Whereas,
Ru(Il) complexes gave 89% ee at 50% conversion, only 22% conversion was
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Ph ’ ‘ .Ph
—N N

HOH,C CH,OH
88
OH
2- Propanol Q
R R
[Ir(cod)Cl], / 89¢ Q OCH,
H,N NH
93% ee = =
R'=Et, 'Pr 898 : R <
89b : R ='Bu
89c:R =Bz
Scheme 4.39

observed for the Rh and Ir(cod)Cl complexes, giving ee-values of 16% and 20%,
respectively.

Chiral diamines constitute another well-represented class of bidentate NN
ligands which has been developed for application in ATHs. Noyori and coworkers
[80] reported the development of an Ir catalyst made in situ from [Ir(cod)Cl], and
chiral-substituted 1,1-di(p-anisyl)ethylenediamines 89a—c, which were found to
catalyze the ATH of acetophenone in isopropanol/KOH at room temperature.
Depending on the nature of the substituent, the yields and ee-values varied from
68 to 96% and from 53 to 78%, respectively (Scheme 4.39). When using benzyl-
substituted ligand 89c, a series of alkyl aryl ketones were hydrogenated smoothly
to almost complete conversion and excellent ee-values (93% for PhCOEt after 12h
at room temperature, substrate: catalyst ratio 500). The reactivities were decreased
by the introduction of an electron-donating group on the ketone (Me, OMe), in
contrast to the presence of an electron-withdrawing substituent in the ortho or
meta positions, which accelerated the reaction rates. Of relevance here, the Ir-based
systems were observed to perform as well as the Ru analogues.

Among examples of complexes bearing diamine ligands, pentamethycyclopen-
tadienyl Rh and Ir chlorides bearing Noyori’s monotosylated diamine
TsDPEN  (15,25)-N-(p-toluenesulfonyl)-1,2-diphenylethylenediamine, —namely
[Cp*MCI(TsDPEN)] (R = Rh, 90a; Ir, 90b) (Scheme 4.40) were found to be active
catalysts for the ATH of acetophenone, 2-acetonaphthone, 1-tetralone and 1-inda-
none, giving the S-alcohols in 85-99% ee (1-indanol using 90a) in ‘PrOH/KOH
using 1% of catalyst at room temperature after 48h [81]. For Ir, it was observed
that doubling the amount of KOH (2:1 ratio to Ir) caused a decrease in conversion,
without affecting the enantioselectivity of the process. Complex 90a was generally
found to perform better than the Ir analogue 90b.
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{ Scheme 4.40

Cl/jM\N/TS M = Rh, 90a

HQN\)\ M =1Ir, 90b

Figure 4.5 The molecular structure of [Cp*Rh(Ts-CYDN)CI] (91a).

At about the same time as the studies in the previous report were being con-
ducted, [Cp*M(Ts-DPEN)CI] and the analogues [Cp*M(Ts-CYDN)CI] [M = Rh, 91a,
Ir, 91b; TsCYDN = (1R,2R)-N-(p-toluensulfonyl)-1,2-cyclohexanediamine] were
used by Murata et al. for the ATH of substituted aryl alkyl ketones in the presence
of 'BuOK/'PrOH at 30°C [82]. The X-ray crystal structure of 91a shows a A-
configured five-membered ring caused by the R,R stereochemistry of the ligands
(Figure 4.5). The mechanistic details were highlighted by reacting 91b with NaOH
in 'PrOH to yield [Cp*IrH(Ts-CYDN)] (92) as a single stereoisomer. Further reac-
tion with acetone gave the amide complex 93, where the amine is deprotonated.
All of the complexes catalyzed the ATH reductions of ketones, at a substrate:
catalyst ratio of 200. Complex 91a gave better rates and enantioselectivities—even
higher than the benchmark Ru complex [Ru(p-cymene)(TsDPEN)CI] under these
conditions (85% conversion and 97% ee, 12h). The Ir analogue 91b performed
best with m-CF;-substituted acetophenone (99% conversion, 94% ee), although
longer reaction times were required compared to 91a (24 versus 12h). Worthy of
note here is the observation that hydride 92 catalyzed the ATH of m-CF;-substi-
tuted acetophenone with the same activity and selectivity as the chloride parents,
with the reactions being run without the need of any added base.

Use of the water-soluble analogues of complexes 90 and 91 were later reported
by Williams and coworkers [83]. In this study, water solubility was achieved by
replacing the chiral diamines TsDPEN and TsCYDN with the p-sulfonated deriva-
tives TSDPEN-SO;Na and TsCYDN-SO;Na (Scheme 4.41). The ATH of aryl alkyl
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Table 4.9 Asymmetric transfer hydrogenation of aryl alkyl
ketones in 'PrOH/H,0, catalyzed by 93a,b and 94a,b.”

Catalyst Substrate Time (h) Conversion (%) ee (%)
93a PhC(O)Me 24 92 97
94a PhC(O)Me 18 94 95
93b PhC(O)Me 140 90 82
94b PhC(O)Me 43 95 86
93b m-CF;CoH;C(O)Me 43 95 86
94D m-CF,CsH,C(O)Me 4 98 93
93b m-FCH,C(O)Me 51 83 85
93b* m-FCsH;C(O)Me 22 74 92
93b° m-FC¢H;C(O)Me 22 90 92
94b m-FCsH,C(O)Me 26 99 94
94b* m-FCH;C(O)Me 25 82 94
94D m-FCsH,C(O)Me 2.5 94 93
93b p-MeOCH,C(O)Me 150 2 78
93h* p-MeOC(H,C(O)Me 115 20 91
93D p-MeOCH,C(O)Me 115 33 92
94b p-MeOC¢H;C(O)Me 141 80 95
94b* p-MeOC4H,;C(O)Me 116 76 92
94b° p-MeOC¢H;C(O)Me 116 89 87
93b Naphthylacetone 139 77 73
94b Naphthylacetone 45 96 96
93b Indanone 139 41 91
94b Indanone 45 55 97

a Conditions: substrate, 2mmol; [cat] = 0.01 mmol; ‘BuOK, 0.20 mmol; ‘PrOH/H,0; 22°C,
[H,0] 15% vol.
[H,0] 34% vol.

¢ [H;0]51% vol.

ketones such as (p- or m-substituted) acetophenones, 1-naphthyl acetone and
indanone were carried out using ‘BuOK as base in a mixture of ‘PrOH/H,0 at
increasing water contents (15, 34 and 51%) in the presence of catalysts
[Cp*MCl(wsNN)] (ws NN =TsDPEN-SO;Na, M =Rh, 93a; M=1Ir, 93b; ws
NN =TsCYDN-SO;Na, M = Rh, 94a; M = Ir, 94b). The selected catalytic data, as
summarized in Table 4.9, show that both the choice of metal and ligand affected
the rate and enantioselectivity of the reaction. Rh catalysts gave higher activity and
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enantioselectivity in the ‘PrOHIl-rich system, and electron-poor ketones were
reduced at a higher rate. Between the two Ir-based systems, 94b outperformed 94a
in most cases. In contrast to what was expected, the increase in water content led
to a significant increase in both conversions and ee-values.

The use of terminal reducing agents other than 'BuOK and KOH was reported
for the water-phase ATH of aromatic ketones, without the need for an inert atmo-
sphere. Ikariya, Xiao and coworkers [84] showed that HCO,Na could be used effi-
ciently, and in air, to obtain chiral secondary alcohols in good yields and ee-values.
These authors used complexes 91a,b to hydrogenate acetophenone in the presence
of 5equiv. of HCO,Na, and obtained complete conversion to (R)-1-phenylethanol
in 95% ee with 91a in water at 40°C after 15 min. Complex 91b was slightly less
active, with a conversion of 99% and 93% ee after 1 h. The use of an HCOOH /NEt;
azeotrope gave longer reaction times. A range of substituted acetophenones and
heteroaryl ketones were successfully converted in the presence of 91a with sub-
strate: catalyst ratios as high as 1000, giving TOFs of up to 3500h™". Further modi-
fications of the chiral diamine ligand led to the synthesis and use in ATH reactions
of Cp*MCI complexes of CsDPEN [(R,R,R)- or (S,S,S)-N-camphorsulfonyl-
1,2diphenylethylendiamine] (Scheme 4.42), with M = Rh (95a) and Ir (95b), of aryl
ketones by formate in neat water. Worthy of note here is the Ir-(R,R,R)-CsDPEN
catalyst, which catalyzes the ATH of a wide range of ketones with almost full con-
versions within a few hours, at a substrate: catalyst ratio of 1000 at 40°C in most
cases, and with enantioselectivities up to 98% ee [85]. Unsaturated ketones such
as (E)-chalcone were fully hydrogenated to the saturated 1,3-diphenylpropan-1-ol.
Gas chromatographic monitoring of the reaction showed that the C=C double
bond was reduced first.

A series of interesting N-based ligands derived from naturally occurring alka-
loids was derived from the Cinchona analogues, quinine and quinidine, and tested
together in the catalytic ATH of aromatic ketones in ‘PrOH/PrOK. Ru, Rh and Ir
precursors were tested and the best activities observed with [Ir(cod)Cl],. A wide
range of aromatic ketones was reduced with excellent conversions and good enan-
tioselectivities using the reduced forms (H-derivative) of quincorine (QCI)-amine
and quincoridine(QCD)-amine (Scheme 4.43). For acetophenone, the enantiose-
lectivities obtained were seen to decrease from 80% ee (94% conversion, 1h) to
76% ee (97% conversion, 10h) using HQCI-amine, whereas HQCD-amine gave
a slightly higher ee (85% at 76% conversion, 1h). For p- and o-substituted
acetophenones, complete conversions and ee-values between 70% and 95% were
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obtained, the worse value with the electron-withdrawing o-NO, substituent. By
making the aliphatic group of the ketone larger than methyl, higher selectivities
(95% ee) were possible, albeit at lower yields (35%, 1h, ‘PrC(O)Ph) [86].

He et al. elaborated on the concept of cinchona derivatives and produced the
ligands 9-amino(9-deoxy)epiquinine (96a) and epicinchonine (96b) (Scheme 4.44)
[87]. The amines were tested with both Rh and Ir precursors for the ATH of
ketones in ‘PrOH/KOH. The best results were achieved using 96b as the ligand
and [Ir(cod)Cl], as the metal precursor, and for isobutyrophenone the conversion
and enantioselectivity were obtained in 90 and 97% ee, respectively. Later it was
shown that the Ir complex of 9-amino(9-deoxy)epicinchonine 96b could be recov-
ered in high yields with dilute HCI. The yields (90-94%) and enantioselectivities
of 1-phenylethanol (93-95% ee) were maintained with small variations after six
cycles [88].

A series of chiral N,S-chelates was synthesized as ligands for the iridium(I)-
catalyzed reduction of ketones using either HCOOH/NEt; or isopropanol as hydro-
gen sources. The ligands were obtained by sulfoxidation of an (R)-cysteine-based
aminosulfide, providing a diastereomeric ligand family containing a chiral sulfur

93
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atom [89]. In parallel, a series of aminosulfides, each bearing two asymmetric
carbon atoms in the backbone and derived from 1,2-disubstituted amino alcohols,
were obtained. Both, the sulfoxide-based B-amino alcohols and the aminosulfides
gave rise to high reaction rates when tested in the ATH of acetophenone with
formic acid in presence of triethylamine and [Ir(cod)Cl],. The aminosulfide ligands
97a-k gave, in some cases, a good conversion (98% after 1h at 60°C with 97d),
but the enantioselectivities in (S)-1-phenylethanol were very poor (5-18%) when
HCOOH/NEt; was used (Scheme 4.45). A clear effect of chiral cooperativity was
observed between the sulfoxide functionality and the o position of the amino
alcohol with 98b, which gave 65% ee and almost complete conversion after 30 min.
For the ligands 99a—f bearing a secondary amine group, the stereoselectivities were
moderate (23-65%, with 99c being the best-performing) and a total conversion
was obtained after 3h for 99b and 99c with HCOOH/NEt;, running the tests at
60°C. Introduction of the sulfoxide group in this class of ligands (100a and 100b)
considerably reduced the conversion and stereoselectivity of the reaction (Scheme
4.45). By screening the effect of the nature of the catalyst precursor, it was observed
that the presence of a diene ligand such as 1,5-cyclo-octadiene (cod) is necessary
for moderate to good activities, although the stereoselectivity of the reaction is not
affected by the choice of iridium precursor. A strong temperature effect was noted,
as decreasing the reaction temperature to 20°C resulted in an increase in enantio-
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selectivity in all cases, with a maximum of 80% ee when using 98b (57% conver-
sion, 5h). Various prochiral ketones were tested, and the enantioselectivity of the
reaction was markedly influenced by the electronic and steric properties of the
substrate—that is, a larger steric bulk and the presence of an electron-withdrawing
substituent in the substrate resulted in a higher enantioselectivities. When using
2-propanol as hydrogen donor instead of HCOOH/NEt;, the maximum ee
was obtained (97%) with 1-naphthyl-methyl-ketone at 99% conversion after 1h at
20°C.

More recently, Zhang et al. [90] showed that the combination of [Ir(cod)(PPh;)Cl]
and chiral SNNS-type ligands 101 (Scheme 4.46) derived from thiophene cyclo-
hexyldiamines catalyzed the ATH of prochiral ketones under mild conditions and
in the air. Enantioselectivities up to 96% were observed for the ATH of PhC(O)Cy
after 22h at 97% conversion, giving the R-alcohol using 101 in the (S,S)-form,
running the reaction at 25°C in an ‘PrOH/KOH reducing system. In all cases,
inversion of the conformation from ligand to product was observed. The presence
of p-, m- or o-substituents on the phenyl ring of the ketone allowed for faster rates,
albeit with lower ee-values (91% ee, 96% conversion, 9h for o-methyl acetophe-
none; 82% ee, 94% conversion, 7h for m-methyl acetophenone; 71% ee, 99%
conversion, 5h for m-chloro acetophenone; 58% ee, 94% conversion, 5h for p-
chloro acetophenone). The major advantage of these systems resides in their ease
of manipulation and stability of the catalysts (in air), as well as the wide applicabil-
ity and functional group tolerance.

The combination of chirality and hemilability in the ancillary ligand of a
transition-metal complex is often beneficial for catalytic applications. The use
of p-bonded olefins or dienes (coe or cod) is ubiquitous for Rh and Ir complexes.
In some cases, p-coordination can be achieved by having olefin pendant arms
in the chiral ligand, which in turn can either stabilize active species [53] or
allow for hemilabile complex behavior. The chiral tetrachelating amino-olefins
(R,R)-N,N"-bis(5 H-dibenzo[a,d|cyclohepten-5-yl)-1,2-diaminocyclohexane  ((R,R)-
trop,dach) and (S,S)-N,N’-bis(5H-dibenzo[a,d]cyclohepten-5-yl)-1,2-diphenyl-1,2-
ethylenediamine ((S,S)-trop,dpen) were prepared and used as ligands [91] in the
complexes (R,R)-[Rh(trop,dach)]OTf and (S, S)-[Rh(trop,dpen)]|OTf OTf~ = CESO:;.
Reactions of (S,S)-trop,dpen with [Ir(cod)Cl], in the presence of TIPF, gave the
NNCy-coordinated complex (S,S)-[Ir(cod)(trop,dpen)|PF, (102; Scheme 4.47 and
Figure 4.6). The reaction of (S,S)-trop,dpen with [Ir(cod)Cl],, when run under an

95



4 Iridium-Catalyzed C=0 Hydrogenation
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Figure 4.6 A molecular view of (S,S)-[Ir(cod) (trop,dpen)]PF¢ (103).

atmosphere of CO, gave the distorted-trigonal-bipyramidal iridium complex (S,S)-
[IrCl(CO)(trop,dpen)] (103). The rhodium complexes and 102 are inactive for the
transfer and direct hydrogenation of ketones, whereas in contrast 103 is a precur-
sor to an active phosphine-free chiral catalyst in the ATH of acetophenone with
2-propanol, and the R isomer of 1-phenylethanol was obtained in 82% ee (98%
conversion at substrate: ‘BuOK:103 ratios 100:10:1, 80°C, 1h).

Amino acidate N,O-coordinated chiral complexes of Ru, Rh and Ir have found
applications in the catalytic hydrogenations of ketones and unsaturated aldehydes
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[92]. The mononuclear chlorides [(n-ring)M(Aa)Cl] ((n-ring)-M = Cp*Rh, Cp*Ir,
(p-cymene)Ru; Aa = o-amino acidate) were reacted with AgBF, to yield the
corresponding new chiral trimers [{(n-ring)M(Aa)};](BF,);. The amino acidates
include alaninate (Ala), 2-aminobutyrate (Abu), valinate (Val), terleucinate (Tle)
phenylalaninate (Phe), L-prolinate (L-Pro), N-methyl-L-prolinate (Me-Pro), 4-hydroxy-
L-prolinate (Hyp). The trimers [(Cp*Ir(Ala);}(BF4); (104) and [{Ru(p-cymene)(L-
Pro)}5](BF.); were characterized by X-ray diffraction (XRD). Trimerization occurs
by chiral self-recognition: the trimers RMRMRM (p isomer) or SMSMSM (o
isomer), which have equal configuration at the metal center, were the only
diastereomers detected. The chiral trimers [(Cp*Rh(L-Pro);](BF.); and [{Ru(p-
cymene)(L-Pro)};](BE,); catalyze the chemoselective reduction of unsaturated alde-
hydes (e.g. citral, neral, geranial) to the corresponding unsaturated alcohols by TH
from sodium formate. When the mononuclear complexes [Ru(p-cymene)(Aa)Cl]
(Aa =1-Pro, Phe), [Cp*Rh(D-Pro)Cl], [Cp*Ir(Aa)Cl] (Aa=L-Pro, 105a; Me-Pro,
105b) were tested for the ATH of acetophenone using 2-propanol and sodium
formate (2equiv.) as base, the performances compared well to those obtained in
the presence of the corresponding cationic trimers. In the case of iridium, [(Cp*Ir(L-
Pro);](BF,); (106) gave 15.6% (R)-(+)-1-phenylethanol with 59% ee. When 1equiv.
of base was used, however, a slight increase was observed for both conversion
(20.6%) and ee (64%). The mononuclear analogue 105a was tested in the presence
of 2equiv. of HCOONa and gave similar results to 106 (17% conversion, 58% ee),
whereas 105b was almost inactive (1.8% conversion, 2% ee).

Sinou and coworkers evaluated a range of enantiopure amino alcohols derived
from tartaric acid for the ATH reduction of prochiral ketones. Various (2R,3R)-3-
amino- and (alkylamino)-1,4-bis(benzyloxy)butan-2-ol were obtained from readily
available (+)-diethyl tartrate. These enantiopure amino alcohols have been used
with Ru(p-cymene)Cl, or Ir(I) precursors as ligands in the hydrogen transfer reduc-
tion of various aryl alkyl ketones; ee-values of up to 80% have been obtained using
the ruthenium complex [93]. Using (2R,3R)-3-amino-1,4-bis(benzyloxy)butan-2-ol
and (2R,3R)-3-(benzylamino)-1,4-bis(benzyloxy)butan-2-ol with [Ir(cod)Cl], as pre-
cursor, the ATH of acetophenone resulted in a maximum yield of 72%, 30% ee,
3h, 25°C in 'PrOH/KOH with the former, and 88% yield, 28% ee, 120h with the
latter.

Chiral B-amino alcohols such as (1R,2S)-(+)-cis-1-amino-2-indanol, (15,2R)-(+)-
2-amino-1,2-diphenylethanol, (1S,2R)-(+)-norephedrine and (1R,2S)-(-)-ephedrine
(Scheme 4.48) were used as ligands for ruthenium-, rhodium- and iridium-
catalyzed ATH of acetophenone and derivatives in water at 40°C, using either
sodium formate or HCOOH/NEt; azeotrope as hydrogen sources [94]. A strong
effect of the formic acid to triethylamine ratio was observed on activities and
enantioselectivities for all metal complexes, and this was correlated to the pH
values of the water phase, with a higher pH favoring higher rates and better enan-
tioselectivity. The best results using [Cp*IrCl,], as precursors were obtained in the
presence of (1S,2R)-(+)-2-amino-1,2-diphenylethanol, at a HCCOH : NEt; ratio of
1:1.7, 1.5h giving complete conversion and 55% ee.
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L* =108, 32% ee, 47% conversion
L* =109, 35% ee, 40% conversion
Scheme 4.49

Asymmetric ferrocenyl ligands bearing different donor atoms connected through
a chiral carbon atom have been used by many groups for different enantioselective
reactions. Diferrocenyl dichalcogenides 107-109 were synthesized by Uemura
et al. and tested in the ATH of acetophenone in the presence of [Ir(cod)Cl], in
‘PrOH/NaOH to give (R)-phenylethan-1-ol at moderate conversions and enanti-
oselectivities (Scheme 4.49) [95].

The combination of chiral ferrocenyl moieties and imidazolium salts was
described by Chung et al. [96]. Whereas, the asymmetry in the ligand is derived
from the chiral substituents on the upper ring of the ferrocene, the metal is coor-
dinated by the carbenoid atom of the imidazolium salt. Different combinations of
the two moieties (ligands 110-114) were obtained through an accurate choice of
experimental conditions (Scheme 4.50). ATH of 4’-methylacetophenone was
carried out with 52.6% ee using complex [IrCl(cod){1,3-bis[(R)-1-ferrocenylethyl]
benzymidazol-2-ylidene}] (115), the X-ray crystal structure of which is shown in
Figure 4.7.
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Figure 4.7 The molecular structure of complex [IrCl(cod){1,3-
bis[(R)-1-ferrocenylethyllbenzymidazol-2-ylidene}] (115).

4.3
Heterogeneous, Supported and Biocatalytic Hydrogenations

The use of heterogeneous catalysis for the selective reduction of C=0 groups
using Ir has been reported in the literature. In a first report made by USSR
scientists during the early 1970s it was claimed that, in the presence of an Ir/C
catalyst, unsaturated aldehydes such as CH,—CHCHO, MeCH—CHCHO and
PhCH=—CHCHO were hydrogenated to unsaturated alcohols with 70-100% yields
at normal pressure of H, and at room temperature. As an example, 3mmol of
cinnamaldehyde in 10ml of EtOH with 0.5g Ir-C (5% load) gave cinnamol selec-
tively as the only product. Over-reduction of the C=C double bond was not observed
and the catalyst could be reused repeatedly [97].

99



100

4 Iridium-Catalyzed C=0 Hydrogenation

Later, a Japanese patent disclosed the use of heterogeneous Ir, Fe and Rh cata-
lysts for acetaldehyde reduction. Silica gel impregnated with a solution of IrCl, - H,0
and FeCl,-4H,0 in EtOH was dried and reduced under hydrogen. A reactor
containing the catalyst was fed with a mixture of CO (401h™), H, (801h™), and
MeCHO (33.0mmolh™) at 276°C and a total pressure of 50kgcm™ gave 97.5%
EtOH at 93.6% conversion based on acetaldehyde [98].

The reduction of crotonaldehyde, 4-methyl-3-penten-2-one and 5-hexen-2-one
was carried out in a pulse reactor by initially reducing the catalysts IrCl;/TiO,,
IrCl;/ALO; (1.5% load) at 200°C with a hydrogen flow of 20mlmin™, then cooling
the reactor to 50-100°C and injecting 0.1-1.0 ul of organic reagent into the reactor.
A maximum selectivity to the unsaturated alcohol of 60% was measured at a con-
version of 18% when using Ir/TiO, for crotonaldehyde at 100°C [99].

Within the patent literature, a process described findings that monoaro-
matic ketones (e.g. acetophenone) are selectively hydrogenated at 20-70°C and
20-80 bar (2-8 x 10*hPa) to the corresponding aryl-substituted carbinol (e.g. 1-
phenylethanol) in high yield in the presence of a carrier catalysts comprising Ir,
Ni, Pt, Rh and a Group 14 metal (Sn, Ge, Pb) on SiO,, AL,O; or aluminosilicates
(100].

More recently, an interesting application of the Ir-based heterogeneous reduc-
tion of C=0 bond was reported by Jacobs and coworkers. Starting from an Ir(acac);
precursor, an acid H-B zeolite (surface area 740m’g™’, average crystallite size
0.2mm, Si:Al ratio = 12) was impregnated (2 wt%) and used as a support and
promotor, to give an effective catalyst for the chemoselective hydrogenation
of o,B-unsaturated aldehydes and ketones such as cinnamaldehyde, a-Me-
cinnamaldehyde and citral, to the corresponding allylic alcohols (Table 4.10). The
H-B-zeolite-supported iridium catalyst (1 wt %) allowed for the 100% stereoselec-
tive hydrogenation of testosterone to androst-4-ene-3B,17p-diol in 'AmOH at room
temperature and 30% conversion after 9h and 20 bar (2 x 10*hPa) of H,, on the
basis of the structural rigidity of the cyclic enone, which decreased the reactivity
of the sterically hindered C=C double bond (Scheme 4.51). Other substrates such
as cholestenone and isolongifolenone were also reduced [101].

Table 4.10 Hydrogenation of o,B-unsaturated aldehydes using Ir/H- zeolite.

Catalyst Substrate Pressure Time Conversion Chemoselectivity
(bar)® (h) (%) (%)°

Ir/H-B (2%) Cinnamaldehyde 30 (3x10% 18 71 82

Ru/H-B (2%) Cinnamaldehyde 30 (3x10% 35 81 52

Ir/H-p 2%) a-Me-cinnamaldehyde 30 (3 x 10%) 3 72 89

Ir/H-p (2%)  Citral 24 (2.4x 10" 225 >98 90

Conditions: substrate, 50mg; solvent, PrOH 6.5g; catalyst 25 mg (calcined at 300°C and reduced
at 450°C).

a Values in parentheses are pressures in hPa.

b Chemoselectivity to the C=0 bond.
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Iridium nanoparticles generated in 1-n-butyl-3-methylimidazolium (BMI)-based
ionic liquids were found to be excellent recyclable catalytic systems for the
hydrogenation of a variety of substrates, including ketones such as simple ketones.
The Ir nanoparticles were prepared by simple reduction of [Ir(cod)Cl], dispersed
in BMI-PFg at 75°C under 4 atm of H,. Benzaldehyde, cyclopentanone, methyl
butanone and derivatives were hydrogenated with almost complete conversion,
with TOFs ranging from 17 to 96h™ under solventless conditions (substrate: Ir
ratio = 250, 75°C, 4 atm H,) [102].

Rhodium and iridium nanoparticles entrapped in aluminum oxyhydroxide
nanofibers were shown by Park et al. to be suitable catalysts for the hydrogenation
of arenes and ketones at room temperature, with hydrogen at ambient pressure
[103]. Rhodium in aluminum oxyhydroxide [Rh/AIO(OH)] and iridium in alumi-
num oxyhydroxide [Ir/AIO(OH)], were simply prepared from readily available
reagents such as RhCl; and IrCl; hydrates, 2-butanol and Al(O-sec-Bu) at 100°C.
Substrates such as cyclopentanone, 2-heptanone, ethyl pyruvate, acetone and
2,6-dimethyl-4-heptanone were reduced to the corresponding alcohols either in
n-hexane at room temperature (maximum TOF 99h™ for ethyl pyruvate) or in
solventless conditions at 75°C using 4 atm of H, (maximum TOF 660h™ for
acetone, 330 for 2-heptanone).

A few reports concerning various ways to support homogeneous catalysts for
selective C=0 hydrogenation have appeared in the literature. After Blum and
coworkers [104] had reported the activity of polystyrene-bound Vaska’s complex
IrCl(CO)(PPhs), (6) in the C=C bond-transfer hydrogenation of o,B-unsaturated
ketones using HCO,H as reducing agent, scientists at Ciba-Geigy [69] successfully
used a copolymer-bound Ir(I) catalyst prepared from [Ir(coe),Cl], with optically
active styrene derivatives. AIBN-initiated polymerization of N-(6-methyl-2-
pyridylmethylene)-1-(4-vinylphenyl)ethylamine with styrene at 70 °C gave the copo-
lymer ligand with [0]p23 +0.44° and ligand capacity 0.499 mmolg™. The catalyst
obtained was tested in the TH of 1-phenylbutanone (60°C, 19h) in 'PrOH, yielding
12.4% 1-phenylbutanol with a 42.2% ee of the R-isomer.

The selective hydrogenation of o,B-unsaturated aldehydes into allylic alcohols
catalyzed by supported aqueous-phase and organic-phase catalysts was demon-
strated by Fache et al. [105]. Among the Ir-based catalysts tested, worthy of notice
was the catalyst obtained by dissolving IrCl; in EtOH and treating it with
PhP[Me,Si(OMe)s], and Si(OMe), at reflux in the presence of N[Me;Si(OEt);]; and
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water. The gel formed was further treated with octan-1-ol, water and polyvinyl
alcohol at reflux, to yield the catalyst as yellow spheres. All-trans retinal hydroqui-
none (RHQ) was hydrogenated to all-trans retinol hydroquinone (a precursor of
vitamin A) at 25-50°C under 100 bar (10 x 10*hPa) after 3.5h, with a maximum
selectivity of 97.5%.

Phosphonate-based supported catalysts for the hydrogenation of ketones under
hydrogen pressure were obtained by Bujoli and coworkers [106]. Supported
rhodium- and iridium-2,2’-bipyridine complexes were used for the hydrogenation
of aromatic ketones under hydrogen pressure. The immobilization was achieved
via functionalization of the 2,2"-bipyridine unit with two phosphonic acid moieties,
and subsequent covalent grafting of the complex onto TiO, particles generated in
situ. The resultant materials showed comparable activity to the homogeneous
counterparts, which suggested that the major part of the catalytic sites were readily
accessible. The catalyst was reused, and no significant metal leaching was observed.
At 40 bar (4 X 10*hPa) of H,, in MeOH/H,0 at room temperature for 21h, using
5% mol of catalyst, p-OMe-acetophenone was completely converted into
p-OMe-2-phenylethanol.

Two styryl complexes 116a and 116b derived from aminopyridines such as
DHPPEI (81; see Scheme 4.33, R=H, R, =H, R, = Me, R; = Ph) have been syn-
thesized and used as homogeneous catalysts for the ATH of ketones (Scheme 4.52)
[62]. The single-site catalysts were anchored via copolymerization of the monomers
with 2-ethylhexyl methacrylate in the presence of di-2-butylbenzene as crosslink-
ing agent, and resulted in more active catalysts (117a and 117b) for the ATH of
propiophenone. The reaction time could be decreased from 15h (116a) to 6h
(117a), with an increase in ee-value from 46.6 to 83.5%; a similar situation was
apparent in the case of 116b and 117b (from 10 to 5h, from 51.9% ee to 84.3%,
respectively).

An example of biocatalytic C=0 bond reduction has also been reported in the
literature. The asymmetric reduction of ketones via whole-cell bioconversions and
TH was tested by van Leeuwen et al. as complementary approaches to asymmetric

/\©\/ —| BF, ] BF,
//// Ir\ // ﬂ

Hlv

Me
116a, R = Me 117a, R = Me
116b, R = Bz 117b, R = Bz

Scheme 4.52
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synthetic reactions. Prochiral aryl and dialkyl ketones were enantioselectively
reduced to the corresponding alcohols using whole cells of the white-rot fungus
Merulius tremellosus 0n0991 as a biocatalytic reduction system, with complexes
such as ruthenium(II)-amino alcohol [Ru(p-cymene)Cl(N,0)]" (N,O = N,H-benyzl
(1R,25)-norephedrine) and iridium(I)-amino sulfides [Ir(cod)(N,S)]* (N,S = (1R,2S)-
2-amino-1-phenyl-1-benzylthio-propane or ethane) [89] as metal catalysts in ATH
reductions [107]. In the case of alkyl aryl ketones ArC(O)R, the choice of substrate
did not affect the outcome of the reactions, and generally Ru catalysts gave the
best results (acetophenone, 91% conversion, 95%-R ee, 2h), whereas the biocata-
lytic system gave 61% yield and 95% ee (S) and the Ir complex yielded 82% of R-
alcohol in 80% ee. For o,fB-unsaturated ketones such as benzylidene acetone, the
white rot fungus was unable to catalyze a conversion to the unsaturated alcohol,
although unexpectedly a mixture of saturated ketone (55%) and hydroxy-
substituted ketone derived from a Michael addition reaction (45%) was obtained.
By contrast, both Ru (79% yield, 35% ee, 5h) and Ir (40% yield, 25% ee, 5h) were
able to provide the corresponding chiral allylic alcohol. The biocatalytic approach
must be preferred in the presence of substrates such as functionalized ketones
(i-e. 2-chloroacetophenone and 3-chloropropiophenone), with conversions of up to
95% and ee-values of 88% versus no activity for the metal-catalyzed processes.
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5

Catalytic Activity of Cp* Iridium Complexes in Hydrogen
Transfer Reactions

Ken-ichi Fujita and Ryohei Yamaguchi

5.1
Introduction

Since the first report by Maitlis and coworkers in 1969 of the synthesis of a trivalent
iridium complex bearing n’-pentamethylcyclopentadienyl (Cp*), [Cp*IrClL,], (1),
[1, 2], a large number of Cp*Ir complexes have been synthesized, starting with 1
[3, 4]. From the time of the first synthesis until recently, the chemistry of Cp*Ir
complexes has mainly focused on stoichiometric reactions, and their ability
towards C—H bond activation in hydrocarbon molecules was revealed by Bergman
et al [5-7] and other research groups [8-10]. In contrast, the catalytic chemistry of
Cp*Ir complexes remained relatively unexplored until the late 1990s and, indeed,
only a few Cp*Ir complex-catalyzed reactions other than simple hydrogenation
were reported before 2000 [11-13]. This contrasted with the catalytic chemistry of
low-valent iridium complexes, such as [Ir(cod)(PCys)(py)]PFs and [Ir(cod)Cl],, all
of which have made significant contributions in the area of catalytic synthetic
organic chemistry [14-18]. However, since the recent discovery of the excellent
catalytic performance of Cp*Ir complexes in hydrogen transfer reactions, the cata-
lytic chemistry of these compounds has been attracting much interest.

In an earlier report, Maitlis et al. showed that 1 could be easily converted into a
hydrido complex [Cp*IrHCI], (2) under ambient conditions by treatment with
alcohol and a weak base (Scheme 5.1) [19], probably accompanied by the formation
of carbonyl compounds. This fact means that the hydrogen atom in an alcohol can
be rapidly transferred to the iridium center in the form of a hydride; but then, if
the hydride on the iridium could be re-transferred to another hydrogen acceptor,
a new catalytic system using alcohols as substrates might be realized. In fact,
a wide variety of Cp*Ir complex-catalyzed hydrogen transfer systems using
alcohols as substrates, and based on the above hypothesis, have been reported to
date [20].

The aim of this chapter is to review the catalytic hydrogen transfer chemistry
wherein Cp*Ir complexes play an important role as catalysts. To date, a number
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1 2

Scheme 5.1

of insightful reviews of transition-metal-catalyzed hydrogen transfer reactions
have presented [21-26)].

5.2
Hydrogen Transfer Oxidation of Alcohols (Oppenauer-Type Oxidation)

Hydrogen transfer reactions from an alcohol to a ketone (typically acetone) to
produce a carbonyl compound (the so-called ‘Oppenauer-type oxidation’) can be
performed under mild and low-toxicity conditions, and with high selectivity when
compared to conventional methods for oxidation using chromium and manganese
reagents. While the traditional Oppenauer oxidation using aluminum alkoxide
is accompanied by various side reactions, several transition-metal-catalyzed
Oppenauer-type oxidations have been reported recently [27-29]. However, most of
these are limited to the oxidation of secondary alcohols to ketones.

Fujita and Yamaguchi et al. were the first to report that a Cp*Ir complex is an
effective catalyst for the Oppenauer-type oxidation of both primary and secondary
alcohols, affording aldehydes and ketones [30]. Initially, the group examined the
oxidation of benzyl alcohol to benzaldehyde in acetone, using a variety of transi-
tion-metal catalysts. Among the catalysts examined, a [Cp*IrCl,], (1)/K,CO; system
gave the best results, affording benzaldehyde as a single product without the for-
mation of benzoic acid or other products (Table 5.1; entry 1). Representative results
of the oxidation of various primary and secondary alcohols by this catalytic system
are summarized in Table 5.1. In addition to benzylic primary alcohols, aliphatic
primary alcohols were oxidized to the corresponding aldehydes (entries 1-6), while
secondary alcohols were much more easily oxidized to give ketones, using smaller
amounts of catalyst 1 (0.50mol% Ir) and acetone (entries 7-9).

Although the precise mechanism has not yet been clarified, a possible mecha-
nism is shown in Scheme 5.2. First, the iridium alkoxide 3 is produced from 1
and an alcohol, this step being stimulated by a base (K,CO;). A B-hydride elimina-
tion of 3 then yields a carbonyl product and the iridium hydride 4. The insertion
of acetone into the iridium-hydride bond in 4, giving metal isopropoxide 5, is
followed by exchange of the alkoxy moiety to regenerate 3.

Hiroi et al. also reported the Cp*Ir complex-catalyzed Oppenauer-type oxida-
tion of primary alcohols in acetone and butanone [31]. These authors prepared
a novel Ir-ligand bifunctional catalyst 6 having an amido-alkoxo ligand, the
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Table 5.1 Oxidation of primary and secondary alcohols to
aldehydes and ketones catalyzed by [Cp*IrCl,], (1).°

cat. [CP*IrClo], (1)

OH K2CO3 1
R17R2 acetone R!” "R?
Entry Alcohol Conversion (%)" Yield (%)"°
1 PhCH,OH 87 87 (74)
2 4-MeOC,H,CH,OH 100 99 (90)
3 2-MeOC¢H,CH,0H 70 67 (63)
4 4-CIC(H,CH,0H 72 70 (61)
5¢ C4H;OH 59 57 (44)
6! Cyclo-C¢H,;;CH,0H 51 47
7° PhCH(OH)CH, 100 100 (94)
g CH,CH(OH)C¢H 89 88 (77)
9° Cyclopentanol 100 100

a  Atroom temperature for 6h with alcohol (1.0mmol), 1 (2.0mol% Ir), and K,CO; (10mol%)
in acetone (30ml).

Determined by gas chromatography (GC).

Values in parentheses are isolated yields.

At reflux temperature.

At room temperature for 6h with alcohol (2.0mmol), 1 (0.5mol% Ir) and K,CO; (10mol%) in
acetone (2ml).

o an o

1

}/\ R'RZCHOH, base

(CHy),CHOH [Cp*"]_OCHRmz\” R'RZC=0
3

[CpIl—H

)\4
[Cp*Il—OCH(CHs), (CHg),C=C

5

R'R2CHOH

Scheme 5.2

neutral character of which would be effective for the oxidation of primary alcohols
without an accompanying aldol reaction. The best result was obtained by perform-
ing the reaction in butanone at 80°C under a high-dilution condition (0.08 M
solution). Various benzylic primary alcohols were oxidized to aldehydes in
high yields, although the oxidation of aliphatic alcohol resulted in a lower yield
(Scheme 5.3).
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New Cp*Ir complexes bearing N-heterocyclic carbene (NHC) ligands have been
synthesized, and have been shown to possess a remarkably high catalytic activity
for Oppenauer-type oxidations [32, 33]. The complex 7 was prepared by reaction
of [Cp*IrCl,], (1) with an imidazol-2-ylidene, and further converted to the dica-
tionic complex 8. Oppenauer-type oxidation reactions of 1-phenylethanol were
examined using newly synthesized Cp*Ir NHC catalysts 7 and 8, and conventional
catalyst 1 under the catalyst loading of 0.10mol% Ir. As shown in Scheme 5.4,
complex 1 showed moderate catalytic activity, while the neutral catalyst 7 showed
almost no catalytic activity. In contrast, the dicationic catalyst 8 exhibited an
extremely high catalytic activity; in fact, when the concentration of 8 was reduced
to 0.025mol% Ir, an 80% yield was obtained and the turnover number (TON)
reached up to 3200 after an 8h reaction time.

Results for the oxidation of several secondary alcohols using catalyst 8 are sum-
marized in Scheme 5.5. The oxidation of benzylic, aliphatic and cyclic secondary
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alcohols gave the corresponding ketones in good to high yields. In the case of
cyclopentanol, the TON reached up to 6640 after 24 h of reaction, thus demonstrat-
ing the cationic NHC complex 8 to be the most effective catalyst in homogeneous
Oppenauer-type oxidation systems.

Results for the oxidation of primary alcohols using catalyst 8 are summarized
in Scheme 5.6. While larger quantities of the catalyst (0.50mol% Ir) and acetone
were required, the oxidation of primary alcohols proceeded selectively in good to
high yields.

Yamaguchi et al. also reported the use of another new Cp*Ir NHC complex 9
bearing basic 2-(dimethylamino)ethyl group in a Cp* ring as the catalytic precur-
sor in Oppenauer-type oxidation (Scheme 5.7) [34]. Owing to the basic amino

m
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X
cat. 10 CHO m Cp* +
OH Na,CO3 :E \Ir/
air, 70°C, 2h iy e
- |
Ton=70 L _J 4

Scheme 5.8

moiety in the ligand, the reaction using 9 could be performed in the absence
of an additional base. Compared to the dicationic catalyst 8 and conventional cata-
lyst 1, the catalytic system composed of 9/AgOTf without base exhibited a higher
activity for the oxidation of 1-phenylethanol. A variety of primary and secondary
alcohols were converted to the corresponding carbonyl products, with high
TONSs.

Gabrielsson et al. reported the aerobic oxidation of alcohols catalyzed by a cat-
ionic Cp*Ir complexes bearing diamine ligands such as bipyrimidine 10 (Scheme
5.8) [35], the mechanism of which is closely related to the Oppenauer-type oxida-
tion mentioned above. In this reaction, the deprotonation of Ir'" hydrido species
to afford Ir' species, and the reoxidation of Ir' to Ir"" by O,, are crucial.

5.3
Transfer Hydrogenation of Unsaturated Compounds

5.3.1
Transfer Hydrogenation of Quinolines

The Cp*Ir complex has been found to be a good catalyst for the transfer hydroge-
nation of nitrogen heteroaromatic compounds using alcohol as hydrogen source
[36]. Thus, the Cp*Ir-catalyzed transfer hydrogenation of a variety of quinoline
derivatives with 2-propanol proceeds in a regioselective and chemoselective
manner to afford various 1,2,3,4-tetrahydroquinoline derivatives, which have
themselves attracted considerable attention owing to their importance as synthetic
intermediates for pharmaceuticals, agrochemicals and dyes.

The results for the Cp*Ir-catalyzed transfer hydrogenation of a series of quino-
lines are summarized in Table 5.2. In the presence of catalytic amounts of
[Cp*IxCLy], (1) (1.0mol% Ir) and HCIO, (10mol%), the reaction of quinoline in 2-
propanol: H,O (95:5) under reflux for 17h gave 1,2,3,4-tetrahydroquinoline in
93% yield (Table 5.2; entry 1). Other products, such as 1,2-dihydroquinoline,
5,6,7,8-tetrahydroquinoline and decahydroquinoline were not detected, indicating
a high regioselectivity of the transfer hydrogenation. The reduction of quinolines
bearing electron-withdrawing (NO,, Cl, Br, CO,H) and electron-donating (OMe)
substituents proceeded chemoselectively in good to excellent yields (entries
5-10).
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Table 5.2 Transfer hydrogenation of quinolines catalyzed by [Cp*IrCl,], (1).”

N cat. [Cp*IrClyl, (1), HCIO, R_/ |
R- | X
\ o

N 2-propanal / HyO, reflux, 17 h H

Entry R Catalyst (mol% Ir) HCIO, (mol%) Yield (%)
1 H 1.0 10 (93)
2 2-Me 4.0 0 82
3 3-Me 2.0 10 79
4 8-Me 2.0 10 82
5¢ 5-NO, 4.0 10 72
6 6-NO, 2.0 0 94
7 6-Cl 2.0 10 78
8 6-Br 2.0 10 70
9 6-CO,H 4.0 10 64

10 6-OMe 1.9 11 79

a  Quinolines (2.0mmol), 1, and 60% HClO,(aq.) in solvent (2-propanol 9.5ml and H,0 0.5ml)
under reflux for 17h.
Isolated yield. The values in parentheses are GC yield.

¢ Reaction for 24h.

d Reaction for 64h.

5.3.2
Transfer Hydrogenation of Ketones and Imines

Peris et al. reported the synthesis of new Cp*Ir complexes having N-alkenyl
imidazole-2-ylidene ligands, and their application to the catalytic transfer hydro-
genation of ketones and imines [37]. The group prepared complex 11
by reaction of [Cp*IrCly), (1) with an N-butenylimidazolium salt by the silver-
mediated carbene transfer method. The catalytic performance of 11 for transfer
hydrogenation was also examined (Table 5.3), whereby aliphatic and aromatic
ketones, as well as imines, were easily hydrogenated using 2-propanol as a hydro-
gen donor in the presence of catalyst 11 (1.0mol% Ir).

5.4
Asymmetric Synthesis Based on Hydrogen Transfer

5.4.1
Asymmetric Transfer Hydrogenation of Ketones

New Cp*Ir and Cp*Rh complexes having a chiral diamine ligand, which are iso-
electric with Noyori’s chiral (arene)Ru complex [38], have been synthesized by
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Table 5.3 Transfer hydrogenation of ketones and imines catalyzed by 11.

Cp* +

\N |l""CI
cat. , \/ (1.0 mol% Ir), KOH
&N
ketone 1 alcohol
or or
imine amine
2-propanol, reflux
Entry Substrate Product Time (h) Yield (%)"
1 O OH 0.5 >99
2 )OJ\/ )Oi/ 5 >99
3 O OH 5 >99
Ph)J\Ph Ph)\Ph
4 N Ph H 9 >99
Ph™ T N__Ph
Ph™

a  Ketone or imine (1.0mmol), KOH (0.50mmol), and 11 in 2-propanol (10ml) under reflux.
b Determined by 'H NMR.

Ts
o e
[Cp*MCll; + . m’ M
HN" “Ph 2ok SN
M = Rh, Ir 2 Ch{, Ph
(S,S)-TsDPEN
12a: M = Rh
12b: M = Ir

Scheme 5.9

Mashima and Tani et al., and employed in the asymmetric transfer hydrogenation
of aromatic ketones [39, 40].

The treatment of [Cp*MCL,], (M = Rh and Ir) with (S,S)-TsDPEN gave chiral
Cp*Rh and Cp*Ir complexes (12a and 12b; Scheme 5.9). An asymmetric transfer
hydrogenation of aromatic ketones using complex 12 was carried out in 2-propanol
in the presence of aqueous KOH (1 equiv.); the results obtained are summarized
in Table 5.4. In all of the reactions, the (S)-alcohols were obtained with more than
80% enantiomeric excess (ee) and in moderate to excellent yields. The rhodium
catalyst 12a was shown to be considerably more active than the iridium catalyst
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Table 5.4 Asymmetric transfer hydrogenation of prochiral
ketones catalyzed by 12 giving (S)-alcohols.”

Entry Catalyst Ketone KOH? Yield (%) ee (%)
1 12a Acetophenone 2 80 90
2 12a 1 95 84
3 12b 2 58 90
4 12b 1 89 88
5 12a 2-Acetonaphthone 1 82 85
6 12b 1 67 81
7 12a 1-Tetralone 1 79 97
8 12a 2 28 95
9 12b 1 68 96

10 12b 2 27 90

11 12a 1-Indanone 1 47 99

12 12b 1 41 91

a  0.1M solution of ketone, 12 (1.0 mol% metal) in 2-propanol at room temperature for 48 h.

b Molar ratio of KOH:[12].

Ts . Ts
TsHN., CP\ N, Cr\\ N., Ph
"™ "™ J:
o \N CIO‘ \N
cl
H,N N N, Ph

(R,R)-TsCYDN 13a: M = Rh 13b: M = Rh
14a: M =1r 14b: M =Ir
S

s T
C %
p\ /N"' . /N"’
A Cp*~Ir_
H N N
H, H

14c 14d
Scheme 5.10

12b under the same reaction conditions, whereas the catalytic activity and
enantioselectivity of 12 were less than those of the chiral ruthenium catalyst

[41].

Ikariya and Noyori et al. also reported the synthesis of new chiral Cp*Rh and
Cp*Ir complexes (13 and 14) bearing chiral diamine ligands [(R,R)-TsCYDN and

(R,R)-TsDPEN] (Scheme 5.10); these are isoelectronic with the chiral Ru complex
mentioned above, and may be used as effective catalysts in the asymmetric transfer

hydrogenation of aromatic ketones [42]. The Cp*Ir hydride complex [Cp*IrH(R,R)-
Tscydn] (14c) and 5-coordinated amide complex (14d), both of which would have
an important role as catalytic intermediates, were also successfully prepared.
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Table 5.5 Asymmetric transfer hydrogenation of aromatic
ketones catalyzed by preformed chiral catalysts and KO*Bu
system in 2-propanol.”

O Cp*MClI (chiral diamine) OH

t
R R BuOK R1©ﬁRR2
X 2-propanol, 30 °C x

Entry Catalyst Ketone Time (h) Conversion (%)" ee (%)
R R?
1 13a H Me 12 85 97
2 13b H Me 12 14 90
3 14a H Me 12 36 96
4 13a m-CF; Me 12 >99 97
5 14a m-CF, Me 24 99 94
6 13a 0-CF; Me 12 >99 96
7 13a o-F Me 12 97 91
8 13a o-Me Me 24 20 94
9 13a p-Et Me 24 58 >99
10 13a p-OMe Me 24 22 >99
11 13a 1-Tetralone 24 53 95¢
12 13a 1-Indanone 24 43 97
a  At30°Cusing a 0.1 M solution of the ketone in 2-propanol. Ketone: cat.:'BuOK = 200:1:1.2.
b Determined by GC analysis.
¢ Determined by chiral GC analysis.
d Determined by HPLC analysis.

Results for the asymmetric transfer hydrogenation of various aromatic ketones
using these complexes as catalysts are summarized in Table 5.5. The TsCYDN
complexes provide higher reactivity than the TSDPEN complexes (entries 1 and
2), while the Rh complex with TsCYDN is a better catalyst in terms of reaction
rate and enantioselectivity than the similar Ir complex (entries 1 and 3). The analo-
gous preformed chiral Ru complex with the TsDPEN ligand has a somewhat
higher reactivity, with a comparable to lower enantioselectivity (92% yield, 94%
ee) for the reduction of acetophenone. The hydride complex 14c and amide
complex 14d catalyzed the asymmetric transfer hydrogenation with the same ee-
value as shown above, which suggests that this asymmetric reduction takes place
by the action of 14c or 14d as the catalyst or intermediate.

Analogous water-soluble Cp*Rh and Cp*Ir complexes were prepared by
Williams et al., and used in the asymmetric transfer hydrogenation of aromatic
ketones under aqueous conditions [43]. These catalyst complexes contain water-
soluble chiral diamine ligands (Scheme 5.11), and were prepared in situ by reacting
[Cp*MCL,), (M = Rh, Ir) with ligands 15a or 15b in the presence of a base, and
used immediately. The results of the asymmetric transfer hydrogenation of
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H2N NHSOZCGH4803Na-p HzN \\NH802C5H4SO3Na-p
PH  Ph 15a 15b
Scheme 5.11

Table 5.6 Asymmetric transfer hydrogenation of aromatic
ketones catalyzed by polar Cp*Rh and Cp*Ir complexes with
polar ligands 15.°

[Cp*MCly], OH
Ligand 15a or 15b :

O -
t ~ 2
R1—/ | R2 KO'Bu R1_/ | r R
2 2-propanol, H,O (15%) .
22°C

Entry M Ligand Ketone Time (h) Conversion (%)b ee (%)b
R R?
1 Rh 15a H Me 24 92 97
2 Rh 15b H Me 18 94 95
3 Rh 15b m-CF; Me 4 99 94
4 Rh 15b p-OMe Me 42 65 95
5 Ir 15a H Me 140 90 82
6 Ir 15b H Me 26 88 96
7 Ir 15b m-CF; Me 4 98 93
8 Ir 15b m-F Me 26 99 94
9 Ir 15b p-OMe Me 141 80 95
10 Ir 15b p-Br Me 20 99 95
11 Ir 15b 1-Indanone 45 55 97

a 0.2 M solution of 2-propanol containing water (15%) using
ketone : metal: ligand : KO'Bu = 200: 2:8: 20.
b Determined by GC using Supelco beta-dex.

aromatic ketones are summarized in Table 5.6. The Cp*Rh complexes were supe-
rior catalysts in terms of rate and enantioselectivity, while the ligand 15b systems
provided higher reactivities (entries 1, 2 and 5, 6).

The asymmetric transfer hydrogenation of acetophenone using the Cp*Ir
complex with flexible chiral ligands (16) has been also reported by Furegati et al.
(Scheme 5.12) [44]. Among the metal complexes examined, [CpIrHCI], (2) showed
the best activity, and the reaction was carried out using various ligands with dif-
ferent concentrations of a base (‘PrOK) in a 0.1 M solution in 2-propanol. While
the reaction rate was generally high compared to the catalytic system using the
rigid ligand TsCYDN, the enantioselectivity was moderate. It should be noted that
this catalytic system showed an unusual base-dependent enantioselectivity; using
a lesser amount of base than the chiral catalyst resulted in the formation of (R)-1-
phenylethanol, while using an excess amount gave the (S)-enantiomer.

17z
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16a: R = Tol

O NHSO:R  16b: R = 3-CF3CoH,
P 16¢: R = 4-FCgH,
NH, 16d: R = 1-Naph
16e: R = CF,
16
o) OH

[Cp*IrHCI]; (2), 16
CHy— * CH,
'PrOK, 2-propanol
acetophenone : 16 : 2 : PrOK
=100:1.1:05:0.6,1,0r10

Scheme 5.12

Enzyme +Z

P R-Z
krac
Enz +Z
yme &7
k2
Scheme 5.13
5.4.2

Dynamic Kinetic Resolution

Dynamic kinetic resolution (DKR) is an attractive protocol for the production of
enantiopure compounds from racemic mixtures [45]. The concept of DKR is illus-
trated in Scheme 5.13. In many cases, DKRs are accomplished by the combination
of enzymatic resolution and transition-metal-catalyzed racemization based on
hydrogen transfer. Thus, the use of Cp*Ir complexes as catalysts for racemization
in DKR can be anticipated.

Page et al. reported the DKR system for secondary amines using a Cp*Ir complex
coupled with an enzyme [46]. Since, initially, it was found that the racemization
reaction of (S)-1-methyl-1,2,3,4-tetrahydroisoquinoline (17) proceeded success-
fully when using [Cp*IrI,], (18) as a catalyst (Scheme 5.14), Page’s group decided
to investigate whether the racemization and the enzymatic resolution could be
combined. Consequently, when the racemic amine 19 was reacted with carbonate
20 in the presence of 18 (0.4mol% Ir) and Candida rugosa lipase at 40°C for 23h,
a 90% conversion to carbamate 21 resulted, with 96% ee.

Saunders et al. reported the DKR system for secondary alcohols using Cp*Ir
complexes bearing a NHC ligand as racemization catalysts [47]. As shown in
Scheme 5.15, the reaction of racemic 1-phenylethanol with isopropenyl acetate
in the presence of catalyst 22 (0.1 mol% Ir) and Novozyme 435 at 70°C for 8h gave
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cat. [Cp*Irl;]; (18) (0.4 mol% Ir)
toluene, 40°C NH

(S17 Me Me
cat. [CpI,l (18)  Meo
(0.4 mol% Ir) j@@
Candida rugosa lipase o"p
vo6 pan MO bl
toluene, 40°C, 23 h Me o)
\H/O”Pr 21
\©/ o Y = 90%, 96% ee
Scheme 5.14
Cp*
\N |!’ """" Cl
cat. \\N]/ \CI 22 o
j (0.1 mol% Ir) OAc
OH CeFs -

o}
Novozyme 435 ©/\
N
©)\ )J\o 23

toluene, 70°C, 8 h
Y =95%, 97% ee
Scheme 5.15

ester 23 in 95% yield with 97% ee. By using this system, DKRs of racemic 3,3-
dimethyl-2-butanol and 1-cyclohexylethanol were also achieved.

5.5
Hydrogen Transfer Reactions in Aqueous Media

Ogo, Makihara and Watanabe et al. reported the synthesis of water-soluble Cp*Ir
complexes and their pH-dependent catalytic activities for the transfer hydrogena-
tion of carbonyl compounds [48]. Initially, the water-soluble complex [Cp*1r(H,0);]**
(24) was quantitatively synthesized by the reaction of [Cp*IrCl,], (1) with Ag,SO,
at pH2.3 in water. Because the active catalyst, a dinuclear p-hydride complex
[(Cp*Ir),(u-H) (u-OH) (u-HCOO)]* (25) was generated from the reaction of 24 with
HCOONa at pH 3.2 in the highest yield, the rate of transfer hydrogenation showed
a sharp maximum at pH 3.2. The results of the transfer hydrogenation of various
carbonyl compounds with HCOONa using 24 as a precatalyst at pH 3.2 are sum-
marized in Table 5.7. Aldehydes were reduced faster than ketones; although the
aldehyde group of glyoxylic acid was reduced very easily, the ketone group of
pyruvic acid was not reduced at all.
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Table 5.7 Transfer hydrogenation of carbonyl compounds with
[Cp*Ir(H,0);]* (24) and HCOONa in water at pH3.2.

Entry Substrate HCOONa (equiv.) Product TOF®
1 RN 1 HO S 0.6
2 oF > 5 HO” ™" 1.5
3 0] 5 OH 0.5

A A
4 O4xm/OH 5 HO/\TrOH 43

O 0

5 0] 5 no reaction -

/J\COOH

a  24-SO, (1umol), substrate (10 umol), HCOONa (10 or 50 umol), H,O (1ml), 25°C. The pH
was adjusted to 3.2 by the addition of 0.1 M HOTf (aq.) or 0.1 M NaOH (aq.). The pH did not
change during the reaction.

b Turnover frequency.

A mechanism proposed for this pH-dependent hydrogen transfer reaction in
water is shown in Scheme 5.16. At pH 3.2, the catalyst precursor 24 is in equilib-
rium with the dinuclear complex 26, while the addition of HCOONa to the equi-
librium mixture generates the active catalyst 25 through B-hydrogen elimination
with the evolution of CO,. The active catalyst 25 then reacts with the substrates
to give the products, during which hydride transfer to the substrate and Ir-H
regeneration occur by utilizing two Ir centers of the dinuclear unit.

Three water-soluble Cp*Ir aqua complexes with different Lewis acidity have
been prepared and employed as catalysts for the pH-dependent transfer hydroge-
nation, reductive amination and dehalogenation of water-soluble substrates [49].
The Lewis acidity of the complexes, [Cp*Ir(H,0);]** (24), [(Cp”Py)lr(H,0),]**
(27) and [Cp*Ir(bpy)(H,O)]** (28), was in the following order: 24 > 27 > 28.
These complexes were reversibly deprotonated to form the catalytically inactive
hydroxo complexes [(Cp*Ir),(W-OH)s]* (26), [{(Cp”Py)lr},(L-OH),J** (29) and
[Cp*Ir(bpy)(OH)]" (30) at pH-values of about 2.8, 4.5 and 6.6, respectively. The
results of pH-dependent transfer hydrogenation, reductive amination and deha-
logenation using HCOONa and HCOONH, as hydrogen donors catalyzed by 24,
27 and 28 are summarized in Table 5.8. The transfer hydrogenation of the carbonyl
compounds using 24 and 27 proceeded, whereas that using 28 did not (entries 1-
3). The reductive amination using 28 proceeded much more efficiently than that
using 24 or 27 (entry 4), because the pK, value of NHJ is 4.7 and, therefore, free
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pH 3.2
,,  -3H",-3H0
2[Cp™Ir(H20)3]™" === [(Cp"IN)a(u-OH)3]"
+
24 +3H7, +3H20 26
2HCOO g I+
~
o~ o R
5H20 + H+ + C02 ! g \ o:<
Cp*IrC~ > IrCp* R
CO2 \H/ F\&
7
B H 1+t active catalyst [ H Bk
o c
~
o’ o o” o
[ 8] N
0 ~0—
Cp*lr \,IGC* PN Cp*l\r ,IGC*
; H*
1 fo HO_<R + o}@{H
¢ = HCOO' SN
O L R R a
Scheme 5.16
Table 5.8 Transfer hydrogenation, reductive amination and
dehalogenation of water-soluble compounds with 24, 27 28,
and hydrogen donors.”
2+
24 2+ /OHZ —‘
oty | (O Corlf
o r
i e O
2 u - 28
Entry Substrate Hydrogen  Product Initial TOF®
donor
24 (pH2.8) 27 (pH3.5) 28 (pH5.0)
1 HCOPr HCO,Na 1-BuOH 1.5 0.5 0.0
2 MeCOEt HCO,Na 2-BuOH 0.5 0.1 0.0
3 HCOCO,H HCO,Na HOCH,CO,H 4.3 1.8 0.0
4 HCOPr HCO,NH, 1-BuNH, 0.1 0.2 2.1
1-BuOH 1.0 0.2 0.0
5 MeCHBrCO,H HCO,Na EtCOH 0.0 0.8 6.3

a Conditions: 24, 27 or 28, 1 umol; substrates, 10 pmol; HCOONa and HCOONH,, 50 umol;
H,0, 1ml; 25°C.
b The initial TOF is equal to (mol of products)/(mol of 24, 27 or 28) after 1 h of the reaction.
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NH; is generated above pH4.7. In these reactions, the hydride complexes
[(Cp*Ir),(u-H) (u-OH) (u-HCOO)]* (25) and [Cp*Ir(bpy)(H)]* (31), which would be
generated from the reactions of 24 and 28 with HCOO", would be key catalytic
intermediates. The dehalogenation of the alkyl halides using 24 did not occur,
most likely due to the bulkiness of the active catalyst 25 compared to 31 in Sy2-type
reactions (entry 5).

The catalytically active species 31 was isolated and its structure definitively
determined using X-ray analysis. The complex 31 was seen to be quite stable below
70°C under an argon atmosphere at pH 2.0-6.0 and in the absence of any reducible
carbonyl compounds [50]. When the reducing ability of isolated 31 in acidic media
was examined, the catalytic reactions using cyclohexanone and acetophenone
(31:ketones: HCOOH = 1:200:1000) yielded the corresponding alcohols quanti-
tatively in 2h at pH 2.0 at 70°C (Scheme 5.17).

A pH-dependent chemoselective catalytic reductive amination of o-keto acids,
affording o-amino acids with HCOONH, in water, was achieved using the complex
31 or its precursor 28 as the catalyst [51]. The formation rates of alanine and lactic
acid from pyruvic acid exhibited a maximum value around pH5 and pH 3, respec-
tively, and therefore, alanine was obtained quite selectively (96%) with a small
amount of lactic acid (4%) at pH 5 (Scheme 5.18). A variety of nonpolar, uncharged
polar and charged polar amino acids were also synthesized in high yields.

The highly efficient catalytic system for the chemoselective transfer hydrogena-
tion of aldehydes was reported by Xiao et al. [52]. This system consisted of
[Cp*IrCly], (1), a diamine and HCOONa, and worked on water and in air. A wide
range of aromatic aldehydes were reduced to the corresponding primary alcohols
in a highly chemoselective manner; some representative examples are summa-
rized in Table 5.9.

Various o,B-unsaturated aldehydes were also selectively reduced to give allylic
alcohols by this catalytic system (Scheme 5.19). The transfer hydrogenation of ali-

AN ek
O S { OH Cp*l;’/\N
J[__,* HeooH ko0 )

R'"” "R? N
J

Scheme 5.17

cat.

[CpIr{bpy)(H20)I(SO4)

28(SO,)
0 (0.50 mol% Ir) H. NH,®  H_ OH
PN + HCOONH, P S
COOCH pH5.0 80°C, 6h (efolen COOH

20 equiv.
96% 4%

Scheme 5.18
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Table 5.9 Transfer hydrogenation of aromatic aldehydes with HCOONa in water.”
[Cp™IrCly]; (1) 7N
(0.020 molo Iry 12N NHSOzTol-p

ArCHO ArCH,OH
HCOONa (5 equiv.), H,O, 80 °C

Entry Substrate Time (h) Conversion (%)
1 C¢H;CHO 0.6 >99
20 C¢sH;CHO 0.6 >99
3 p-BrCH,CHO 0.67 99

p-CF;CH,CHO 3 98

5 p-MeOC¢H,CHO 0.5 >99
6° p-MeSC(H,CHO 0.5 >99
7 m-NO,CcH,CHO 0.5 91
8 0-BrC(H,CHO 7 99
9 2,6-(Me0),CH;CHO 3 96
10 p-AcC(H,CHO 0.5 99
11° @\ 0.5 >99

S CHO

a 80°C, 1/diamime catalyst, HCOONa (5 equiv.) at substrate: catalyst (S/C) ratio 5000:1 in
water.
Reaction in air.

¢ S/Cratio 1000:1.

phatic aldehydes under normal conditions gave alcohols in very low yields, but
this difficulty could be avoided by lowering the concentration of substrates in order
to disfavor the aldol reaction of the aldehydes. Thus, various aliphatic aldehydes
were reduced when the aldehyde was slowly added portionwise.

5.6
Carbon—Nitrogen Bond Formation Based on Hydrogen Transfer

5.6.1
N-Alkylation of Amines with Alcohols

The development of versatile and efficient methods for the synthesis of amines
has long been an active area of research, mainly because a wide variety of amines
play important roles in many fields of organic chemistry. The N-alkylation of
amines with alcohols represents an attractive method for synthesizing various
amines because it does not generate any wasteful byproducts (H,O is the only
stoichiometric coproduct). Although several catalytic systems for this process have
been studied using transition-metal catalysts [53-57], most of these require a high
reaction temperature (>150°C).
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cat.
[Cp™IrCly]; (1)

R (0.10 mol% Ir)

o HN  NHSO,Tolp g
N
2 CHO

S OH
HCOONa (5 equiv.}, H,O
80°C, 0.2-9h

PR "0H p-MeOCgH;""OH 0-NO,CeHy” " "OH

3h, 99% 0.3 h, >99% 0.7 h, 99%
PhﬁAOH W on
x
X OH
0.2 h, >99% 4 h, 98% 9 h, 98%
cat.

[CP*IrClyl, (1) (0.05 mol% Ir)
R—CHO H2N NHSOzC6H4CF3-p P

porionuise  HCOONa (5 equiv.), Hp0, 80 °C
addition 1-octanol (diluting agent), 3.6-7 h

OH OH
CgH47 OH /\)\/OH O/\ U\

7h,97% 4 h, 95% 3.7h,96% 3.6h, 98%
Scheme 5.19

OH

Fujita and Yamaguchi et al. developed a new and efficient system for the N-
alkylation of amines with alcohols under mild conditions, based on the high cata-
lytic performance of the Cp*Ir complex in hydrogen transfer reactions [58]. Results
of the N-alkylation of primary amines with a variety of alcohols, catalyzed by the
[Cp*IrCly], (1)/K,CO; system, are summarized in Table 5.10. As shown in entry
1, the reaction of equimolar amounts of aniline and benzyl alcohol in the presence
of 5.0mol% Ir catalyst 1 and base (K,CO;) at 110°C gave N-benzylaniline as a single
product, in good yield. Benzyl alcohols with either electron-donating or electron-
withdrawing groups, as well as other primary and secondary alcohols, could be
also used as alkylating reagents (entries 2-9). In addition to aniline, benzylamine
and other aliphatic amines were also alkylated by this N-alkylation system (entries
10 and 11).

The N-alkylation of secondary amines was also examined under the same
catalytic conditions. Reactions of N-methylaniline and N-methylbenzylamine
with benzyl alcohol gave the corresponding tertiary amines in good yields
(Scheme 5.20).

A possible mechanism for the N-alkylation of primary amines is shown in
Scheme 5.21. The first step of the reaction involves the oxidation of an alcohol to
a carbonyl intermediate, accompanied by the generation of an iridium hydride.
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Table 5.10 N-Alkylation of primary amines with various
primary and secondary alcohols catalyzed by [Cp*IrCl], (1).

cat. [Cp*IrCly], (1)
(5.0 mol% Ir)

OH  K,CO, (5.0 mol%) AR
23 (9. o N R
1. -~
R=NH; + RZJ\R3 toluene R r
110°C, 17 h R
Entry Amine Alcohol Yield (%)
- NH2 i N7 OH
R—p P L
R=H R'=H 88
R=H R'=—4-OMe 95
R=H R'=4-Cl 83
4 R=H R'=4-NO, 86
5 R=—4-OMe R'=H 93
6 R=4-Cl R'=H 95
7 R=H 1-Octanol 79
8° R=H 2-Octanol 69
9 R=H Cyclohexanol 92
10 ©/\NH2 ©AOH 67
11¢ gNHz 1-Octanol 88

a  Amines (1.0mmol), alcohols (1.0mmol), 1 (5.0mol% Ir), and K,CO; (5.0mol%) in toluene
(0.5ml) at 110°C for 17h.
Isolated yield.

¢ Reaction for 40h.

d Reaction at 90°C.

OH

cat. [Cp*IrCl,], (1) (5.0 mol% Ir)
K,CO3 (5.0 mol%) rLV@
toluene R”
110 °C

RNHMe +

R = Ph, 24 h, 75%
R =PhCH;, 17 h, 93%
Scheme 5.20
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1
OH
RZJ\RS , KoCO3
NHR! _o_R?
[Cp™in]
R2J\R3 Iz

O
g ol

R2" "R
;
R R'NH,
[Cp*IF]—N [Cp*Ir]—H
R3
2
R \/« Hzo
N R3S
R’ \Y
RZ
Scheme 5.21

The carbonyl intermediate then reacts readily with a primary amine to afford an
imine and water. A subsequent addition of the iridium hydride to the C=N double
bond of the imine, followed by amide-alkoxide exchange, would then occur to
release the product.

5.6.2
Cyclization of Amino Alcohols

The cyclization of amino alcohols should be an attractive method for the synthesis
of N-heterocyclic compounds, mainly because they can be obtained in a single step
and without the generation of wasteful byproducts. Carbon—nitrogen bond forma-
tion catalyzed by Cp*Ir complexes has been extended to the synthesis of N-hetero-
cyclic compounds by the cyclization of amino alcohols.

Fujita, Yamamoto and Yamaguchi et al. demonstrated the cyclization of amino
alcohols to benzo-fused N-heterocycles catalyzed by the [Cp*IrCl,], (1)/K,COj; system
[59]. The reaction of 2-aminophenethyl alcohol under toluene reflux in the presence
of 5.0mol% Ir catalyst gave indole in 80% yield. 2-Aminophenethyl alcohol
derivatives having a substituent on the aromatic ring or methylene chain were
also converted into the corresponding indoles in moderate to high yields
(Scheme 5.22).

As shown in Scheme 5.23, 1,2,3,4-tetrahydroquinoline derivatives were synthe-
sized using 3-(2-aminophenyl)propanols as starting materials and catalyzed by the
1/K,CO; system. This catalytic system was also applicable to the synthesis of
2,3,4,5-tetrahydro-1-benzazepine from 4-(2-aminophenyl)butanol.

Eary and Clausen reported the cyclization of anilino alcohols to give tetrahydro-
quinoxalines catalyzed by the 1/K,CO; system [60]; the results are summarized in



5.6 Carbon—Nitrogen Bond Formation Based on Hydrogen Transfer

cat. [Cp*IrCly], (1) (5.0 mol% Ir)

R? 2
[ /-_-OH K,CO5 (10 mol%) R1_/| V\>R
R_\ | toluene xn N
NH; 111 °C, 17-20h H
M
N ¢ N N
H H N N H
80% 88% 68% 73% 99%
Scheme 5.22

R? cat. [Cp*IrCly], (1) (5.0 mol% Ir)

K,CO3 (10 mol% =
- = | “NoH 2C03 ( o) R1—\ | In
N toluene 2
N - N R
NH, 111°c, 17-40n =12 H
Cl
RS 9OleS
1) . .
96% 54% 76% 64%
©\/Hj\ H Ph ©(N>
83% 73% 71% H
Scheme 5.23

Scheme 5.24. The reaction of 2-(2-aminophenylamino)ethanol at 110°C for 17h
in the presence of 25% catalyst gave N-methyl-1,2,3,4-tetrahydroquinoxaline in
80% yield. Similar reactions of 2-(2-aminophenylamino)ethanol derivatives gave
corresponding tetrahydroquinoxaline products in moderate to high yields, although
a longer reaction time and a higher catalyst loading were required. 1-Methyl-
2,3,4,5-tetrahydro-1H-benzo[b][1,4]diazepine was also obtained in 68% yield after
the reaction for seven days.

5.6.3
Cyclization of Primary Amines with Diols

Fujita and Yamaguchi et al. reported a new method for the N-heterocyclization of
primary amines with diols catalyzed by the 1/NaHCO; system, and its application
to the asymmetric synthesis of (S)-2-phenylpiperidine [61]. The representative
results of the reaction of primary amines with diols are summarized in Table 5.11.
As shown in entry 1, the reaction of benzylamine with 1,4-butanediol at 110°C for
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cat. [Cp*IrClo]> (1)
NH, (20-25 mol% Ir)

R K,CO3 (20-25 mol%) (:[ j
S N/\t')/OH toluene n=12

n
Me 110 °C, 17 hto 7 days

H H

H T )
I g .
l,\\l/Ie Me Me
17 h, 80% 2d, 64% 3d, 62%
H H “
0 Q0 A
N N N
Me Me Me
3d,64% 3d,61% 7 d, 68%

Scheme 5.24

17h in the presence of 1.0mol% Ir catalyst gave N-benzylpyrrolidine in 72% yield.
A variety of five- to seven-membered N-heterocyclic compounds were synthesized
in good to excellent yields, using easily available benzylamines and diols as starting
materials. In addition to benzylamine, other aromatic and aliphatic primary
amines such as aniline and octylamine were successfully used. The synthesis of
N-benzylpiperidine on a 100mmol scale and the double N-heterocyclization pro-
ducing 1,4-bis(N-pyrrolidinylmethyl)benzene were also reported [62, 63].

The same group also demonstrated an efficient, two-step asymmetric synthesis
of (S)-2-phenylpiperidine as an extension of the N-heterocyclization of primary
amines with diols; the results are illustrated in Scheme 5.25. First, the reaction of
enantiomerically pure (R)-1-phenylethylamine and 1-phenyl-1,5-pentanediol was
conducted to produce a diastereomeric mixture of the corresponding N-(1-phenyl-
ethyl)-2-phenylpiperidines 32 and 33 with 92% diastereomeric excess (de). Hydro-
genation of this diastereomeric mixture of 32 and 33 with Pd/C catalyst then gave
(S)-2-phenylpiperidine in 96% yield (78% ee).

5.6.4
Amidation of Alcohols with Hydroxylamine

Williams et al. reported a unique system for converting alcohols into amides in a
one-pot process catalyzed by 1 [64]. First, they identified a rearrangement of oximes
into amides catalyzed by 1, a proposed mechanism for which is shown in Scheme
5.26. Investigations were then conducted with the aim of combining this rear-
rangement with the hydrogen transfer oxidation of alcohols catalyzed by the same
catalyst 1. The reaction of benzyl alcohols with styrene (hydrogen acceptor) in the
presence of 1 (5.0mol% Ir) and Cs,CO (5.0mol%) under reflux for 24-36h, fol-
lowed by the addition of hydroxylamine hydrochloride and further reflux for 16h,
gave benzamides in moderate to high yields (Scheme 5.26).
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Table 5.11 N-Heterocyclization of primary amines with a variety of diols by [Cp*IrCl,], (1).°

R2 cat. [Cp*IrCl,], (1) R2
NaHCO 1
/_OH 2 R
RINH, + o v\ toluene, 110 °C, 17 h N
n=1-3 n
Entry  Amine Diol Catalyst (mol% Ir)  Yield® (%)
OH .
1 @(\NH2 HO™ S 1.0 72
¢ NN .
2 @(\NH2 HO OH 1.0 91
@ NH; HO
Ph . ¢
4 NH, )\/\/\ 4.0 78
HO OH
4 2.
5 NH, OH 0 63
OH
OH .
6 NH, 2.0 76
OH
7 /O\NHz HO/\/O\/\OH 2.0 76
MeO
9 CsH,NH, Ho™ ™~ -OH 4.0 81°

=g M0 AN o

Amine (3.0mmol), diol (2.0mmol), 1, and NaHCO; in toluene (1 ml) at 110°C for 17h.

Isolated yield.
At90°C.

Toluene (3ml).
GC yield.

Amine (2.0mmol).
Without base.

At 130°C.

40h.
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NH, [Cp*IrCly], (1) O
(3.0 mol% Ir) +
PR N Ph” N

Ph
. KOAc (6.0 mol%) )\ )\
Ph toluene Ph Ph
100 °C, 17 h 32 33
HO OH major, 86% ee minor, 93% ee
Yield = 76% (92% de)
H, (1 atm)
10% Pd/C
6 M HCI (aq.) (2.0 equiv.)
EtOH PR N
65°C, 145h
Yield = 96% (78% ee)
Scheme 5.25
cat. o
N/OH [Cp*IrCly] (1) (5.0 mol% Ir) )J\
P& toluene, 111°C  4-16 h Ar” NH,

Ar H /
N-O~IrCpiCl NS AP O cphic
|‘|*-Ir(Cp )l N ncemel

/]I\ i

A H A Noy

cat.
_ [CP*IrClyl; (1) (5.0 mol% Ir)
Y Cs,C0O5 (5.0 mol%) 0
Ar/\OH styrene, toluene, reflux, 24-36 h )k
(i) HO-NH,-HCI, reflux, 16 h Ar NH,

(0] R=H (87%) R =4-OMe (91%)
R 4-Me (90%) 4-0OBn (90%)
|\\ NH5 4-F  (84%) 4-NO, (48%)
P 4-Br (79%) 4-CF53 (56%)
4-Cl (83%)
Scheme 5.26
5.7

Carbon—Carbon Bond Formation Based on Hydrogen Transfer

5.7.1
[-Alkylation of Secondary Alcohols

Although a large number of methods for the synthesis of alcohols have been
devised, the generation of a variety of alcohols having intricate structures through
the alkylation of simple alcohols usually requires tedious processes in which many
reagents must be employed. For example, the B-alkylation of a secondary alcohol
is usually accomplished via three-step transformations; oxidation, alkylation and
reduction (Scheme 5.27). In this context, if the surplus hydrogen generated during
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)Oi oxidation )OJ\ alkylation )OJ\/R reduction /OKH/R'
R -2[H] R R +2[H R
I Hydrogen Transfer Catalyst T
Scheme 5.27

the oxidation stage could be consumed during the reduction stage with the aid of
a hydrogen transfer catalyst, then a highly atom-economical system could be
anticipated.

Fujita and Yamaguchi et al. reported a direct B-alkylation reaction of alcohols
based on the high catalytic performance of [Cp*IrCl,], (1) for hydrogen transfer
[65]. The results of B-alkylation of secondary alcohols with primary alcohols cata-
lyzed by the 1/NaO'Bu system are summarized in Table 5.12. When the reaction
of 1-phenylethanol with 1-butanol was performed at 110°C for 17h in the presence
of 1.0mol% Ir catalyst and NaO'Bu, 1-phenylhexane-1-ol was obtained in 88%
yield. A variety of aliphatic and benzylic primary alcohols were successfully used
as an alkylating reagent. In addition to 1-phenylethanol, substituted 1-arylethanol,
aliphatic secondary alcohols and cyclic secondary alcohols can be utilized as
substrates.

A possible mechanism for the B-alkylation of secondary alcohols with primary
alcohols catalyzed by a 1/base system is illustrated in Scheme 5.28. The first step
of the reaction involves oxidation of the primary and secondary alcohols to alde-
hydes and ketones, accompanied by the transitory generation of a hydrido iridium
species. A base-mediated cross-aldol condensation then occurs to give an o,f-
unsaturated ketone. Finally, successive transfer hydrogenation of the C=C and
C=0 double bonds of the o,B-unsaturated ketone by the hydrido iridium species
occurs to give the product.

Ishii and colleagues reported the B-alkylation of two molecules of primary alco-
hols (Guerbet reaction) catalyzed by 1 [66]. First, they examined the selfcondensa-
tion of 1-butanol into 2-ethyl-1-hexanol by using a variety of iridium catalysts.
Thus, they found that 1/KO'Bu was a viable choice as a catalyst, and that the addi-
tion of 1,7-octadiene as a hydrogen acceptor greatly improved the efficiency of the
reaction. The results of the reactions of various primary alcohols under the opti-
mized conditions are summarized in Scheme 5.29. When the reaction of 1-butanol
was performed at 120°C for 4 h in the presence of 1 (2.0mol% Ir), KO'Bu (40 mol%)
and 1,7-octadiene (10mol%), 2-ethyl-1-hexanol was formed in 93% yield. Other
aliphatic primary alcohols were also applicable to this system to produce higher
alcohols.

5.7.2
Alkylation of Active Methylene Compounds with Alcohols

The carbon-carbon bond-forming reactions based on hydrogen transfer catalyzed
by Cp*Ir complex have been extended to the alkylation of active methylene com-
pounds. Grigg et al. reported the alkylation of arylacetonitriles catalyzed by the
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Table 5.12 B-Alkylation of secondary alcohols with primary alcohols catalyzed by [Cp*IrCl,], (1).°

cat. [Cp*“IrCly], (1)
(1.0-4.0 mol% Ir) OH

OH
~ base (1 equiv.)
R1J\ + R? TOH R1J\/\R2

toluene, 110 °C, 17 h

Entry  Secondary alcohol ~ Primary alcohol ~ Catalyst (mol% Ir)  Base Yield (%)*
R” T OH
1 OH R=Pr 1.0 NaO'Bu 88
2 R=heptyl 2.0 NaOH 77
Ph)\ - pty
3 R="Pr 2.0 NaOH 75
4° R=Ph 2.0 NaO'Bu 75
5° R=4-MeOCH, 4.0 NaO'Bu 81
6 R=4-CIC¢H, 4.0 NaO'Bu 80
7 R=Dbenzyl 2.0 NaOBu 74
8 R=phenethyl 2.0 NaOH 83
OH
9 R=Pr 4.0 NaO'Bu 58
OH N :
10 . R=P 2.0 NaO'Bu 78
’Pr)\
OH

1 ©© R=Pr 40 NaO'Bu 65

a  Secondary alcohol (3.0mmol), primary alcohol (3.6mmol), 1, and base in toluene (0.3 ml) at
110°C for 17h.

b Isolated yield.

¢ Toluene (3.0ml).

d Mixture of diastereomers (cis: trans = 54:46).

1/KOH system [67]; representative results of the reactions of arylacetonitriles with
primary alcohols are summarized in Table 5.13. As shown in entry 1, the reaction
of phenylacetonitrile with an excess amount of benzyl alcohol at 100°C for 13h
using the catalyst 1 (5.0mol% Ir) and KOH (15mol%) under solvent-free
conditions gave 2,3-diphenylpropanenitrile in high yield (88%). A variety of
arylacetonitriles having electron-withdrawing and electron-donating groups, and
heteroarylnitriles were efficiently alkylated with benzyl alcohol. Some of these
reactions were performed under microwave irradiation, which caused the reaction
to be vastly accelerated.
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cat. [Cp*IrClo]> (1)
(2.0 mol% Ir)

KO'Bu (40 mol%) R
R\/\OH 1,7-octadiene (10 mol%) NOH

p-xylene, 120°C, 4 h R

R =C,Hs (93%) R =C3H;(98%) R =C,Hg (98%)
R = CSH11 (79%) R = CGH13 (81%) R = C10H21 (86%)

Scheme 5.29

A possible mechanism for the alkylation of arylacetonitriles is shown in Scheme

5.30. The reaction would proceed via successive hydrogen transfer and Knoevena-
gel condensation as follows:

1.

Hydrogen transfer oxidation of an alcohol to give an aldehyde and an iridium
hydride.

Base-promoted =~ Knoevenagel condensation to give an alkylated
arylacrylonitrile.

Transfer hydrogenation of the arylacrylonitrile by the iridium hydride to give
the product.

By using the same catalytic system, alkylations of 1,3-dimethylbarbituric acid

with alcohols were also accomplished (Scheme 5.31) [68]. The Cp*Ir-catalyzed
alkylation using 2-iodobenzyl alcohol, followed by palladium-catalyzed carbon-
carbon bond formation with allene, gave spirocyclic barbituric acid derivatives in
a one-pot process.
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Table 5.13 Alkylation of arylacetonitriles with benzyl alcohols catalyzed by [Cp*IrCl,], (1).°

CN
R1_| o
N

cat. [Cp*IrCly], (1)

OH (5.0 mol% Ir)
KOH (15 mol%)
Rafl 100°C, 12-17 h
I
10

or
°C, 10 min (microwave)

+

Entry

Nitrile Time Yield (%)"

4°

5¢

OH 13h 88

Alcohol
©/\CN ©/\
MeO
o
N MeQ
| X CN <O]©/\OH 10min 86
N” o
|\ CN /@/\OH 10min 85
o
N Cl

Arylacetonitrile (1.0 mmol), alcohol (3.0mmol), 1 (5.0mol% Ir), and KOH (15mol%) at
100°C.

Isolated yield.

Under microwave condition at 110°C.

Grigg et al. also reported the alkylation of indole at the C3-position with alcohols,
catalyzed by the 1/KOH system (Scheme 5.32) [69]. A variety of indole derivatives
having an alkyl substituent at the C3-position were synthesized by this methodol-
ogy. The same group also developed a Cp*Ir-catalyzed process for successive
carbon-nitrogen and carbon—carbon bond formation, starting with 2-amino-
phenethyl alcohol (also see Scheme 5.22).
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1, KOH
R/\OH - R&O + [Cp*lr]—H
R
PSS
RS0+ aen KL g
A" CN
R R
+ prirf—
| [Cp*IF—H
Ar” "CN Ar” O CN

Scheme 5.30

cat. [Cp*IrCly], (1)

0 o (5.0 mol% Ir)
Y'Y ¢ oy —KOH (15 mol%)

N N
R R 110 °C, 10 min _N -
o microwave T
O
cat. [Cp*IrCl5], (1)
O o} (5.0 mol% Ir)
Y7 Hoé@ KOH (15 mol%)
N N_ * o
- ~ 110 °C, 10 min
\ﬂ/ I microwave N \ﬂ/ =
0 o]
Pd,(dba); (5 mol%)
TFP {20 mol%)
K2003 (2 equiv.)
e —
110 °C, 20 min
microwave - \[f ™~
O
Scheme 5.31
5.8

Carbon-Oxygen Bond Formation Based on Hydrogen Transfer

5.8.1
Oxidative Lactonization of Diols

The environmentally benign synthesis of lactones has attracted attention because
of their importance in natural product chemistry. The oxidative cyclization of diols
via carbon-oxygen bond formation is the most well-known approach for the
synthesis of lactones [70].

Hiroi et al. developed a new system for the oxidative lactonization of diols
using acetone as cooxidant and catalyzed by the Cp*Ir complex bearing an
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cat. [Cp*IrCl5), (1)
(5.0 mol% Ir) Ar

=~ KOH (20 mol% =
XN 110°C, 24 h XN
H H

cat. [Cp*IrCly], (1)

oH (5.0 mol% Ir) _ Ar
R—/ | o~ KOH (2 equiv.) R— |
- + ATOH e R
NH, 110 °C, 24 h

Scheme 5.32

Table 5.14 Oxidative lactonization of diols catalyzed by 6.
P
/Ir\
catt HN O 6 (0.50 mol%Ir)
HO OH

o -
acetone, rt

Entry Diol Time (h) Product Yield (%)°

@

1 OH 4 O >99
u 90

2 OH 36 O 97

3 U\OH 36 O 98
", OH O{o

4 HO/\/\/OH 20 O 96

T
5 HO/\/\/\OH 24 C\FO 95
o}
95

OH

a  Diol (1.0mmol, 1.0 M solution in acetone), 6 (0.50mol% Ir) at room temperature.
b Isolated yield.
¢ 2.0 M solution of diol in acetone.

.
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[Cp*IrClyl, (1) / N
p 212 P OH s
9, o,
&OH (0.50 mol% Ir)  (1S,3R,4R)-36 222 7 \o
OH 30°C,45h o
34 acetone / CH,Cl, (2 : 1) 36 (2R,35)

Yield = 99% (80% ee)
Scheme 5.33

amido-alkoxo ligand [71]; the representative results are summarized in Table 5.14.
As shown in entry 1, the reaction of 1,2-bis(hydroxymethyl)benzene in acetone in
the presence of the Cp*Ir catalyst 6 (0.50mol% Ir) at room temperature for 4h
resulted in the formation of phthalide in quantitative yield. By using this catalytic
system, a variety of 1,4- and 1,5-diols were transformed to the corresponding lac-
tones in excellent yields.

Hiroi et al. also reported the asymmetric lactonization of meso-diols catalyzed
by a Cp*Ir complex bearing a chiral amido-alkoxo ligand (Scheme 5.33) [72]. The
reaction of meso-diol 34 in acetone/dichloromethane solvent at 30°C for 45h in
the presence of a Cp*Ir catalyst bearing a chiral amido-alkoxo ligand 35 gave a
corresponding lactone 36 in quantitative yield, with 80% ee.

5.8.2
Inter- and Intra-Molecular Tishchenko Reactions

The coupling of two molecules of aldehydes into esters (Tishchenko reaction) has
been used as an efficient method for the industrial preparation of dimeric esters.
Although a number of systems for such reactions using transition-metal catalysts
have been reported [73], there is still great room for improvement of the synthetic
efficiency.

Suzuki and Katoh et al. reported an atom-economical system for the Tishchenko
reaction of aliphatic and aromatic aldehydes catalyzed by a Cp*Ir complex 37
having an amino-alkoxo ligand prepared in situ from 6 and 2-propanol (Scheme
5.34) [74]. The reaction of 3-phenylpropanal in acetonitrile at room temperature
for 13h in the presence of preformed 37 (1.0mol% Ir) and K,CO; (20mol%) gave
3-phenylpropyl 3-phenylpropanoate in 91% yield. Both, aliphatic and aromatic
aldehydes, could be converted to the corresponding dimeric esters in high yields.
The same group has also reported the intramolecular Tishchenko reaction of
d-ketoaldehydes leading to 3,4-dihydroisocoumarin, catalyzed by preformed 37
(Scheme 5.34) [75].

A proposed mechanism for the Cp*Ir-catalyzed Tishchenko reaction is illus-
trated in Scheme 5.35. In this reaction, hydrogen transfer from the hemiacetal to
aldehyde catalyzed by the Cp*Ir complex would be crucial.
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e
H/Ir\
cat. /0
HaN 37 (1.0 mol% Ir)
0] PN bp (0]
J o~
R™"H  K,CO3(20 mol%)  MeCN, rt R 0" R
o}
o} o)
0
Ph/\)J\O/\/\Ph /\@ Ph/mo/\Ph
13 h, 91% 39 h, 90% 12 h, 86%
@Y cat. 37 (5.0 mol% Ir) . X
O BUOH, reflux, 16 h © 0
CHO g
70% 28% ©
Scheme 5.34
o P
IS R” “OH
R” H \
OH © i v
H/Ir\ Ir.
PN
)\ )J\ H,N 0 HN 0]
6 — Nt >€
PH pp, 37 PN 'pp 6
[N g
R”S07R R 07R
Scheme 5.35

5.9
Dehydrogenative Oxidation of Alcohols

From the viewpoint of atom efficiency and safety of the reaction, the oxidation of
alcohols to produce carbonyl compounds without any oxidant must represent an
ideal method [76-79]. Fujita and Yamaguchi et al. developed a new system for the
oxidant-free oxidation of secondary alcohols to ketones by using a Cp*Ir catalyst
bearing hydroxypyridine as a functional ligand [80]. First, a new catalyst 38 was
prepared by the reaction of [Cp*IrCl,], (1) with 2-hydroxypyridine. The catalyst 38
exhibited high catalytic activity for the oxidant-free oxidation of secondary alcohols
to ketones with hydrogen evolution (H,); some representative results are summa-
rized in Table 5.15. A variety of aromatic, aliphatic and cyclic secondary alcohols
were oxidized to ketones in good to excellent yields, using 0.2-1.0mol% Ir of 38.

A possible mechanism for the oxidation of secondary alcohols catalyzed by 38
is shown in Scheme 5.36. The first step of the reaction involves formation of the
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Table 5.15 Oxidant-free oxidation of various secondary alcohols to ketones catalyzed by 38.

™
—Cl
cat Ir
=N""ci
OH \_/~on 38 0
+ H
R1J\R2 toluene  reflux R1J\R2 2
Entry Alcohol Catalyst (mol% Ir) Time (h) Yield (%)"
OH
R |
1 R=H 0.20 20 95
2 R=—4-Me 0.20 20 82
3 R—4-OMe 0.20 20 94
4 R=4-Br 0.20 50 82
5 R—4-NO, 0.33 50 86
6 2-Octanol 0.33 50 93¢
7 1-Phenylpropan-1-ol 0.20 20 92
8 Cyclohexanol 1.0 50 85°
9 Indanol 0.20 20 97
a  Secondary alcohol (1.0-5.0mmol) and 38 (0.2-1.0mol% Ir) in toluene under reflux.
b Isolated yield.
¢ Determined by GC.
R'I
38 + HO
R2
b
Cp*Ir]—0
R [Corin—0-C, "
Ho—( N on o=
R? \_/ 39 R2
[Cp™Ir]
[Cp*Ir]-H
/\ Y

T =N on

< Cr

41 \/ 40
H

Scheme 5.36
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alkoxo iridium 39, and subsequent B-hydrogen elimination could afford the
product, accompanied by formation of the iridium hydride species 40. Reaction of
the hydride on iridium with the protic hydroxyl proton on the ligand would release
a hydrogen molecule, with concomitant generation of the chelated intermediate
41; this would then be subjected to the addition of alcohol to regenerate 39. Indeed,
41 was not only prepared separately but also exhibited high catalytic activity
comparable to 38, thereby supporting the proposed mechanism.

5.10
Conclusions

In this chapter we have reviewed recent developments in the catalytic chemistry
of Cp* iridium complexes for organic transformations brought about by their
extremely high performance for hydrogen transfer reactions. It is highly likely that
these catalytic reactions proceed through trivalent iridium hydride species as key
intermediates, with such intermediates being stabilized with aid of favorable steric
and electron-donating effects of the five methyl groups of the Cp* ligand. Thus,
Cp*Ir complexes exhibit an excellent catalytic performance in a variety of hydrogen
transfer reactions. Because the hydrogen transfer reactions catalyzed by Cp*Ir
complexes can be carried out under mild conditions (as described above), utiliza-
tion of their catalytic ability in environmentally benign organic synthesis is highly
promising. Hence, in the future, greater attention will be paid to the catalytic
chemistry of Cp*Ir complexes.”
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6
Iridium-Catalyzed Hydroamination

Romano Dorta

6.1
Introduction

The hydroamination of alkenes and alkynes is a 100% atom-economical route to
value-added amines (Equation 6.1) and enamines/imines (Equation 6.2), respec-
tively. Although hydroamination as C—N bond-forming method has great eco-
nomic potential, it is still considered a difficult reaction. This is particularly true
for the olefin hydroamination (OHA) reaction. Hydroamination is therefore of
great interest to both, industry and academia [1]. The AG and AH values for these
reactions are generally favorable, whereas AS is not, and activation barriers are
high [2]. This makes catalytic approaches necessary in order to overcome the acti-
vation barrier. OHAs are catalyzed by Group 1, 2, 4, 13 and f-elements on the one
hand, and by late transition metals on the other hand. Homogeneous, metal-
catalyzed OHA furthermore opens the possibility of enantiocontrol by the judicial
design of chiral ligands when prochiral olefins are used [3]. Moreover, the particu-
lar interest in late transition metals is due to the perceived advantage of improved
functional group tolerance they offer.

H'I RQ H NRSRS
H2:<R3 + H-NR°R® —> H||.:21—(,,3H2 (61)
R3 F.{3 3 N
1o— 2 - = N. R®=H_ R" ™y "R*
R=—R + H-N, — g p el /1/2 (6.2)
H2

From a historic point of view, metal-catalyzed or metal-promoted hydroamina-
tions were first achieved with alkali metals [4]. The use of soluble transition-metal
complexes as catalysts for the OHA reaction was pioneered by DuPont workers
during the 1970s, the best results being obtained with Rh and Ir salts [5]. Later,
the finding that electron-rich Ir(I) species cleanly activated N—H bonds to form
Ir-amido-hydrido species [6] opened the way to study the reactivity of these amides

Iridium Complexes in Organic Synthesis. Edited by Luis A. Oro and Carmen Claver
Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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towards olefins. This led to the development of the first soluble organometallic
Ir-based OHA catalysis by Casalnuovo, Calabrese and Milstein (CMM) at DuPont,
who demonstrated the feasibility of the catalytic addition of aniline to norbornene
[7]. After an enantioselective intramolecular OHA reaction had been discovered
by using chiral organolanthanide catalysts [8], an intermolecular version was
achieved with chiral Ir complexes based on the CMM model reaction [9]. In
general, catalytic OHA systems tend to be highly substrate-specific, during the past
few years the Ir-catalyzed hydroamination of alkynes (alkyne hydroamination;
AHA) has experienced a dynamic development. As will be discussed in the follow-
ing sections, the mechanism of AHA is fundamentally different from that of OHA.
AHA catalyst precursors are mostly trivalent Ir species that are believed to main-
tain their oxidation state during catalysis, whereas the Ir-catalyzed OHA reaction
is only possible with electron-rich Ir(I) precursors. AHA catalysis relies on elec-
trophilic alkyne activation, while the key step in OHA is amine activation via oxida-
tive addition of the N—H bond. This chapter is divided into four sections: the first
two describe the catalytic OHA and AHA reactions, followed by a section outlining
proposed mechanisms and catalytic cycles. A final section discusses the stoichio-
metric reactions and Ir complexes that are relevant to hydroamination catalysis
and the proposed mechanisms.

6.2
Iridium-Catalyzed Olefin Hydroamination (OHA)

6.2.1
The Ir(lll)/Secondary Amines/Ethylene System

In 1971, Coulson at DuPont reported the first example of an OHA reaction cata-
lyzed by soluble Rh and Ir complexes [5]. Secondary amines such as dimethyl-
amine, pyrrolidine and piperidine were effectively added to ethylene, while primary
amines, ammonia and heavier olefins were essentially unreactive (see Equation
6.3). IrCl;- 3H,0 proved to be an equally effective catalyst precursor in these reac-
tions. It is probable that, under the conditions employed in this study, the Rh(III)
and Ir(ITI) salts are reduced to monovalent, electron-rich species such as 3 (see
Equation 6.06).

1% mol
RhClz
< NH . || - " . NN\ 6
THF (25 ml) (6.3)
17g 9g  458K.3h 14.6 g
200 mmol 300 mmol 65% yield

6.2.2
The Ir(1)/ZnCl,/Aniline/Norbornene System

The first example of a catalytic OHA reaction that was shown to proceed via
N—H activation, was published by Casalnuovo, Calabrese and Milstein (CCM) in
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1988 [7], and represents a milestone in iridium-catalyzed OHA. The best catalytic
system for the model reaction of norbornene with aniline to form exo-2-
phenylaminonorbornane (1) [10] was found to be a combination of the electron-
rich complex IrCl(PEt;),(C,H,), and the Lewis acid ZnCl, (see Equation 6.4). Exo
selectivity in the C—N bond-formation step was almost complete. A continuous
flow of inert gas was apparently necessary to remove ethylene from the catalyst
precursor. TIPF; as cocatalyst instead of ZnCl, was also effective. The mechanistic
and structural details of this reaction are described in Sections 6.4.1 and 6.5.

0.192 mmol
NHo IrCI(PEt3)o(CoHyg)p H
+ N
+ 0.037 mmol ZnCl, \© (6.4)
> 1
3d refl
10.6 mmol 1.92 mmol THFr(e1 Ouﬁwl) 2 to 6 turnovers

6.2.3
The Chiral Ir(l)/‘Naked Fluoride’/Norbornene/Aniline System

Based on the CCM system described above, an enantioselective version thereof
was presented by Togni and coworkers a decade later [9]. The use of a new class
of catalyst precursors led to substantially improved reactivity, and the system now
was truly catalytic, with turnover frequency (TOF) values reaching up to 3.37h™
at 348K (Equation 6.5; Table 6.1). The absolute configuration of the resultant
amine was determined by internal comparison of the X-ray crystal structure of the

Table 6.1 Effect of fluoride on activity and stereoselectivity in
the Ir-catalyzed addition of aniline to norbornene (Equation

6.5).”
Catalyst Temperature (F)/Iin Yield (%)" ee (%)
precursor (°C) ratio (N, h™) (abs. conf.)
5° 50 0 2(0.17) (25)
5¢ 50 0.25 76 (1.05) (2R)
5 50 1 81 (1.11) (2R)
5 50 4 1(0.71) 2R)
5 75 1 81 (3.37)° 38 (2R)
4 50 0 2 (0.08) (2R)
4 75 2 45 (0.31) (2R)
4 75 4 22 (0.15) (2R)
7¢ 75 4 24 (0.17) (28)

a  Reaction conditions: [[rCl(PP)], + commercially available P2-fluoride (0.5 M in benzene), no
solvent, work-up after 72h.

Determined after flash chromatography.

1mol% Ir.

Reaction time = 24 h.

2mol% Ir.

o an o
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Figure 6.1 exo-2-(S)-Phenylammoniumnorbornan-(R)-1,1"-
binaphthalene-2,2’-diyl hydrogen phosphate (2) and its solid-
state structure (reproduced with permission from ACS) for
determination of the absolute stereochemistry of the chiral
product 1.

salt 2 that was obtained by reacting an enriched sample (92% ee) of (-)-7 with
commercially available, optically pure (R)-(-)-1,1’-binaphthyl-2,2’-diyl hydrogen
phosphate (Figure 6.1).

1mol%4-9 NHPh
+ PhNH, NHPh (6.5)

"F "

The design of a new catalyst precursor was based on the original mechanistic
proposal by Casalnuovo, Calabrese and Milstein, as outlined in Scheme 6.1 that
suggested a 14-electron species IrCl(PEt;), (19) to be the true catalyst. In the CCM
system, 19 is thought to form by successive ethylene dissociation from the precur-
sor IrCl(PEt;),(C,H,),. However, analogues of 19 ought as well form by the disso-
ciation of chloro-bridged, olefin-free Ir dimers such as 4-9 (Chart 6.1) [11]. Indeed,
such dimers are possible resting states of the catalyst. The use of this class of
complexes eliminates the problem associated with the liberation of unwanted
equivalents of olefin and/or phosphines that may act as poisons in the catalytic
cycle. There are surprisingly few structurally characterized complexes of this type
(probably due to their sometimes pronounced moisture and air sensitivities), and
the X-ray single crystal structure of 4 is a rare example (Figure 6.2) [12]. The Ir
centers have square-planar coordination and the Ir,Cl, core is butterfly-shaped.
The corresponding (R)-BIPHEMP complex (7) also catalyzed the addition of aniline
to norbornene with up to 92% enantiomeric excess (ee). When C; symmetric
ligands such as ferrocenyldiphosphines were used, mixtures of cis and trans
isomers formed in varying ratios, and it was necessary to use the Ir precursor 3
[13] for their synthesis (Equation 6.6). Chart 6.1 shows only the trans isomers of
the Josiphos-type complexes 5, 6, 8 and 9. Complex 5 was the most reactive catalyst,
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Q Ehz cl th Ph, cl Ry Me
OSSO P~ S
AN IR / CIT N\
PPh, CI” Pph, Fe N\, PR> ~ PhP
0 D W
Me

4 (IrCI(S)-BINAP)L2) (R:Cy.tfﬁgf(éﬁg-r?g)r-%gfsihos)lz)
and 6 (R = tert-Bu)

Al‘z Ar2
Ph R, M
PO AP O p PN pls ¢
R N ™ R By cr(co
R PAr, CI” PAr, R \ PR, Phyp r(CO)3
O (oc)ser’
Me

7 ([IrCI((R)-Biphemp)]»), R = Me, Ar = Ph )
8 ([IrCI((R)-triMeO-MeOBiphep)]»), trans isomers of 9 (R=Cy) and 10 (R=t-Bu)
R = MeO, Ar = 3,4,5-trimethoxyphenyl

Ar Arp
(0] 2 cl (@]
P. P
q ~N, N ) 11 (IrCI((R)-DM-Segphos)],),
o I N O Ar=3,5-dimethylphenyl
o PAr, CI ArgP o 12 (IrCI((R)-DTBM-Segphos)l,),
{ ) Ar = 3,5-di-tert-butyl-4-methoxyylphenyl
(0] (@)

Chart 6.1 Catalyst precursors for the enantioselective addition of anilines to norbornenes
[9,16,17].

Figure 6.2 ORTEP-view of 4 (50% probability ~ 2.205(2), Ir(2)-CI(1) 2.425(2), Ir(2)-Cl(2)
ellipsoids, reproduced with permission of 2.417(2), Ir(1)-Ir(2) 3.322(2); P(1)-Ir(1)-P(2)
the American Chemical Society). Selected 91.16(8), Cl(1)-Ir(1)-Cl(2) 79.27(7),
interatomic distances (A) and angles (°) are Ir(1)-Cl(1)-Ir(2) 87.00(6), Ir(1)-Cl(2)-Ir(2)
as follows: Ir(1)=P(1) 2.196(2), Ir(1)-P(2) 86.58(7), CI(1)-Ir(2)-Cl(2) 78.89(7),
2.200(2), Ir(1)=Cl(1) 2.398(2), Ir(1)-Cl(2) P(3)-Ir(2)-P(4) 90.93(8).

2.425(2), Ir(2)-P(3) 2.202(2), Ir(2)-P(4)



150

6 Iridium-Catalyzed Hydroamination

producing TOFs of up to 3.37h™" at 348 K. Higher temperatures led to the forma-
tion of large amounts of dimerized norbornene.

1 Gl P
: (lfzmr::.,g:;h:._'ﬁ) .
||(|'-:l| . ,<P1 -4 CoH, cis
[ P2 105k 03 + (6.6)
(PGP
3 PE" '\le ~pl
L trans -

The selectivities and activities of this reaction were greatly improved by running
the catalysis solvent-free and by adding cocatalytic amounts of Schwesinger-type
fluorides (‘naked fluoride’, e.g. phosphacenium-fluoride-P, 13) [14]. The fluoride
effect is pronounced both in terms of activity and enantioselectivity (even invert-
ing the sense of enantioselection in one example; see Table 6.1).

(HaC)2N, @  N(CHg)2 [@]
(HaC)aN—P=N=R-N(CHg)z| | F
(HaC)oN N(CHg)>

13

In a further development of the norbornene/aniline OHA reaction, Salzer and
coworkers used planar chiral arene—chromium-tricarbonyl-based diphosphines for
the in situ formation of cis-trans mixtures of complexes 9 and 10 that gave enanti-
oselectivities of 51% and 70%, respectively, at 333K and with a 40-fold excess of
‘naked fluoride’, but activities were very low. In the same paper complex 6 was
shown to be superior in both activity and enantioselectivity (64% ee) to the corre-
sponding Josiphos compound 5 [15]. The activated N-H bond of benzamide was
also stereoselectively added across the double bond of norbornene to afford N-
benzoyl-exo-aminonorbornane in up to 50% yield and 73% ee in the presence of
0.5mol% [IrCl((R)-MeO-bipheb)], at 373K [16].

6.2.4
The Chiral Ir(l)/Organic Base/Anilines/Olefins System

Zhou and Hartwig recently discovered the beneficial effect of added potassium
hexamethyldisilazanide (KHMDS) base for the asymmetric addition of anilines to
norbornenes, thereby widening the synthetic scope of the original CMM system
(see Table 6.2) [17]. [IrC](COE),], and two equivalents of variants of the Segphos
and Biphep ligands first presumably form complexes 8, 11, and 12 in situ
(see Chart 1) and then in combination with co-catalytic KHMDS generate the
catalytically active species (see Table 6.2 and Section 6.4 for a discussion of the
mechanism).

It should be recognized that already Togni and co-workers had observed a
similar base effect in the context of the intramolecular hydroamination of 2-
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Table 6.2 Widening the synthetic scope of the CMM system.

1 mol% [IrCI(COE),],

2 mol% ligand R NHAr
2 mol% KHMDS y,
Ar-NH, + 2 equiv olefin ’

no solvent, 343 K, 12 h R
Ar Olefin Ligand (complex formed in situ)  Yield (%) ee (%)
p-t-BuCeH,* norbornene (R)-DM-Segphos (11) 85 92
p-BrCH, (R)-DTBM-Segphos (12) 91 96, exo-(2S)
p-MeOC H,** (R)-triMeO-MeOBiphep (8) 75 98
p-CF,CH, (R)-DTBM-Segphos (12) 77 91
m-Xylyl* norbornadiene  (R)-DTBM-Segphos (12) 94 99
p-MeOC¢H," (R)-DTBM-Segphos (12) 88 99
m-Xylyl“e (R)-DTBM-Segphos (12) 90 99
\
m-Xylyl““® o (R)-DTBM-Segphos (12) 84 98
\
N
s
o

a 100°C.

b 0.5mol % [Ir]; 40h.

¢ 1mol % [Ir]; 12h.

d 1.2 equiv of olefin.

e 1.2 equiv of m-xylylamine.

(propen-3-yl)sulfonylaniline (see Equation 6.7) [18]. Conversion to the cyclic
product occured only when the amine was activated by a sulfonyl group and when
a base (typically triethylamine) was added as a co-catalyst. However, competitive
olefin isomerization to the corresponding 2-(propen-1-yl) derivative constituted the
major reaction path in this reaction. Thus, the hydroamination product is obtained
in up to 40% yield and 67% ee, the highest selectivity being obtained with the
Josiphos ligand.

. SO, Tol
0.5 mol% [IrCI((R)-(S)-Josiphos)]» !

NHSO,Tol N
X Benzene, 353 K (6.7)

6.2.5
The Ir(l)/Piperidine/Methacrylonitrile System

The addition of piperidine to methacrylonitrile is catalyzed by the phosphine-free
cationic complex [Ir(COD),]BF,, according to Equation 6.8 [19]. An acceleration
of the reactions was observed when phosphines such as PPh; (2 equiv.), BINAP
(1 equiv.) and/or DPPE (1 equiv.) were added in situ. In these cases the reactions
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were complete after 2h, compared to 50% conversion with [Ir(COD),|BF, in the
same timespan.

2 mol%

NH CN  [IMCOD)2IBFs Q CN
(6.8)
G s S

90%

6.3
Iridium-Catalyzed Alkyne Hydroamination (AHA)

6.3.1
Intramolecualar Aliphatic Systems

Cationic Rh(I) and Ir(I) complexes such as 14 and 15 bearing bidentate nitrogen-
donor ligands (see Chart 6.2) were used by Field, Messerle and coworkers for the
cyclization of 4-pentyneamine to 2-methylpyrroline (Equation 6.9), and the activi-
ties of the Ir catalyst precursors are summarized in Table 6.3 [20]. While catalyst
precursors 16 and 17 bearing phosphine—N-heterocyclic carbene (NHC) ligands
showed comparably low activities (see Table 6.3) [21], the use of phosphine-
pyrazolyl ligated cationic complexes led to a breakthrough in terms of activity [22].
In particular, complex 18 gave the best results with a TOF of 3100h™" at 50% con-
version, thus being by far the most active transition-metal catalyst for this specific
reaction. The penta-coordinated carbonyl adduct of 18 showed a much lower cata-
lytic activity. Analogues of 18 that had the isopropyl groups substituted for H, Me

7y leen “‘N/_? |BPhs //\PPh2—| BPh,
N-N co

< :|r’00 :Ir: [ />——Ir._,

N-N" cO N ‘co

> NS Me / 16

14 15

!/\ PPh2—| BPhs ,/\pphz—| BPh,
[ />—-Irh LN__;“HK
Me / 17 i-Pr A 18
1

|='|='n3

| sbr N
6 P
|r ‘< = \I|r< vNﬁPllr{“z
““‘ | ~co NC i /
PPh3 19 Ho a0 NT L 21

Chart 6.2 Complexes used for the cyclization of alkyneamines.
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Table 6.3 Turnover frequencies (TOFs) for the reaction of Equation 6.9 at 50% conversion.

Complex 14 15 16 17 18
TOF (h™) 5 50 12 19 3100
(Loading, (1.5mol%, (1.5mol%, (1.4mol%, (0.9mol%, (1.4mol%,
solvent) THF-Dy) THF-Dy) THF-Dy); THF-Dy); CDCl)

15 28

(1.3mol%, (1.4mol%,

CDCl) CDCly)

or Ph were less reactive. The methyl-substituted analogue of complex 18, as well
as the carbonyl complex 20, were structurally characterized (see Figures 6.3 and
6.4, respectively). Higher homologues of pentyneamine and phenylalkyneamines
were also used as substrates [23].

N
complexes 14—18
N, {comp b O_ (6.9)

333K

Water-soluble PTA-ligated Ir(I) complexes (PTA =1,3,5-triaza-7-phosphaada-
mantane) such as 21 were used by Krogstad to perform the cyclization of 4-
pentyneamine (Equation 6.8) in water [24]. The TOF at 50% conversion was
0.33h™" for complex 21, while the carbonyl adducts [IrCl(CO)(PTA);] and
[Ir(CO)(PTA),]JCl produced TOFs of 0.36 and 0.32h™", respectively. The X-ray
crystal structure of complex 21 is shown in Figure 6.5.

6.3.2
Indoles via Intramolecular AHA

Crabtree and coworkers used the cyclometallated Ir(III)-hydride complex 19 for
the intramolecular hydroalkoxylation and hydroamination of aromatic alkynes
(Equation 6.10) [25], while Liu and coworkers used the neutral Ir(III)-hydride
complex 20 in combination with cocatalytic amounts of NaBJ[3,5-C¢H;(CF;),], for
the synthesis of a range of indoles (Table 6.4) [26].

w h 0.5% 19
[
RT, 2 h, 96%

A °

Pr

(6.10)

U
g\ ;Z:_
>

LY

6.3.3
Intermolecular Alkyne Hydroamination

In the above-mentioned report [26], it was also shown that complex 20
catalyzed the intermolecular tandem alkyne hydroamination/hydrosilylation



154

6 Iridium-Catalyzed Hydroamination

Figure 6.3 ORTEP view of the cationic
fragment of [Ir(Me,PyP) (COD)]BPh, (20%
probability ellipsoids, reproduced with
permission from the American Chemical
Society). Selected bond lengths (A) and

angles (°): Ir(1)=P(1) 2.2882(6); Ir(1)=N(1)
2.1045(16); Ir(1)=C(1) 2.2072(2); Ir(1)-C(2)
2.33(2); Ir(1)=C(5) 2.132(7); Ir(1)-C(6)

2.140(2); C(1)-C(2) 1.379(3); C(5)-C(6)
1.408(3); P(1)=Ir(1)=N(1) 84.31(5);
P(1)-Ir(1)-C(5) 93.73(7); P(1)-Ir(1)-C(6)
95.99(6); N(1)=Ir(1)=C(1) 91.43(7);
N(1)-Ir(1)-C(2) 96.69(8); C(1)-Ir(1)-C(6)
81.05(8); C(2)-Ir(1)-C(5) 80.62(10);

8); C(2)-Ir(1
C(1)=Ir(1)=C(5) 96.92(9); C(2)-Ir(1)-C(6)
87.92(9).

(Equation 6.11), which yielded 95% of purified free amine after hydrolysis of the

silylated amine.

1 mol% 20
toluene
reflux 12 h

p 1.2 Et3SiH, 2 h
©, 1 mol% 20

Step 2

SiEts = |
©/N =

(6.11)
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Figure 6.4 ORTEP view of complex 20 (30%
probability ellipsoids, reproduced with
permission from the American Chemical
Society). Selected bond lengths (A) and
angles (°): Ir=N(1) 2.088(2), Ir-P(1) 2.3469(7),
Ir-C(2) 2.069(3), N(1)-C(8) 1.30(2),

Figure 6.5 ORTEP view of the cation of
complex 21 (50% probability ellipsoids,
reproduced with permission from Elsevier).
Selected bond lengths (A) and angles (°):
Ir—P1 2.349(2), Ir—C1 2.208(7), Ir—P2
2.3007(18), I--C2 2.194(7), Ir—P3 2.3022(18),

N(1)=C(9) 1.437(4), Ir—C(1) 1.855(3), Ir—CI(1)
2.4875(7), C(1)-O(1) 1.146(4), N(1)-Ir—C(2)
79.3(1), N(1)=Ir—P(1) 82.54(7), P(1)-Ir—C(2)
160.70(9), Ir—N(1)-C(9) 121.8(2),
Ir-N(1)-C(8) 115.1(2).

Ir-C5 2.226(7), C1-C2 1.431(11), Ir-C6
2.236(7), C5-C6 1.404(12), P1-Ir—P2 99.65(7),
P1-Ir—C5 88.1(2), P1—Ir—P3 95.93(7), P2—Ir-C5
98.2(2), P2—Ir—P3 89.95(6), P3—Ir-C2 92.4(2),
P1-1r—C2 90.3(2), C2-1r-C5 78.7(3).
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Table 6.4 Intramolecular hydroamination of aromatic alkynes.

NHR1 1% 20
1.05% NaB(ArF), w
B — p R2
z A Toluene (2 ml) 7
R? reflux
Substrate

R R? z Time (h) Yield (%)
H Ph H 12 95
H H H 24 10
H n-Bu H 6 96
H n-Bu Me 6 96
CH;CO n-Bu H 24 21
H Ph NO, 24 16
H n-Bu Cl 24 84
H Ph Cl 24 27
6.4

Proposed Mechanisms

6.4.1
Olefin Hydroamination

Despite the fact that the CMM system (see Section 6.2.2, Equation 6.4) showed
modest activities, it nevertheless demonstrated the feasibility of catalytic OHA gov-
erned by classic organometallic reactivity, namely oxidative addition, migratory
insertion and reductive elimination. The authors were able to propose a catalytic
cycle as outlined in Scheme 6.1 based on the following experimental observations:

e The catalyst precursor IrCl(PEt;),(C,H,), readily lost ethylene to form the
intermediate 22 (or its dimer).

* The initial step of the cycle forming 23 was supported by separate stoichiometric
reactions involving similar Ir(I) complexes that oxidatively added the N—H bond
of aniline (see Section 6.5.2). It should be noted that norbornene does not form
stable adducts with electron-rich Ir(I) complexes such as those used in this
catalysis (R. Dorta and A. Togni, unpublished results).

e The formal migratory insertion of the C=C double bond into the Ir-amide
function to form the new C—N bond in the key intermediate 24 was conclusively
proven by an X-ray crystal structure analysis (see Figure 6.11).

e The last step, reductive C—H elimination from the Ir(IIl) intermediate, was
shown by kinetic studies of the decomposition of isolated 24 to proceed rapidly
in the presence of chloride abstractors such as ZnCl, or TIPF,. Based on this
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H [IrCI(PEt3)2] PhNH,
F’h’NZ 5 f 22 ﬁ\
H

[Ir(PEt3 2(NHPhC7H1g)(H)]*CI" [IrCI{PEt3)2(N HPh){H)]

H H Ph
EtgP.. || a
EtBP’ LE?
24
Scheme 6.1 The CCM olefin hydroamination cycle.

observation, the authors postulated a pentacoordinated cationic intermediate
25 that precedes reductive elimination.

The origin of the fluoride effect in the enantioselective addition of aniline to
norbornene mentioned in Section 6.2.3 remains a matter of speculation. Togni
and coworkers proposed the formation of Ir(I)-fluoride intermediates that would
augment the reactivity of the metal center [27] and improve stereoselectivity thanks
to a directing effect of the hydrogen bridge that would form between the incoming
amine and the fluoride ligand (adduct 26, see Scheme 6.2) [27]. A 6-bond metath-
esis-type process could lead to the Ir(I)-amido-HF adduct 28 which would give
way to a formal oxidative addition of HF leading to Ir(III)-amido-hydrido-fluoride
complex 29. The importance of hydrogen bridging between a coordinated amine
and halogen ligands in Ir complexes is known [28, 29], and might explain the
improved selectivity of the Ir/fluoride system, while enhanced reactivity [40]
towards oxidative addition [27] due to fluoride ligation has also precedents
(vide infra).

RoN.
2 H RoN---—-H | # RoN----H TRQ
'. i ‘ Lolr(I)—F
| — - ' ] — e [
Lalr(h)—F Lalr()--F Lalr(l)- -F H
26 27 28 29

Scheme 6.2 The proposed role of ‘naked fluoride’ in Ir-catalyzed olefin hydroamination.

In the recent development of the CMM reaction by Hartwig a catalytic cycle
based on a monomeric Ir(I) amide as active species was postulated (31, Scheme
6.3)[16]. In the reaction mixture 31 is thought to form from in situ generated chloro
bridged dimeric complexes of type 30 (¢f. Chart 1 above) upon metathetical
exchange of the chloride with anilide ligands. Potassium anilide is produced from
substrate aniline and the KHMDS additive. The ensuing reactivity follows the
CCM cycle of Scheme 6.1, i.e. oxidative addition of the N—H bond of the substrate
aniline to form 32, followed by the migratory insertion of norbornene (33) and
final reductive C—H elimination to close the cycle. Catalyst deactivation is postu-
lated to be due to the formation of the dimer 34. A catalytically equally active
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HAr
N,

Proary, Py 34
N

G i)

H,NAr
KHMDS P, ArNHsCl
ICIP)l, — > /Ir NHAr <———— [Ir(P2)(NHAN I K*
-Kcl - ArNH,
30 - HHMDS _KCl 35

< P, sz ( P.,. I WNHAr

NHAr NHAr 32
Scheme 6.3 Proposed role of KHMDS in Ir-catalyzed OHA.

system was obtained by protonating the iridato complex 35 with an equimolar
amount of an anilinium salt. However, in the absence of substrate alkene the
neutral dimer 34 formed. We note that the only difference between this cycle and
the CMM cycle in Scheme 6.1 is the presence of an anilide ancillary ligand instead
of chloride. The higher basicity of the anilide ligand may lead to faster N—H acti-
vation since the Ir centre is richer in electrons. On the other hand, the use of
substituted anilines in combination with the Segphos and Biphep ligands bearing
bulky aryl subsituents seem both to displace the equilibrium from dimer 34
towards the active monomer 31. When comparing the “naked fluoride” with the
KHDMS effect it is tempting to explain the former just with its comparatively high
Breenstedt basicity. However, the observation that the Ir/BINAP system works
well with F~ but not with KHMDS as co-catalysts points to the formation of
different catalytically active species. Complexes analogous to 34 and 35 and their
conversion were discribed in a separate study (see Section 6.5 below).

6.4.2
Alkyne Hydroamination

Crabtree and coworkers proposed a catalytic cycle for the reaction outlined in
Equation 6.10. The mechanism is based on labeling and kinetic studies, and is
outlined in Scheme 6.4 [25]. Adduct 36 was observed in nuclear magnetic reso-
nance (NMR) spectra and appears to be a catalyst resting state. It should be noted
that there is no change in the oxidation state of Ir, and that the key step is thought
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Scheme 6.4 The proposed mechanism for the intramolecular
alkane hydroamination/cyclization reaction (Equation 6.10)
[24, 25].

to be the electrophilic activation of the alkyne function by the Lewis acidic Ir(III)
center towards nucleophilic attack by the amine function. An analogous mecha-
nism for intermolecular AHA was proposed by Liu and coworkers, and is depicted
in Scheme 6.5.

o,

©
i Hy _‘ BAF, ANH,

e
BAr"

| N 4
[~ == @ Ar

@ﬂr—ll

Scheme 6.5 The proposed mechanism for the intermolecular
alkane hydroamination reaction [25].
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6.5
Complexes and Reactions of Ir Relevant to Hydroamination

6.5.1
Ir(1)~Amine Complexes

The reaction preceding the actual activation of an incoming amine would be its
coordination to the electron rich Ir(I) center. However, the isolation of such com-
plexes is not simple. First, the acidity of the metal center is low compared to an
Ir(III) center to coordinate the incoming amine base, and second there is a soft/
hard mismatch between the metal acid and the amine base. It is therefore not
surprising that the number of well-characterized Ir(I)-amine complexes is not
large, and only few of them have been structurally characterized [30]. A compound
that serves as model for the first step in the CMM cycle (preceding intermediate
23 of Scheme 6.1) was synthesized by reacting the chloro-bridged Ir dimer 37 with
NEt,H to form the adduct 38, according to Equation 6.12, and its the crystal struc-
ture is shown in Figure 6.6 [31].

(ngs}QNEt »
5 [r(dfepe)Clly o2 [ e (6.12)
p Cl
37 (CoFs)2 38

Figure 6.6 Molecular structure of Ir(1)-P(1)-C(1) 114.3(3), Ir(1)-P(1)-C(3)
(dfpe)Ir(NEt,H)CI (38, thermal ellipsoids 119.5(3), Ir(1)-P(1)-C(5) 122.4(3), C(1)-
drawn at the 30% level, reproduced with P(1)—-C(3) 103.4(4), C(1)-P(1)-C(5) 99.4(4),
permission from the American Chemical C(3)-P(1)-C(5) 93.9(4), Ir(1)-P(2)-C(2)
Society). Selected bond lengths (A) and 113.1(3), Ir(1)-P(2)-C(7) 119.7(3), Ir(1)-
angles (°): Ir(1)=P(1) 2.151(2), Ir(1)-P(2) P(2)-C(9) 121.4(3), C(2)-P(2)-C(7) 101.0(4),
2.165(2), Ir(1)—Cl 2.356(2), Ir(1)-N(1) C(2)-P(2)—C(9) 99.0(4), C(7)-P(2)-C(9)
2.185(8), P(1)-Ir(1)-P(2) 84.3(1), P(1)-Ir(1)—  98.9(4), Ir(1)-N(1)-C(11) 121.0(8), Ir(1)-

Cl 174.7(1), P(1)-Ir(1)-N(1) 98.0(2), P(2)- N(1)-C(21) 116.7(6), C(11)-N(1)-C(21)

Ir(1)=Cl 91.4(1), P(2)-Ir(1)-N(1) 172.9(2), 117.1(10).
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Figure 6.7 ORTEP view of complex 39 (50%
probability ellipsoids, reproduced with
permission from the American Chemical
Society). Selected bond lengths (A) and
angles (°): Ir(1)-N(1) 2.215(5), Ir(1)-C(15)
2.013(4), Ir(1)-P(2) 2.2610(13), Ir(1)-P(1)
2.2737(14), C(15)—Ir(1)-N(1) 175.87(19),
N(1)=Ir(1)=P(2) 97.05(13), N(1)=Ir(1)=P(1)
97.93(13).

The fact that complex 38 does not react further — that is, it does not oxidatively
add the N—H bond - is due to the comparatively low electron density present on
the Ir center. However, in the presence of more electron-rich phosphines an
adduct similar to 38 may be observed in situ by NMR (see Section 6.5.3; see also
below), but then readily activates N—H or C—H bonds. Amine coordination to an
electron-rich Ir(I) center further augments its electron density and thus its pro-
pensity to oxidative addition reactions. Not only accessible N—H bonds are there-
fore readily activated but also C—H bonds [32] (cf. cyclo-metallations in Equation
6.14 and Scheme 6.10 below). This latter activation is a possible side reaction and
mode of catalyst deactivation in OHA reactions that follow the CMM mechanism.
Phosphine-free cationic Ir(I)-amine complexes were also shown to be quite reac-
tive towards C—H bonds [30a]. The stable Ir-ammonia complex 39, which was
isolated and structurally characterized by Hartwig and coworkers (Figure 6.7) [33],
is accessible either by thermally induced reductive elimination of the correspond-
ing Ir(IlT)-amido-hydrido precursor or by an acid-base reaction between the 14-
electron Ir(I) intermediate 53 and ammonia (see Scheme 6.9).

6.5.2
Ir(1)-Anilido Complexes

Ir(I) anilides are believed to be the catalytically active species in the OHA of nor-
bornenes with anilines when dimeric [IrCI(P,)], (P, = Segphos, Biphep) complexes
are used as catalyst precursors in combination with KHMDS (Section 6.2.4, vide
supra). The reactive species are postulated to be monomeric three-coordinate Ir(I)
anilido complexes with formally 14 valence electrons (31, Scheme 6.3). Indeed, 31
was also generated by in situ protonation of the iridate catalyst precursor
K[Ir(L,) (NHmXylyl),] (35, Scheme 6.3) following the general protocol for the syn-
thesis of Ir(I) anilido complexes as outlined in Scheme 6.6 [45]. Lithium iridates
such as complex 40 were isolated in excellent yields and controlled alcoholysis led
to the corresponding neutral dimer 41. The solid state structure of this complex
is depicted in Figure 6.8 revealing the square planar coordination environment of
the Ir centers and the butterfly shaped Ir,N, core.
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p Li
O NHPh
Et,0
4 + 4LHNPh
-2 Licl Pth NHPh

2 t-BuOH

- 2 PhNH,
- 2 t-BuOLi

@SS / AL
ol lames

Scheme 6.6 Preparation of anionic and neutral anilido bridged Ir(I) complexes.

Ph

Figure 6.8 ORTEP view of complex 41 (30%  1r2-N1 2.168(7), Ir2-N2 2.156(7), Ir2-P3
probability ellipsoids, with permission from 2.214(2), 1r2-P4 2.198(2), N1-1r1-N2 78.0(3),
VCH). Selected bond lengths (A) and angles  P1-Ir1-P2 89.08(10), N1-Ir2-N2 77.4(3), P3-Ir2-
(deg): IF1-N1 2.166(7), Ir1-N2 2.128(8), Ir1-P1 P4 89.77(9), Ir1-N1-Ir2 88.4(2), Ir1-N2-Ir2
2.229(3), Ir1-P2 2.213(3), Ir1-1r2 3.0215(5),  89.7(3).

6.5.3
N—H Bond Activation Leading to Ir(lll)~Amido-Hydrido Complexes

An understanding of N—H activation via oxidative addition to Ir(I) fragments — and
of its microscopic reverse, reductive elimination — is of fundamental importance
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to Ir-catalyzed OHA. Indeed, it should be considered the key step and conditio
sine qua non of Ir-catalyzed OHA. The N—H oxidative addition results in Ir(III)-
hydrido-amido species that are anticipated to be highly reactive due to the mis-
match of orbital energies caused by the combination of a soft late transition-metal
center with hard amide ligands.

The Ir(I1I)-amido-hydrido complex 43 was isolated by reacting the electron-rich
neutral phosphine—cyclooctene complex 42 according to Equation 6.13 [7] (note
the cis arrangement of the hydride and amide function). Likewise, the cationic
complex 44 reacted in neat aniline to afford a 50/50 mixture of the N—H (45) and
C—H (46) activation products that was isolated as a light orange powder (Equation
6.14). Compound 45 was separated from 46 and purified in 49% overall yield.

neat Meglr
aniline o,
MesP: . .-H 65%
Ir(PMeg)(CgH1a)Cl 707 (.BTI'IP’N’@ white powder (6.13)
overnight MegP H
42

neat Megll:’ PFS Megll:’ PFE
aniline MesP:,, ..H O MesP., . ..PMes
Ir(PMes)]PF, Ir S
(r(PMes)alPFe 528k ™ |MesP” [N * IMesP” [ CH,

44 36h M93P H H

50% 45 50%46  (6.14)

Ammonia represents the biggest challenge for functionalization by oxidative
addition [31] since its bond dissociation energy of 107 kcal mol™ is between 10 and
20% higher when compared to primary and secondary amines [34]. Early work by
DuPont researchers showed that the electron-rich Ir(I) center of complex 1 is
indeed capable of oxidatively adding the N—H bond of ammonia to form dinuclear
amido-bridged Ir(III) complexes, as outlined in Scheme 6.7 [36], and the dinuclear
structures of 48 and 49 were confirmed by single-crystal X-ray diffraction studies
(Figure 6.9) [6].

The phosphine-free complex [IrCl(COE),], (COE = cyclooctene) was also shown
to activate ammonia to form mixtures of Ir-hydride and Ir-amide complexes [37].

\\\\\
\\\\\
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Scheme 6.7 Oxidative addition of ammonia to Ir(l).



164| 6 Iridium-Catalyzed Hydroamination
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Figure 6.9 ORTEP view of 48 and the cation
of 49 (thermal ellipsoids at the 20%
probability level, reproduced with permission
from the American Chemical Society).
Selected bond lengths (A) and angles (°) for
48: Ir1-N1 2.10(1), Ir1=N1 2.13(1), Ir1=P1,
2.264(4), Ir1-P2 2.264(4), Ir1-CI1 2.504(4),
Cl-Ir1-P1 96.4(1), Cl1-1r1-P2 94.3(1), Cl1-

cn
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Ir1-N 87.8 (3), Cl1-Ir1-N1 84.4(3), P1-Ir1—
N1 168.6(3), P2—Ir1-N1 168.7(3), N1-Ir1-N1
75.3(5). For 49: Ir—N1 2.244(4), Ir1-N2
2.128(3), Ir-N2 2.127(3), Ir1-H1 1.61(5),
Ir1—P1 2.274(1), Ir1-P2 2.280(1), N2-Ir1-N2
77.0(1), N1=Ir1-N2 84.3(1), N1-Ir1-N2
84.5(1), P1-Ir1-N2 170.1(1), P2-Ir1-N1
169.9(1), H1-Ir1=N1 157(2).

In a further development, Hartwig and coworkers studied a reversible Ir(I) pincer
system 50 that led to the Ir-amide 52, via a 14-valence electron complex 51
(Scheme 6.6) [38]. Note the electronic similarity of intermediate 51 with the pos-
tulated active catalyst of the CMM cycle (vide supra). The 14-valence electron

t R t 1
P BU2 R —/_ [T Bus NHS T BU2
Ir—/— I‘rt - |‘r\NH2
P Buo P‘Buy PBu,
50 51 52

Scheme 6.8
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intermediate 53 generated in situ and bearing an aromatic PCP pincer ligand also
oxidatively added the N—H bond of aniline to form the anilide 54, but not the
N—H bond of ammonia, which in this case led to the Lewis base adduct 39. Amide
55 was isolated in a separate synthesis at low temperature and shown to reductively
eliminate ammonia and to form its adduct 39 [33]. Moreover, it was shown that
the N—H bond of aniline is vastly favored for oxidative addition to the aromatic
(PCP)Ir(I) fragment over the C—H bond of benzene. This is likely due to stronger
ionic and pn—dr interactions between the Ir fragment and the amido ligand [33].
Monomeric amides such as 52 and 54 are potentially more reactive than corre-
sponding dimeric structures in catalytic applications [39]. Their crystal structures
are shown in Figures 6.10 and 6.11, respectively, and the structure of 39 is shown
in Figure 6.7 (see also Section 6.5.1).

6.5.4
Alkyl-Amino-Hydrido Complexes of Ir(l11)

Once the N—H bond has been oxidatively added to the Ir(I) complex (in the context
of the CCM cycle, vide supra), the resultant Ir(III) intermediate is a Lewis acid that
is thought to coordinate the olefin. A synergistic effect between the coordinated
electrophilically activated olefin and the highly nucleophilic nature of the amido
function is believed to facilitate the C—N bond formation within the coordination
sphere of the Ir center (see 56). Alkyl-amino-Ir(III) complexes, such as the key
intermediate 24 of the CCM system (as described in Section 6.2.1) are of para-
mount importance to better understand Ir-catalyzed hydroaminations. Complex

C(@) C(16)

C(10) H(1) c(12)

C(9)

GOk clq
c@)

C(4
2 CE) C(20)
Figure 6.10 ORTEP view of complex 52 (50%  N(1) 139.4(13), H(1) Ir(1) C(11) 66.8(13),
probability ellipsoids, reproduced with N (1) Ir(T) C(11) 153.69(17), H(1) Ir(1) P(2)

permission from Sciencemag). Selected bond  82.7(15), N(1) Ir(1) P(2) 96.66(13), C(11)
lengths (A) and angles (°): Ir(1) H(1) 1.51(3), Ir(1) P(2) 82.82(11), H(1) Ir(1) P(1) 90.4(15),
Ir(1) N(1) 1.999(4), Ir(1) C(11) 2.128(4), Ir(1)  N(1) Ir(1) P(1) 96.50(13), C(11) Ir(1) P(1)
P(2) 2.2978(11), Ir(1) P(1) 2.2995(11), N(1)  83.22(11), P(2) Ir(1) P(1) 165.97(4).

H(3) 0.90(5), N(1) H(2) 0.91(6), H(1) Ir(1)
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c(16),

Q P(1A)

C)
Figure 6.11 ORTEP view of complex 54 (50%  2.049(2), Ir(1A)=P(1A) 2.2917(14), Ir(1A)—
probability ellipsoids, reproduced with P(2A) 2.3429(11), C(25)-N(1)-Ir(1A)
permission from the American Chemical 133.27(16), C(1)—Ir(1A)-N(1) 164.49(9),
Society). Selected bond lengths (A) and N(T)-Ir(TA)-P(1A) 92.78(8), N(1)-Ir(1A)-

angles (°): Ir(1A)=N(1) 2.082(2), C1-Ir(1A)  P(2A) 102.69(7).

Ci15

Figure 6.12 ORTEP drawing of complex 24 1.465(9), N(1)-C(1) 1.520(9); CI(1)-Ir(1)-H
(reproduced with permission from the 175(2), P(1)-Ir(1)-P(2) 100.02(7), P(1)-Ir(1)—
American Chemical Society). Selected N(T) 162.1(2), P(2)-Ir(1)-N(1) 96.3(2), P(1)-
distances (A) and angles (°) are: Ir(1)-Cl(1) Ir(1)-C(6) 96.4(2), P(2)-Ir(1)-C(6) 163.5 (2),
2,515 (5), Ir(1)-P(1) 2.238(2), Ir(1)-P(2) N(1)=Ir(1)=C(6) 67.2(2), Ir(1)-N(1)-C(1)
2.339(2), Ir(1)=N(1) 2.202(6), Ir(1)-C(6) 91.4(4), Ir(1)=N(1)=C(11) 130.3(5).

2.120(7), Ir(1)=H 1.705 (75), N(1)-C(11)

24 was isolated as a white powder in 50% yield and 90% purity, starting from
norbornene and aniline according to Equation 6.15, and an X-ray crystal structure
analysis thereof was undertaken [7]. The structure and a selection of bond dis-
tances and angles is shown in Figure 6.12 (note the exo orientation of the formed

C(1)-N(1) bond).
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H H Ph
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Complex 24 was used in thermal and Lewis acid-catalyzed decomposition experi-
ments. Intramolecular C—H reductive elimination from 24 to form exo-2-phenyl-
aminonorbornane was demonstrated with labeling experiments [7].

In closely related experiments it was shown that sp> C—H activation takes place
reversibly within the coordination sphere of the electron-rich Ir(I)-diphosphine
complex 58 (Scheme 6.9) to form an alkyl-amino-hydrido derivative 57 reminiscent
of the CCM intermediate 24; the solid-state structure of 57 is shown in Figure 6.13
[40]. It appears that C—H activation only takes place after coordination of the
amine function to the Ir(I) center (complex 58, NMR characterized). Amine coor-
dination allows to break the chloro bridge of 59 and to augment the electron
density of the metal center, thus favoring oxidative addition of the C—H bond.
Most importantly, the microscopic reverse of this C—H activation process (i.e.
C—H reductive elimination) models the final step of the CCM cycle (see Scheme
6.1); indeed, the reaction of Scheme 6.10 is cleanly reversible at 373 K.

167
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I BT [~NHPh
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53 NHg 54
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55 39
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Scheme 6.10 Reversible intramolecular C—H activation in an Ir(l)—amine complex.
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Figure 6.13 ORTEP drawing of complex 57 2.108(12); P(1)-Ir(1)-P(2) 90.18(12),

(reproduced with permission from the P(2)-Ir(1)-N(6 ) 93.1(3), P(1)-Ir(1)-Cl(1)
American Chemical Society). Selected 98.74(11), P(2)—Ir(1)-ClI(1) 91.52(11),
distances (A) and angles (°) are: Ir(1)-P(1) P(1)-Ir(1)-C(68) 96.1(3), N(61)-Ir(1)-C(68)
2.224(3), Ir(1)-P(2) 2.325(3), Ir(1)-Cl(1) 80.6(4), C(68)—Ir(1)-Cl(1) 88.9(3), N(61)—
2.543(3), Ir(1)=N(61) 2.110(10), Ir(1)-C(68) (M=Cl(1) 85.2(3).

Fryzuk demonstrated the high reactivity of the amide function present in the
P-amide-P pincer Ir complex 60 towards dihydrogen [28]. In fact, heterolytic
dihydrogen activation by the Ir(III)-amide bond present in the pincer complex 60
led to the stable Ir(III)-alkyl-amino-hydrido complex 61, as outlined in Equation
6.16. The X-ray crystal structure of the amine product is depicted in Figure 6.14.

Me,Si”  P(Pr)2 MeoSi”  P(-P1)2
\ | \CHs Hz \ | H
N—Ir=—] - HeN —Ir*—CHy (6.16)
/ 1 atm I
MegSi__P(i-Pr)s 298 K Me28|vp(,.pr}2
60 61

6.5.5
Iridium—Fluoride Complexes

Although fluorides play a crucial Role in some Ir-catalyzed reactions [9, 41], experi-
mental information regarding relevant Ir-fluoride complexes is scarce. Vaska-type
fluoride complexes have been reported but are not well characterized [42], while
structurally characterized Ir-fluorides are even rarer [43]. Crabtree and coworkers
estimated the hydrogen bridge strength of the F ... H interaction in complexes 62
and 63 (see below) to be approximately 5-7kcalmol™ [29]. On the other hand,
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Figure 6.14 Molecular structure and
numbering scheme for 61 (reproduced with
permission from the American Chemical
Society). Selected distances (A) and angles
(°) are: Ir—1 2.8176(4), Ir-P(1) 2.3070(13),
Si(2)-N 1.763(5), Ir—P(2) 2.3152(14), Ir-N
2.368(4), Ir-C(3) 2.127(6), Ir—H(Ir) 1.65, N—
H(N) 0.70(8), I-Ir—P(1) 97.29(3), I-Ir-P(2)
94.88(4), I-Ir-N 86.59(11), I-Ir-C(3) 91.9(2),
I~Ir=H 172, P(1)=Ir-P(2) 167.30(5), P(1)-Ir-N
88.72(11), P(1)-1r—C(3) 90.5(2).

c® sin)

Caulton and coworkers found that fluoride ligands in certain Ir complexes promote
oxidative addition reactions [44]. This group’s results showed that the fluoride
complex Ir(H),F(P'Bu,Ph), rapidly activated C—H bonds under dehydrogenation
conditions. The reactive intermediate in these reactions may be a fluoro-bridged
analogue of compounds 4-12, namely [Ir(u-F)(P'Bu,Ph),],. This would explain the
improved reactivity in the Ir-catalyzed OHA reaction in the presence of cocatalytic
‘naked fluoride’.

| =
.H
NTN;
H—Ir—F--H
L
H 62
6.6
Conclusions

Late transition-metal hydroamination is the method of choice for the atom eco-
nomical and functional group-tolerant construction of C—N bonds, and in this
context Ir plays a central role (indeed, homogenous transition-metal-catalyzed
OHA was discovered with Rh and Ir). However, there is a strong need for the
development of better OHA catalyst systems that are applicable to a wider range
of substrates and conditions. The characteristics of current Ir based catalyst
systems to function via N—H bond activation, though, is a potential handicap to
achieve this goal, since it implies highly reactive Ir intermediates that are prone
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to secondary reactions (e.g. C—H activation) and functional group intolerance. In

this context, olefin rather than amine activation seems to represent the more

promising strategy, as was demonstrated by Hartwig with, inter alia, Pd(II)-based

systems. In contrast, Ir-catalyzed alkyne hydroamination that relies on alkyne

activation has experienced some interesting developments during recent years.
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7
Iridium-Catalyzed Boron-Addition

Elena Ferndndez and Anna M. Segarra

7.1
Introduction

The main advantages of using organoboranes as intermediates for synthetic
organic purposes [1] are their stability, relatively low toxicity and easy accessibility.
In particular, the catalytic activation of unsaturated carbon—carbon bonds through
boron addition may be considered as a platform for introducing functionality with
particular emphasis on the selective control of C—B formation and the retention
of configuration in the functionalization process from the organoborane interme-
diates towards the targeted products [2]. Transition-metal complexes face the cata-
lytic new C—B bond formation, and in particular iridium complexes have been
shown essentially to be efficient, with a distinctive stability and catalytic control.

7.2
Iridium—-Boryl Complexes

The remarkable stability of iridium-boryl complexes, as a function of the substitu-
ents on boron, is most likely responsible for the unique behavior of iridium in
metal-promoted B-addition to unsaturated molecules.

Although boranes can be easily added to low valence-late transition metals by
means of oxidative additions [3], the first example of this conceptual advantage
was reported in the iridium complex [Ir(u-Cl)(CsH4)], intramolecular B—H activa-
tion of 1-dimethylphosphino-1,2-carborane [4] (Scheme 7.1), and extended to inter-
molecular B—H [5] and B—X [6] activation (Schemes 7.2 and 7.3). The great
stability of these iridium complexes made it possible to determine the first crystal
structure of a transition metal-boranyl complex in [IrBr,(BsHg)(CO)(PMe;),]
(1) [7]. At that time, it was claimed that a 6-bonded boron had a stronger trans-
lengthening influence than a c-bonded carbon.

It is no coincidence that the first X-ray structure analysis of a transition metal—
boryl complex [8] was made on the iridium complex fac-[IrH,(BCsH14)(PMes)s] (2)
[9] derived from the B—H activation of the 9-borabicyclo[3.3.1]-nonane (9-BBN)

Iridium Complexes in Organic Synthesis. Edited by Luis A. Oro and Carmen Claver
Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
TISRBRN: 97R-3.527-31996-1
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with [IrH(PMe),] [10] (Scheme 7.4). The use of catechol group (cat = 1,2-O,C¢H.,)
as a substituent on boron facilitated synthesis of the contemporary iridium complex
[IrClH (Bcat)(PMes)s] (3) [11] from the B—H activation of catecholborane and
[IrCl(COE)(PMe;);], (COE = cyclooctene) (Scheme 7.5). Both complexes 2 and 3
have a distorted octahedral geometry about the Ir(III) center, but with a facial and
meridional arrangement of PMe; in 2 and 3, respectively. The Ir—B bond distance
for 2 (2.093(7) A) is similar to the Ir—B bond distances in 1, (2.071(14) A), thus
suggesting the weakness of the dn-pn backbonding from Ir to B. This is conceptu-
ally important because the catalyzed B-addition and related reactions are based on
the facile cleavage of the metal-boron bonds as an indication of the kinetic lability
of boryl complexes [12]. However, a tendency towards the formation of m back-
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bonding could depend on the substituents bonded to boron and the relative posi-
tion of the boryl ligand in the metal complex. This additional stabilization is
observed in complex 3, where the catechol group enables backbonding from
iridium to boron (Ir—B bond distance = 2.023(7) A), and justifies the broad appli-
cability of catecholborane derivatives in the synthesis of boryl-metal complexes.
Also, the equatorial position of the boryl ligand in the related complex
[IrCIH(Bcat)(PCys),] (4) [13] (Scheme 7.6), could explain why the iridium-boron
bond length is shortened with respect to the sum of the covalent radii, indicating
the presence of m backbonding.

The presence of an ancillary CO ligand has been reported to facilitate the oxida-
tive addition of HBcat to a metal center. Thus, the saturated iridium boryl complex
trans-[IrCIH (Bcat)(CO)(PPhs),] (5) was prepared in high yield by reacting HBcat
with Vaska’s complex trans-[IrCl(CO)(PPhs),] (Scheme 7.7). This was the first
example of a metal-carbonyl boryl complex characterized by crystal X-ray diffrac-
tion [14]. The CO ligand played two significant roles: (i) it inhibited the PPh,
orthometallation, hence guaranteeing a coordination site required for the oxidative
addition of HBcat; and (ii) it destabilized the resulting Ir—B bond as a consequence
of its electron-withdrawing nature as a m acid ligand. As the knowledge of transi-
tion metal-ligand covalent bond energies became more important in understand-
ing catalysis [15], the first information on metal-boron bond energy was provided
for the iridium-catecholboryl linkage of [IrClIH(Bcat)(CO)(PPhs),] (5) [16]. The
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iridium-boron bond strength value was found to exceed those of both correspond-
ing alkyls and hydrides.

The pronounced stability of iridium-boryl complexes can be observed in the
synthesis of trisboryl complexes such as [Ir(n®-arene)(Bcat)s] (6), (arene: 6a = C¢H,
6b=CiDs, 6c=CsHsMe, 6d=1,3,5CH;Me;), from [Ir(n’-indenyl)(COD)],
(COD = 1,5-cyclo-octadiene), with an excess of catecholborane in arene solvents
(Scheme 7.8). The electron density at Ir can be finely tuned by arene ring displace-
ment using various phosphines. Therefore, compound 6d undergoes complete
displacement of the mesitylene ligand when treated with 3 equiv. of PEt;, to form
fac-[Ir(Bcat);(PEts);] (7) [17] (Scheme 7.9). Analogously to the catecholboryl complex,
the iridium complex fac-[Ir(Bpin);(PMes);] (8) [18], with the pinacolboryl ligand
(pin = OCMe,CMe,0) was isolated, even though compounds with substituents on
boron other than the catechol group are rather rare [19].

73
Hydroboration

The catalytic H—B addition of organoboron compounds to unsaturated molecules
is synthetically interesting in main-group chemistry, as a wide range of functional
groups can be transformed from the selective new C—B bond [1]. Although con-
siderable energy has been expended to use rhodium(I) complexes to catalyze the



7.3 Hydroboration

[CpIrClyl, Scheme 7.10
RC—CH | Proton Sponge
70 °C

= P, pt

B/B Ir

RC\\/ ~ CR
NeH we”
BsHg
RC—CH
le Cp*
HsBs ,CR /Ir
o~ HeBs™ /™ cR
H=~ HC H HC/
R
RC—=CH
0_0
O\B/O 5
MeaP//hIl_\\\PMea o MegP... |'r «PMejy
MGSP(\‘H + RC—CR' ——— Me3P/~¥_:::\
Cl R R
Cl
R = R' = C(O)OCHg3

Scheme 7.11

hydroboration of unsaturated compounds [20], analogous iridium complexes have
also been shown to be active through alternative mechanistic insights [21].
Initially, Sneddon and coworkers [22] reported that iridium complex [IrCl,(n’*-
CsMes)], catalyzed the H—B addition of polyhedral boranes to alkynes to give a
variety of alkenylboranes. The same group also suggested a plausible catalytic cycle
involving the oxidative addition of borane [23], followed by the insertion of an
alkyne into a metal-hydride bond to form a metallovinyl complex which, after
reductive elimination [24], would form alkenylpentaborane and regenerate the
catalytic species (Scheme 7.10). Merola et al. [11] suggested that iridium complexes
could be a useful system for modeling the catalytic hydroboration mechanism, as
vinyliridium intermediates were observed and characterized when the vinyl group
contained strong electron-withdrawing substituents (Scheme 7.11). Evans and Fu
[25] subsequently used [Ir(COD)(PCy;)(py)|PFs (py = pyridine) as the catalyst pre-
cursor in the first example of a catalytically directed hydroboration reaction in
the amide-directed H—B addition to alkenes, with catecholborane (HBcat) as the
boron reagent (Scheme 7.12). It is noteworthy that cationic iridium catalysts were
essentially more effective in the delivered reaction than the analogous cationic
rhodium complexes. The amide-directing group was capable of turning over the
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expected regioselectivity of the iridium-catalyzed reaction of terminal alkenes,
because although 1-hexene can be hydroborated with 98:2 selectivity in favor of
the formation of the primary alcohol, the reaction of the 3-butenamide affords the
secondary alcohol as the major product. Under optimized conditions, the highest
selectivity for the 1,3-cis isomer could be achieved by modifying the iridium
complex with electron-deficient indenyl ligands [26]. The remarkable diastereose-
lectivity achieved has been correlated to the ability of indenyl ligands to ‘slip’ to a
lower coordination form [27] and to remain attached to the catalyst during the
hydroboration reaction; this is in contrast to other related n’*ligands, which are
destroyed during the catalytic H—B addition [17].

The catalytic hydroboration of vinylarenes has also been well studied and,
depending on the rhodium or iridium catalytic system used, the product distribu-
tion can be tuned. [IrCl,(n’-CsMes)], catalyzed the hydroboration of 4-vinylanisole
in the presence of HBcat with the exclusive formation of the terminal hydrobora-
tion product, in contrast to the analogue rhodium complexes which mainly afford
the branched alkylboronate ester (Scheme 7.13) [14].

The reaction parameters responsible for the high levels of regioselectivity can
only be understood by studying the mechanism of the catalytic cycle [28]. Hartwig
and Nolan quantified individual borane bond dissociative energies and measured
the enthalpy of the main catalytic steps [16]. Interestingly, the strength of the
iridium-boron bond could provide the necessary driving force for the oxidative
addition of H—B in catecholborane (Scheme 7.14). Alkene insertion into the
iridium-hydride seems to be slightly less favorable thermodynamically than alkene
insertion into the iridium-boron bond. Eventually, B—C reductive elimination of
the hydroborated product from the alkyliridium complex is more exothermic than
the H—C reductive elimination. Another example supporting the favored B—C
reductive elimination was observed by Baker et al. [9], in the synthesis of fac-
[IrH(PMes);(n~CH,BHC;H,,)] (Scheme 7.15).
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The most striking catalytic pathway seems to be the insertion of the unsaturated
molecule in the metal-H [29] or the metal-B bonds [30, 31c]. The similarity of the
two enthalpic terms seems to be consistent with the apparent competition between
the two insertion processes [31], implying that kinetic factors may dominate the
selectivity. In this context, the first example of the asymmetric iridium-catalyzed
hydroboration reaction brought new insights into the catalytic cycle of this reac-
tion. Bonin and Micouin [32] reported the desymmetrization of meso hydrazines
through rhodium- and iridium-catalyzed asymmetric hydroboration. This was
considered to be the key step in the straightforward access to polysubstituted
diamino cyclopentanes (Scheme 7.16), with enantiomeric excess (ee) values up to
64%, when Josiphos was used as ligand. Bonin and Micouin found that the enan-
tioselectivity was completely reversed in the Rh and Ir systems, and suggested that
the stabilization of the transition state of the migratory insertion by two G-nitrogen



180| 7 lridium-Catalyzed Boron-Addition

R
§ Ri
R‘Y\H ™" > Bcat
Bcat H
Czt M—Cl
HBcat J
R, Ro

I H
Ris~n Ny Ry \ﬁ\ Bcat
C:/ M—Bcat .
C::\ M—Bcat ! C::
7 Cl

Cl

M = Rh u M=Ir
M-H insertion H J M-B insertion
C\ | _Bcat
M
-
| > 7Ry
a
R
Scheme 7.17

lone pair interactions was the first irreversible step in the cycle. This led them to
postulate that—at least with meso substrates—rhodium-catalyzed hydroboration
involved a metal-H insertion, and iridium-catalyzed hydroboration a boryl migra-
tion (Scheme 7.17). Further studies have shown that chiral nonracemic monoden-
tate phosphoramidite or phosphite ligands were efficient in the Ir-catalyzed
asymmetric hydrogenation of meso-hydrazines [33]. However, the benefits of the
Josiphos ligand in iridium-mediated hydroboration reaction were initially high-
lighted by Togni et al. [34], based on the highest ee-values (77%) afforded for 1-
phenylethanol with this metal, although previous data on regiocontrol were not
provided.

In an attempt to rationalize the factors that control selectivity in the Rh- and Ir-
catalyzed hydroboration reactions, Fernandez and Bo [35] carried out experimental
and theoretical studies on the H—B addition of catecholborane to vinylarenes
with [M(COD)(R-QUINAP)|BF,, (QUINAP = 1-(2-diphenylphosphino-1-naphthyl)
isoquinoline). A considerable difference was found in the stability of the isomers
when the substrate was coordinated to the iridium(I) or rhodium(I) complexes. In
particular, the difference between pro-R B1 and pro-S B2 isomers was not so great
when the metal center was iridium and not rhodium (Figure 7.1), which explains
the low ee-values observed experimentally when asymmetric iridium-catalyzed
hydroboration was performed. Structurally, the energy analysis of the m2 and
13 interactions [36] seems to be responsible for the extra stabilization of the B2
isomer in the iridium intermediates (Figure 7.1). The coordination and insertion
of alkenes, then, could be considered key steps in the enantiodifferentiation
pathway.

Unlike the selectivity of the hydroboration of terminal and internal alkenes,
which depends on the metal catalysts and hydroboration reagents [20], the boron
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atom can Dbe selectively added in the presence of iridium complexes and bulky
hydroboration reagents. Pinacolborane (HBpin), has recently been found to be an
excellent alternative to catecholborane because it is more stable and easy to handle
than borane [37]. Crudden et al. [38] found that HBpin was quantitatively added
towards the linear isomer in the hydroboration of vinylarenes with [Ir(u-Cl)(COD)],/
P-P (P-P =1,2-(bis(diphenylphosphino)benzene (DPPB)), independently of the
electron-donating or electron-withdrawing substituted substrates. Miyaura et al.
[39] reported that neutral iridium(I)—phosphine complexes such as [Ir(u-Cl) (COD)],/
P-P (P-P = bis(diphenylphosphino)methane; DPPM and bis(diphenylphosphino)e
thane; DPPE) are excellent catalysts for H—B addition to terminal and internal
alkenes with an aliphatic or aromatic substituent on the vinylic carbon, when
pinacolborane is used. Only the anti-Markovnikov addition product was formed
in the hydroboration of perfluorovinylalkenes, whereas a mixture of products was
formed in the rhodium-catalyzed H—B addition from catecholborane and pinac-
olborane (Scheme 7.18) [40]. Iridium(I)-catalyzed hydroboration of internal alkenes
with pinacolborane afforded total formation of pinacol 1-alkylboronates, as a result
of the complete isomerization to the terminal carbon [39]. Of particular interest
was the selectivity observed by Westcott et al. [41] in the hydroboration of 1-
phenylpropene with HBpin. Here, while the branched product was favored when
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using cationic or zwitterionic rhodium complexes, the linear product was exclu-
sively formed in reactions mediated by either the cationic or zwitterionic iridium
catalysts. This product distribution presumably arises from an initial metal-
mediated isomerization of the double bond from 1-phenylpropene to give the
corresponding a-olefin (3-phenylpropene), followed by a regioselective hydrobora-
tion step (Scheme 7.19). Formally, zwitterionic iridium catalytic systems provided
improved catalytic performance compared to their cationic analogue complexes in
the hydroboration of 2-phenylpropene with HBpin, exhibiting only the linear addi-
tion product (Scheme 7.19).

The combination of iridium(I)-catalyzed hydroboration with the bulkiest borane
4,4,5,5-tetraphenyl-1,3,2-dioxaborolane (HBBzpin) allowed the selective synthesis
of a series of novel stable organoboronates, in contrast to the rhodium-catalyzed
version (Scheme 7.20) [42].

The iridium-catalyzed hydroboration of heteroatom-containing substrates (vinyl
sulfides, sulfoxides, sulfones and sulfonates) was examined by Westcott and Baker
[43]. These authors observed the selective formation of the linear boronate ester
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product in the H—B addition of catecholborane to phenyl vinyl sulfide (Scheme
7.21), despite the directing effect of the sulfur heteroatom to form the branched
isomer. Hence, they suggested an alternative mechanism for the exclusive forma-
tion of the linear products, in agreement with related lanthanum-catalyzed hydrob-
oration of alkenes (Scheme 7.22) [44].

Westcott et al. have also observed the exclusive linear product 3-
0,NC:H,CH,CH,Bcat in the hydroboration of 3-nitrostyrene by [IrCl,(n*-CsMes)],
and HBcat [45]. Similarly, the linear isomer 4-(Bcat),NC,H,CH,CH,Bcat could be
preferentially obtained in the iridium-mediated hydroboration of 4-vinylaniline
as an example of a mild route to aniline derivatives containing boronate esters.
Westcott et al. claimed a mechanism that may not necessarily proceed via conven-
tional pathways that invoke initial oxidative addition of HBcat to the metal
center.

A formal trans-hydroboration of terminal alkynes with catecholborane and
pinacolborane to yield cis-1-alkenylboronates has also been carried out in the pres-
ence of Rh(I) and Ir(I). The dominant factors for reversing the conventional cis-
hydroboration to the trans-hydroboration were the use of NEt; and the use of bulk
phosphines such as P'Pr; and PCy;, and an excess of alkyne in front of the boron
reagent [46].
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7.4
Diboration

The most convenient mode of difunctionalization of multiple carbon-carbon
bonds through boron-containing intermediates, involves the metal-mediated addi-
tion of a diboron reagent to an unsaturated carbon-carbon bonds [47]. While con-
siderable efforts has been made to use metal-phosphine complexes to catalyze the
B—B additions, a series of N-heterocyclic carbene ligand (NHC)-based metal com-
plexes have recently been proved to be a convenient alternative [48]. Therefore, the
unique reported attempt to diborate unsaturated substrates by cationic and zwit-
terionic iridium complexes modified with P,N ligands, afforded a mixture of
products [41], while [Ir(n>-CsMe;)(NHC)] afforded chemoselective organodiboro-
nate compounds in the B—B addition to vinylarenes [49] (Figure 7.2). An extra
interest to evaluate the asymmetric induction [50], on the reaction products of the
catalytic diboration reaction, was considered by using the chiral-at-metal center
and at-NHC ligand, complex [Ir(*-CsMes)(NHC)].

Although the [Ir(n’-CsMes)(NHC)] complex was initially tested in the diboration
of styrene, this did not lead to the formation of any diboronate esters when
bis(catecholato)diboron (B,cat,) was added to a solution of the catalyst and styrene
in tetrahydrofuran (THF) under argon (Scheme 7.23). However, the addition of

R

ca®
Figure 7.2 [Cp*Ir(NHC)] complex for catalytic diboration reaction.
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NaOAc and an excess of diboron reagent afforded an almost quantitative conver-
sion of the styrene, and an extraordinarily high chemoselectivity on the diborated
product, with values up to 99.2%. Other neutral and cationic Ir(I) complexes modi-
fied with (S)-Quinap were less active under such conditions, despite the effective-
ness of their Rh analogue complexes [50]. The specific effectiveness of the NHC
ligands towards the high chemoselectivities on the diboronate product has been
shown in the comparative diboration reaction catalyzed by [Ir(u-Cl)Cl(n*-CsMes)],
and [Ir(IM%)(Cl),(n*-CsMes)] (IM¢ = 1,3-dimethylimidazolylidene). The scope of the
reaction included vinyl and aliphatic alkenes. Although, under these reaction
conditions asymmetric induction was not achieved, the addition of AgBF, to the
reaction mixture in order to promote removal of the halide from the Ir metal
sphere favored efficient catalytic diboration with total conversion, high chemose-
lectivity and ee-values of about 10% for the corresponding acetal derivative in the
catalytic diboration/oxidation protocol. A tentative mechanistic pathway has been
suggested for the specific role of NaOAc which could favor the heterolytic cleavage
of B,cat,, thus justifying formation of the Ir—B with no need for oxidative addition
of the diboron to the Ir(III) complex. This means that the metal could remain in
the same oxidation state throughout the reaction process. Subsequent alkene
coordination and migratory insertion into the Ir—B bond could provide the Ir-
alkyboronate formation, which could finally transmetallate with B,cat, to generate
the diborated product (Scheme 7.24). A similar mechanism has been postulated
for the first catalytic diboration reaction with palladium complexes, in agreement
with the findings of experimental and theoretical studies [51]. The interaction
of the base with the diboron reagent, together with the strong exothermicity of
the transmetallation step in the presence of the base, could very well serve as the
driving force to complete the reaction.

7.5
Borylation

Since the pioneering studies of Hartwig and colleagues [52] and Smith and cowork-
ers [53], the transition-metal-catalyzed activation and functionalization of unreac-
tive C—H bonds of hydrocarbons [54] have led to increasing attention being paid

185



186| 7 lridium-Catalyzed Boron-Addition

C‘” l\|/IgCI [|3(OR)2
[C1] | Xy Mg, ether x B(OR)3 X
) ()~ [
MgCIOR)
Scheme 7.25
I|3(OR)2
catalyst ‘ N
+ H—B(OR
(OR)2 \ P
Hy
Scheme 7.26
Ir., \‘_‘
MesP” A “H —
B-o o._.0
¢ B
X
N0
¥ % ‘BH + Hp
e
Scheme 7.27

to the C—H borylation reaction for the synthesis of organoboron compounds [55].
In this context, arylboron compounds possess intriguing properties and are impor-
tant building blocks for chemical synthesis, such as C—C bond-forming strategies
through crosscoupling reactions [56]. Iridium catalysts are considered to be highly
selective for C—H activation [57] and do not interfere with subsequent in situ
transformation. Because of their favorable activities and exceptional selectivities,
these iridium catalysts have become a genuine alternative to the classical multistep
process (Scheme 7.25) for the direct synthesis of arylboron compounds from aro-
matic hydrocarbons and boranes (Scheme 7.26).

Iverson and Smith were the first to explore the catalytic viability of forming the
B—C bond from inactivated hydrocarbons in the presence of iridium complexes
[Ir(H)(R)(n*-CsMes) (PMe;)] (Scheme 7.27), and showed that borane substituents
are critical for effecting catalytic conversion [53a]. In particular, thermal B—C
bond formation involved a catalytic cycle for pinacolborane, HBpin, in contrast
to the photochemical methods developed by Hartwig and coworkers in the end-
functionalization of alkanes through borylation reaction with bis(pinacolato)
diboron, B,pin, [52c]. In subsequent studies, the iridium complex [Ir(H)(BR,)
(M’-CsMes)(PMes)] proved to be less active than the rhodium complex [Rh(n’-
CsMes)(n*-CeMey)] [52d], but much more selective towards arene C—H activation
(e.g. the arene versus benzylic activation in m-xylene borylations [53b]). The major
metal-containing product in the arene borylation reaction with iridium complexes



7.5 Borylation

was [Ir(H)(n’-CsMes) (Bpin) (PMe;)], which turned out to be stable in benzene solu-
tions after prolonged thermolysis. Mechanistically, a simple phosphine dissocia-
tive pathway was excluded [58]. In fact, phosphines or related donor ligands
seemed to be required for the catalytic borylation, because of the lack of catalytic
activity provided by [Ir[(n*mesitylene)(Bpin);] [53d] and the beneficial effects of
the excess of phosphine to the metal. The analogous [Ir[(n°-arene)(Bcat);] complex
[59] also showed discrete toluene borylation products included in the supplemen-
tary material. An alternative means for generating active precatalysts showed that
[Ir[(n*-CoH;)(COD)] was highly active for benzene borylation in the presence
of PMe; or chelating diphosphines such as dppe and dmpe (dmpe=1,2-
bis(dimethylphosphino)ethane), where the effective turnover number (TON) of
4500 was improved by more than 1000-fold over the precatalyst [Ir(H)(n’-
CsMes) (Bpin)(PMes)]. The in situ iridium complex prepared from [Ir(COD)], and
indenyl lithium [60] also had similar activity in the presence of phosphines.

Iridium catalysts are compatible with the entire range of aryl halides, preferen-
tially activating the C—H bonds, unlike the dehalogenations observed in rhodium-
mediated borylations [53b, 61]. This remarkable functional group tolerance made
it possible to carry out consecutive metal-catalyzed cascade reactions, such as a
borylation/Miyaura—Suzuki crosscoupling reaction for one-pot biaryl synthesis
(Scheme 7.28). Smith and coworkers [53d] suggested a mechanistic catalytic cycle
in which iridium species Ir(III) and Ir(V) could be potentially consistent with the
experimental observations (Scheme 7.29). Some of these data involved: (i) the
borylation products of iodobenzene were not obtained from Ir(I) sources, whereas
Ir(III) species affected both stoichiometric and catalytic borylations; (ii) the cata-
Iytic activity improved when chelating biphosphines were involved, which sup-
ports the presence of 18-electron biphosphine Ir(V) resting state; and (iii) the
complex [IrtHs(PMe;)] became an effective precatalyst for borylation.

The beneficial effects of chelating ligands were also demonstrated by Hartwig,
Ishiyama and Miyaura [62]. This group isolated the iridium(I) complex
[Ir(Bpin);(COE)(DTBPY)] modified with simple 2,2"-bipyridine ligands (such as
4,4’-di-tert-butyl-2,2"-bipyridine; DTBPY), which seemed to be responsible for the
first catalytic C—H borylation at room temperature (Scheme 7.30). An extension

&=
/Ir %/O\BH
Cl cl
Cl Cl dppe, 100°, 16 h O
\©/ [Pd(PPhg)4], 3-bromotoluene
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Scheme 7.28
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of these studies involved the C—H coupling of aromatic heterocycles with
bis(pinacolato)diboron, where the reactions with five-membered substrates exclu-
sively produced 2-borylated products, while reactions with six-membered hetero-
cycles selectively occurred at the 3-position (Scheme 7.31) [63]. The borylation of
these heteroatomic substrates most likely proceeded through tris(boryl)iridium
(IIT) intermediates [53Db, 59, 62], which gave arylboronates upon thermolysis with
arenes. The C—H activation of the 2-position in five-membered substrates by the
tris(boryl)iridium (III) intermediate, followed by C—B bond formation, seems to
be a reasonable mechanism for their borylation. A small steric hindrance of a
planar bipyramidal ligand, as well as its electron donation to the metal center, is
also critical for the formation of such sterically hindered Ir(V) intermediates.
Although these processes have been confirmed by the results of recent theoretical
studies conducted by Sakaki [64], the perplexing regioselectivity of the borylation
of pyridine and quinoline to give 3-borylated products suggested that the iridium
complex or a boron compound bound reversibly to the basic nitrogen; indeed, both
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were seen to activate the substrate for reaction blocking borylation at the 2-
position. A regioselective synthesis of bis(boryl)heteroatomics was also achieved
by using an almost equimolar amount of substrates and the diboron (Scheme
7.31).

Subsequent studies on iridium-mediated borylation demonstrated the effect of
varying the anionic ligands on iridium(I) precursors [65]. Whereas, halide and
cationic iridium complexes do not catalyze the reaction, the borylation was com-
pleted within 4h at room temperature if the iridium(I) precursor possessed an
OH, OPh or OMe ligand. Therefore, the high catalyst efficiency of the (hydroxo)-
or (alkoxo)iridium complexes could be attributed to the more facile formation of
(boryl)iridium complexes (Scheme 7.32). The mono-(boryl)iridium(I) complex
could be generated by the oxidative addition of bis(pinacolato)diboron to
(alkoxo)iridium(I) complexes, followed by the reductive elimination of pinBOR;
alternatively, it may be generated by transmetallation between (alkoxo)iridium(I)
complexes and B,pin,. Under these optimized conditions, the synthesis of unsym-
metrical biaryls was explored by means of an efficient one-pot, two-step procedure
[66] in an inert solvent. The aromatic borylation of arenes and heteroarenes with
HBpin, but without an excess of substrate or reagent, provided aryl- and hetero-
arylboronates which could be converted in situ towards the corresponding biaryl
(Scheme 7.33).

Iridium-catalyzed borylation has also proved to develop the first general approach
to functionalized unprotected indoles at the 7-position [67]. This selectivity can be
explained by the nitrogen-directed aromatic borylation pathway in the mechanistic
steps (Scheme 7.34).

—Bpin
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A convenient direct route has recently been described for obtaining regioregular
polyalkylthiophenes using a tandem iridium-catalyzed borylation to produce the
monomer, and a palladium-mediated coupling to produce the polymer [68]. The
treatment of substituted thiophenes with B,pin, in the presence of [IrCl,(COD)],/
4,4’-di-tert-butyl-2,2"-bipyridine (DTBPY) provided the expected monomer in 97%
yield (Scheme 7.35).

Selective C—C bond formation by the activation of vinylic C—H bonds has
become a challenging task in organic synthesis, mainly because it raises selectivity
issues as both C(sp’)—H and C(sp?)—H bonds are available for functionalization.
Szabé has shown that selective C—C bond formation can be achieved in cycloal-
kenes by using an iridium-catalyzed C—H activation borylation reaction [69]. Tran-
sient organoboranes can react further with either aldehydes or aryliodides in a
one-pot sequence (Scheme 7.36). Marder and coworkers suggested that alkenes
can undergo dehydrogenative borylation, which involves inserting the substrate
into the metal-boron bond of the active catalyst, followed by B-hydride elimination
to give vinylboronates [70]. A similar conceptual mechanism could be involved in
the catalytic borylation of unactivated cycloalkenes, starting from the fact that the
double bond of cyclohexene could be inserted into the Ir—B bond to provide inter-
mediate C. Assuming that the insertion was proceeded by a syn mechanism, the
C—B and C—Ir bonds would be in cis position in the metal intermediate complex
C. Because of the hindered rotation of the C—C bond, only the allylic C—H bond
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could adapt to the syn conformation D required for -hydride elimination, and this
would explain the initial formation of the allyl product. Subsequent allyl rearrange-
ment leads to the formation of vinylboronate, which can be retarded by applying
of 1,8-diazabicyclo[5.4.0Jlundecane (DBU). The molecular geometry required for
the B-hydride elimination could be most easily realized in the cyclohexane deriva-
tive D to provide the E intermediate, which undergoes reductive elimination to
give pinacolborane and regenerate the catalyst (Scheme 7.37).
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Iridium-Catalyzed Methanol Carbonylation
Philippe Kalck and Philippe Serp

8.1
Introduction

Today, acetic acid is the most important commodity chemical produced by homo-
geneous catalysis, with a regular annual growth in production of 2.4%. Some 40%
of this acetic acid is used in the manufacture of vinyl acetate to produce textile
fibers, adhesives and paints; it is also used directly as a solvent in the synthesis of
terephthalic acid (ca. 10%) and in the form of acetate esters for solvents. Acetic
acid is also used directly in the pharmaceutical and food industries. One further
major use involves the manufacture of acetic anhydride (by high-temperature
dehydration into ketene, which is further condensed with acetic acid), the main
use of which is in cellulose acetate production. Together, the oxidation of fermen-
tation-derived ethanol, the distillation of hardwood, the oxidation of acetaldehyde
(obtained by the oxidative hydration of ethylene; the Wacker process), and the
oxidation of light petroleum fractions (1 ton of acetic acid is obtained from 3 tons
of oxygenated products) accounts for an annual acetic acid production in excess
of 8 million metric tons [1]. In fact, two-thirds of this production arises from the
carbonylation of methanol, catalyzed by a late transition-metal complex. Thus,
acetic acid is issued from methanol and, as a consequence, from carbon monoxide
and hydrogen, and represents the larger second-generation intermediate in
chemistry. As the CO/H, couple (syngas) can be generated either by the steam
reforming of natural gas or light petroleum fractions or from coal (and perhaps
in the near future by hardwood gasification), methanol will in time constitute the
most abundant raw material for acetic acid production. At present, the annual
worldwide production of methanol exceeds 45 million tons; hence, a highly selec-
tive catalytic process in which methanol is carbonylated to acetic acid (Equation
8.1) represents the most elegant synthetic pathway for low-cost acetic acid
production.

In 1913, methanol was identified by A. Mittasch at the BASF Company [1] as a
byproduct in the synthesis of ammonia. Subsequently, in 1923, the first industrial
unit went on stream to convert syngas, in the presence of significant amounts
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of CO,, into methanol on a heterogeneous copper-based catalyst. During the 1920s
methanol carbonylation became the subject of intense investigation, not only at
BASF but also at British Celanese. Reppe and colleagues at BASF found that cobalt
diiodide, operating at 680 bar (68 x 10*hPa) and 250°C, catalyzed the reaction
[2, 3]. Unfortunately, the process encountered major problems with corrosion
until, in 1950, a highly resistant molybdenum/nickel alloy (Hastelloy™; this is
used as a bulk material to build industrial reactors) was discovered and commer-
cialized [1]. When, in 1960, BASF built the first unit to produce acetic acid, at
Ludwigshafen, Germany, the process proved to be very nonselective since, for
every ton of acetic acid produced, about 40kg of byproducts (ethanol, propanal,
propanoic acid, butanal, butanol, etc.) was created. The result was that five distil-
lation columns were required to obtain CH;COOH with adequate (99.8%) purity.
Moreover, selectivity towards methanol was only 90%, and to CO 70% [4], due to
the abundant quantities of CO, produced by the water gas shift (WGS) reaction
(Equation 8.2).

CH;0H + CO — CH;COOH (8.1)
Thus, the carbonylation, which can be simply written as in Equation 8.1
CO+H,0=CO, +H, (8:2)

requires a late transition-metal as catalyst and an iodide as promoter in order to
activate methanol and transform it into the more reactive CH;l species. During
the mid-1960s, Paulik and Roth at the Monsanto Company [5] found that rhodium
and an iodide promoter were more catalytically active than cobalt, with selectivities
of 99% and 85% with regards to methanol and CO, respectively, and operated
under significantly milder conditions [40-50 bar (45 x 10*hPa) pressure; approx.
190°C]. Despite rhodium being 1000 times more expensive than cobalt at the time,
Monsanto chose to develop the rhodium-based catalyst system mainly for concerns
of selectivity. During the same period, Paulik and Roth [5] demonstrated the effi-
ciency of iridium in the reaction of Equation 8.1, and noted that it was somewhat
less rapid—but more stable—in the low CO partial pressure zones of the industrial
unit [6].

In 1970, the first rhodium-based acetic acid production unit went on stream in
Texas City, with an annual capacity of 150000 tons. Since that time, the Monsanto
process has formed the basis for most new capacities such that, in 1991, it was
responsible for about 55% of the total acetic acid capacity worldwide. In 1986, B.P.
Chemicals acquired the exclusive licensing rights to the Monsanto process, and
10 years later announced its own carbonylation iridium/ruthenium/iodide system
[7, 8] (Cativa™). Details of this process, from the viewpoint of its reactivity and
mechanism, are provided later in this chapter. A comparison will also be made
between the iridium- and rhodium-based processes. Notably, as the iridium system
is more stable than its rhodium counterpart, a lower water content can be adopted
which, in turn, leads to higher reaction rates, a reduced formation of byproducts,
and a better yield on CO.
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8.2
Rhodium-Based Processes

In terms of coordination chemistry, the reactivity of rhodium and iridium are
comparable, with the coordination sphere of the two metals being similar for
much of the time, notably when phosphorus- or nitrogen-containing ligands or
CO are coordinated. However, the iridium metal center is more nucleophilic as
its valence orbitals are more diffuse, and it has a greater tendency to adopt penta-
coordinated geometries. Although this chapter is focused on the iridium-catalyzed
carbonylation of methanol, it is commonplace for research groups to compare the
reactivity of iridium with that of rhodium. Hence, some brief details will be pro-
vided here on the mechanism of the rhodium system.

8.2.1
The Monsanto Process

The Monsanto process [9] refers to a rhodium system operating with a high level
of water, as it is necessary to maintain at least a 14 wt/wt% concentration to ensure
stability of the rhodium complex in the low CO pressure zones of the process (the
‘flashing zone’). The active species is the [H;0]'[RhI,(CO),]” entity, which reacts
with CH;l in the rate-determining step to provide the methyl rhodium
[RhI;(COCH;)(CO),]” species. This then evolves rapidly by a migratory CO inser-
tion mechanism towards the acetyl species [RhI;(COCHs;)(CO)], which coordi-
nates a CO ligand to give [RhI;(CH;)(CO),]” and then restores the active species
[RhI,(CO),]” by reductive elimination of CH;(CO)I. Both, experimental data and
density functional theory (DFT) calculations agree with this reaction pathway
[10-12]. The net result of catalysis is:

CH,I+CO — CH;(CO)I (8.3)

The catalytic cycle [13, 14] is summarized in Figure 8.1.

The role of the iodide promoter is to activate methanol and to produce iodo-
methane, generally by direct reaction of HI. The organic reactions which take place
in the medium are:

CH;0H + HI - CH,I + H,0 (8.4)
CH;(CO)1+H,0 — CH;COOH + HI (8.5)
CH;COOH + CH;0H = CH;COOCH, +H,0 (8.6)
CH;COOCH; + HI — CH;l + CH,COOH (8.7)

The WGS reaction (Equation 8.2) plays a significant role in the process, with
the species [H;O]'[RhI,(CO),]” starting another catalytic cycle by reacting with
hydriodic acid to give [RhI,(CO),]” and H, (see Figure 8.2); this stable rhodium(III)
complex then reacts with CO and water to regenerate [RhI,(CO),]” with the
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formation of CO,. Although Eisenberg and coworkers studied the mechanism and
kinetics of this reaction in depth during the 1980s [15, 16], the catalytic cycle is for
most of the time represented in an elliptical fashion, and the intimate succession
of some of the steps remains to be fully clarified. The selectivity of the carbonyl-
ation reaction is governed by the capacity of the active [RhI,(CO),]” species to follow
exclusively the main catalytic cycle.

It is of interest to note that the carbonylation rate is independent of both the
CO partial pressure and the methanol concentration. However, the rate is first-
order in the rhodium and methyl iodide concentrations, consistent with the CH;l
oxidative addition to [RhI,(CO),]” being the rate-determining step.

8.2.2
The Celanese Process

A large part of the process energy consumption arises from the dehydrating distil-
lation column in which water and acetic acid (as well as small amounts of propa-
noic acid that require the use of a special distillation column) are tediously
separated. An improvement to the rhodium process was made by the Hoechst
Celanese Company, which was the first Monsanto licensee [17]. In 1986, this
company patented [18] a low-water content technology based on the addition of
significant amounts of Lil to promote and stabilize the rhodium active complex
and to operate at a water content of about 5%. First, the formation of Li[RhI,(CO),]
permits stabilization of the [RhI,(CO),|” active species and prevents the precipita-
tion of insoluble RhI;. In addition, at low water and high Lil contents, the methyl
acetate concentration plays a determinant role, mainly reducing the concentration
of HI, which would promote the WGS cycle (Figure 8.2). Second, Lil reacts with
methyl acetate to produce CH;I and lithium acetate, which can further react with
hydriodic acid to produce acetic acid and regenerate Lil (Equations 8.8 and 8.9):

Lil + CH;0Ac < CH,l + LiOAC (8.8)
HI+ LiOAc = CH;COOH +Lil (8.9)

The high concentration of LiOAc in the medium was proposed to induce the
formation of a [RhI,(CO),(OAc)]* pentacoordinated dianionic species, which would
activate the methyl iodide more rapidly than would the [RhI,(CO),]” species [19].
The net result of the Hoechst Celanese process is a better selectivity with regards
to CO, since the WGS reaction is reduced by one order of magnitude [17].

Beyond these two industrial catalytic processes, many studies have been devoted
to the introduction of more electron-donating ligands in the rhodium coordination
sphere in order to increase the nucleophilic character of the metal center. Most of
these ligands include mono-, di-phosphines or mixed phosphine ligands contain-
ing P =0 or P =S terminations [20]. Although for most of the time the reaction
rates appear to be largely higher than that of [RhI,(CO),]", recycling experiments
have demonstrated a progressive decrease in activity to reach that of [RhI,(CO),|’,
presumably due to the formation of phosphonium salts [21].
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83
Iridium Reactivity in the Methanol Carbonylation Reaction

Shortly after Paulik and Roth’s short communication [5] that IrCl;-3H,0 and
[IrCl(CO)(PPhs),] were giving rise to high reaction rates at low pressure for the
carbonylation of methanol in acetic acid, Brodzki et al. [22] reported in a detailed
study the activity of various iridium salts as precursors in batch experiments. The
maximum activity was obtained at 190°C and 60 bar (6 x 10* hPa), starting from
the [Ir(n*CsHy,)(n’-CsHs)] precursor with a half-reaction time of 50min, which
was largely superior to [Ir,(1-Cl),(M*CsHy),] (f1/2 = 114 min). Matsumoto et al. [23]
reported that, when starting with Ir(IV) chloride, and operating in acetophenone
as solvent at 30 bar (3 x 10*hPa) and 173 °C, methyl acetate and acetic acid were
obtained, with reaction rates that were independent of the CO pressure (>15 bar;
>1.5 X 10*hPa) and the amount of methyl iodide present (above a CH;l : Ir ratio of
20). By adding triphenylphosphine to the frozen solution extracted from the auto-
clave, the authors intercepted the acetyl complex [Ir],(COCH;)(CO)(PPhs),] and
suggested that methanolysis of the neutral acetyl iridium(IIl) species was the
rate-determining step.

In parallel to all of his studies on rhodium reactivity, Forster recognized at an
early stage that [AsPh,][Ir],(CO),] underwent a very rapid reaction with methyl
iodide at room temperature, to yield the methyl complex more rapidly than did
the corresponding rhodium system [24]. Similarly, [AsPh,][Ir],(CO),] was seen to
react with an excess of HI to produce [AsPh,][Ir],(CO),], and CH;COI to give [As
Ph,][Ir(COCHS,;)13(CO),]. Further kinetic and spectroscopic studies have highlighted
the differences between rhodium and iridium chemistry. For example, the identi-
fication of both anionic and neutral iridium species along the methanol carbonyl-
ation catalytic cycle [25] allowed Forster to propose a general scheme involving two
interconnected neutral and anionic catalytic cycles, either for the methanol car-
bonylation or for the WGS reaction (Figures 8.3a and b).

The main factor controlling the anionic or neutral catalytic pathway is the iodide
concentration. Indeed, when the latter is maintained at low level by using meth-
ylacetate and limited water amounts (low methanol and methyl iodide concentra-
tions) the predominant species is the neutral [Ir[(CO);] complex. In contrast, as
the [I"] concentration is increased the major species becomes [Ir(CH;)I;(CO),].
Although the neutral complex [[rI(CO);] is largely less reactive towards the oxidative
addition of CH;I than the anionic species [IrI,(CO),|", the formation of the acetyl
complex is faster from [Ir(CH;)1,(CO);]; or2 or under CO from [Ir(CH;)I,(CO);] than
from [Ir(CH,)I3(CO),] . Forster has proposed the following seminal concept to ratio-
nalize the relative I” and CO effects on the rate of formation of the acyl species:

[Ir(CH3)I5(CO),] + CO — [Ir(CH3)I(CO)] + 17
- Ir(CH;CO) species

More recently, several studies have confirmed the initial observations of Forster,
and some of the species involved in the catalytic cycle of Figure 8.3 have been
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Figure 8.3 (a) Catalytic cycle for the iridium-catalyzed
methanol carbonylation; (b) catalytic cycle for the iridium-
catalyzed water gas shift (WGS) reaction. Both as originally
proposed by D. Forster (adapted from Ref. [25]).

isolated and fully characterized. The X-ray crystal structure of the [PPN][IrI,(CO),]
complex has been solved, and shows the iridium(I) metal center as being in
a square-planar environment, with the two CO ligands in a cis-geometry [26].
Theoretical calculations have revealed that the free energy of the cis-species is
10.4kcal mol™ lower than that of the trans-isomer [27]. High-pressure infrared and
nuclear magnetic resonance (NMR) studies have been carried out on the [Ir],(CO),]
species, and the reactivity of the rhodium analogue compared [28]. It has been
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shown that, under 50 bar (5 x 10*hPa) of CO the major proportion of [IrI,(CO),]”
is converted to [Ir](CO);] by the substitution of one iodide ligand by CO. This
reaction is two orders of magnitude slower on [RhI,(CO),]".

Hydriodic acid reacts readily with [PPN][Ir],(CO),], even in the presence of methyl
iodide, to give the complex fac,cis-[PPN][Ir(H)I5(CO),], in which the two CO ligands
are still in a cis-arrangement and the three iodo ligands are on one face of the
pseudo-octahedron [26]. Even at high temperature, the oxidative addition of CH;,l
occurs relatively slowly and results in the complex fac,cis-[PPN][Ir(CH;)I5(CO),);
however, as this reaction was conducted in a nonpolar and nonreactive solvent it
can be expected that, under the methanol carbonylation conditions, HI would react
rapidly with methanol to produce iodomethane. Nevertheless, high concentrations
of HI in the medium should be avoided in order to prevent the WGS cycle. The
calculated free energies of activation for the oxidative addition of methyl iodide to
cis-[RhI,(CO),]” and cis-[Ir],(CO),]” are 20.8 and 16.9kcalmol™, respectively [12],
thus highlighting the higher reactivity of the more nucleophilic iridium species.
Experimental data have correlated these theoretical values, since activation ener-
gies of 26 and 21kcalmol™ have been reported for thodium and iridium, respec-
tively [29, 30]. Additionally, a neutral methyl—iridium complex has been prepared
by I abstraction from [Ir(CH,)I;(CO),]” by Inl; to produce [Ir(CH;)I,(CO),] (and
Inl,"), which dimerizes into the stable complex [Ir,(u-I),I,(CH;),(CO)], the X-ray
crystal structure of which has been resolved [31].

The next step in the iridium catalytic cycle is the migratory CO insertion which
leads to the corresponding acyl species. In this case, two isomers have been
observed, with the kinetic product having been isolated as the fac,cis-[AsPhy]
[Ir(COCH;)I;(CO),] compound [32]. The thermodynamic product, the mer,trans-
[Ir(COCH;)I5(CO),]” anionic complex, can be obtained either by photolysis of the
complex fac,cis-[AsPh,][Ir(CH;)I5(CO),] at 366 nm under 1 atm (10*hPa) of CO [33],
or by reacting fac,cis-[PPN][Ir(CH;)15(CO),] with 5 bar (0.5 x 10*hPa) of CO in a
CH,Cl,/methanol mixture containing significant amounts of methanol [34]. Under
long-term photolysis of [Ir(CH;)I;(CO),]” the dimeric complex [Ir,(u-I),1,(COCH;),
(CO),J* has also been isolated and its X-ray crystal structure resolved [33].

The results of DFT studies [12] on the migratory CO insertion [12, 35] have
shown the methyl—iridium bond to be stronger than the methyl—rhodium bond,
and the free energy of activation for the methyl migration on a vicinal CO ligand
to be 29.2kcalmol™ for Ir and 18.4kcalmol™ for Rh; these data are in good agree-
ment with the experimental measurements of 30.6 kcal mol* [36] and 19.3 kcal mol ™
[10], respectively. Interestingly, ab initio molecular dynamics simulations have
shown that, in the transition state, the iridium—iodine bond trans to the CO ligand
which will be attacked by the methyl group begins to break, and is completely
dissociated before the acyl bond is finally formed [35]. Such a dissociation of the
M—I bond during the migratory CO insertion does not occur with rhodium. The
dissociation of an iodide ligand in [Ir(CH;)I;(CO),]” in methanol-containing sol-
vents is endothermic, and the corresponding enthalpy is about 8 kcalmol™. The I
ligand can be easily replaced by a soft ligand such as CO, but not by methanol or
acetic acid. Similarly, instead of CO a phosphite ligand can be introduced into the
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Figure 8.4 Methanol-assisted migratory CO insertion in the
iridium-catalyzed methanol carbonylation (adapted from Refs
37, 38]).

coordination sphere of iridium, which causes the migratory CO insertion rate to
be significantly increased [35, 36].

Interestingly, Maitlis et al. have reported that the rate of the migratory CO inser-
tion is dramatically accelerated on the addition of small amounts of methanol [37].
Whereas in chlorobenzene, the oxidative addition of CH;I on [Ir[,(CO),] is 120-
fold faster than that on [RhI,(CO),], the methyl migration is 10°-fold faster for
rhodium than for iridium. However, the addition of methanol as solvent provides
a more polar and protic medium, and this assists in the iodide abstraction through
a hydrogen interaction between the hydroxy group and one iodide ligand [37, 38].
The general mechanism proposed by Maitlis et al. for this methanol-assisted
migratory CO insertion is shown in Figure 8.4. In neat chlorobenzene, the values
at 25°C for the activation parameters are AG* = 30.6kcalmol™, and 22kcalmol™
in methanol/chlorobenzene mixtures. In this situation, the authors have noted a
strong entropic effect.

Thus, the migratory CO insertion reaction on the iridium center, which is the
rate-determining step of the iridium catalytic cycle, is accelerated by I ligand dis-
sociation. These results tend to rationalize the seminal and inspired observations
of Forster at Monsanto Co. [25].

The reductive elimination step has undergone much less examination, with the
majority of authors considering that the acyl species produces CH;COI and regen-
erates the active anionic [IrI,(CO),]” species. When a DFT study was carried out
by Kinnunen and Laasonen [39], the fac,cis-[[r(COCH;)15(CO),]” isomer was seen
to be the dominant intermediate for the anionic route, whereas for the neutral
pathway the mer,cis-[[r(COCH;)I,(CO);] isomer allowed a faster reductive elimina-
tion reaction.

Here, it is worthy of note that dihydrogen, which is present in the medium
via the WGS reaction, can also react in its own right with the iridium species
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(Equations 8.10 and 8.11). Thus, Merbach and coworkers have shown from
high-pressure (HP) NMR experiments that the oxidative addition of H, to
[IrI,(CO),] [50 bar (5 x 10*hPa) H,, —20°C] provides the anionic dihydride species
[Ir(H),I,(CO),]” [28]. The reactivity of [Ir(CH;)I5(CO),]” towards dihydrogen has also
been investigated by Maitlis et al. [40], who have shown that methane is produced
at 110°C and 1 bar (0.1 10*hPa) of dihydrogen, giving rise to the hydride
[Ir(H)1,(CO),J” (Equation 8.11).

(It (CO), | +H, — [Ir (H),1,(CO), | (8.10)
(Ir (CH,)1;(CO), | +H, — [Ir (H),(CO),|” + CH, (8.11)

Recent mechanistic studies using HP infrared equipment, as well as HP-NMR
measurements involving the use of CO and “CH;l, have allowed the iridium
intermediates which are present in solution as methyl acetate and water, and
are consumed to produce acetic acid [32, 34, 41-43], to be followed. All of
these observations can be rationalized by a single catalytic cycle (see Figure 8.5),
in which equilibria exist between the neutral and anionic complexes for all
species. The main species involved in the carbonylation, which are detected in
batch mode under carbonylation conditions [34], and correspond to the slower
steps of catalysis, are the methyl—iridium and acetyl-iridium complexes
[Ir(CH;)I5(CO),]” and [Ir(COCH;)I;(CO),]” respectively.

8.4
The Iridium-Based Cativa Process

In 1993, B.P. Chemicals patented the use of iodo carbonyl ruthenium complexes
or their osmium analogues, to promote the iridium-catalyzed carbonylation of
methanol to acetic acid [44]. Under the same experimental conditions, iridium
alone gives a reaction rate of 12.2moll"h™', whereas in the presence of ruthenium
(Ru:Ir = 10) the rate is 23.9moll'h™". Following the announcement of this dis-
covery in the literature [7, 8], the performances of the novel system [44—47] were
detailed later [48, 49]. For example, for a Ru:Ir molar ratio of 5, the carbonylation
rate is increased by a factor of 2.6 when [Rul,(CO),] is introduced. The addition of
Snl, also accelerates also the catalysis, though less efficiently [37]. Although InI;,
Gal; or Znl, can each promote catalysis, ionic iodides such as Lil or [NBuyI
present an inhibitory effect. The role of the promoters is mainly to remove an
iodide ligand in [Ir(CH;)I5(CO),]” and to form [Rul;(CO)s],, or [Snly], [InL],
[Galy, [Znl;]” and consequently the neutral methyl complex [Ir(CH;)I,(CO),).
These promoters also accelerate the reaction of HI with methyl acetate to produce
methyl iodide [50]. In fact, they exert a key role in moderating the concentration
of free iodide, which inhibits the migratory CO insertion, and in reducing the
concentration of HI which can react with [Ir],(CO),] to enter the WGS catalytic



8.4 The Iridium-Based Cativa Process

CH,COOH 4, 6.CO

Ir
. I 17" co CHyl
! H,0
Os. CH
%C/ 3 T O§C/CH3
Ir == | _«co
TN - I/
1 co ' I CH,
| 1 co 17, lowCO
2
17| Yco
1
CH,
I, aCO
vl
1V 1 Yco
Cco
CH,
I\L _Co
17 >co
CO ﬂ I
I CH,
0(7///,,| N, | (€O
. S Tr
o | 17 [ ¥co

Figure 8.5 General catalytic cycle for the iridium-catalyzed
methanol carbonylation, as proposed by Haynes et al.
(adapted from Ref. [32]).

cycle. As the process operates at a water content of about 5% wt/wt, the [I7] con-
centration remains at a low level so that the neutral iridium species are favored
[32, 41-43, 50]. The stability of the iridium catalyst is maintained over a broad
range of experimental conditions, especially of the CO pressure, since—in contrast
to rhodium—no metal precipitation occurs in the flashing zone.

Kinetic analyses of the effect of ruthenium on the rate of the carbonylation reac-
tion [32] have shown that the addition of [Ru,(u-I),I,(CO)), [Rul,(CO)4], or
[Rul,(CO),], in small amounts (Ru: Ir molar ratio < 0.2) provides significant accel-
erations, whereas introduction of the anionic complexes [NBu,][Rul;(CO);] or
[NBuyJ,[Rul,(CO),] results in an absence of promotion of catalysis, though not
in its inhibition. Similarly, the inhibiting effect of Lil (I":Ir molar ratio =1) is
compensated by the addition of [Rul,(CO),]. At least at low concentrations, the
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effect of ruthenium on the carbonylation rate is proportional to its concentration.
All of these observations are consistent with the ability of the promoter to remove
an iodide ligand from the anionic [Ir(CH;)I3(CO),|” iridium intermediate and,
indeed, that it is its key role [32, 41, 42, 51]. Thus, under a CO atmosphere,
[Ir(CH;)I5(CO),]” evolves rapidly towards [Ir(CH3)I,(CO);], before the methyl cis-
migration occurs to provide the neutral acetyl—iridium species. The mechanism
by which ruthenium draws an iodide ligand has been elucidated by Haynes et al.
[50], and Heaton et al. [51]: the two [Ir(CH;)I5(CO),]” and [Rul,(CO),] complexes
react together to give the intermediate heterobimetallic species [Ir],(CH3)(CO),(u-
[)Rul,(CO);], which has been characterized by NMR. Under 6 bar (0.6 x 10*hPa)
CO, this species gives [Ir(CH;)I,(CO);] and [Rul3(CO);]". As the undercoordinated
[Ir(CH;)I,(CO),] intermediate is formed, its dimerization provides [Ir,(u-
1),1,(CHj3),(CO),), or its reaction with the starting iridium material produces [Ir,(u-
I)I3(CHj3),(CO),]". The neutral dimer has been characterized by an X-ray crystal
structure, and shows the two methyl ligands being in the equatorial plane and in
mutual trans-positions [26, 31]. It is cleaved by *CO to give [Ir(CH;)1,(CO),("*CO)],
the labeled ligand being specifically in trans position to the methyl ligand. The
next step of the intrasphere nucleophilic attack of the methyl group concerns
exclusively one of the two nonlabeled CO ligands [32].

8.5
The Iridium—Platinum-Based Process

Acetex Chimie, in collaboration with our laboratory, has patented the use of plati-
num to promote the iridium-catalyzed carbonylation of methanol [52]. The addi-
tion of a small amount of the preformed carbonyl iodoplatinum(II) complex
[Pty(u-I),1,(CO),] gives rise to high reactions rates with performances comparable
to those of the [Ir—Ru] system. High-pressure infrared and NMR analyses have
been carried out to provide a deeper insight into the mechanism by which the
cocatalyst assists the reaction [34]. Starting from the stable complex [PPN][IrI,(CO),]
led us to isolate the two products resulting from the oxidative addition of HI and
CH;I (see Section 8.3). We were also able to identify, by using NMR and fast-atom
bombardment (FAB) mass spectrometry, the two products which are formed when
the pentacoordinated species [Ir(CH;)I,(CO),] is produced by iodide abstraction
from [Ir(CH;)I5(CO),]” by adding [Pty(1-1),I,(CO),). The neutral dimer [Ir,(u-
1),I,(CHj3),(CO),] has been identified, as well as the homodinuclear anionic complex
[Iry(1-1)I5(CH;),(CO)4] . In addition, the [Ir—Pt] key intermediate [IrI,(CH;) (CO),(u-
I)PtI,(CO)]” has been observed, which is the signature of the removal of I" from
[Ir(CH;)I5(CO),]” by [PtI,(CO),] under a CO atmosphere. Thus, here also, the key
role of the cocatalyst is to reduce the electron density on the iridium center, by
abstracting an iodo ligand, and therefore promoting the migratory CO insertion.
Under optimized conditions, and in particular with a Ir: Pt molar ratio close to
0.7:0.3, catalysis can occur at rates which are some 20% faster than those of the
rhodium Monsanto process, and for water concentrations close to 5%.
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Figure 8.6 Main step showing the role of the cocatalyst in the
iridium-catalyzed methanol carbonylation reaction.

8.6
The Iridium-Cocatalyst Mechanism, and Conclusions

The B.P. Chemicals process, which currently is operating in five industrial units,
and the Acetex Chimie process, both use iridium in the presence of a promoting
agent. As shown in Figure 8.3a, from the [Ir(CH;)[3(CO),]” species which is formed
very easily by oxidative addition of CH;l to the active species [IrI,(CO),J, it is
necessary to generate efficiently the neutral [Ir(CH3)I,(CO);] intermediate. Either
[Rul,(CO),] or [PtI,(CO),] are able to abstract an I ligand from the anionic
methyl—iridium complex, under the conditions of catalysis. The corollary is the
reformation of these two promoters from [Rul;(CO);]” or [PtI;(CO)J", respectively.
Under the correct operating conditions this occurs during the catalytic process by
the substitution of an I” ligand by CO, to regenerate the neutral promoters and
ensure an efficient catalytic rate. Figure 8.6 shows the key step where the cocatalyst
operates.

It is interesting to note that, when operating at approximately 5% water content,
and with good reaction rates, it is possible to save about 30% of the energy costs
of the process when compared to the Monsanto process. In addition, the current
price of rhodium is 20-fold that of iridium. Even with annual unit capacity produc-
tions as large as 500000 tons, it is still possible to improve catalysis and to achieve
significantly better performances.
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9
Iridium-Catalyzed Asymmetric Allylic Substitutions

Giinter Helmchen

9.1
Introduction

Transition-metal-catalyzed asymmetric allylic substitution is an important tool in
organic synthesis [1]. Both, the enantioselectivity and regioselectivity of this reac-
tion are determined by many parameters, including the metal ion, the leaving
group, the nucleophile and the substituents at the allylic moiety. Most often, Pd-
catalysts are used in combination with symmetrically substituted allylic derivatives
as substrates. Synthetically more easily accessible monosubstituted allylic sub-
strates (Scheme 9.1) are increasingly the domain of Ir-catalysis, which reliably
allows branched chiral products to be obtained with a high degree of regioselectiv-
ity. With Pd catalysts, linear products are generally produced. Catalysts and condi-
tions that allow the branched product to be preferentially obtained have been found
only recently [2, 3].

[ML"]

Scheme 9.1 Allylic substitution of monosubstituted allylic substrates.

Iridium Complexes in Organic Synthesis. Edited by Luis A. Oro and Carmen Claver
Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Allylic substitutions catalyzed by Ir-complexes were first carried out by Takeuchi
in 1997 [4]. In the same year, the first asymmetric variant was published by the
present author’s group [5], and two years later phosphoramidites were first used
as ligands in the Ir-catalyzed allylic alkylation [6a]. Since then the field has rapidly
developed, with contributions of crucial importance being due to Hartwig and
coworkers, in particular concerning allylic amination [7] and mechanistic aspects
[8], and to Alexakis, Polet and colleagues who identified the so-far best chiral ligand
in this area [9]. As a result, it is today possible to prepare a wide range of C-, N-
and O-substitution products with a very high degree of regioisomeric and enan-
tiomeric purity. A considerable number of applications in natural products
synthesis and medicinal chemistry have already been reported. Due to the rapid
progress in this area, several reviews describing the complete field have been
published [4, 10]. The aim of this chapter was to cover all publications up to the
end of 2007.

9.2
Ir-Catalyzed Allylic Substitutions: Fundamentals

9.2.1
Reactivity and Regioselectivity

The following general features were found for Ir-catalyzed allylic substitutions
with achiral catalysts [6, 11]. Points (b)—(e) are illustrated by Scheme 9.2.

(@) A large number of Ir-complexes have been screened for catalytic activity [11].
The complex [Ir(COD)CI], was found to be best suited; it still is the preferred
precatalyst.

OAc
P NaCH(CO,Me), CH(CO,Me) CH(CO,Me)
or I (2 equiv.) P 22 V=2
N
oA [I(COD)Cll, (2 mol%) R * R
P L (4 mol%) b |
THF
Ph b
Acetate L T(°C) Time(h) VYield(%) b:l
I P(OPh); 3 98 98:2
I - 65 24 89 3268
I PPh, 65 24 58 64 136
I dppe? 65 16 18 39 61
b P(OPh); 3 99 98:2
b - it 3 98 98:2
b PPhs it 3 15 98:2

8 NaCH(CO,Et), was the pronucleophile.
Scheme 9.2 Ir-catalyzed allylic alkylations of an (E)-linear () and a branched (b) acetate.
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(b) The parent complex [Ir(COD)Cl], is catalytically active, but the regioselectivity
of the substitution at the linear (E)-acetate is low. Reaction rate and regiose-
lectivity are enhanced by an electron-poor ligand.

(c) Optimal results were obtained with a 1:1 ratio of a monodentate ligand and
Ir. Additional ligand does not affect regioselectivity but leads to a decrease in
rate.

(d) The reaction rate is distinctly higher for the branched substrate (b) than for
the linear substrate (1). This indicates the formation of an (allyl)Ir intermediate
via Sy2’ substitution. A similar reaction course has been invoked for Rh-
catalyzed substitutions [12, 13].

(e) Regioselectivity in favor of the branched substitution product is generally
higher with the branched substrate than with the linear allylic substrate.

() (Z)-Allylic substrates react with a high degree of stereoconservation to give
(Z)-products (Scheme 9.3).

i-Pr NaCH(CO,Et) GHICOREN: CHCOE: )
OAc [ICOD)CI],/L i—Pr)\/ + /.pr/v + \——/\fEJtF)iz(COz
THF b trans-l cis-
P(OPh); 1, 2h 25:5:70 (81%)
P(ORY); 65 °C,5h 2:7:90 (85%)

R' = 2,6-(di-tert-butyl)-4-methyl-phenyl
Scheme 9.3 Allylic substitution at a (Z)-allylic substrate.

The catalyst [Ir(COD)CI],/P(OPh); was highly effective also for allylic amina-
tions. Branched monoallylation products were mainly obtained with primary
amines as nucleophiles and linear (E)-allylic substrates. In contrast, mixtures of
linear mono- and disubstitution products are usually produced with Pd-catalysts.
Many types of amine could be used, for example benzylamine, piperidine and
aniline [14]. In terms of allylic substrates, carbonates were more suitable than
acetates. With regards to the solvent, the best results were obtained with ethanol,
with complete conversion typically being achieved after a reaction time of 3h at
50°C. The reactions of (Z)-allylic carbonates to give linear (Z)-propenylamines
proceeded with perfect stereospecificity.

A significant observation concerning the mechanism of the Ir-catalyzed allylic
substitution was made when the preparation of an (allyl)(P(OPh);)Ir-intermediate
was attempted [6b]. Mixing [Ir(COD)Cl], and 2 equiv. of P(OPh), yields the complex
K1, which is a coordinatively unsaturated d®-Ir' complex [16 valence electrons
(VE)s]; surprisingly, this did not react with typical allylic substrates (Scheme 9.4);
rather, a reaction was started upon the addition of NaCH(CO,Me),. The nucleo-
phile also acts as base, with C—H activation affording an Ir"" complex, which
eliminates HCl to produce a 16-VE Ir' complex. The subsequent addition of
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NaCH(CO,Me),

Y~ /C| Z
Ir THF, 24 h, it | <P(OPh)3
I(COD)Cljo+ 2L — Eg [ —_— | W
[ ( ) ]2+ /u’/ L P(OPh)a _Ir""qu—OPh

\“OPh
0

OAc OAc

R)\% orn/\\\) K2

Scheme 9.4 Base-promoted C—H activation of P(OPh)s,.

P(OPh); leads to the coordinatively saturated complex K2 [15]. As complex K2 is
coordinatively saturated, P(OPh); must dissociate in order to obtain a catalytically
active 16-VE d*-Ir complex. Similar C—H activation was later found for
(phosphoramidite)Ir complexes.

9.2.2
Steric Course

The Pd-catalyzed allylic substitution with soft nucleophiles proceeds via two sub-
stitutions with inversion-that is, with a net retention of configuration. By using
standard tests, the same steric course was found for the Ir-catalyzed alkylation
[6b].

Pd-catalyzed reactions proceed via m-allyl complexes, which at room temperature
isomerize via a n-0-T rearrangement. As a consequence, branched as well as Z-
and E-linear starting materials yield the same products, with memory effects being
minimal at room temperature [16]. The isomerization processes of (allyl)Ir com-
plexes are usually slow, and accordingly any memory effects are pronounced. The
configurational stability of (allyl)Ir intermediates of the Ir-catalyzed allylic substitu-
tion was studied by an investigation of substitutions at nonracemic allylic sub-
strates (Scheme 9.5).

The results presented in Scheme 9.5 and the results with (Z)-substrates (cf.
Scheme 9.3) clearly demonstrate that the Ir-catalyzed reactions involve intermedi-
ary nonsymmetric nt- or 6-allyl-Ir-complexes. The intermediary complexes undergo
slow racemization (or epimerization) via 6—n-G-rearrangement or sigmatropic 1,3-
rearrangement (Scheme 9.6). Evans and Nelson have proposed m/G- or enyl-
complexes as intermediates of analogous Rh-catalyzed reactions [13]. Whether the

OAc NaCH(_COZMe)g MSOQC\‘/COQMG
H (2 equiv.) :
RTX"RCH;  [ICOD)Cll, (2 mol%) RT3 CH,
P(OPh)3 (4 mol%})
THF, rt
R=H >99% ee 85% ee (91%)
R =CH; >99% ee 71% ee (83%)

Scheme 9.5 Stereospecificity of Ir-catalyzed allylic alkylations.
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H R/\\y Rﬂx// n
r
[Ir] 1] [ [Ir] .
R/\/ :—; R/v :—; R/K/ R)\y
c o c il
Scheme 9.6 Allyl-complexes of @-, 6- and m/c-type as possible
intermediates of Ir-catalyzed allylic substitutions.

latter are simply nonsymmetric n-complexes or distinct species characterized by
separate energy minima is not clear. Density functional theory (DFT) calculations
in the author’s laboratory have not uncovered an example, which would require
this distinction.

9.23
Asymmetric Catalysis: The Beginnings with Phosphinooxazolines as Chiral Ligands

Allylic acetates in conjunction with phosphinooxazolines (PHOX) as chiral ligands
were used for the first asymmetric Ir-catalyzed allylic substitution (Scheme 9.7)
[5]. The reaction was slow, compared to that catalyzed by the [Ir(COD)Cl],/P(OPh),
system or the parent complex [[r(COD)CI],, although both regioselectivity and
enantioselectivity were very high. The aminations were generally slow, yet quite
interesting results were achieved in intramolecular aminations nevertheless
[17, 18]; in particular, a very strong influence of halide salts was found.

The preparation of (n-allyl)(PHOX)Ir™ complexes was possible by using stan-
dard methods. A typical example is depicted by a crystal structure in Figure 9.1.
Here, the configuration around the Ir center is as to be expected on the basis of
the trans influences of the ligands. The reaction of this complex with dimethyl
sodiomalonate proceeds by ligand exchange and addition of the nucleophile at the

M602C COzMe

OA L
Ny ° NaCHCOMe) R Z

RT [ICOD)CI], (2 mol%) * 0

PHOX (4 mol %) R COMe §/IN Lo
HF, 65 °C, 24 h 2
THF, 65 °C, 24 SouMe

R =Ph b/l =95:5, 91% ee (99%)

[Ir(COD)Cll/
OAc PHOX O

LiF b

(p2 7 : > N

THF, 65 °C, '
NHCH,Ph 44 CHPh

i-Pr
PHOX

88% ee (99%)

Scheme 9.7 Early asymmetric allylic substitutions.
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‘?';,g,x’i {Q r@

= N,  PPh, 2 NaCH(CO;Me), N ,PPhy
— . —_—
I 9 - Ph
e 'S. _ .? Gl/lr\,,CI . grAF,-d,o C o, o~
'”//éf = & &‘ ’A\/ MeG (/O
& CH(CO,Me),

OMe

Figure 9.1 Crystal structure of the complex [n’-(1-phenylallyl)
(PHOX)Cl,Ir] and its reaction with dimethyl sodiomalonate.

central rather than the terminal allylic carbon to give an iridacyclobutane [19a).
Although, on first view this reaction may appear unusual, several years ago
Bergman and Stryker showed that a reaction with a nucleophile at the central
carbon of the allylic moiety is very typical for (m-allyl)Ir"" complexes [19b,c].

Unfortunately, further investigation of the PHOX-Ir-catalysts gave disappoint-
ing results; in particular, the regioselectivities were low with alkyl-substituted
substrates (R = Alkyl).

9.24
Phosphoramidites as Ligands for the Ir-Catalyzed Allylic Substitution

9.2.4.1 Survey

Many of the studies on the asymmetric Ir-catalyzed allylic substitution have been
carried out with complexes prepared from [Ir(COD)CI], and a phosphoramidite
ligand. While numerous phosphoramidites have been investigated, those consid-
ered to be the most useful are shown in Figure 9.2.

After a prelude with Monophos-NMe, [6a, 20], which gave moderate to good
results in allylic alkylations but is inactive in aminations [6b], the ligands L1 [20],
L2 [9] and L3 [20] derived from 1-arylethylamines have been most often used.
Ligand L1 is easily available and is usually the first ligand to be tried. The best
results have been obtained with L2, although enantiomerically enriched 1-(2-
methoxyphenyl)ethylamine is required for its synthesis (this compound is not yet
commercially available from fine chemicals suppliers [21]). Ligands L4 [22a,b] and
L5 [22D,c] are simplified versions of L1-L3 which, nevertheless, have furnished
excellent results.

The absolute configurations of many branched products prepared by Ir-catalyzed
allylic substitution have been determined. The steric course of all corresponding
reactions follows the general rule described in Scheme 9.8.

[I(COD)Cl]; + (a5,5,5)-L1-L3

- Ny or (a5,5)-L4 or (S)-L5 ;
: l\)‘“\x/\ e > ! Nu)‘iy
*--R OR' THF - R

Scheme 9.8 Steric course of all known allylic substitutions
catalyzed by Ir complexes prepared from phosphoramidites
L1-L5.
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s, GO
OO, p OO0, OO,
P—N

o )
aS PN aS P—N as
G CH, G Duar G %CiHx
T " L
Monophos-NMe, L1 Ar=Ph Lda Ar = Ph

L2 Ar = 0-(MeQ)CgH4 L4b Ar = 0-(MeQ)CgH,
L3 Ar = a-naphthyl

O H30>i Ar

Q
PN
O o C—C|2H23
L5a Ar = Ph

L5b Ar = 0-(MeO)CgHy

Figure 9.2 The chiral phosphoramidites most often employed for Ir-catalyzed allylic substitutions.

9.2.4.2 Catalyst Preparation, Reaction Conditions and Catalytic Cycle

Attention to catalyst preparation and reaction conditions is of crucial importance
for the success of an Ir-catalyzed allylic substitution, because many ligands are
altered by C—H activation at aryl (see above) or CH; groups. For most reactions,
tetrahydrofuran (THF) is the preferred solvent; it is important that dry THF
(<35ug H,Oml™ THF, Karl Fischer titration) is used for catalyst preparation
because this step is very sensitive to water. The following procedures have been
applied.

(a) Dissolution of [Ir(COD)CI], and ligand L* in 1:2 molar ratio in THF. The
application of this procedure is limited to aminations with aliphatic amines
[7, 18], and it works particularly well in conjunction with ligand L2 [9]. A
complex [Ir(COD)L*Cl] (K1) is initially formed, simply by breaking up the
chloro bridges; however, it is most likely that a sufficiently basic nucleophile
effects C—H activation in situ, as described below (c).

(b) Procedure (a) with additional LiCl (1 equiv. with respect to the allylic carbon-
ate). This procedure was introduced for alkylations with L1 as ligand [6c, 23],
and gave vastly superior results for alkylations upon the use of ligand L2, as
was shown by Alexakis and Polet [24, 25]. The Alexakis group found that an
air-stable, catalytically active Ir-complex can be partially recovered [25a]. Accord-
ing to *P NMR data recorded in the author’s laboratory, the recoverable

complex is [Ir(COD)L2Cl]-that is, a complex of type K1 [26].

-
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0
TBD
Gl
£
H
* base /_llf“\L 2 . O A‘l
(I COD)L*Cl) —— CP{“ 5 O 7 DABCO

K1 |
N

Me
=S N
Ar Ar K3 _ bBU
N

Scheme 9.9 C-H activation of (phosphoramidite)lr complexes

(c) Treatment of a 1:2 mixture of [Ir(COD)Cl], and L* with a base (TBD [18];
DABCO [27]; n-propylamine [27]; DBU [28c]). The base induces formation of
a complex of type K3 by C—H activation at the CH; group (Scheme 9.9) [8],
and the reaction can be followed easily by using *'P NMR. The complexes of
type K3 are analogues of the complex K2 presented above. It is of interest to
note that C—H activation is much faster for L2 than for L1 [29].

(d) Treatment of a solution of [Ir(COD)CI],, L*, tetrahydrothiophene (THT) and
THF with TBD for 2h at room temperature, followed by addition of the allylic
substrate and subsequently of Cul. This procedure yields an excellent catalyst
for alkylations, particularly in conjunction with ligand L1 [30].

(e) Salt-free conditions: Catalyst preparation according to procedure (c) and use
of the conjugate acid HNu of an anionic nucleophile Nu~ as pronucleophile
[28, 29]. This method is applicable to reactions with allylic carbonates, which
generate alkoxide as a strong base capable of deprotonating the pronucleophile
HNu. The method was introduced by Tsuji in 1984, and the snappy designa-
tion was coined by Plietker [31]. There are two main advantages of salt-free
conditions for the Ir-catalyzed reaction with phosphoramidite ligands. First, a
strong base introduced for C—H activation, which can cause catalyst destruc-
tion, is neutralized. Second, solubility problems are avoided; for example,
alkali phthalimides are almost insoluble in THF and cannot be used as
pronucleophiles.

Although complexes of type K3 are coordinatively saturated (18 VE), the ligand
L can be exchanged readily, for example by PPh;. Dissociation of L is required in
order to generate a reactive species. A catalytic cycle as described in Scheme 9.10
appears likely in analogy to the Pd-catalyzed allylic substitution. Hartwig and
Marcovi¢ [32] have investigated this proposal for the reaction of cinnamyl methyl
carbonate with aniline using L1 as ligand, and found that the product complex K6
is the resting state. The allyl complex K5 was not observed; indeed, the kinetic
analysis was compatible with the assumption that the formation of this complex
is both reversible and endergonic. The substitution reaction K5—K6 probably
proceeds via a late transition state, because the ratio of diastereomeric complexes
of type K6 was almost exactly equal to the ratio of the enantiomeric substitution
products.
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base *
[HCOD)L'C ——= K3 == . D
K1 k/ \l/

NU Ar Ar
R OCOOMe
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j\r Ar Ar Ar
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Scheme 9.10 Catalytic cycle of the allylic substitution
catalyzed by (phosphoramidite)lr complexes.

9.2.4.3 Preparation of Phosphoramidites
Phosphoramidites are usually air-stable and can be handled without special pre-
cautions. The following routes have been most often applied for their synthesis:

e Treatment of a binaphthol or biphenol with neat PCl; yields a chlorophosphite
[33], which can be stored at low temperature. The reaction with a lithiated
secondary amine produces the phosphoramidite [34]. The yields are good, and
the scope of this method is broad.

e In another route, PCl; is first reacted with the secondary amine, and the product
treated with the binaphthol or biphenol to give the phosphoramidite [35]. This
procedure can also be carried out with the hydrochloride of the amine, which is
convenient for storage [25]. Methylene chloride or THF are usually applied as
solvents. According to the author’s experience, this route is well suited in
conjunction with electron-rich amines.

9.2.4.4 Variation of the Phosphoramidite Ligands

One strong point of the phosphoramidite ligands is their modular construction.
A generalized cyclometallated, catalytically active complex K4 is shown in Figure
9.3; possible variations of this structure are indicated by the formulas, and dis-
cussed in detail below.

e Ligands with axial as well as central units of chirality (L1-L4) can belong to the
like or unlike series of diastereoisomers. Diastereoisomers with the (aS,S,S)- and
the (aS,R,R)-configuration, or their enantiomers, have been investigated several
times for ligands L1 [9¢c, 22b,c] and L2 [9]. The absolute configuration of the
allylation products is determined by the axial configuration. Ligands of the like
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C \
W

‘@

Figure 9.3 Modular make-up of phosphoramidites.

series generally induce higher degrees of selectivity as well as higher reaction
rates. In the case of L1, the ligand with unlike configuration is inactive; this was
elegantly demonstrated with a mixture prepared from racemic BINOL; the
mixture induced essentially the same enantioselectivity as the pure ligand with
like-configuration [22c].

e Inview of the dominating influence of the axial chirality of L1-L4, itis interesting
that corresponding ligands with a biphenyl unit also give rise to high levels of
selectivity [6¢c, 22b]. It is likely that atropisomers separated by a low barrier give
rise to complexes with catalytic properties, which are similar to those of the
BINOL derivatives.

e Models show that space around the Ir center in allyl complexes K5 is highly
crowded. Substituents R”= CH;, OCHj or aryl give rise to reduced selectivity as
well as activity [36, 37].

e Numerous variations in the vicinity of the nitrogen atom have been probed.
Overall, the best results were obtained with ligands containing an ortho-
substituted aryl group, in particular ligand L2. Coordination of OCH; to Ir has
been invoked as reason for the beneficial effect of X = OCH;; however, similar
results have been obtained with a corresponding ligand with X = X’ = CHj [25].
It appears plausible that increasing the steric bulk of X facilitates dissociation of
ligand L of complex K3.

¢ Replacement of one of the N-arylethyl groups by a bulky alkyl or cycloalkyl group
is possible. The best results were obtained with R = cyclododecyl (cf. the ligands
L4 and L5) [22a,b]. Combining different N-arylethyl substituents, for example
with X =OCH; and X'=H, is also possible [25]. The corresponding ligand,
which is easily available from (S)-1-phenylethylamine, was found to be a good
substitute for L2.

9.2.4.5 Further Ligands Used in Ir-Catalyzed Allylic Substitutions
The Ir-catalyzed allylic substitution at arylallyl derivatives can be catalyzed with
Ir-complexes derived from very diverse types of chiral ligands, for example
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Figure 9.4 Chiral ligands other than phosphoramidites that
have been used in Ir-catalyzed allylic substitutions.

t-Bu

phosphites (L6a [38], L6b [39]), Pybox [40] and DIAPHOX [41] (Figure 9.4). The
Ir-complexes were usually prepared from [Ir(COD)CI],; however, COD is not a
necessary element of an active catalyst. Thus, chiral (2.2.2)-bicyclooctadienes (e.g.
L8), derived from (—)-carvone, have been used for kinetic resolutions with pheno-
lates as nucleophiles [42]. A chiral ligand containing a single coordinating double
bond was described by the same group (cf. Scheme 9.24). Here, it must be pointed
out, that a new complex can only be regarded as competitive if it is able to catalyze
the allylic substitution of alkylallyl derivatives with good results.

9.3
C-Nucleophiles

9.3.1
Stabilized Enolates as Nucleophiles

9.3.1.1 Malonates and Related Pronucleophiles

Dimethyl malonate is the standard test pronucleophile for allylic alkylations.
During the early studies on the Ir-catalyzed variant, allylic acetates were used as
substrates in conjunction with ligand L1 and procedure (b) (cf. Section 9.2.4.2)
(Table 9.1) [6¢c]. Although high enantioselectivities (ca. 90% ee) were obtained
immediately, the regioselectivity was low with alkylallyl acetates. Improved results
were achieved upon use of ligand L2, due to its ability to rapidly undergo C—H
activation in situ. Further investigations led to the development of procedure (d),
which gave preparatively usable results even with L1 for a wide range of allylic
carbonates [30]. However, difficulties were encountered for reactions on a
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Table 9.1 Allylic alkylations with dimethyl malonate using
(phosphoramidite)—Ir complexes as catalysts.

NaCH(CO:Me).
or
OHa(COMele CH(CO,Me),
RIX"x > R NF R CHCOMe),
b I

Procedure (b): [Ir(COD)CI], (2mol%), L* (4 mol%), THF, rt, LiCl (1 equiv.)

L1 (X =0Ac) R=Ph b:1=91:9 86% ee (98%) [6¢]
R=Me b:1=75:25 82% ee (96%) [6¢]
R=iPr b:1=55:45 94% ee (56%) [6¢]

L2 (X = OAc) R=Ph b:1=99:1 97% ee (79%) [25a]
R=n-Pr b:1=87:13 97% ee (87%) [25a]

L2 (X = 0CO,Me) R=Ph b:1=99:1 98% ee (829%) [24]
R = 2-(MeO)CeH, b:1=>99:1 79% ee (98%)* [25a]
R = Cyclohexyl- b:1=93:7 98% ee (65%) [24]
R=n-Pr b:1=80:20 96% ee (92%) [25a]

(

je b:1=81:19 84% ee (>70%) [43]
B }<

\

0O

Procedure (d): X = OCO,Me, [Ir(COD)CI], (2mol%), L* (4mol%), THF, rt, TBD (12mol%),
Cul (20mol%), tetrahydrothiophene (20 mol%)

L1 R=Ph b:1=99:1 96% ce (88%) [30]
R = PhCH,CH, b:1=81:19 96% ee (92%) [30]
L2 R="Ph b:l=>99:1 98% ee (92%) [36]
R = PhCH=CH b:1=99:1 98% ee (80%) [36]
R = PhCH,CH, b:1=91:9 98% ee (93%) [36]

Procedure (e) (salt-free conditions): X = OCO,Me, [Ir(COD)CI], (2mol%), L* (4mol%), THF,
rt, TBD (8 mol%)

L1 R=Ph b:1=99:1 97.5% ee (92%) [29]
L2 R = Ph b:1=99:1 >99% ee (96%) [29]
R=Me b:1=98:2 98.5% ee (90%) [29]
R = CH,0CPh, b:1=78:22 >99% ee (88%) [29]

a  Similar results have been obtained with R' = 2-MeC¢H, and R' = 1-naphthyl; G. Helmchen
and D. Beton, unpublished results.

multigram scale because of the poor solubility of dimethyl sodiomalonate in THF.
This problem could be solved with the help of procedure (e)-that is, salt-free reac-
tion conditions; in conjunction with L2, an enantiomeric excess (ee) of >98% can
now be routinely achieved.

In general, it was found that THF was the most suitable solvent [6b] and that
carbonates were superior to acetate as a leaving group [23]. Among the ligands,
L2 induced the highest activity as well as regioselectivity and enantioselectivity [24].
Catalyst loadings as low as 0.1 mol% were possible [36].
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The following conclusions with respect to the dependence of regioselectivity and
enantioselectivity on the substituent R at the allylic moiety can be drawn:

o Allyl carbonates with a sp’-substituent (alkenyl, aryl) are privileged substrates;
regioselectivities of b/l > 98:2 are obtained, using ligand L1 in conjunction with
procedures (d) or (e) or ligand L2 in conjunction with procedures (b), (d) or (e).

 Regioselectivity of >90:10 is typical for alkyl-substituted allylic carbonates
with small and rigid substituents (R = Me, cyclohexyl). However, values in the
range of 70:30 to 90:10 are encountered with substrates containing flexible
or sterically very demanding substituents (R=n-Pr, n-Octyl, PhCH,CH,,
(t-Bu)Ph,SiOCH),).

 Enantioselectivity is generally very high, except in the case of allylic substrates
with an o-substituted aryl group (e.g., R = 2-(MeO)C¢H,).

e The scope of the reaction with respect to substituents is broad. An extreme
example is Hall’s [43] use of sensitive allylic boronates (cf. Table 9.1). Pd-catalysts
failed to promote the reaction, while the Ir-catalyzed reaction proceeded with
excellent regioselectivity and up to 84% ee.

The details of a number of allylic alkylations of malonates using ligands other
than phosphoramidites have also been published. Typically, regioselectivity was
high with arylallyl derivatives but low with alkylallyl acetates or carbonates: PHOX
ligands (cf. Section 9.2.3) [5a], i-Pr-Pybox [40b], phosphites of type L6 [38] and
DIAPHOX ligands (cf. Figure 9.4) [41a].

Substituted malonates and B-keto-esters have also been successfully used as
pronucleophiles (Scheme 9.11) [25a, 36]. From P-ketoesters, approximately 1:1
mixtures of epimers are generally formed. Products derived from 2-alkenylmalo-
nates have been subjected to Ru-catalyzed ring-closing metathesis to give cyclo-
pentene derivatives in good yield [25a, 36]. With the ester-amide displayed in
Scheme 9.11 as pronucleophile, 1:1 mixtures of epimers were also formed [44].
This pronucleophile serves as the equivalent of the enolate of a methyl ketone,
because the methoxycarbonyl group can be removed selectively by saponification/
decarboxylation and the resultant Weinreb amide transformed into a ketone. An
example is described in Section 9.6.

Cyclizations based on allylic substitutions are often problematic. Pd-catalyzed
intramolecular allylic alkylations are accompanied by polymerization and, thus
must be run at low concentration. Ir-catalyzed intramolecular reactions do not
require high dilution conditions, although the competing noncatalyzed back-
ground reaction—which produces the racemic product—must be considered. Cyclo-
pentane and cyclohexane derivatives (Scheme 9.12) [36] were obtained in good yield
from malonic ester derivatives when the anion was prepared at —78°C in order to
suppress the noncatalyzed reaction. Once again, the best results were obtained
with L2 as ligand. Under the same conditions, the vinylcyclopropane was not
formed at all and the vinylcyclobutane was produced in poor yield. Good results
were again obtained upon application of the salt-free conditions [29].
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Nu
NaNu =
RX"ocoMe —= Ph)*\/ AT gV
[I/L2]cat
b |
| Procedure 8,12, R =Ph |
O O 0O O O O
MeO)H)kOMe MeOMMe MeO
b:1=>99:1, b:1=>99:1, b:1=9486,
97% ee (95%) 95% ee 95% ee
(dr = 53:47, 68%) (dr = 51:49, 79%)
Procedure D, L2, R = Ph
(0] (0]
_OM
*@ o
Me
=964, b:1=937, R =Ph b:1=>98:2, 98% ee (88%)
97% ee (74%) 92% ee (78%) R =Me b:1=94:6, 95% ee (76%)

R =n-Octyl b:l=84:16, 99% ee (62%)

Scheme 9.11 Allylic substitutions with 2-substituted
malonates and B-keto-esters as pronucleophiles.

Catalyst:
[I(COD)CI], (2 mol%)
L2 (4 mol%), MeO,C_ CO,Me
COMe TBD (8 mol%) K\/
\ -
MeOzC)\Mn/\/\OCOQMe NS
Conditions:
n=1 salt-free, -10 °C 97% ee (56%)
n=2 salt-free, 50 °C 98% ee (65%)
n=3,4 1. n-BuLi, THF, -78°C n = 3: 96% ee (77%)

2. addn. of catalyst, n=4: 97% ee (79%)
then -78 °C— rt
Scheme 9.12 Intramolecular allylic alkylations with malonic ester derivatives.

9.3.2
Aliphatic Nitro Compounds as Pronucleophiles

Aliphatic nitro compounds are intermediates with considerable potential in organic
synthesis (cf. Section 9.6). Initially, allylic substitutions with nitromethane were
investigated, but unfortunately complex mixtures of mono- and dialkylation prod-
ucts were formed. In contrast, good results were obtained with primary and
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R
R2_\ ~-NO, | R' = R? = CH; base = Cs,C0;
0OCO-Me R1R2CH-N02 L b R =Ph b:1=96:4, 99% ee (84%)
2
base R
R ™ > + 1

[||'(COD)C|]2 (2 mol%) | R’ = H, RZ = COgEt no base
L2 (4 mol%) RX NO: R=ph b:1=99:1, 98% ee (90%)
TBD (8 mol%) R' R2 R = PhCH,CH, b : | = 78:22, 98% ee (86%)
THF, rt ' R=nPr b I =90:10, 99% ee (92%)

Scheme 9.13 Asymmetric allylic alkylations with aliphatic nitro compounds as pronucleophiles.

secondary nitro compounds as pronucleophiles [45]. Cesium carbonate was used
as base for the generation of nitronates; some typical examples are presented in
Scheme 9.13 and in Section 9.6.

Commercially available ethyl nitroacetate is an interesting pronucleophile,
because it can serve as the synthetic equivalent of either nitromethane or glycine.
The ethoxycarbonyl group can also be considered as a protecting group against
dialkylation. The allylic alkylation with ethyl nitroacetate did not require an addi-
tional base (salt-free conditions). As a consequence of the high acidity of the chiral-
ity center o to N, 1:1 mixtures of epimers were formed.

9.3.2.1 A Glycine Equivalent as Pronucleophile
A regio-, diastereo- and enantioselective synthesis of amino acids was reported by
Takemoto and coworkers. The glycine equivalent ethyl diphenylimino glycinate
was used as pronucleophile (Scheme 9.14), while the ligand was a bidentate chiral
phosphite, and 3-arylallyl diethyl phosphates were employed as allylic substrates
39, 46].

Both, diastereoisomeric B-substituted o-amino acid derivatives could be
formed selectively, depending on the cation provided by the base. The (R,S)-
diastereoisomer was the major product with a lithium amide, whereas the

Ph.,S

N
tBuUO,C._ N _Ph Ph,Cs
o Y~ ﬁ/ 2C\ N S COZt'BU OO
\/\ base Ph _ . (S,S) Q
_0 [ICOoD)ClIl; (10 mol%) an P=0
(EtO),P (R)-L4b (20 mol®%) Ph..S 0
)
PhoCon R co,tBu (R)-Lap_ SE!
(S5.R)
base: ag. 50% KOH,
toluene, 0 °C: (S,9)/(S,R) = 82:18 (85%), major diast. 97% ee

base: LIN(TMS),,
THF, 0 °C: (S,9)/(S,R) = 12:88 (82%), major diast. 92% ee
Scheme 9.14 Allylic alkylations with a glycine equivalent.
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(S,S)-diastereoisomer was preferentially obtained when KOH was used as base.
As an explanation for this stereodichotomic effect, it was proposed that LiNR,
induces the formation of a N,O-chelated syn-enolate, and the reaction with KOH
leads to an anti-enolate. The procedure also allowed o,0-disubstituted amino acids
to be prepared.

9.3.3
Allylic Substitutions with Nonstabilized Enolates, Enamines and
Organozinc Compounds

Nonstabilized enolates have been studied for many years in Pd-catalyzed allylic
substitutions. Generally, they are problematic nucleophiles because of their
strongly basic character, which gives rise to enolate equilibration, elimination and
cleavage of carbonates [47]. In allylic substitutions, good results were achieved
recently with Zn- and Cu-enolates rather than with the traditional lithium enolates.
During the past few years, decarboxylative in situ generation of enolates—a method
introduced by Saegusa and Tsuji [48]—has been successfully developed with Pd-
catalysts, and very recently also with Ir-catalysts. Enamines, which are classical
enolate equivalents, have also been probed recently as nucleophiles in Ir-catalyzed
allylations.

9.3.3.1 Ketone Enolates Derived from Silyl Enol Ethers as Nucleophiles

Highly regioselective and enantioselective reactions of allylic carbonates with eno-
lates generated in situ from trimethylsilyl enol ethers were described by Graening
and Hartwig (Scheme 9.15) [49]. Upon desilylation with cesium fluoride, regiose-
lectivity was modest and diallylation pronounced, but this problem was overcome
with a remarkable fluoride source—a combination of CsF and ZnF,, which allowed
diallylation to be suppressed almost completely. Catalyst activation by base was

OSi(CHj)s
3 1.5 equiv.

ZR!'  [ICOD)Cll, (2 mol%)  R2 R * g2 R
ent-L1 (4 mol%) b I
CsF (0.4 equiv.) + ,
ZnF, (1.5 equiv.) o /R
DME, 50 °C, 6-40 h , =

d 2

R' = Ph, R2 = Ph b:1=937, 94% ee (R) (84%)
R' = p-(MeO)CgH4, R = Ph b:1=99:1, 96% ee (94%)
R!=Ph, R?= PhCH,CH, b:1=99:1, 94% ee (54%)
R' = Ph, R2? = i-Pr b:1=955 91% ee (46%)
R' = n-Pr, R?=Ph b:1=87:13, 92% ee (92%)

Scheme 9.15 Alkylations with ketone enolates derived from silyl enol ethers as nucleophiles.
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not necessary, and monitoring of the reaction by *'P NMR indicated that C—H
activation was occurring in situ.

The procedure was applied to a considerable number of substrates. In general
aromatic silyl enol ethers gave satisfactory results, while aliphatic silyl enol ethers
gave rise to slow reactions and yields in the range 46-54%. The absolute configura-
tion of one of the products was determined and found to be in accordance with
the general rule presented in Chapter 2. Only silyl enol ethers of methyl ketones,
giving rise to one stereogenic center, have been investigated.

9.3.3.2 Allylation of Enamines

Whilst the method described above appears very elegant, Weix and Hartwig
expressed their discontent about the allylations of aliphatic silyl enol ethers and
developed an alternative system using enamines as nucleophiles. Once the con-
siderable initial difficulties had been overcome, these authors were able to present
a procedure that gave excellent results (Scheme 9.16) [50].

Two features of the above procedure are particularly notable: (i) a combination
of the pure complex ent-K3 (Ar = Ph; Scheme 9.9) and [Ir(COD)CI], was used as
catalyst; and (ii) as solvent, toluene was superior to THF. Again, only enamines
derived from methyl ketones were employed.

N
12 equiv.
OCO,-Pr (1.2 equiv.) o X o)

R2 JJ\/\/\
- ~ =
V\Fﬂ entK3, Ar = Ph (2 mol%)/ RQJ]\/\R1 —+ "2 =
b

[IKCOD)Cl], (1 mol%)
ZnCl, (0.5 equiv.)
toluene, 25 °C, 2-39 h
work-up: NaOAc/AcOH

H,0
R = 4-(MeQ)CgH,, R? = i-Bu b:1=97:3, 96% ee (91%)
R! = 4-(CF5)CgH,, R2=/iBu b:1=85:15 94% ee (75%)
R' = Me, R? = Ph b:1=955, 94% ee (68%)
R! = n-Pr, R? = i-Bu b:1=89:11, 83% ee (64%)

R! = iPr, R2 not stated low conversion

Scheme 9.16 Allylation of enamines under optimized conditions.

9.3.3.3 Decarboxylative Allylic Alkylation

The first examples of decarboxylative alkylation via Ir-catalyzed reactions of allyl
B-ketocarboxylates were presented by You and coworkers (Scheme 9.17) [37]. Typi-
cally, good selectivities were obtained with a broad range of arylallylic substrates,
while regioselectivities with alkylallylic substrates were slightly lower. It appears
likely that improved results will be achieved with ligands other than L1 (note that
CH,Cl, was used as solvent). A few interesting observations concerning the mech-
anism of the reaction were made: (i) crossover experiments revealed that reactions
proceeded inter- rather then intramolecularly; and (ii) according to absolute
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O © [I{COD)Cl], (2 mol%) o) o)
L1 (4 mol%), DBU (200 mol%) )J\
0 R?  CH,Cly, reflux, 3-22 h 7 TR? R2
= R1 vR1 * F R1
b |

R R2 Yield (%) bl Ee (%)

Ar Ar 58-83 98:2 91-95

CHy Ph 61 94:6 90

n—C5H11 Ph 52 80:20 89

Scheme 9.17 Decarboxylative alkylation of allyl B-ketocarboxylates.

configurations, determined for four products with R' = aryl, the steric course of
the substitutions followed the general rule (cf. Section 9.2.4.1).

9.3.3.4 Reactions with Aryl Zinc Compounds

Allylic substitutions with nonstabilized C-nucleophiles are an important domain
of organocopper chemistry [51]. However, on close inspection of the literature, it
becomes apparent that regioselectivity in favor of the branched allylic alkylation
products is only obtained with alkyl copper compounds, while aryl copper com-
pounds mainly give the linear alkylation products. This observation was an incen-
tive for Alexakis et al. [52] to probe the reactions of aryl zinc halides in the
Ir-catalyzed allylic substitution (Scheme 9.18).

The authors considered diphenylzinc as the reactive intermediate as, apparently,
both phenyl groups were transferred during the course of the overall reaction. The
additive LiBr has a pronounced beneficial effect. Apart from the relatively low
degree of regioselectivity, these substitutions share many features of the corre-
sponding reactions with stabilized carbanions. Absolute configurations of the
products were determined and, perhaps astonishingly, were found to follow
the general rule previously presented (cf. Section 9.2.4.1). A formal synthesis of
the antidepressant sertraline was carried out as an application of the method.

PhMgBr (1.5 equiv.)

ZnBr, (0.75 equiv.) Ph
LiBr (1.5 equiv.) )\/
/\/\ - 4 + /\/\
RN "0COMe 1 copic, @ mots) P RT™N7 "Ph
L2 (4.4 mol%), b !

THF 25 °C, 15-18 h

R = 4-(MeO)CgHy, b : 1=55:45, 99% ee (83%)
R = 4-(CF3)CgH,, b :1=45:55 82% ee (95%)
R = c-Hex, b:1=69:31, 74% ee (72%)

Scheme 9.18 Reactions of a phenyl zinc reagent with allylic carbonates.
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9.4
N-Nucleophiles

9.4.1
Inter- and Intramolecular Reactions with Aliphatic Amines and
Ammonia as Nucleophiles

Asymmetric aminations with amines as nucleophiles were first carried out by
Hartwig and coworkers, using the combination [Ir(COD)Cl],/2L1 without explicit
base-activation as catalyst [procedure (a), cf. Section 9.2.3.2] (Table 9.2) [7]. However,
given the possibility of effecting C—H activation with n-PrNH,, it appears safe to
assume that cyclometallation generally occurs in situ when aliphatic amines are
employed as nucleophiles. A range of solvents was assessed according to the
results obtained for the reaction of cinnamyl carbonate with BnNH,, and THF was
found to be the most suitable. Reversibility of the amination was observed when
EtOH was the solvent [7].

As might have been expected following the pioneering studies of Takeuchi and
colleagues, the monoallylated, branched amine was the major substitution product.
As was found for the corresponding alkylations with malonates, the enantiomeric
excess and regioselectivity were high for reactions of allylic substrates with R!
being a sp>-bound substituent (Table 9.2, entries 1-6). The exception was the case
of R' = aryl with an electron-withdrawing substituent in the para position (entry
7) or with any substituent in the ortho position (entry8). (Similar findings have
been obtained with R'=2-MeCsH, and R'= 1-naphthyl; G. Helmchen and D.
Beton, unpublished results.) Alkylallyl carbonates yielded products with high
enantioselectivity but reduced regioselectivity (entries 9 and 10). It was first shown
by Alexakis and coworkers [9] that results were slightly better with ligand L2 than
with ligand L1.

Catalyst activation became a necessity when reactions with bulky aliphatic
amines and arylamines (cf. Section 9.4.2) as nucleophiles were probed. It was also
required for intramolecular aminations [8, 18]. Thus, with Ph,CHNH,, an ammonia
equivalent, conversion was only 11% upon application of procedure (a) (Table 9.2,
entry 11), while the reaction promoted by the activated catalyst proceeded with
high selectivity and yield. Catalyst activation is faster with ligand L2 than L1, and
accordingly in situ activation occurs more readily for the former (cf. entries 10 and
12). Examples presented in entries 16-20 further demonstrate the advantages of
catalyst activation [53] (note that excellent results can be achieved with the simpli-
fied ligand L5a).

Procedure (d) (cf. Section 9.2.4.2), which is useful for alkylations, was not appli-
cable to aminations because of coordination of Cu' to the amine. Further screening
of the salts of soft cations revealed that the addition of Pb" salts in conjunction
with base activation of the precatalyst led to significantly faster reaction rates. The
reaction could be accomplished with catalyst loading as low as 0.4 mol% (compare
entries 14 and 15).
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Table 9.2 Ir-catalyzed asymmetric allylic aminations.

OCO;Me 3 NHR2
R=NH
RS I co:; Cll, (1 mol%) RMK/ * RNTONHR? ¢ (R1/\\‘/\)NR2
r mol% )
L*((z m;,.%z)z ( ) b (major) I d 2
Entry R' R? L*  Time (h) Yield ofb (%) b:l:d ee (%) Reference

Procedure (a) (no explicit base activation of catalyst):

1 Ph Bn L1 10 84 98:1:1 95 7]
2 Ph Bn 12 nd. 88 98:2 97 9]
3 Ph 4-(MeO)CH, L1 18 80 99:0:1 94 7]
4 Ph n-CeHyy L1 9 88 98:2 96 7]
5 Ph n-CeHpy L2 nd 89 98:2 98 9]
6 PhCH=CH Bn L1 24 61 99:1 97 [23]
7 4(NO)CH, Bn I 12 67 83:13:4 86 7]
8  2-(MeO)CH, Bn 1 16 77 95:4:1 76 7]
9 n-Pr Bn 1 10 66 88:8:4 95 7]
10 PhCH,CH, Bn L2 3 63 84:16 96 A. Dahnz and
G. Helmchen
(unpublished)
11 Ph Ph,CH 1 10 11 (conv.) - - (8]
Procedure (c) (activated catalyst):
12¢ PhCH,CH, Bn L2 0.7 59 84:16 96 A. Dahnz and
G. Helmchen
(unpublished)
13 Ph Ph,CH L1 10 85 97:3 98 (8]
14*¢  PhCH,CH, Bn i 72 nor. - - [22a]
1544 PhCH,CH, Bn i 72 67 81:19 95 [22a]
166 4-(NO)CH, Bn L3 4 82 94:6 9 (53]
17 n-Dr Bn I 3 58 94:6 95 53]
18° n-Pr Bn L3 0.5 67 94:6 98 [53]
19° n-Pr Bn L4a 5 76 96:4 96 [22b]
20° n-Pr Bn L5a 5 72 99:1 94 [22D]
21° BnOCH,CH, Bn L1 10 94 >99:1 96 [54]

a  Catalyst activation with TBD at room temperature.

b  Catalyst: 1mol% of pure K3/[Ir(COD)Cl],.

¢ 0.4mol% of catalyst.

d Addition of 0.4mol% of Pb(NO;), and tetrahydrothiophene.
e Catalyst activation with n-PrNH, at 50°C.

n.d. = not determined; no r. = no reaction.



9.4 N-Nucleophiles

The allylic substitution with NH; as nucleophile could yield allylamines without
an N-protecting group. Although attempts with Pd-catalysts have failed because of
catalyst poisoning, Hartwig and colleagues [55] showed that Ir-catalysis allows this
elusive reaction to be realized. Cinnamyl methyl carbonate yielded the disubstitu-
tion product exclusively in high yield and with excellent enantioselectivity and
diastereoselectivity (Scheme 9.19). Although only one example was reported, it
appears likely that similar results will be obtained with other arylallyl carbonates.
Preliminary experiments with alkylallyl carbonates produced mixtures of
products.

AR NHs \E «

Ph™ ™ > ,

s 0C0:Me [Ir(COD)CI]/L1 Ph N~ Ph
(activated with n-PrNH,) I
EtOH/THF, rt H

dr = 94:6, 99 %ee (93 %)

Scheme 9.19 Asymmetric allylic amination with ammonia as nucleophile.

Intramolecular allylic aminations (Scheme 9.20) proceeded with low catalytic
efficiency and with ee-values <90% if procedure (a) (cf. Section 9.2.3.2) was used—
that is, the catalyst was not activated [18]. The effect of catalyst activation [proce-
dure (c)] was pronounced [18, 22a]; for example, activation with TBD increased the
rate of formation of N-benzyl-2-vinylpiperidine by a factor of about 1000. Also
notable was the fact that substrate concentration as high as 1M was possible,
thereby demonstrating the high preference of intramolecular over intermolecular
substitutions leading to oligomers.

[I{COD)Cl]; (2 mol%)

n L2 (4 mol%) In
=SS TBD (8 mol%)
NH - N
| CH,OCO,Me THF,1t,05-1h N\
CHPh CH,Ph

n = 1-3:94-97% ee (69-99%)

Scheme 9.20 Intramolecular asymmetric allylic aminations.

Trans-divinyl-pyrrolidines and -piperidines were prepared by sequential inter-
molecular and intramolecular aminations of bis-allylic carbonates (Scheme 9.21)
[22a]. Due to double stereoselection, these reactions proceeded with high diaste-
reoselectivity and enantioselectivity.

[Ir(COD)Cl], (4 mol%)

b L2 (8 m0|°/o) In )
TBD (16 mol%) //(() n
— -~ ty
THF, rt | ’?‘ \\ ./ 'T‘ \

X NH, X CHgPh GH.Ph
CH,Ph

n=12: trans.icis = 295:5, >99% ee (273%)
X = 0OCO,Me

Scheme 9.21 Sequential intermolecular and intramolecular asymmetric allylic aminations.
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2

OCO,Me : @NHz NHAr
/\) J\/

SN - & C ORI
[I(COD)CI], (0.5-1 mol%) R . R NHAr
L3 (1-2 mol%), b (major) I
DABCO (5-10 mol%), 3-16 h

R'=Ph, R?®=H b:1=>99:1, 96% ee (S) (80%)

R?=4-0CH; b:l= 982, 95%ee (91%)

R? = 4-CF, b:l= 946, 96%ee (72%)

R'=n-Pr, RZ=H b:l= 982, 95%ee  (87%)
b

R'=iPr, R?=H

Scheme 9.22 Arylamines as nucleophiles.

l= 97:3, 97%ee  (83%)

9.4.2
Arylamines as Nucleophiles

Procedure (a) (cf. Section 9.2.3.2)—that is, the use of a nonactivated catalyst—was
successful with strongly basic nucleophiles but failed with arylamines as they are
unable to effect cyclometallation. Accordingly, a catalyst activation with base was
employed [procedure (c)]. Hartwig and coworkers [26] used n-PrNH, or, preferably,
DABCO as activators and, with the exception of the reaction with o-methoxycin-
namyl methyl carbonate (74% ee), the ee-value was excellent when the bulky ligand
L3 was employed (Scheme 9.22). The regioselectivity was uniformly high, even
with alkylallyl carbonates as substrates; this is a distinctive feature of aminations
with arylamines in combination with ligand L3. Remarkably good results have also
been obtained with ligands L4a and L5a [22b).

9.4.3
Amination of Allylic Alcohols

Ir-catalyzed allylic substitutions employing allylic alcohols as substrates and diethyl
malonate as pronucleophile were first reported by Takeuchi and coworkers [11].
Here, the substitution step was found to be preceded by OH activation via trans-
esterification to a malonic ester derivative. The asymmetric alkylation of cinnamic
alcohol was similarly accomplished by Helmchen and colleagues, using a PHOX
ligand and the procedure described in Section 9.2.3 [19].

Hidden activation (as above) is not possible in an amination, and other means
are required. Thus, Hartwig et al. have systematically developed a method of ami-
nation by activation of the OH group with a Lewis acid (Scheme 9.23) [56]. Two
methods of activation were found:

e Good results were obtained for a wide range of substrates with stoichiometric
amounts of Nb(OEt)s as the Lewis acid; the amines used also included a secondary
amine, morpholine, which gave results similar to benzylamine.
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2
1R _ . e~ )
: OH [ICOD)CI],/ L* R R NHR
Activator b I
4A Mol. Sieves

THF or dioxane, 50 °C, 24 h

Activator: Nb(OE)5 (1.2 equiv.), [I{COD)CI], (1-2.5 mol%)/ (R)-L5a (2-5 mol%), THF |

R'=Ph, R2=4-(0Me)CGH4 b:l= 96:4, 89% ee (84%)
R' = Ph, = PhCH, b:l= 9614, 93%ee (72%)
R' = n-Pr, R2 Ph b:1= 92:8, 90%ee (70%)
R'=i-Pr, R?=Ph b:l= 88:12, 82% ee (45%)

| Activator: BPhs (8 mol%), [Ir(COD)Cl], 2.5 mol%/ (R)-L5a (5 mol%), dioxane |

R' = Ph, R%2=4-(OMe)CgH, b:l= 94:6, 93 %ee (72 %)
R' = 4-(OMe)CgH,4, R? = 4-MeCgH, b:l= 9614, 92%ee (72 %)

Scheme 9.23 Ir-catalyzed asymmetric aminations of allylic alcohols.

e BPh; was found to act as an activator in catalytic amounts; in this case only
results for aryl-substituted substrates were reported. Note that the simple ligand
L5a (cf. Figure 9.2) was used.

An entirely different approach has been developed by Carreira and coworkers
[57], who used sulfamic acid as the ammonia source. In conjunction with dimethyl
formamide (DMF), amination occurred via an imidate, which was formed in situ.
Although only those examples with branched allylic alcohols as substrates were
reported, a promising enantiomeric excess was achieved with the novel phosphora-
midite L9 (Scheme 9.24).

-
oH ® © J@'Hzc OO O
/ 1. H3N'SO3 _ - / QP |
[I{COE)CI], (3 mol%) O/\/ g N
L9 (6 mol%) OO O

DMF, rt, 24 h 70% ee (70%) Lo

2. HCI, Et,0 ¥ cryst
93% ee

Scheme 9.24 Asymmetric amination of an alcohol according to Carreira et al. [57].

9.4.4
Pronucleophiles Serving as Ammonia Surrogates: N,N-Diacylamines,
Trifluoroacetamide and N-Sulfonylamines

Unprotected branched allylamines are interesting chiral building blocks in organic
synthesis (cf. Section 9.6). The removal of N-benzyl- and related protecting groups
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with methods other than catalytic hydrogenation is difficult in the presence of a
double bond, but this problem was overcome by the author’s group by using a
variety of anionic N-nucleophiles. These give rise to allylamines protected by acyl
groups (Table 9.3); an example is Boc, which could be readily removed under mild
reaction conditions [28]. The variability of the system MN(Acyl)'(Acyl) is very high,
and other research groups have added further examples more recently. Unpro-
tected branched allylamines with high enantiomeric purity are now readily avail-

able via allylic substitution on a multigram scale.

Table 9.3 Allylic substitutions with N,N-diacylamines.

Nu
PN HNu or NaNu PN
R™ X" ~OCO,CH - 1 R TN
2¥T8 [IKCOD)CI], (2 mol%) R
L* (4 mol%), TMP (8 mol%) b (major) |
THF, rt
Entry  Pronucleophile R L*  Time Yield b:l ee (%) Reference
(h (%)
1 Ph L1 18 66 93:7 96 [28a]
2 Ph L2 25 95 96:4 98 [28a]
3 o N 0 n-Pr L2 25 82 94:6 96 [28a]
H
4 NaNBoc, Ph L1 18 80 97:3  97.5 [28a]
5 NaNBoc, Ph L2 0.7 80 97:3 99 [28a]
6 NaNBoc, n-Pr L2 0.7 86 96:4 99 [28a]
7 LiNBoc, 4-(OMe)CgH, I5b 6 8  93:7 93  [55]
8 LiNBoc, n-Pr L5b 24 77 93:7 95 [55]
9 HNBoc, Ph L2 0.5 93 98:2 96 [28c]
10° HNBog, Ph;CO(CH,) L2 3 85 92:8 98 [58]
11 HNBoc, Ph;CO(CH,), L2 3 93 96:4 97 [58]
12 0] Ph L1 18 86 97:3  97.5 [28a]
13 )J\ _Boc Ph L2 07 96  98:2 985 [28a]
14 H N n-Pr L2 1 98  97:3 96 [284]
15 0 Ph L2° 3 79 98:2  >98  [28Db]
16 Boce J\/\ Me 12 1 74 98:2 98 [28b]
17 N Me , pr 12 2 78 98:2 99  [28b]
18 CH,0OCPh;, L2 4 77 96:4 >99  [28b]
19¢ Ac.. .Boc Ph L2 1 94 >99:1  >99  [28(]
20° u H;,CCH=CH L2 0.5 92 98:2 96 [28¢]
21° n-Pr L2 05 95 97:3 97 [28¢]
22 i-Pr L2 15 85  99:1 >99 [28¢]
a  DBU (20mol%) was used for catalyst activation; ethyl carbonates were used as substrates; reaction
temperature 55°C.
b Reaction temperature 50°C.
¢ The sodium salt was used as pronucleophile.
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Substitutions with N,N-diacylamines are best carried out under salt-free condi-
tions in order to minimize the concentration of base in the reaction medium and
to circumvent the low solubility of salts in THF. For example, potassium
phthalimide could not be reacted in THF because of its insolubility. The reaction
under salt-free conditions proceeded smoothly even with L1 as the ligand
(Table 9.3).

The reaction with HN(Boc), was found to be slow at room temperature, although
complete conversion was obtained with the salts NaN(Boc), or LiN(Boc), at room
temperature or with HN(Boc), at a reaction temperature of 50°C. Enantioselectiv-
ity with these pronucleophiles in combination with ligand L2 is extremely high.
The pronucleophile HN(Boc)(CHO) is likely more acidic than HN(Boc),, and excel-
lent results were obtained at room temperature. Similarly good results were
obtained by Han and colleagues [28c] with the additional pronucleophiles listed
in Table 9.3.

Potassium trifluoroacetamide was introduced as a pronucleophile by Hartwig
et al. [55]; some representative reactions are described in Scheme 9.25.

0
0
0CO,Me IS H\NJ\CF3
“ KNH™ “CF, =
R ((COD)CIL, (12moi%) R~ 7
(R)-L5b (2—4 mol%) . .
n-PrNH,, 50 °C, 30 min R=Ph, 94% ee (68%)
THF, 1t 518 h R =Ph, 97% ee (74%)
R = nHeptyl, 94% ee (65%)
R = Cyclohexyl, 96% ee (79%)

Scheme 9.25 Allylic substitutions with potassium
trifluoroacetamide as pronucleophile. *Ligand (R)-L2 was
used; b/l ratios were not reported.

Sulfonamides are suitable pronucleophiles, as was first established with N-tosyl-
amines [59]. Particularly good results were achieved with L2 as ligand and activa-
tion of the catalyst with TBD (Scheme 9.26); for example, the regioselectivity of
b/l =98:2 and an ee-value of 98% were obtained in the reaction of LiN(CH,Ph)p-T's
with cinnamyl carbonate. With a substrate containing a sp>-substituent, however,

Ar(SOZ)\N,Rz
Ar(SO,)R?NM _R?
R1/V\OCOZM8 ( 2) . R1J\/ + R1/\/\N
[I{COD)CI], (2 mol%) (éo Al
L2 (4 mol%) b I 2
TBD (8 mol%), THF, rt
M=Li: R =Ph, R2=Bn Ar=pTs b:1=982, 98% ee (92%)
R?=PhCH,CH,, R2=Bn Ar=pTs b : | = 80:20, 95% ee (60%)
M=H: R'=Ph, R2=Bn Ar=pNs b:1=937, 96% ee (91%)
R' = Ph, R2=H Ar = o-Ns b:1=955 95% ee (64%)

R' = 3-Pyridyl R =Allyl Ar=p-Ns b:1=937, 92% ee (86%)
Scheme 9.26 Sulfonamides as pronucleophiles (data from Refs [28a] and [59]).
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neither the yield (60%) nor regioselectivity (b/1 = 80:20) were satisfactory. An early
attempt at the reaction led to a low selectivity when the phosphoramidite Mono-
phos-NMe, was used as ligand, although this was found later to be generally
unsuitable for aminations [6b].

N-(Nitrophenyl)sulfonylamines (o- and p-Ns(R)NH) are very useful pronucleo-
philes, as deprotection of the substitution products reliably yields free amines,
unlike N-tosylates. N-Nosylamines are sufficiently acidic to react without addi-
tional base—that is, under salt-free conditions, but the yield and regioselectivity
were slightly affected by the addition of NEt;. With N-(p-Ns)NHR [59] and o-Ns-
NH, [27a] as nucleophiles, the branched products were generally obtained. An
exception was the reaction of N-(o-Ns)NHCH,Ph and cinnamyl methyl carbonate
in conjunction with ligands L2 and L3, which gave the linear product as a result
of thermodynamic control.

Sequential inter- and intramolecular reactions according to Scheme 9.21 were
also possible with p-NsNH, [59]. In contrast to N-benzyl derivatives, the p-nosyl
derivatives could be readily transformed into the nonprotected amines (A. Dahnz
and G. Helmchen, unpublished results).

9.4.5
Decarboxylative Allylic Amidation

Prior to the studies of You and colleagues on decarboxylative allylic alkylation (cf.
Scheme 9.17), Singh and Han [60] had developed the first asymmetric decarboxyla-
tive amidation. These authors used conditions of type (c) as a starting point and,
despite careful screening of the ligand, base and solvent, only partial success was
achieved. A further probing of additives led to the remarkable finding that the
addition of ‘proton sponge’ increased the reaction rate by a factor of >100 and led
to excellent results, some of which are presented in Scheme 9.27.
A mechanistic investigation furnished the following results:

[I{COD)Cl], (2 mol%)

)(i 0] L2 (4 mol%), DBU (1 equiv.) )OJ\ 0
proton sponge (1 equiv.) He H
o H OBn  THF, rt, 1-12h N™ "OBn \NJ\OBn
- +
V\R \/\R I\/\R
b |
R Yield (%) b:l ee (%)
Ph 90 >99:1 >99
CH=CHCHj 80 98:2 92
n-Pr 90 97:3 96
CH4(CH,),08Si(+-Bu)Ph, 80 98:2 98

Scheme 9.27 Decarboxylative allylic amidation. Proton sponge = 1,8-Bis-(dimethylamino)-
naphthalene.
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e A crossover experiment suggests that the reaction follows an intermolecular
course.

e The steric course of the reaction follows the general rule—that is, it is the same
as that of other Ir-catalyzed allylic substitutions.

e Cinnamyl ethyl carbonate did not react with the lithium salt of benzyl carbamate.
This observation led to the suggestion that the reacting nucleophile is a tautomer
of the anion that is initially formed rather than its decarboxylation product:

0 0
eo)LH,Cbz HO)J\N,Cbz
+ + © reactive
| i nucieophile
\\ly\R = \\ly\R

In another report of Singh and Han [61], Ir-catalyzed decarboxylative amidations
of benzyl allyl imidodicarboxylates derived from enantiomerically enriched
branched allylic alcohols are described. This reaction proceeded with complete
stereospecificity—that is, with complete conservation of enantiomeric purity and
retention of configuration. This result underlines once again (cf. Section 9.2.2)
that the isomerization of intermediary (allyl)Ir complexes is a slow process in
comparison with nucleophilic substitution.

9.4.6
Dihydropyrroles and y-Lactams via Allylic Substitution and Ring-Closing Metathesis

Products from reactions with diacylamines or nosylamines can be very easily
deprotected to give primary allylamines. These were used as nucleophiles in allylic
substitutions to give secondary amines, which were transformed into unsymmetri-
cally 2,5-disubstituted 2,5-dihydropyrroles (Scheme 9.28) [28a]. Thus, the allylic

n-Pr n-Pr
- /\/\
: n-Pr OCO,Me
&7 ’ 7
Ph b:1=99:1 NH, b:1=99:1 Ph
dr=97: 3 (80%) P> dr=97:3(74%)
Ph)s\/
o, | 1-HBr 1. HBr o
74% 2. cat.: Grubbs' Il 2. cat.: Grubbs' Il 70%
e e
O L
n-Pr* Neo Ph n-Pr N Ph
Ha Hz

Scheme 9.28 2,5-Disubstituted 2,5-dihydropyrroles via allylic
substitution in combination with ring-closing metathesis.
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amination of 3-propylallyl methyl carbonate with (S)-(1-phenyl-prop-2-enyl)amine,
using ligands L2 or ent-L2, furnished diastereoisomeric secondary amines with
(S,R)- and (S,S)-configuration, respectively. Excellent regioselectivity and diaste-
reoselectivity were achieved for both reactions; accordingly, the substitution reac-
tion is catalyst- rather than substrate-controlled [62]. The protection of nitrogen
by salt formation followed by ring-closing metathesis (RCM), using Grubbs’ II
catalyst, yielded the cis- and trans-2,5-disubstituted 2,5-dihydropyrroles in good
yields.

N-Boc-N-(but-2-enoyl)amine is an excellent pronucleophile for the Ir-catalyzed
allylic amination under salt-free conditions (cf. Table 9.3, entries 15-18). The
products were subjected to RCM with good results, even upon application
of the Grubbs’ I catalyst (Scheme 9.29) [27b]. The resultant N-Boc protected o,p-
unsaturated y-lactams are valuable chiral intermediates with applications in natural
products synthesis and medicinal chemistry.

O

Hsc/\)J\N/Cozf'Bu /\)OJ\ o 0
HeC X" N~

) cat.: Grubbs' |

[Ir/L2] i _Boc /
4 H CH20|2 reflux \ N JE——
salt-free N o \
= R ca. 80%
Me0,CO~ N R R

R = Me, n-Pr, Ph, CH,OCPh3
b:1=96:4t098:2,>98% ee
(74-79%)
Scheme 9.29 Preparation of o,-unsaturated y-lactams via
allylic amination/ring-closing metathesis.

Singh and Han [60] have reported the preparation of another dihydropyrrole by
using a N-Cbz derivative obtained by decarboxylative amidation (Scheme 9.27,
results line 1) as starting material. N-Alkylation with allyl bromide followed by
RCM (Grubbs’ I catalyst) furnished the dihydropyrrole in excellent yield (95%).
Lee et al. have similarly transformed the amination product (Table 9.2, entry 21)
into a variety of N-heterocycles [54].

9.4.7
Hydroxylamine Derivatives as N-Nucleophiles

Hydroxylamine derivatives are ambident nucleophiles. For example, N-benzylhy-
droxylamine functions as an N-nucleophile in the Ir-catalyzed allylic substitution,
while N-Boc-hydroxylamine yields mixtures of the N- and O-substituted products
in Ir- as well as Pd-catalyzed allylic substitutions. Accordingly, either O- or N,O-
protected hydroxylamine derivatives need to be used as nucleophiles [63].

In our hands, base-activated phosphoramidite—Ir complexes were not suited for
the allylation of hydroxylamine and hydrazine derivatives (R. Weihofen and G.
Helmchen, unpublished results). However, interesting results were obtained by
Takemoto and coworkers with Pybox type ligands (Scheme 9.30) [40]. Phosphates
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BZ\N,OBn
(0] Bz. .OBn X
I
(EtO),PO H Ar/k/ Ar = p-CICgH, o | P
/\) . b b:1=70:30, 87% ee (75%) ]

Ar [I{COD)Cl], (4 mol%) Ar= a-Naphiy! N

Ph-Pybox (8 mol%)  ANZS
CsOH-H,0 (1 equiv.) \/\ b:1=>95:5 96% ee (95%) | Ph Ph-Pybox

CH,Clp —20 °C Bno” VB2
|

Scheme 9.30 Allylic substitutions with a hydroxylamine derivative as nucleophile.

rather than carbonates (which did not react) were used as substrates, and CH,Cl,
was the solvent of choice; a base was usually required as an additive. Good results
were obtained with either Cs(OH)-H,0 or Ba(OH),-H,0, although so far the
procedure appears to be limited to arylallyl substrates.

A few other hydroxylamine derivatives were tested with cinnamyl diethyl phos-
phate as substrate (Scheme 9.30, Ar=Ph) and Cs(OH)-H,O as base [39]. The
addition of a base was necessary in the case of N,O-dibenzoylhydroxylamine,
whereas the reaction with N,O-dibenzylhydroxylamine proceeded without base.
The corresponding amide N-benzoylbenzylamine did not undergo the reaction.

9.5
O-Nucleophiles

9.5.1
Phenolates as Nucleophiles

Phenolates as nucleophiles in conjunction with Ir/phosphoramidite catalysts were
first investigated by Hartwig and coworkers. The early investigations were carried
out with catalysts not activated through the addition of a base (Scheme 9.31) [64];
rather, it is likely that cyclometallation was induced in situ by alkoxide generated
from the leaving group. The following observations were made with regards to
selectivities and yields:

o Alkali phenolates were superior to ammonium phenolates as pronucleophiles.

 Transesterification as a side reaction was observed for a reaction of a sodium
phenolate with a methyl carbonate.

e Transesterification was not found with ethyl carbonates or lithium phenolates.

 Generally, arylallyl carbonates gave better results than alkylallyl carbonates.

e The influence of the solvent was investigated and, once again, the best results
were obtained with THF.

The deficiencies of the nonactivated catalysts were particularly apparent for
reactions with alkylallyl carbonates as substrates. An activated catalyst, formed by
use of procedure (c) (cf. Section 9.2.4.2) gave rise to a distinctly improved yield
and selectivities (Scheme 9.31) [53].

With regards to the scope of the reaction with respect to the phenolate, donor
substituents and halogen were tolerated, and even sterically hindered lithium
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sAYANE o NI«
NS ~ + A
R'N"N0C0R rcopyen, (1. RN R0 R3

ent-L1 (2 mol%)
THF

non-activated cat. R'=Ph,R®=Me, M=Li: R®=4-(OCH3) b:l=98:2 97% ee (88%)

(50 °C) R%=3-Ph b:1=96:4, 95% ee (76%)
R%=2,4,6-(CHg); b:1=93:7,93% ee (82%)
R'=Ph, R2=Et, M=Na: R®=4-Br b: 1=96:4, 90% ee (91%)
RS = 4-(CF3) b:1=90:10, 80% ee (92%)
R® = 4-(NOy) no reaction
R'=n-Pr, R?=Me, M=Li: R3=4-OMe b:1=90:10, 85% ee (73%)
activated cat. R'=n-Pr,R>=Me, M=Li: R®=4-OMe b:1=937, 94% ee (95%)

(rt)

Ph

Scheme 9.31 Allylic substitutions with alkali phenolates as pronucleophiles.

phenolates gave excellent results. In the case of phenolates with electron-
withdrawing substituents, good results were obtained when sodium phenolates
in combination with ethyl carbonates were used. Phenolates with very strongly
electron-withdrawing substituents (i.e. 4-nitro- and 4-cyanophenolates) did not
react.

The reaction of lithium phenoxide with cinnamyl methyl carbonate at 50°C gave
excellent selectivities, if the reaction time was less than about 20h. However,
longer reaction times led to a fall in both regioselectivity and enantioselectivity,
which indicated that the reaction is reversible.

Interesting results were obtained by Kimura and Uozumi with a series of phos-
phorodiamidites L7 as ligands [65]. Here, only cinnamyl methyl carbonate was
probed as substrate, and moderate selectivities were achieved; the best results are
described in Scheme 9.32. An interesting switch in the configurational course of

OPh o

H
0CO,Me  PhOH (2 equiv.) A~
NEt; (2 equiv.) Ph Af—N
[I{COD)CI}, (1 mol%) + p-N
L7 (2 mol%) o X-"0ph AP0 O
THF, 50 °C, 20 h L7

Ar! = 2,6-(Me),CgHa, Ar? = Ph: b:1=97:3, 70% ee (S) (22%)
Ar! = Ph, Ar? = 2,6-(Me),CgHs: b : 1= 73:27, 74% ee (R) (76%)

Scheme 9.32 Application of phosphorodiamidite ligands to allylic etherification.
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1
MO D nconicl
Ir 4 mol%
NS Gz e L* = L1 93% ee (66%)
T / L* = L2 95% ee (60%)
OH (8 mol%) o1 L* = L3 88% ee (50%)

THF, 0.5 M, rt H ||

Scheme 9.33 Examples of intramolecular allylic etherifications.

the reaction was observed upon permutation of substituents Ar' and Ar* of L7.
The authors presented extensive density functional theory (DFT) calculations,
although mechanistic details of the reaction were not investigated experimentally.
For example, the C-H activation of L7/Ir complexes was not considered.

Intramolecular reactions of a phenolate were also reported (Scheme 9.33) [22a].
The preparation of a chromane derivative is described below, where the catalyst
was activated with the base TBD. As in the case of intramolecular aminations,
these cyclizations could be run at concentrations as high as 0.5-1 M.

Phenolates were used as nucleophiles for kinetic resolutions by Carreira and
coworkers [42]; these authors used a catalyst which was prepared from [Ir(COE),Cl],
and the chiral bicycle(2.2.2)octadiene L8 (cf. Section 9.2.5).

9.5.2
Alkoxides as Nucleophiles

Generally, alkoxides are problematic nucleophiles because of their basic character.
In metal-catalyzed allylic substitutions, superior results were obtained with Zn-
alkoxides (achiral Ir-catalysts) [66] and Cu-alkoxides (achiral Rh-catalyst with chiral
substrates) [67]. Shu and Hartwig developed allylic substitutions with alkoxides
using Ir/phosphoramidite catalysts [68]; these authors used catalysts obtained
from [Ir(COD)CI], and L1 or L3 without explicit base activation [procedure (a) in
Section 9.2.4.2) (Scheme 9.34).

0CO,tBu 2

R20OLi/Cul R

I/u =

. > N 1N 2

R (MCODIC, @moe). R * R OR
ent-L3 (4 mol%)

THF, rt

R?=CH.Ph, R'=Ph b:1=99:1,94% ee (92%)
R'=Me b:1=95:5,97% ee (80%)

HaC CH,
RPOLI/Cul = >—O[Cu] Boc—NC>—0[Cu] H30—|—O[Cu]

H3C CH3
R'=Ph b:1=99:1, b:1=98:2, b:1=96:4,
96% ee (86%) 95% ee (70%) 63% ee (80%)

Scheme 9.34 Allylic substitutions with alkoxides as nucleophiles.
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In an exploratory study, Cu-alkoxides were found to be superior to Zn-alkoxides,
and tert-butyl cinnamyl carbonate superior to methyl cinnamyl carbonate, which
underwent transesterification. Both, arylallyl and alkylallyl carbonates were suc-
cessful as substrates.

The optimized reaction conditions were successfully applied to alkoxides derived
from primary as well as secondary alcohols. With tertiary alkoxides, the regiose-
lectivities and yields were excellent but the enantioselectivities were comparatively
low. Applications of the method are presented in Sections 9.5.5 and 9.6.

9.5.3
Hydroxylamine Derivatives as O-Nucleophiles

Hydroxylamine can act as either a N-nucleophile or O-nucleophile, depending on
which of the reactive centers is protected. For all reactions Ph-Pybox has been used
as ligand, and moderate to high levels of selectivity have been achieved. Hydroxamic
acid derivatives and oximes have also been probed as O-nucleophiles [63].

The reactions of hydroxamic acid derivatives required carefully optimized reac-
tions conditions; that is, 3-arylallyl phosphates were used as substrates in conjunc-
tion with PhCF;/water 2:1 as solvent (Scheme 9.35) [69]. The reactivity and
selectivity were influenced by base, and the best results were obtained with
Ba(OH),.

Bz. _OH
N

\ ON(Bn)Bz N
I Bn Ph)\/ 0 | P 0
(Et0),PO Ba(OH),HoO 7 N ‘J
RN [ICOD)CI)], (6 mol%) /J'\)ON(BH)BZ N N~/
Ph-Pybox (12 mol%) ™ Ph ! Ph
PhCFyH,0 2:1,20°Cc PN Ph-Pybox

b:1=80:20,
87% ee (70%)

Scheme 9.35 Allylic substitution with a hydroxamic acid as pronucleophile.

The O-substitution products of oximes can be readily cleaved to give the corre-
sponding alcohols. The (Ph-Pybox)Ir catalyst worked well at low temperatures with
allyl phosphates as substrates (Scheme 9.36) [40, 63]. The selectivities depended
heavily on the base used for activation of the oxime with, again, the best results
being obtained with Ba(OH),- H,0. Only arylallyl phosphates have been reported
as substrates.

9.5.4
Silanolates as Nucleophiles

Carreira and coworkers have established silanolates as useful nucleophiles [70],
with allylic substitutions being carried out with an activated catalyst [procedure (c),
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_OH
J\ H\ﬂ/ Ph
N Ph” TH N
(Et0).PO  Ba(OH),H,0 og
A [FCODICI, (4 mol%) ™ NF T A o N\\( Fh
Ph-Pybox (8 mol%) H
CH,Cly, -20 °C
Ar=Ph b:1=90:10 95% ee (87)
Ar = 1-Naphthy! b:1=94:6 90% ee (83)
Ar = 4-(CH3)CgH4 b:1=83:17 90% ee (84)
_OH el
)NJ\ b:1=94:86, pie b:1=89:11, <:>:N b:1=83:17,
MeO,C~ “H 89%ee(94%)  ppSpn 94% ee (64%) OH 73% ee (52%)

Scheme 9.36 Allylic substitutions with oximes as nucleophiles. In the lower row, Ar = Ph.

using n-propylamine as base; cf. Section 9.2.4.2] (Scheme 9.37). For catalyst
preparation, THF was used as a solvent, while the substitution reaction pro-
ceeded with optimal results with dichloromethane. Methyl carbonates underwent
transesterification as a side reaction, but this was not observed with tert-butyl car-
bonates; allylic acetates yielded linear products exclusively. Several silanolates were
tested as nucleophiles, with Et;SiOK proving to be the best suited.

OCO,t-Bu OSiEt,
Et,SiOK P PPN
> + .
Ph X [(IHCOD)Cll, (3 mol%) Ph Ph OSiEt,
L1 (6 mol%)
CHCly, 1t b:1=99:1,97% ee (90%)

Scheme 9.37 Et;SiOK as a pronucleophile.

The reaction tolerates a wide variety of allylic substrates (Scheme 9.38). Allylic
alcohols were obtained from silyl ethers by standard methods.

1'Ert(?’c?loODK)cuz (3 mol%) R Yield (%) ee (%)

QCOABU | 1 (6 mol%), CH,Cly, 1t OH Ay 5488  92-98

R 2.30 % aq. NaOH, MeOH R/'\% Heteroaryl 50-67  97-99
or n-BuyNF Alkenyl 65 97
Alkyl 65 95

Scheme 9.38 Allylic alcohols via Ir-catalyzed allylic etherification.



244

9 Iridium-Catalyzed Asymmetric Allylic Substitutions

9.5.5
Dihydrofurans via Allylic Etherification in Combination with RCM

Disubstituted dihydrofurans and dihydropyrans were prepared via allylic etherifi-
cation [68] in a similar manner to dihydropyrroles (cf. Section 9.4.6). Thus, diaste-
reoisomeric ethers were generated by the reaction of cinnamyl tert-butyl carbonate
with the copper alkoxide prepared from (R)-1-octen-3-ol, depending on which
enantiomer of the phosphoramidite ligand was used (Scheme 9.39). Good yields
and excellent selectivities were obtained. RCM in a standard manner gave cis- and
trans-dihydrofuran derivatives in good yield, and the same method was used for
the preparation of dihydropyrans.

n-CsHy n-CsHyy
2 RN :
oA~ b:l=9g:2 Ph OCOtBU . 1_gg.2 oA
s B S — + E—— R
= Ir/L3 Ir/fent-L3 R~
N T o wentis) ., B2
dr=96.5: 3.5 (86%) Lo A dr =97 : 3 (84%)
+ Cul
cat.: Grubbs' | cat.: Grubbs' |
CeHe CeHe
n—C5H11"“Q\Ph n-CsHqq" <O) "'Ph
dr=965: 3.5 (84%) dr=96.5: 3.5 (79%)

Scheme 9.39 Preparation of dihydrofuran derivatives.

9.6
Synthesis of Biologically Active Compounds via Allylic Substitution

Although the Ir-catalyzed allylic substitution was developed only recently, several
applications in the areas of medicinal and natural products chemistry have already
been reported. In many syntheses the allylic substitution has been combined with
a RCM reaction [71]. Examples not directed at natural products targets have already
been described in Sections 9.4 and 9.5. It has also been mentioned that this strat-
egy had previously been used in conjunction with allylic substitutions catalyzed
by other transition metals (Figure 9.5). This was pioneered by P. A. Evans and
colleagues, who used Rh-catalyzed allylic amination (compound A in Figure 9.5)
[72] and etherification (compound B) [73], while Trost and coworkers demon-
strated the power of this concept for Pd-catalyzed allylic alkylations (compound C)
[74] and Alexakis et al. for Cu-catalyzed (compound D) allylic alkylations [75].

A synthesis of the prostaglandin analogue TEI-9826 is presented in Scheme 9.40
as an example of the use of an Ir-catalyzed allylic alkylation [44]. The allylic alkyla-
tion with a malonic amide of the Weinreb type as pronucleophile gave the substi-
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nO, -
l}l Ph
Ts

A B

Figure 9.5 Formulas of compounds prepared via combination
of an allylic substitution and ring-closing metathesis.

EtO

o..

_Na
o O 0
NS _.OMe
Meo)\/u\ N‘M MeO,C N :ﬁMe
e e
/\/\ /
n-Octyl OCO.Me [Ir/L1], THF, rt n-Octyl
b:l=83:17 (89%)
Y
Q t
cat.:
% CO:Me Grubbs' I X
- B B——
NN CHoCl X
n-Octyl “n-Octyl

TEI-9826

Scheme 9.40 Synthesis of the prostaglandin analogue TEI-
9826 via Ir-catalyzed allylic alkylation.

tution product with 96and 99% ee upon the use of L1 and L2, respectively, as
ligand. A few simple steps furnished a dienone, which was subjected to RCM to
give 4-(n-octyl)-cyclopent-2-enone, without racemization. A final stepwise aldol
condensation gave TEI-9826 in excellent overall yield.

Ir-catalyzed alkylation with a nitro compound was applied in a synthesis of
(1S,2R)-trans-2-phenylcyclopentanamine, a compound with antidepressant activ-
ity (Scheme 9.41) [45]. The reaction of cinnamyl methyl carbonate with 4-nitro-1-
butene gave the substitution product with 93% ee in 82% yield. A Grubbs’ I catalyst
sufficed for the subsequent RCM. Further epimerization with NEt; yielded a trans-
cyclopentene in 83% yield via the two steps, while additional reduction steps pro-
ceeded in 90% yield.

A combination of allylic amination and RCM was used for the synthesis of (S)-
nicotine (Scheme 9.42) [76]. The Ir-catalyzed amination of methyl 3-(3-pyridyl)-allyl

O,N pZ
ﬂiﬁo ON _~r 2 Grubbs | “Q \Q
re————————————— -
Ph (fentL2], THF, it pp N
Cs2C03 b:1>99:1,

93% ee (82%)
Scheme 9.41 Synthesis of the antidepressant (1S,2R)-trans-2-phenylcyclopentanamine.
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1. CbzCl/base

- 2.HCl, Et,0 Cbz. HasCo
ANF HN" " 3 cat.: Grubbs I N N

HoN _ CH.Cl, /
— AN O —— X - AN
/L2), | | |
THF, 1t N N

b:1=98:2, (S)-nicotine

>99% ee (69%)

Scheme 9.42 (S)-Nicotine via allylic amination in combination with ring-closing metathesis.

carbonate with allylamine proceeded with excellent regioselectivity and enantiose-
lectivity. Following protection of the nitrogen, RCM with Grubbs’ II catalyst gave
a 2,5-dihydropyrrole in very good yield, and further steps produced (S)-nicotine
in good overall yield.

An Ir-catalyzed etherification in combination with ring rearrangement metath-
esis (RRM) was used by Blechert and coworkers for an elegant synthesis of the
antibiotic centrolobine (Scheme 9.43) [77]. The copper alkoxide of cyclopent-3-en-
1-ol was used as the pronucleophile, and the product was obtained in 87% yield
with >98% ee. Ring rearrangement metathesis using Grubbs’ I catalyst, followed
by double-bond isomerization and then a one-pot RCM/catalytic hydrogenation
gave centrolobine in good overall yield.

Loy
+-BuQ O D
A OH o >98% ee
n-BulLi, Cul o,
, /y\/ (87%)
[Ir/L3], THF, Ar
MeO 5
0°C—nt 1. HyC=CHy,
cat.: Grubbs' 1|
50 °C

2. NaBH,

@““Q""L : = 0
MeO A NG PN
OH

centrolobine

Scheme 9.43 Synthesis of the antibiotic centrolobine.

Further compounds that have been synthesized via allylic alkylation or amina-
tion and functionalization of the vinyl group are listed in Scheme 9.44.

9.7
Conclusions

Over the past few years, the asymmetric Ir-catalyzed allylic substitution reaction
has been developed into a synthetically significant and useful method. Broadly
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0O
Ph NH% HN OH
O]

cl H23C1 1/EITIj\CH2HgBr "’4©\
H
Cl CO,Me H,CO OH F

Precursor of
(+)-isoselenopsin A

Precursor of
(~)-paroxetine

Precursor of
sertraline (zoloft)

(—)-cytoxazone

Scheme 9.44 Further targets available via Ir-catalyzed allylic
substitution. (From left to right, Refs [28¢], [41a], [52] and [60]).

applicable catalysts are available by combining [Ir(COD)CI], and phosphorami-
dites, the reaction being carried out with a variety of C-, N- and O-nucleophiles to
give branched substitution products, in particular chiral allylamines and their
derivatives, with excellent regioselectivity and enantioselectivity. The configura-
tional course of all substitutions investigated to date has been identical, despite
the highly variable range of substrates. Moreover, the method has been applied to
the syntheses of a broad range of biologically active compounds of interest in
medicinal chemistry.
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10
Iridium-Catalyzed Coupling Reactions
Yasutaka Ishii, Yasushi Obora and Satoshi Sakaguchi

10.1
Introduction

Organoiridium complexes have been frequently used as model compounds to
understand the elementary steps in transition-metal-catalyzed reactions [1]. On the
other hand, since [Ir(cod)(PCys)(py)|PFs was first used as a catalyst for the hydro-
genation of olefins by Crabtree and coworkers in 1977 [2], Ir(I) complexes have
been widely employed as efficient catalysts for alkene hydrogenation. In 1983,
Stork and Kahne reported the control of stereochemistry in the catalytic hydroge-
nation of alkenes directing by the hydroxy function [3], while a few years later
Pfaltz and colleagues disclosed details of the iridium complex-catalyzed enantiose-
lective hydrogenations of tri- and tetrasubstituted simple alkenes [4]. Recent devel-
opments in iridium chemistry have shown that Ir complexes can be used as
efficient catalysts for hydrogen transfer and related reactions [5], as well as for
Claisen rearrangements [6]. In addition, the iridium-catalyzed hydrogenation of
alkynes [7], hydrosilylation of alkenes [8], hydroboration of alkenes and alkynes [9],
isomerization [10] and cycloisomerization [11] have also been reported.

This chapter reviews an overview of the iridium-complex-catalyzed crosscou-
pling reactions to form carbon—carbon and carbon-heteroatom bonds [12].

10.2
Iridium-Catalyzed Dimerization and Cyclotrimerization of Alkynes

The dimerization of alkynes is a useful method for forming compounds such as
enynes from simple alkynes [13]. The iridium-catalyzed dimerization of 1-alkynes
was first reported by Crabtree, and afforded (Z)-head-to-head enynes using
[Ir(biph)(PMe;)Cl] (biph = biphenyl-2,2’-diyl) as a catalyst [14]. Thereafter, an
iridium complex generated in situ from [Ir(cod)Cl], and a phosphine ligand cata-
lyzed the dimerization of 1-alkynes 1 to give (E)-head-to-head enyne 2, (Z)-head-
to-head enyne 3, or 1,2,3-butatriene derivatives 4 in the presence of triethylamine

Iridium Complexes in Organic Synthesis. Edited by Luis A. Oro and Carmen Claver
Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
TISRBRN: 97R-3.527-31996-1
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(Equation 10.1). The selectivity was markedly influenced by the ligand used; for
example, the PPh; ligand gave the (E)-enyne while the P(n-Pr); ligand gave the
(Z)-enyne [15].

R
[Ir(cod)Cl,}2PPh, or PP -
r(Co 2 3 Or s R R R
R—= 4\ + /_\ I —
Et;N/cyclohexane R
2 R 3

(10.1)

The cross-dimerization of various electron-rich 1-alkynes 5 with electron-
deficient internal alkynes such as methyl phenylpropiolate 6 was promoted by an
[IrCl(cod)], combined with bidentate phosphine ligands such as (rac)-BINAP
(Equation 10.2) [16]. This reaction produces a 1:1 adduct 7 in high regioselectivity
and stereoselectivity.

cat, N COsMe
COMe [IrCl{cod)]/(rac)-BINAP - J 2

R—— + Ph
5 6 80°C,3h Ph

7
83% (R = n-Hex)
79% (R = Ph)
73% (R = TMS)

(10.2)

A plausible reaction pathway was suggested by an experiment using labels,
where the reaction proceeded via the pathway shown in Scheme 10.1. First, the
oxidative addition of terminal alkyne 8 to an iridium complex leads to an alkynyl-

D
Ir'”Ln COgMe
9
IfLn Ph FHIL”
COzMe
Ir'"Ln
13 COgMe

Scheme 10.1
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a e RE=FR R! O Me
>Me cat[|Cl(cod)], 14 caIrCl(cod)], 2
R? CO,Me dPPe  Me0,c—==—CO,Me — R' , COMe
COoMe 15 (CeF5)oP P(CeFs)2 R
16 17
Scheme 10.2

iridium complex 9, after which the coordination of an internal alkyne 10 to 9,
followed by insertion, gives a vinyliridium complex 12. Reductive elimination of
12 produces the enyne 13, and the complex 9 may be regenerated.

An iridium complex also catalyzes the cyclotrimerization of alkynes. The regi-
oselective cyclotrimerization of phenylacetylene was induced by an [IrH (cod) (dppe)]
catalyst to give 1,24-triphenylbenzene in quantitative yield [17]. The cross-
cyclotrimerization of terminal and internal alkynes with dimethyl acetylene dicar-
boxylate (DMAD) was achieved in the presence of [IrCl(cod)], combined with
diphosphine ligands to give (2+2+2) adducts (Scheme 10.2) [4, 6]. The ligand used
in the cyclotrimerization had a significant effect on the reaction. Thus, when dppe
was used as the ligand, a 2:1 adduct of DMAD and alkyne was obtained, whereas
when 1,2-bis(dipentafluorophenylphosphino)ethane was used as the ligand a 1:2
adduct of DMAD and alkyne was obtained [18].

The [Ir(cod)Cl],/diphosphine is an efficient catalyst for the (2+2+2) cycloaddition
of o,e-diynes 18 with alkyne 19 to give indane 20 and tetraline derivatives (Equa-
tion 10.3) [19].

R
I MeQO,C

MeO,C — calrCl(cod)]s o2 >Oi>/
L + —R MGOZC

MeO,C dppe 20

18 19 86% ( R = CHyCHoCH.CI)
85% (R = CH,OH)
66% ( R = CHOMe)
65% (R = CH2NM82)
(10.3)
Various acetylenes having functional groups such as halide, alcohol, ether,
amine, alkene and nitrile, are tolerated in the reaction. An asymmetric (2+2+2)
cycloaddition of o,m-diynes with alkyne was achieved by a [IrCl(cod)], catalyst
combined with a chiral phosphine ligand such as MeDUPHOS and EtDUPHOS,

and gave axially chiral aromatic compounds [20].

10.3
Iridium-Catalyzed, Three-Component Coupling Reactions of Aldehydes,
Amines and Alkynes

[IrCl(cod)], leads to three-component coupling products of aldehydes 21, primary
amines 22 and 1-alkynes 23 to afford 24 via an activation of the C—H bond adjacent
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to the nitrogen atom of imines (Equation 10.4) [21]. For example, the reaction of
butyraldehyde, butylamine and 1-octyne in the presence of [IrCl(cod)], gave N-
butylidene(2-hexyl-1-propylallyl)amine (24) in 72% yield. The iridium-catalyzed
reaction was not affected by the water generated during imine formation from
amine and aldehyde.

3
N et [IrCl(cod)] , R (10.4)
R¥ NH, + =R
THF, 60 °C, 15 h RS R
22 23 24

72% (R', R2, R®="Pr, "Pr, Hex)
74% (R', R2, R="Pr, "Pr, "Bu)

73% (R', R% R ='Pr, "Pr, Hex)
62% (R', R? R ='Bu, "Pr, "Hex)

The coupling product consisted of a single geometrical isomer, and the reaction
of N-butylidene-1,1-dideuteriobutylamine (25) under the same catalytic conditions
gave a coupling product (27) in which a deuterium is incorporated to the terminal
triple bond of the imine (Equation 10.5). Therefore, the reaction would proceed
through the pathway shown in Scheme 10.3. Initially, an Ir' complex 28 coordi-
nates to imine generated in situ from aldehyde and amine. Oxidative addition of
the C—H bond adjacent to the nitrogen atom in the imine to the Ir' complex would
afford an I'"" complex, 30. The coordination of alkyne, followed by insertion to the
complex 30, may give an iridium complex 32, on which subsequent reductive
elimination forms the coupling product.

5 H(D)
N 4\ — cat{iCi(cod)] "Hex~ 2 p iy
nPr/\N Pr + Hex ——— 42>
NS
D THF, 60 T npr” Sy T py
D
25 26 27
(10.5)

When the secondary amine 33 was used instead of a primary amine, a different
type of three-component coupling reaction took place with aldehyde 34 and 1-
alkynes 35 to afford the corresponding allylamines (36 and 37) [22]. In this reac-
tion, Ir-hydride generated by amine (33) with Ir', would be a key intermediate.
The reaction may proceed by addition of the Ir-hydride to the enamine derived
from amine 33 and alkyne 34, followed by insertion of aldehyde and dehydration
to give the coupling product (36 and 37).
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R3
=N H
=N
R1 R2 |r|Ln R1 R2
28
R3 Ir'Ln
— f H
=N IM'Ln /:N4<
R1 2 H R1 2
320 29 R
33— /
RI—= H.
Ir''Ln
IMLn =N
—N R1 R2
R o \( 30
31
R —
Scheme 10.3
1NN 1N
o~~~ f  _ , [Clod), ° N R RONR
RN TR + M+ =R .
H R?" TH 0 “ "R? R?
50°C,3h |
(R® = RYCH,) R4 R*
33 34 35 36 37

92% (78:22) (R = nPr, R? = nPr, R® = nHex)
78% (74 : 26) (R' = Et, R? = Et, R® = nHex)

(10.6)

Furthermore, when trimethylsilylacetylene 40 was used as an alkyne in the
[IrCl(cod)],-catalyzed reaction, propargylic amines (where the alkyne was added to
the double bond of imine) were obtained (Equation 10.7) [21, 23]. It is probable
that the reaction proceeds through oxidative addition of the terminal C—H bond
of alkyne to the Ir' complex, followed by the insertion of imine to the resulting
Ir-H complex. The crosscoupling reaction of trimethylsilyl (TMS)-acetylene
with aldimines took place by [IrCl(cod)],, leading to the corresponding adducts
(Equation 10.8) [24].

SIMeg
cat.
j\ PN o [IrCI(cod)]2
n + Pr NH, + MegSi——==
ProH T THRe0C N
38 39 40 41
Yield 78%

(10.7)
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45

SiMe3
at(|rCl(cod)], ‘ |
+ MegSi——= T ——— ,
THF, 23 °C a7y P
43 H
44

76% (R = Ph, R2 = CH,Ph)
85% (R' = Ph, R? = 4-MeO-CgH5)

(10.8)

In addition, the three-component coupling reaction of aliphatic aldehydes 45,
aliphatic amines 46 and ethyl diazoacetate (EDA) 47 was achieved under the influ-
ence of an [IrCl(cod)], catalyst to afford the aziridine derivatives 48, under mild
conditions (Equation 10.9) [25].

R2
, NLCHCOOE calirCl(cod)], or IrCly N
RZ-NH
" 2 EDA THF,-10°C, 3 h g1~~~ COOE
16 s 48

71% R', R? ="Pr, "Bu
76% R', R2="Pr, Bu
83% R', R?="Pr, S*Bu
83% R', R?="Pr, Bu

(10.9)

The present Ir-catalyzed, three-component coupling reaction was thought to
progress via the formation of an imine, which then reacts with EDA. The use of
a bulky amine such as tert-butylamine gave the corresponding cis-aziridine in high
stereoselectivity. Thus, the reaction must proceed through coordination of the Ir
complex to an imine, followed by a nucleophilic attack of EDA from the direction
to reduce the steric repulsion between the ester moiety of the incoming EDA and
tert-butyl group of the imine to form the corresponding cis-product.

10.4
Head-to-Tail Dimerization of Acrylates

The dimerization of functional alkenes such as acrylates and acrylonitrile repre-
sents an attractive route to obtain bifunctional compounds such as dicarboxylates
and diamine, respectively. The head-to-tail dimerization of acrylates and vinyl
ketones was catalyzed by an iridium hydride complex generated in situ from
[IrCl(cod)], and alcohols in the presence of P(OMe); and Na,COj; [26]. The reaction
of butyl acrylate 51 in the presence of [IrCl(cod)], in 1-butanol led to a head-to-tail
dimer, 2-methyl-2-pentenedioic acid dibutyl ester (53%), along with butyl propio-
nate (35%) which is formed by hydrogen transfer from 1-butanol. In order to avoid
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the formation of butyl propionate, 1-butanol was removed from the catalytic solu-
tion after treatment of a mixture of [IrCl(cod),], P(OMe); and Na,CO; in 1-butanol
at 100°C for 1h, after which butyl acrylate 51 in toluene was added and reacted at
100°C for 5h to give a dimer 52 in 86% yield (Equation 10.10). Under these condi-
tions, methyl vinyl ketone 53 was also dimerized to form a head-to-tail dimer, 3-
methy-3-heptene-2,6-dione 54 in 79% yield (Equation 10.10). The present reaction
was promoted in methanol, ethanol and 2-butanol, whereas no reaction occurred
in tert-butyl alcohol (which has no o-hydrogen). These results suggest that an
iridium-hydride complex generated in situ from [IrCl(cod)], and alcohols in the
presence of P(OMe); and Na,CO; promotes the head-to-tail dimerization of
acrylates.

[IrCl(cod)], / P(OMe)3 / Na,CO4
(0.01/0.04/0.01 mol. amt.)
1-Butanol, 100 T, 1 h

F1 -Butanol

cat. IIIrH u

P X
2 7 "CoBY" Toluene, 100°C, 5 h "BuO:C 52 COzBu" (10.10)
51 86%
as above e
s M
s 0 e} 54 0
79%
[IrCl{cod)]o
0 0 ROH
P(OM
"BuO 7 CoBu” (OMe)s o
N32003
s
Lnir-H OBu
\ 51
OBu” e}
Lnlr \)J\ogun
"BUO 0 Irln 55

K
o OBu
NN

o NS
OoBu” OBu”
Lofr-H IrLn
LN t— 56

"BuO” O "Bu0” "O
Scheme 10.4
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The reaction may proceed as follows (see Scheme 10.4). An acrylate 51
coordinates to the iridium-hydride complex generated in situ, and then inserts
into the Ir-H bond to form a 6-Ir complex 55; the coordination and insertion
of another acrylate to 55 leads to an iridium complex, 56. A B-hydride elimina-
tion of the iridium-hydride from the intermediate 56, followed by isomerization
of the double bond to a more stable internal alkene, results in a head-to-tail
dimer.

10.5
A Novel Synthesis of Vinyl Ethers via an Unusual Exchange Reaction

Vinyl ethers are important raw materials in the production of glutaraldehyde, as
well as of vinyl polymer materials which contain oxygen and are expected to
degrade easily in Nature. The [IrCl(cod)], catalyzes an efficient exchange reaction
between vinyl acetate 57 and alcohols or phenols 58, leading to the corresponding
vinyl ethers 59 (Equation 10.11) [27]. Usually, the acid-catalyzed exchange reaction
between alcohols and vinyl acetate results in alkyl acetates 60, and also to vinyl
alcohol 61 which is readily isomerized to acetaldehyde 62.

o)
[IrCl(cod)z] “H
oo R-07 X 4 AOH
_ oluene,
O/\ + R-OH
acid /ﬁ\
57 58 oR * ¥ OH
60 61
)
(10.11)

Thus, a wide variety of vinyl ethers could be synthesized using this method
(Scheme 10.5). This catalytic vinylation system was found to be applicable to the
synthesis of vinyl ethers from secondary and tertiary alcohols. No deuterium was
introduced into the resulting phenyl vinyl ether when phenol-d was allowed to

eNgZ 0™
”CaH17/O\/ @\ A
o7 O/\

99% 86% 91% 75%
(O S. 7
e N
Soues (7T (O
Z0
87% 88% 92%

Scheme 10.5
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)

ROH + AcO

j [{IrCl(cod)},] / NayCO4

OR
/ J
LnIr,OA\_(O
AcO” X 63 RO/\
Lnlr—OR Lnlr—OAc
” % )
AcOH ROH

Scheme 10.6

react with vinyl acetate under these conditions. This may suggest that the following
reaction proceeds through an intermediate 63, which resulted from the reaction
of [IrCl(cod)], with vinyl acetate and alcohol under the influence of Na,CO; (Scheme
10.6). The release of an alkyl vinyl ether from the intermediate 63 gives rise to an
iridium acetoxy complex 64, which then reacts with alcohol, leading to an iridium
alkoxy complex 65; coordination of the vinyl acetate to complex 65, followed by
insertion, then regenerates 63.

The transfer vinylation between carboxylic acids 64 and vinyl acetate 65 was also
achieved under the influence of [IrCl(cod)], and NaOAc; in this way a variety of
carboxylic acids were converted into the corresponding vinyl esters 66, with
excellent yields (Equation 10.12 and Scheme 10.7) [28].

1) O

cat.

[IrCl(cod)lp

"CgHy1COOH + )J\O/\ NAOAG nCSHﬂ)J\O/\ (10.12)
64 65 Toluene, 100 °C 66

Select. 94% (Conv. 94%)

O O O ) o]
HBU%O& /\)ko/\ PhJ\O/\ ’Bu)J\O/\ Ph/\)J\O/\
Et
94% (89%) 88% (94%) 91% (77%) 89% (88%) 98% (80%)
Select. (Conv.)
Scheme 10.7

Furthermore, the reaction of allyl alcohols 67 and vinyl or isopropenyl acetates 68
was reported to afford y,6-unsaturated carbonyl compounds 70 (Equation 10.13) [29].

259
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Ph/YOH +)OJ\O/& cat. [|TCI(cod)]2/Na2003 [Ph/YO/K

Ph
Mesitylene, 100 °C, 3 h 140 °C

67 68 69 70
83%
(10.13)

The reaction was achieved through transfer vinylation of 67 with 68 by action
of the [IrCl(cod)], complex to afford allyl homoallyl ethers 69, followed by a Claisen
rearrangement of the ether 70. The Claisen rearrangement of allyl homoallyl
ethers to y,8-unsaturated aldehydes has been reported previously [6].

This method can be extended for the synthesis of allyl alkyl ethers from alcohols
with allyl acetate. Thus, the iridium cationic complex [Ir(cod),]'BF,”, catalyzes the
allylation of alcohols 71 with allyl acetate 72 to afford allyl ethers 73 (Equation

10.14) [30].
T cal [\r(cod),]"BF 4~ R
R-OH + )J\O/\/ \O/\/
toluene, 100 °C
71 72 73
98% (R = nBu)

(
90% (R = 4CH305H4)
93% (R = 4-CH;0C¢H,)

(10.14)

The reaction would proceed through formation of the r-allyl-iridium complex,
followed by a nucleophilic attack of the alcohol.

The iridium-catalyzed transformation between carboxylic acid and vinyl acetate
[28] or allyl acetate [30] was also promoted to afford vinyl or allyl carboxylates in
good yields.

The [Ir(cod),]'BF,” complex catalyzed the reaction of alkyl and aromatic amines
with allyl acetate, leading to the corresponding allyl amines in fair to good yields
[28] (see also Section 10.6).

10.6
Iridium-Catalyzed Allylic Substitution

For further details of this reaction, the reader is referred to Chapter 9. The catalytic
allylation with nucleophiles via the formation of m-allyl metal intermediates has
produced synthetically useful compounds, with the palladium-catalyzed reactions
being known as Tsuji-Trost reactions [31]. The reactivity of m-allyl-iridium com-
plexes has been widely studied [32]; for example, in 1997, Takeuchi identified a
[IrCl(cod)], catalyst which, when combined with P(OPh);, promoted the allylic
alkylation of allylic esters 74 with sodium diethyl malonate 75 to give branched
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alkylated compounds (76 and 77) with high regioselectivity (Equation 10.15) [33].
Unlike the Pd-catalyzed allylic alkylation [31], the iridium-catalyzed reaction gave

a branched adduct 72, and the triphenylphosphite ligand was found to be essential

for high branched selectivity. In the iridium-catalyzed reaction, both linear and
branched allyl acetates reacted with 75 to afford a branched product selectively
33].

[IrClcod)l,/P(OPh)s
L eco o gucos
OAc R R
75 76 77

R = nPr 89% (76/77 = 96: 4)
R=Ph 98% (76/77 =99: 1)

(10.15)

The asymmetric allylic alkylation of allylic esters was achieved with a high enan-
tioselectivity (up to 95% enantiomeric excess; ee) by using [IrCl(cod)], in the pres-
ence of chiral phosphinooxazolines 78 [34], phosphoramidites 79 [35] or phosphates
80 [36] as ligands (Equation 10.16). Furthermore, an asymmetric allylic alkylation
of allyl phosphates with (diphenylimino)glycinates afforded chiral B-substituted
o-amino acids in high enantioselectivity (up to 97% ee) [37]. In this reaction
system, chiral bidentate phosphates bearing an (ethylthio)ethyl group promoted
the allylic alkylation.

cal[IrCl(cod) ]

. f ; Nu
R/\/\OX Chiral ligand /k/ (10.16)
HNu, Base R *
X = Ac, CO,Me, PO(OEt),
Chiral Ilgand

\

N  P(4-CF3CgH,)s O

78 80

; L O
P
v

Allyl carbonate 81 reacts with primary and secondary amines 82 to afford
branched allylic amination products 83 under the influence of a [IrCl(cod)],/
P(OPh); catalyst (Equation 10.17) [38]. In this reaction, alcohols such as ethanol
and methanol proved to be the best solvents, while both intermolecular and intra-
molecular enantioselective allylic aminations were reported by using chiral phos-
phoramidites as ligands [39]. The allylic amination of (Z)-2-noneyl carbonate 85
with 82 in the presence of [IrCl(cod)], and P(OPh); afforded Z-linear allylic amines
(Equation 10.18) [38]. In this reaction, the Z-geometry of 85 was completely
retained.

)
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Ph
AN
PR B \N(\ Q
EtOH + Ph ~_-N
OCO.Me

81 82 83 84
95% (83 : 84 = 95 : 5)

(10.17)
cat.
[IrCl(cod)]o/P(OPh)s
"Hex,  OCO,Me . HNj > Hex, N
MeNO,
85 82 86
91%
(10.18)
10.7

Alkylation of Ketones with Alcohols

The oa-alkylation of enolates derived from ketones with alkyl halides is a very
important and frequently used method for forming new carbon—carbon bonds in
organic synthesis [40]. Yet, if the o-alkylation of enolates derived from ketones
with alkyl halides can be replaced by the direct reaction of ketones with alcohols,
this method would provide a very useful waste-free, ‘green’ route to o-alkylation,
producing no side products other than water.

[IrCl(cod)],, in the presence of PPh; and KOH, catalyzed the o-alkylation of ketones
with alcohols [41]. As an example, the reaction of 2-octanone 87 with 1-butanol 88
was catalyzed by the iridium complex to give 6-dodecanone 89 in 80% yield (Equa-
tion 10.19). The alkylation proceeded with complete regioselectivity at the less-
hindered side of 2-octanone, and the reaction was promoted by a catalytic quantity
of KOH (10mol%) in the absence of both a hydrogen acceptor and a solvent.

This method provides a very convenient route to aliphatic ketones, to which a
carbonyl function can be introduced in the desired position by selecting the
ketones and alcohols employed.

0 [IrCl{cod)]»
" OH KOH
87 88 100°C, 4 h 89

80%  (10.19)
The reaction is thought to proceed via the following pathway:

(i) hydrogen transfer from alcohol 88 to an Ir complex, giving aldehyde 90 and an
Ir-hydride complex

(ii) a base-catalyzed aldol condensation between the resulting aldehyde 90 and
ketone to give o, B-unsaturated ketone 91

(iii) selective hydrogenation of 91 by an Ir-hydride complex generated during the
course of the reaction, to form the o-alkylated ketone 92 (Scheme 10.8).
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The iridium catalytic system can also be applied to the o-alkylation of active
methylene compounds. The alkylation of cyanoacetates 93 with primary alcohols
94 was achieved by using [IrCl(coe),], and PPh; to afford saturated a-alkylated
products 95 (Equation 10.20) [42]. Here, the alkylation reaction was efficiently
accomplished, without the need for any base.

O
O cat.
[IrCl(coe)2]o
NC% + /\/\OH o8y
0™Bu p-xylene
93 94 130°C, 15 h 95 CN

>99%  (10.20)

The [Cp*IrCl],-catalyzed alkylation of arylacetonitrile 96 with primary alcohols
has also been reported (Equation 10.21) [43]. Here, KOH proved to be the most
successful base and the reaction proceeded in the absence of any solvent.

. N
O o e (P
+
KOH O

96 97 98
>99% (10.21)
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The [Cp*IrCly], and [IrCl(cod)], catalysts have also been used in the alkylation
of barbituric acid [43] and nitroalkanes [44] with primary alcohols.

The [IrCl(cod)], and [Cp*IrCl,], complexes provided an efficient catalysis of the
Guerbet reaction of primary alcohols to afford B-alkylated dimer alcohols [45]. As
an example, the reaction of 1-butanol 99 in the presence of [Cp*IrCly], (1mol%), t-
BuOK (40mol%) and 1,7-octadiene (10mol%) produced 2-ethyl-1-hexanol 100 in
93%yield (Equation 10.22). In this reaction, the addition of base and a small amount
of hydrogen acceptor (e.g. 1,7-octadiene) were needed. A variety of primary alcohols
have been shown to undergo the Guerbet reaction under the influence of Ir com-
plexes to give the corresponding dimer alcohols, in good yields. This method pro-
vides an alternative, direct route to B-alkylated primary alcohols, which are usually
prepared by the aldol condensation of aldehydes, followed by hydrogenation.

cat. [C p*l |'C|2]2

/\/\
OH PEp— /\/\COH (10.22)
KOH, 120°C

929 100
93%

The reaction of secondary alcohols 101 with primary alcohols 99 using [Cp*IrCl,],
and a base such as NaO'Bu was reported to afford the corresponding B-alkylation
products 102 (Equation 10.23) [46].

OH cal- [Cp*IrClyl, OH
)\ * /\/\OH )\/\/\ (10.23)

NaOBu, 110 °C Ph
101 99 102
88%

Ph

Another reported example of the carbon—carbon bond-forming reaction from
alcohols is that of the indirect Wittig reaction, which utilizes an [IrCl(cod)],/dppp/
CsCO; catalyst system and leads to the production of alkanes (Equation 10.24) [47].

[IrCl{cod)],/DPPP

Ph” OH + PPhy™\ oy >~ C02Bn
COzBn Cs,CO4
103 104 Toluene, 150 °C 105
79%
(10.24)

10.8
N-Alkylation of Amines

The [Cp*IrCl,)/K,CO; system serves as an efficient catalyst for the N-alkylation of
amines 106 with alcohols 107 (Equation 10.25) [48]. Alternatively, [IrCl(cod)],
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combined with bis(diphenylphosphino)ferrocene (dppf) also shows the effective
catalyst for the N-alkylation of primary amines [49]; in this reaction both primary
and secondary alcohols can be used. This N-alkylation of amines may proceed in
a similar step-wise manner to the o-alkylation of aldehydes, as shown above: (i)
dehydrogenation of alcohols to aldehydes; (ii) the formation of imines from alde-
hydes and amines, and (iii) the hydrogenation of imines to amines.

NH2 cat. [Cp*erl ] H\/@
H 212
K,CO,, 110 °C
106 107

108
88%

The iridium-catalyzed reaction of primary amines with diols gave cyclic amines.
The reaction of amine 109 with diol 110 in the presence of [Cp*IrCl,]/NaHCO,
catalyst gave heterocyclization product 111 (Equation 10.26) [50].

©/\NH2 . PN cat. [Cp*IrCly), ©/\’\Q
HO OH NaHCO3, 90 °C
109 110 11

91%
(10.26)

Intramolecular cyclization of amino alcohols 112 took place with [Cp*IrCl,]/
K,CO; to give indoles 113 (Equation 10.27) [51].

OH cat. Cp*IrCl
(j\/\/ [Cp"IrCla], @ (10.27)
K,CO3, 100 °C N
NH2 2 3 H
112 113
90%

Furthermore, the N-alkylation of 2-aminobenzyl alcohol 114 with ketones
115 in the presence of [IrCl(cod)], and KOH gave quinoline derivatives 116
(Equation 10.28) [52]. The reaction may be initiated by the formation of ketimine
from 114 and 115, and the ketimine thus formed is oxidized by Ir catalyst and the
114 which serves as a hydrogen acceptor giving the corresponding aldehyde,
which is eventually converted into quinoline 116 through intramolecular aldol-type
condensation.

OH ¢4t [IrCl(cod)]. X
+ _ (10.28)
NH, Ph KOH, 100 °C N~ “Ph

114 115 116
90%
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Another type of N-alkylation was achieved by the [IrCl(cod)],-catalyzed reductive
alkylation of secondary amine with aldehyde and silane (Equation 10.29) [53]. For
example, the treatment of dibutylamine 117 with butyraldehyde 118 and Et;SiH
119 (a 1:1:1 molar ratio amine, aldehyde and silane) or polymethylhydrosiloxane
(PMHS) in 1,4-dioxane at 75°C under the influence of a catalytic amount of
[IrCl(cod)],, gave tributylamine 120.

O /\/\N/\/\
/\/\N/\/\ + /\)I\ + Et3SiH [IrCl(cod)]»
H H i
1,4-dioxane
117 118 119 75 °C 83%
120
(10.29)

10.9
Oxidative Dimerization of Primary Alcohols to Esters

Primary alcohols 121 undergo an efficient oxidative dimerization by [IrCl(coe),],
under air, without any solvent, to form esters 122 in fair to good yields (Equation
10.30) [54]. The reaction is initiated by the in situ generation of an Ir-hydride
complex via hydrogen transfer from alcohols to afford aldehydes, followed by the
dehydrogenation of hemiacetals derived from alcohols and aldehydes by action of
the Ir-complex to afford esters.

cat. @]
[IrCl{coe)s]»
AN B ——
R” "OH 05 °C. air R)ko/\ﬂ (10.30)
121 122

10.10
Iridium-Catalyzed Addition of Water and Alcohols to Terminal Alkynes

The addition of water and alcohols to nonactivated terminal alkynes was promoted
by [Ir(cod),]'BF,” combined with Lewis acids and phosphate [55]. Thus, terminal
alkynes such as 1-octyne 122 reacted with butanol 123 to afford 2-octanone dibu-
tylketal 124 (Equation 10.31).

cal [Ir(cod),]*BF 4 / P(OiPr)3

_ ZrCl BuO.__OBu
= "Hex + BuOH = Py (10.31)
Toluene, 70 °C ex
122 123 124

80%



10.12 Iridium-Catalyzed Anti-Markovnikov Olefin Arylation

The iridium-catalyzed addition of water could be applied to the reaction of
o,0-diynes. Thus, 1,7-octadiyne 125 was converted to 1-(2-methylcyclopent-1-
enyl)ethanone 127 (Equation 10.32). The formation of 127 was explained by
assuming intramolecular aldol condensation of the resulting 2,7-octadione by
Lewis acid.

lIr(cod)z] BFy o
P(O'Pr)3
ZrCl,
= (CHzs—=—= + BuOH + Hy0 (10.32)
70 °C
125 123 126 127
84%

10.11
Iridium-Catalyzed Direct Arylation of Aromatic C—H Bonds

Arylation of benzene 128 with aryl iodides 129 via direct C—H bond activation was
achieved in the presence of [Cp*IrHCI], and KO'Bu to afford corresponding biaryl
130 (Equation 10.33) [56]. The phenyl radical would participate as an intermediate
in this reaction.

V]

66%
130

10.12
Iridium-Catalyzed Anti-Markovnikov Olefin Arylation

The iridium(IlI)-complex, [Ir(u-acac-O,0,C’)(acac-O,0)(acac-C*)],, mediates the
activation of unactivated aromatic C—H bond with unactivated alkenes to form
anti-Markovnikov products [57]. The reaction of benzene 131 with propene 132
(0.78 MPa of propylene, 1.96 MPa of N,) leads to the formation of n-propylbenzene
133 in 61% selectivities (turnover number (TON)=13; turnover frequency
(TOF) = 0.0110s™") (Equation 10.34). The reaction of benzene with ethane at 180°C
for 3h gave ethylbenzene (TON = 455; TOF =0.0421s™"). The anti-Markovnikov
selectivity was also proven for the reaction with 1-hexane and isobutene, giving
1-phenylhexane (69% selectivity) and isobutylbenzene (82% selectivity),
respectively.
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Ir catalyst
O - :

o 0

131 132 )J\KU\ 133 134
Ir catalyst: S; 0010 61 : 39

TON =13

(0= TOF=0.0110s"
WR

(10.34)

[Ir(CH3)(Py)(trop-0,0),] (trop=0,0-k*0,0-tropolonato) is also active catalyst for
the C—H activation of arenes [58]. Mechanistic investigations for the Ir-catalyzed
reaction have been studied [59].

10.13
Iridium-Catalyzed Silylation and Borylation of Aromatic C—H Bonds

The iridium complex [Ir(OMe)(cod),] with 4,4’-di-tert-butyl-2,2"-bipyridine (dtbpy)
or 2,9-diisopropyl-1,10-phenanthroline (dipphen) as ligand shows a catalytic activ-
ity for aromatic C—H silylation of aromatic compounds by disilane [60]. The reac-
tion of 1,2-dimethylbenzene 135 with 1,2-di-tert-butyl-1,1,2,2,-tetrafluorodisilane
136 in the presence of [Ir(OMe)(cod),] and dtbpy gives 4-silyl-1,2-dimethylbenzene
137 in 99% yield (Equation 10.35).

Ir(OMe)(cod
F R . dt)lgpy 2 F
+ Bu"si~Si—Bu' A si—Bu (10.35)
A 120 °C L
99%
135 136 137

The direct borylation of arenes was catalyzed by iridium complexes [61-63].
Iridium complex generated from [IrCl(cod)], and 2,2"-bipyridine (bpy) showed the
high catalytic activity of the reaction of bis(pinacolato)diboron (B,Pin,) 138 with
benzene 139 to afford phenylborane 140 (Equation 10.36) [61]. Various arenes and
heteroarenes are allowed to react with B,Pin, and pinacolborane (HBpin) in the
presence of [IrCl(cod)],/bipyridne or [Ir(OMe)(cod)],/bipyridine to produce corre-
sponding aryl- and heteroarylboron compounds [62]. The reaction is considered to
proceed via the formation of a tris(boryl)iridium(III) species and its oxidative addi-
tion to an aromatic C—H bond.
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I ct [1rCl(cod)], Ot
T[ed - - 2 as e
- - SR>

) o, B
! ) py

138 139 N N 140

80 °C 95%

(10.36)

10.14
Miscellaneous Reactions Catalyzed by Iridium Complexes

The cationic iridium complex [Ir(cod)(PPh;),]OTf, when activated by H,, catalyzes
the aldol reaction of aldehydes 141 or acetal with silyl enol ethers 142 to afford
143 (Equation 10.37) [63]. The same Ir complex catalyzes the coupling of o.,f3-
enones with silyl enol ethers to give 1,5-dicarbonyl compounds [64]. Furthermore,
the alkylation of propargylic esters 144 with silyl enol ethers 145 catalyzed by
[Ir(cod)[P(OPh);],]OTf gives alkylated products 146 in high yields (Equation 10.38)
[65]. An iridium-catalyzed enantioselective reductive aldol reaction has also been
reported [66].

Y ca [Ir(cod)(PPhg)p]OTF  ppy

PHCHO  + (10.37)
OSiMe, H,0* OMe O
141 142 143
86%
Ph 1 mol% Ph
= [Ir(cod)[P(OPh)s]o]OTE 7
+ \17 (10.38)
OAc OSiMes
144 145 O 146
82%

The [IrCl(cod)],-catalyzed reductive coupling of acrylates and imines provides trans-
B-lactams with high diastereoselectivity (Equation 10.39) [67]. With regards to the
reaction mechanism, in situ generated Ir—hydride reacts with acrylate 148 to produce
an Ir enolate, which then reacts with the 147 to afford the f-amido ester 149.

OMe
|N cat-1lrCl(cod)]o \©\
Q P(OPh), N
/ \)kOCGFS
CgHy4

147 148 149

58%
>20 :1d.r.

(10.39)
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It has been reported that a cationic iridium such as [Ir(cod),]BARF (BARF = {3,5-
(CF5),C¢H3}4B), when combined with 1,1%-bis(diphenylphosphino)ferrocene
(DPPF), catalyzed a hydrogen-mediated reductive carbon—carbon bond formation
[68]. Thus, the reaction of alkynes 150 with o-ketoesters 151 produces B,y-
unsaturated-a-hydroxy ketones 152 (Equation 10.40).

cal 1)r(cod),|BARF

Et—==""Et Ph i DPPF Et /t i
[ + _ =
m)J\OEt PhsCCOH Ot

0 Hs (1 atm) Ph OH
150 151 152
93% (10.40)

The [Ir(cod),]BARF complex also showed high catalytic activity in the hydrogena-
tive coupling of alkyne with aldimines to lead to reductive coupling products, allyl
amines [69].

The combination of [IrCl(cod)Cl], complex with P(t-Bu); efficiently catalyzes
aromatic homologation using internal alkyne [70]. For example, the reaction of
benzoyl chloride 153 with 4-octyne 154 afforded 1,2,3,4-tetrapropylnaphthalene
155 (Equation 10.41). The reaction with 2-thenoyl and 2-naphthoyl chlorides also
affords benzothiophene and anthracene, respectively, in high yields. The reaction
would proceed as follows (Scheme 10.9): (i) oxidative addition of aroyl chloride

Pr
j\ cal- 1IrCl(cod)o/P(t-Bu)g O O "Pr
n — _— -
o et Pr——"pPr ooy (10.41)
Pr
153 154 155
98%

(v) 155
154%‘ IrCl \&
"Pr
(@]

©i\§"” ItCly

\

Cl
HCI (i)

(|\7(

(iil)
154

CcO

Scheme 10.9
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to Ir(I) to form aroyliridium intermediate; (ii) decarbonylation of the aroyliri-
dium; (iii) insertion of alkyne into the Ar-Ir bond; (iv) ortho-iridation followed
by insertion of the second alkyne; and (v) reductive elimination to form the
product.

Naphthalene derivatives 158 were also prepared by the oxidative coupling of
benzoic acids 156 with internal alkynes such as diphenylacetylene 157 in the pres-
ence of [Cp*IrCl,], complex combined with Ag,CO; as oxidant (Equation 10.42)
[71].

S e O
+ Ph—Ph —————
A92C03

Ph
oxylene, 160 °C Ph

156 157 158
88%  (10.42)
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Iridium-Catalyzed Cycloadditions
Takanori Shibata

111
Introduction

The transition-metal-catalyzed cycloaddition of unsaturated motifs, such as alkynes
and alkenes, is an atom-economical and reliable protocol for the construction of
carbocyclic and heterocyclic skeletons [1]. The process was first introduced in
Reppe’s report in 1948, where a Ni-mediated cyclo-oligomerization of acetylene
gave several cyclic compounds including benzene as a [2+2+2] cycloadduct [2].
During the 1970s, the development of Co-catalyzed cyclotrimerization of alkynes
[3] and Co-mediated carbonylative alkyne—alkene coupling as [2+2+1] cycloaddition
(Pauson—Khand reaction) [4] gave recognition to the significance of transition-
metal-catalyzed cycloaddition as a synthetic tool.

Lewis acid-catalyzed cycloaddition is also a powerful synthetic method, and
various types of cycloaddition have been reported. In particular, enantioselective
variants using chiral Lewis acids have been comprehensively studied; some of
these were used as key reactions for natural product syntheses [5]. However, they
generally require one or more heteroatoms in the substrates, such as enones or
enoates, to which (chiral) Lewis acids can coordinate. In contrast, in the case of
transition-metal-catalyzed cycloadditions, the metals coordinate directly to the m-
electron and activate unsaturated motifs, which means that the heteroatom(s) are
unnecessary. Moreover, the direct coordination to the reaction site can realize
highly enantioselective reaction using chiral transition-metal complexes.

In fact, a variety of transition metals have been used as efficient catalysts in a
range of cycloaddition reactions. Among these, the Co, Ni, Ru, Rh and Pd com-
plexes have been the major players, whilst the Ir complexes have played only a
minor role. Nonetheless, several Ir-catalyzed cycloadditions have been recently
reported, which cannot be realized by other metal complexes. This chapter sum-
marizes Ir complex-catalyzed cycloadditions, which include several types of cycloi-
somerization and cyclization.

Iridium Complexes in Organic Synthesis. Edited by Luis A. Oro and Carmen Claver
Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
TISRBRN: 97R-3.527-31996-1
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11.2
[2+2+2] Cycloaddition

In 1967, when Yamazaki reported the Co-mediated cycloaddition of diphenylacety-
lene, this opened up a new route for transition-metal-catalyzed [2+2+2] cycloaddi-
tion in organic synthesis [6]. Vollhardt’s development of the Co-catalyzed reaction
of alkynes, and its application in natural product synthesis, upgraded [2+2+2]
cycloaddition as a synthetic protocol [3]. Since then, [2+2+2] cycloaddition of
alkynes has been comprehensively investigated, and a variety of transition-metal
catalysts—including Ni, Rh, Pd and Ru—complexes—have been reported [7]. In the
case of the Ir-complex, Collman first reported in 1968 that oxidative coupling of
[IrCl(N,)(PPhs),] with dimethyl acetylenedicarboxylate (DMAD) gave iridacyclo-
pentadiene, which could function as a catalyst for the cyclotrimerization of alkynes
[8]; to date, however, no practical examples of Ir-catalyzed [2+2+2] cycloadditions
have been reported [9].

Takeuchi has comprehensively studied the practical use of iridium complexes
in catalytic reactions [10], and has paid particular attention to their catalytic activity
for [2+2+2] cycloaddition. In fact, Takeuchi reported an Ir-catalyzed intermolecular
cycloaddition of diynes with monoalkynes [11]; here, the choice of phosphorus
ligand for the metal was very important, and the bidentate ligand DPPE (1,2-bis
(diphenylphosphino)ethane) proved to be the best. The reaction of a symmetrical
diyne with unsubstituted alkyne termini and 1-hexyne proceeded at room tempera-
ture, and a bicyclic product was obtained in good yield (Scheme 11.1). Alkynes
with oxygen and nitrogen functionalities were also good coupling partners, but at
a higher reaction temperature.

When an unsymmetrical diyne is used, two regioisomers of ortho and meta
isomers are formed. Then, by choosing the bidentate phosphorus ligand (DPPE
or DPPF (1,1”-bis(diphenylphosphino)ferrocene), the ratio of their formation could
be controlled from 1:4 to 7:1 (Scheme 11.2) [12].

The Ir-catalyzed [2+2+2] cycloaddition of diynes and monoalkyne advocates a
new synthetic approach to silafluorenes [13]. The Ir—PPh;-complex-catalyzed reac-
tion of benzene and silicon-tethered 1,6-diynes with disubstituted alkynes gave
tetra-substituted silafluorenes (Scheme 11.3). The consecutive [2+2+2] cycloaddi-
tion of two types of tetrayne provided a ladder-type silafluorene and a spirosilabi-
fluorene (Schemes 11.4 and 11.5).

R [IrCl(cod)], + 2 DPPE

O NSO
LR L XY

E=CO,Me benzene, rt. R=n-Bu:  84%
Ph: 83%

dioxane, reflux CH,OH: 85%

CH,NMe,: 65%

Scheme 11.1
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E =Me
E><: [IrCl(cod)], + 2 ligand Me Me
" (2 mOI%) E n-Bu E
E=COZMe » .
benzene £ .
v onBu—= ortho meta

DPPE (rt) 93%(1:4)
DPPF (reflux) 84% (7 : 1)

n-Bu

Scheme 11.2
- _Ry R;  [IrCl(cod)], + 4 PPh, R4 Rs
~ R It (25mol%) O Q
2 >
- Bu,0, 110°C, 24 h Rj
Sie Rs SRS
(2 equiv.) 2
R', R%= Ar, Alkyl R%= CH,OR, n-Pr 69-93%
Scheme 11.3

OMe " lircitcody], + 4 PPh,
(5 mol%)
Bu,O, 110°C, 24 h
OMe
(4 equiv.)
M Ph
Ph Sie2 OMe
OMe
MeO
MeO Si
Ph Me, Ph
58%
Scheme 11.4
MeQ OMe
Ph Ph
OM Ph
[t e [IrCl(cod)], + 4PPh,
(5 mol%) Ph .\
Si | S e o
uz0, °C, 24 o
(Il (5
OMe
mo (Geawy) 85% MeO OMe

Scheme 11.5
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R, [IrCl(cod)], + 2 DPPE CF4C00~

@Nﬁ — 3 || (10 mol%) 1% TFA Ry
- > > H N+
= | THF,85°C,30min  CH,Cl, rt,1h 2 \,J A

Ro microwave irrad.

R'= Alkyl, Aryl, CO,Me 53-70%
R= H, Alkyl, Aryl,
Scheme 11.6
E R,  [IrCl(cod)], + 2 DPPE E
(emol%) F R;
2 |« | >

‘ toluene or THF
E Ry 50 °C - reflux E Rz

E= CO,Me R'=H, Alkyl, Ph

73-98%
R?= Alkyl, Alkynyl
Scheme 11.7
OMe
E OMe  Jirci(cod)], + 2 ligand
[—— @mol%)  F OMe
THF,50°C,1h £ OMe
E
OMe
E= CO,Me OMe
ligand: /N 96%
93N (FsCe)oP  P(CoFsla
Scheme 11.8

Solid-phase [2+2+2] cycloaddition was also catalyzed by the Ir complex (Scheme
11.6) [14]. Here, the reaction of a resin-bound dipropargylamine and various
monoalkynes proceeded under heating by microwave-irradiation, and isoindoline
derivatives were obtained in moderate yield after trifluoracetic acid (TFA)-cleavage
of the resin-bound intermediates.

Ir-complexes also demonstrate catalytic activity in the intermolecular [2+2+2]
cycloaddition of three monoalkynes, when Takeuchi examined the mixed
cyclotrimerization of two alkynes. In this situation the choice of ligand was shown
to determine the excellent chemoselectivity; for example, when the Ir—dppe
complex was used, 2:1 cycloadducts of DMAD and mono- or disubstituted alkynes
were obtained, but when Ir—F-dppe (1,2-bis[bis(pentafluorophenyl)phosphinoleth
ane) one was used, a 1:2 cycloadduct of DMAD and 1,4-dimethoxybut-2-yne was
obtained (Schemes 11.7 and 11.8) [15]. A regioselective cyclotrimerization of three
alkynes was achieved by [IrH(cod)(dppm)] (bis(diphenylphosphino)methane), and
1,2,4-triarylbenzenes were obtained exclusively (Scheme 11.9) [16].

The Ir—dppe complex also functioned well as a catalyst in the [2+2+2] cycloaddi-
tion of a 1,6-enyne and monoalkynes (Scheme 11.10). For instance, when 1,6-
enyne with an asymmetric carbon was submitted to the reaction with 3-hexyne, a
bicyclic cyclohexa-1,3-diene was obtained in diastereoselective manner (Scheme
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Ar Ar
[IrH{cod)(dppm)]
(1 mol%) Ar
3Ar ——H —> +
THF, 40-60 °C Ar Ar

Ar
07 -3 - 500 - 1

Scheme 11.9

R [IrCl{cod)], + 2 DPPE
E ——Me (2 mol%) ><ﬁ[
E : * ‘ ‘ toluene, reflux
N R

E= CO,Et R= Alkyl, CH,OMe
Scheme 11.10

_ IrCl(cod)], + 2 DPPE
=M Et | 2

E © (2 mol%) E
E + >

AN toluene, reflux E
Ph Et

_ 62%
E= COEt >99% de

71-75%

1y

'U//
Im

Scheme 11.11

11.11) [17]. The enantioselective variants of the corresponding [2+2+2] cycloaddi-
tion were already achieved by chiral Rh catalyst; however, the coupling partners
of enynes were limited to monoalkynes with functionality, such as ester or alcohol
[18].

1.3
Enantioselective [2+2+2] Cycloaddition

Two precedent examples had been reported of the enantioselective [2+2+2] cycload-
dition of alkynes. In one case, an enantioposition-selective intermolecular reaction
of a triyne with acetylene generated an asymmetric carbon at the benzylic position
of a formed benzene ring [19]. In the other case, an intramolecular reaction of a
triyne induced helical chirality [20]. Both reactions were developed by chiral Ni
catalysts.

Shibata, in contrast, disclosed Ir-catalyzed [2+2+2] cycloaddition of diynes with
monoalkynes, where axial chiralities were generated along with benzene ring for-
mation [21]. Here, the intermolecular reaction of 1,6-diynes, possessing naphthyl
groups on their termini, and but-2-yne-1,4-diol gave C,-symmetrical teraryl com-
pounds with two axial chiralities between naphthyl groups and the formed benzene
ring. The Ir-MeDUPHOS (1,2-bis(2,5-dimethylphospholano)benzene) catalyst
realized almost perfect enantioselectivity (Scheme 11.12).
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OH [Irci(cod)], + 2(S,S)-MeDUPHOS

/—==—Nap (10 mol%) OH
: | L

DME OH
\wZ—Nap

Nap= 1-Naphthyl O Z=0(t)y  98%
NTs (reflux): 84%

diimeso= >20/1
>99% ee

CH,, (reflux). 87%

Scheme 11.12

Y [IrCl(cod)], + 2(S,S)-MeDUPHOS

/—— Nap (10 mol%)
Z +
- ’ ‘ DME (Y=0OH) or xylene (Y=NMeTs
Nap
T Me r.t. or reflux
Nap= 1-Naphthyl Y= OH, NMeTs
Z= 0, NTs, CH,

Scheme 11.13

[IrCl(cod)], + 2(S,S)-MeDUPHOS Ar Ar

Ar
(10 mol%)

Ar

xylene, r.t.-60 °C

NO2 MeO

O Y
z
Me

up to >99%
dr=>20/1
>99% ee

4

O O O2N O Q O OMe
O!;g !O N Q N

82%, 90% ee 95%, 90% ee 89%, ca.95% ee

dl:meso=5:1 di:meso=12:1 di:meso= 2:1

Scheme 11.14

From unsymmetrical propargyl alcohol and propargyl amine derivatives as cou-
pling partners of diynes, the corresponding axially chiral alcohols and amines were

obtained in almost perfect diastereo- and enantioselectivities (Scheme 11.13).

The Ir-MeDUPHOS catalyst also functioned efficiently in an intramolecular
reaction, where triynes, which possessed ortho-substituted aryl groups on their
termini, were transformed into ortho-diarylbenzene derivatives, which have adja-

cent two axial chiralities (Scheme 11.14) [22].
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) OMe
z
=y o
O S
= OMe DD
O 7 0 OMe

Z= 0O, NTs, cis-CH=CH

Ir-MeDUPHOS
xylene or DME,100-140 °C DD
MeO
MeO z
55-89%

>99% ee DD

Scheme 11.15

Shibata further examined consecutive reactions of poly-ynes. When tetraynes
(where two 1,6-diyne moieties were connected with a naphthalene spacer) were
submitted, quinquearyl compounds with four consecutive axial chiralities were
obtained (Scheme 11.15). Even an octayne proved to be a good substrate, and a
noviaryl compound with eight consecutive axial chiralities was obtained in almost
perfect enantioselectivity (Scheme 11.16) [23].

In the intermolecular reaction of tetraynes, where two 1,6-diyne moieties were
directly connected, with monoalkynes, CHIRAPHOS (2,3-bis(diphenylphosphino)
butane) was the choice of chiral ligand, and axial chirality was enantiomerically
generated between the formed benzene rings (Scheme 11.17). Hexaynes with a
1,3-diyne moiety also underwent an intramolecular [2+2+2] cycloaddition, and the
Ir—xylylBINAP (2,2"-bis[di(3,5-xylyl)phosphino]-1,1"-binaphthyl) catalyst induced
an excellent enantiomeric excess (ee) (Scheme 11.18) [24].

Independently, the same concept of enantioselective [2+2+2] cycloaddition for
the construction of axial chirality was achieved with chiral Co and Rh catalysts
25].

1.4
[2+2+1] Cycloaddition

Khand and Pauson reported a Co-mediated intermolecular [2+2+1] cycloaddition
of an alkyne, an alkene and carbon monoxide (the Pauson-Khand reaction) [4, 26]
wherein an alkyne-Co,(CO), complex, which had been prepared from Co,(CO)s
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be

Ir-MeDUPHOS
-
O xylene,100 °C

O OMe

+oax |l
OMe
92%, >99% ee
Scheme 11.16
——Ar OTBS
TsN
— — 2 ||
NTs
Ar—— OTBS
Ar
OTBS
[IrCl(cod)], + 2 CHIRAPHOS ~ TsN_ |
OTBS
(20 mol%)
DME, reflux OTBS
TeN O OTBS
Ar
59-89%
82-89% ee

Scheme 11.17

and an alkyne, reacted with an alkene to give a synthetically useful cyclopentenone
as a mixture of regioisomers. The intramolecular reaction of enynes, which gives
bicyclic cyclopentenones, has been used as a key reaction of natural product syn-
thesis. As a catalytic reaction, Jeong reported an intramolecular Pauson—-Khand
reaction of enynes using a mixture of Co,(CO)s and P(OPh); [27]. In addition to
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: ,—=—R
N—==— [IrCl(cod)], + 2 xylylBINAP
£ (10 mol%)
7z - xylene, r.t. "
Z
R——=
R= Aryl, i-Pr 52-78%
Z= 0, NTs 96-98% ee

Scheme 11.18

Co complexes, Buchwald reported the Ti-catalyzed carbonylative coupling of
enynes—the so-called ‘Pauson-Khand-type’ reaction [28]-and realized the first
such catalytic and enantioselective reaction using a chiral Ti complex [29]. Here,
a variety of enynes were transformed into bicyclic cyclopentenones with good to
high ee-values; however, several steps were required to prepare the chiral Ti cata-
lyst, while the low-valent complex proved to be so unstable that it had to be treated
under oxygen-free conditions in a glove box.

By contrast, in 2000 Shibata reported the Ir-catalyzed enantioselective Pauson—
Khand-type reaction of enynes [30a]. The chiral Ir catalyst was readily pre-
pared in situ from [IrCl(cod)], and tolBINAP (2,2"-bis(di-p-tolylphosphino)-1,1"-
binaphthyl), both of which are commercially available and air-stable, and the
reaction proceeded under an atmospheric pressure of carbon monoxide. The Ir-
catalyzed carbonylative coupling had a wide generality in enynes with various
tethers (Z), substituents on the alkyne terminus (R') and the olefinic moiety (R%).
In the case of less-reactive enynes, a lower partial pressure of carbon monoxide
achieved a higher yield and ee-value (Table 11.1) [30b].

The Ir-tolBINAP catalyst also functions well in the desymmetrization of
dienynes, where a highly enantioselective and diastereoselective Pauson—-Khand-
type reaction proceeded to give vinyl-substituted bicyclic cyclopentenones with two
chiral centers (Scheme 11.19) [31].

Subsequently, it was found that aldehydes could be used as a CO source rather
than the toxic CO gas. However, the choice of aldehydes proved to be very impor-
tant; for example, when Shibata used cinnamaldehyde and Chan used decanal,
highly enantioselective Ir-catalyzed Pauson—Khand-type reactions were achieved
independently [30D, 32] (Scheme 11.20). Whilst Shibata realized at an early stage
that the Rh—tolBINAP complex-catalyzed enantioselective Pauson—Khand-type
reaction served as a CO source [33], it was apparent that the Ir-catalysts could
induce a greater enantioselectivity.

Allenyne represents an interesting substrate for the intramolecular Pauson-—
Khand(-type) reaction, where an allene moiety acts as an ene component. Here,
there are two possible reaction pathways (Scheme 11.21): (i) the reaction of an
external m-bond of allene moiety gives a bicyclic dienone (type A); or (ii) the reac-
tion of an internal n-bond gives a bicyclic cyclopentenone with an alkylidene sub-
stituent (type B).
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Table 11.1 Ir-catalyzed enantioselective Pauson—Khand-type reaction of enynes.

[IrCl(cod)], + 2(S)-tolBINAP R’
=R’ (10 mol%)
z o}
\—{ toluene, reflux, 18-96 h
R? R2
CO (1.00r 0.2 atm)
Entry Enyne Cyclopentenone CO (atm) Yield (%) ee (%)
1 /TPh Ph 1.0 83 93
° =
2 /————_———Me Me 1.0 61 98
Q =
3 —=——FPh Ph 1.0 85 95
TsN
TsN 0]
4 E><_/T Ph Ph 1.0 74 84
E 0.2 87 86
Rz (T
E= CO,Et E
5 /TPh Ph 1.0 30 88
(0] 0.2 86 93
& o 0
Me
6 /Tph Ph 0.2 22 86
O 1.0 62 94
— o 0
allyl
L [IrCl(cod)], + 2 (S)-tolBINAP R
S R (15 mol%) .
toluene, 130 °C T
\ N CO (1 atm) = H
6:1-75:1
R= Me, Ph 60-80%
Z=NTs, O 90-96% ee
Scheme 11.19
[IrCl(cod)], + 2 ligand Ph

,/——""Ph
RN

+ RCHO

(5 mol%)

R= PhCH=CH, toIBINAP in xylene at 120 °C: 66%, 92% ee

Scheme 11.20

9 19

n-C4H.,, BINAP in dioxane at 100 °C:

74%, 94% ee
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\f“)m. xylene, 120 °C
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Scheme 11.22
[IrCI(CO)(PPh,),] Ar
——Ar (5 mol%)
z —_— 7 0
N — Ar xylene, 120 °C
CO (1 at
Z= 0, CH,, G(CO,R), (1 atm) Ar
65-99%

Scheme 11.23

Although all of the reported Rh-catalyzed reactions of allenynes were of type A,
an Ir catalyst resulted in a different regioselectivity. That is, when allenynes with
two substituents on the allene terminus were used under a low partial pressure
of CO, the type B reaction proceeded exclusively such that bicyclic cyclopentenones
with an alkylidene substituent were obtained (Scheme 11.22) [34]. However, when
[RhCI(CO)(PPhs),] was used as a catalyst under the same reaction conditions in
place of [IrCl(CO)(PPhs),], the type A reaction was predominant. These results
imply that the metal centers of the catalysts control the regioselectivity of two ole-
finic moieties of allene to some extent.

Vaska’s complex ([IrCl(CO)(PPhys),]) also catalyzed the carbonylative coupling
of diynes, which provided bicyclic cyclopentadienones (Scheme 11.23) [35]. Due
to the instability of the products, the substrates are limited to symmetrical diynes
with aromatic groups on their termini; nonetheless, this reaction still serves as the
catalytic and practical procedure for the synthesis of cyclopentadienones, which
are anti-aromatic with a 4m system and serve as active synthetic intermediates.
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11.5
[4+2] and [5+1] Cycloadditions

Beside [2+2+2] cycloaddition, [4+2] and [5+1] cycloadditions represent other
approaches for the construction of six-membered ring systems. In particular, the
intermolecular and intramolecular [4+2] cycloadditions of diene and alkyne have
been extensively studied, and a variety of transition-metal complexes—including
those of Fe, Ni and Rh—have been reported as efficient catalysts. The first enanti-
oselective reaction was achieved with a chiral Rh complex, although the substrates
were limited to dienynes with a substituent on the diene terminus [36]. Later,
Shibata and coworkers developed an intramolecular and enantioselective [4+2]
cycloaddition using an Ir-BDPP (1,3-bis(diphenylphosphino)pentane) complex
(Scheme 11.24) [37], where dienynes with an unsubstituted diene terminus were
transformed into bicyclic cyclohexa-1,4-diene with up to 98% ee.

Vaska’s complex catalyzed the transformation of allenylcyclopropane into 2-
alkenylidenecyclohex-3-enone under conditions of pressurized CO (Scheme 11.25)
[38]. In this reaction, the m-coordination to internal olefinic moiety of the allene
brings the metal closer to the cyclopropane ring. Release of the cyclopropane ring
strain then facilitates the oxidative addition of vinylcyclopropane moiety along with
C—C bond cleavage, such that metallacyclohexene is obtained; a subsequent car-
bonyl insertion and reductive elimination then provides the product. Hence, the
reaction can be recognized as a [5+1] cycloaddition of vinylcyclopropane and CO.

[IrCl(cod)], + 2 BDPP Ar
—Ar (10 mol%)
Z > 7
VR X AcOtBU, reflux -
Z=0, NTs 64—73%
94-98% ee
Scheme 11.24
R2 R2

[IrCI{CO)PPh;),]

,/} J (5 mol%) Ry
—_—
R1—/< xylene, 135 °C Ry

Ri CO (5 atm) o)
R'= Alkyl, Ph 81-83%
R®= H, Ph
R . R
)—q 2
./ %, R1 2— R‘I =
R /L —> —>
! ’ R Ir R |
R 1007 r
1 ocL, g

Scheme 11.25
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11.6
Cycloisomerization

Cycloisomerization represents another approach for the construction of cyclic
compounds from acyclic substrates, with iridium complexes functioning as effi-
cient catalysts. The reaction of enynes has been widely studied; for example,
Chatani et al. reported the transformation of 1,6-enynes into 1-vinylcyclopentenes
using [IrCl(CO);], (Scheme 11.26) [39]. In contrast, when 1,6-enynes were submit-
ted in the presence of [IrCl(cod)], and AcOH, cyclopentanes with two exo-olefin
moieties were obtained (Scheme 11.27) [39]. Interestingly, however, when the Ir—
DPPF complex was used, the geometry of olefinic moiety in the product was
opposite (Scheme 11.28) [17]. The Ir-catalyzed cycloisomerization was efficiently
utilized in a tandem reaction along with a Cu(I)-catalyzed three-component cou-
pling, Diels—Alder reaction, and dehydrogenation for the synthesis of polycyclic
pyrroles [40].

In the presence of [IrCl(cod)],, heteroatom-tethered enynes with (E)-olefinic
moieties were transformed into cyclic 1,4-dienes. The ene-type reaction was
achieved previously with a Rh catalyst, but only enynes with (Z)-olefinic moieties
were used. It is worthy of note here that the cycloisomerization showed a clear
acceleration when an ionic liquid was used as the solvent (Scheme 11.29) [41].

. [IrCI(CO),], "
E —=——H (4 mol%) E 2
E 51 i toluene, 80 °C E><j<:
R' = H, Me, c’ 38-99%
R? = H, Ph, cyclopropyl
E= CO,Et
Scheme 11.26
n-GgHy,
o [IrCl(cod)], + 4 AcOH
/S Gy (4 mol%) .
\—\ toluene, 80 °C
\ 69-75%
Z= C(CO,Et),, O

Scheme 11.27

[IrCl(cod)], + 2 DPPF
E =—R (2 mol%) E><r\n
E :\ benzene, reflux  E AN
81-92%

R= Alkyl ZE=99: 1
E= CO,Me

Scheme 11.28
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I [IrCl(cod)], R
Jd (5 mol%) Z
ey O
\—\\i solvent =
MeN/\N,n‘BU toluene, 90 °C, 3 h:  82%
@/BF- toluene, 60 °C, 1 h:  28%
svive. | BMIMBF,, 60 °C, 1 h: 95%
4

Scheme 11.29

1,3- or 1,4-diene

R R ——R
== =
== \
\ M
reductive
elimination
M-H
B-hydride oxidative
_ MH elimination R coupling
—
X M
H
bond-rotation & . H
reductive reductive
H  elimination elimination R
R retro -
—
R

Scheme 11.30

vinylcyclopentene

The proposed mechanism of the above cycloisomerizations are depicted in
Scheme 11.30. The oxidative coupling of a metal to an enyne yields a bicyclic
metallacyclopentene, which is a common intermediate. The reductive elimination
and subsequent retro-[2+2] cycloaddition gave vinylcyclopentene derivatives, while
the two patterns of B-elimination and subsequent reductive elimination gave cyclic
1,3- and 1,4-dienes, respectively. The existence of a carbene complex intermediate
might explain the isomerization of the olefinic moiety.

In the presence of a cationic iridium catalyst, nitrogen-tethered enynes, possess-
ing 1,1-disubstituted ene moiety, were transformed into cyclohexene fused with a
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— Me [IrCl{cod)], + 2toIBINAP + 2.4AgOTf

/T 0, uumaney «
o-TsN Ph (10 mol%) o-TsN Me
\“ﬁ 1,4-dioxane, reflux >

CO (1 atm) Ph
79%, 75% ee

Scheme 11.31

cyclopropane ring (Scheme 11.31) [42]. Although details of the same type of cycloi-
somerization of enynes using Pt- and Au-catalysts had been published [43], the
chiral Ir complex realized the first enantioselective cycloisomerization.

1.7
Ir(111)-Catalyzed Cyclizations

In the previous sections, a number of Ir(I)-catalyzed cycloadditions were described
where the oxidative coupling of unsaturated motifs (e.g. alkynes and alkenes)
provides metallacycles as common intermediates. At this point, mention will be
made of three examples of Ir(IlI)-catalyzed cyclizations.

e Ir(III) complexes act like Lewis acid: Carmona and coworkers pioneered inve-
stigations into an enantioselective Diels—Alder reaction using chiral Cp*Ir(III)
complexes (Cp* = pentamethylcyclopentadienyl). Following the screening of
various chiral ligands in the reaction of cyclopentadiene with methacrolein [44],
Carmona’s group achieved high enantioselectivity (90% ee) using PROPHOS
(1,2-bis(diphenylphosphino)propane) (Scheme 11.32) [44d]. The same chiral
Ir(III) catalyst also functioned well in an enantioselective [3+2] cycloaddition of
nitrones and o,B-unsaturated aldehydes, with chiral isoxazolinecarbaldehydes
being obtained with excellent ee-values (Scheme 11.33) [45].

NH, CHO

o [IrCI2H(cod)],

| R l X . )J\/R3 (2.5 mol%)
. - H —_—>
R, R DMSO, 90 °C, 12 h

2 02 (1 atm)

R' = H, p-F, Br, CO,Me, CN, 0-OMe
R® = H, p-F, CO,Me, CN, 0-OMe, Br
R®= Alkyl

Scheme 11.32
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o Ph CHO
( N
N ph- N
P +0 y [IKCp*((R)-prophos)(H,O0)I(SbFy), ©
. /}\e (5 mol%) . 87%,96% ee
CHO CH,Cl,, —25°C

| A
*N. N-~o" "cHO

o-

>99%, 93% ee

Scheme 11.33

CHO
NH, o [IrCl,H(cod)],
X X (2.5 mol%)
| + | + )J\/R3
X X H DMSO, 90 °C, 12 h
R? R2

O, (1 atm)

=H, p-F, Br, CO,Me, CN, 0-OMe
R? = H, p-F, CO,Me, CN, 0-OMe, Br 28-79%
R3= Alky!

Scheme 11.34
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Scheme 11.35

e [IrCL,H(cod)], catalyzed the synthesis of substituted quinolines, where the
reaction of aniline derivatives, aromatic and alkyl aldehydes efficiently proceeds
under an oxygen atmosphere (Scheme 11.34) [46]. The plausible mechanism
consists of a Mannich reaction, a Friedel-Craft-type aromatic substitution,
dehydration, and dehydrogenation. This can be recognized as a formal [4+2]
cycloaddition of N-aryl imine and enol (Scheme 11.35).

e The Ir(III) complex also functioned as a catalyst in a tandem Nazarov cyclization—
Michael addition. The reaction of monocyclic o-alkylidene-B-keto-y,d-unsaturated
ester with nitroalkene gave bicyclic cyclopentenones which possessed an alkyl
side chain, with high yield and diastereoselectivity (Scheme 11.36) [47].
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Ir cat. + 2.5N-ethylpiperidine o
@ Q NO, (4 mol%) o CO,Me
I © DCE, 40 °C, 8-16 h / NO
R, s 2

R, R, Re
R= Aryl, Alkenyl Ra= Aryl, Alkyl 86-92%
dr=8:11t0 15:1

Ir cat.: [IrMe(CO)(dppe)(DIB))(BARF),
(DIB: diiodobenzene)

Scheme 11.36

11.8
Miscellaneous Cycloadditions

In this section I refer to a number of cycloadditions which cannot be categorized
into the above-described types. For example, Murai and colleagues reported the
four-component coupling of alkyne, hydrazone, hydrosilane and CO. Here, the
[Ir4(CO);,)-catalyzed reaction proceeded under pressurized CO conditions at high
temperature, whereby a seven-membered nitrogen heterocycle was obtained
(Scheme 11.37) [48].

[Ir,(CO),,] / SiMe,t-Bu
T 2 1%
E + HSMeyt-Bu _ 2™ E
CH4CN, 140°C E M
[<]
N—-NMe, CO (10 atm) 53 2
E = CO,Et °

Scheme 11.37

When using an Ir—P(t-Bu); complex as catalyst, aroyl chloride reacted with two
disubstituted alkynes to give polysubstituted naphthalenes (Scheme 11.38). The
reaction included decarbonylation and two-time alkyne insertions along with C-H
bond cleavage of the ortho-position of the chloroformyl group (Scheme 11.39) [49a].
When using [IrCp*Cl,], as a catalyst and Ag,CO; as an oxidant, benzoic acid also
reacted with two disubstituted alkynes, accompanied by decarboxylation (Scheme
11.40) [49b]. These reactions may be recognized as the formal [2+2+2] cycloaddi-
tion of benzene and two alkynes.

R [IrCl(cod)], + 4 P -Bu),

COCI
I OO
X o-xylene, reflux
R

X=H, Alkyl, R= Alkyl, Ph
halogen, OMe 50-96%

Scheme 11.38

+
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product cocl
i J
| | [Ir]—CI
R
I i
X Ir ©/k|r012
Cl
HCI
CO
R
|rCI2
T o
Ir012
R——R
Scheme 11.39
Ar [IrCp'CL,], i .
- CO2H I (2 mol%) | e r
+ _
l// o-xylene, 60 °C Y A Ar
R Ar AgoCO; (0.5 equiv.) R Ar

R=H, Me, CI, Oi-Pr (2 equiv.) 60-89%

Scheme 11.40

[Ir(OH)(cod)], catalyzed a formal [3+2] cycloaddition of 2-formylphenylboronic
acid and 1,3-dienes (Scheme 11.41) [50]. The transmetallation of boronic acid with
iridium would yield aryliridium, where the carbonyl group coordinates to the
metal. An electrophilic attack of the diene terminus to formyl carbon would then

R O H [Ir(OH)(cod)],
2 (2.5 mol%)
R1/\(\R + (HO)2B >
4 toluene, 50-80 °C
1 Rs _ Et,N (2.5 equiv.)
R'= ketone, ester, amide,
Ph, Alkyl, H 53-97%

R? R® ,R%-= Me, H
Scheme 11.41
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product ©/CHO
H,0 [I1]-OH
B(OH);
E (0]
RJ/\g i

[Ir] = [Ir(cod)]

1,3-diene

Scheme 11.42

provide the m-allyliridium complex along with C-C bond formation. The subse-
quent reductive elimination and hydrolysis would provide indanol derivatives
(Scheme 11.42).

119
Conclusions

In this chapter, the details of several types of Ir-complex-catalyzed cycloadditions
have been summarized. Although, compared to other late transition-metal com-
plexes—such as those of Pd, Ni, Ru and Rh-the examples are few in number,
some notable Ir-catalyzed cyclizations have recently been reported which cannot
be achieved when utilizing other metal catalysts. Until now it has not yet been
possible to identify any distinct explanation for the unique reactivity of iridium,
and in particular its different reactivity compared to rhodium, which is located just
above iridium in the Periodic Table of the elements. Nonetheless, many further
developments of efficient and practical Ir-catalyzed cycloadditions are to be
expected in the near future.
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12
Pincer-Type Iridium Complexes for Organic Transformations
Martin Albrecht and David Morales-Morales

12.1
Introduction

Pincer ligand scaffolds have been shown to possess an extraordinarily useful
potential for directing the properties and reactivity patterns of coordinated metal
(M) centers. This is illustrated not only by the sheer number of publications on
this topic, but also by the various applications that have been disclosed by using
pincer-type ligands, such as highly efficient sensors, switches and catalysts [1].
Pincer-type ligands are characterized by a monoanionic terdentate bonding
mode comprising typically an ECE skeleton, where C denotes a central carbanion
(typically an aryl anion), where E represents a neutral, two-electron donor such
as an amine (NCN), imine (NCN), phosphine (PCP), phosphinite (PCP), sulfide
(SCS), and so on (Figure 12.1). Most frequently encountered are meta-xylyl-derived
systems (i.e. Y = CH,), although the importance of resorcinol-based ligands (Y = O)
has grown considerably during the past few years. In general, pincer-type ligands
adopt a meridional, terdentate coordination mode. As a consequence of these
bonding features, the M—C bond in pincer complexes is considerably shielded
and displays stability properties that are significantly enhanced as compared with
bidentate or monodentate coordinated aryl ligands. Moreover, the electron density
at the coordinated metal center can be modulated and eventually tailored by a
number of ligand modifications which do not affect the general bonding mode,
including the incorporation of electroactive groups on the aryl ring (R’) as well as
on the heteroatom E (R). Given this high modularity and the general catalytic
activity of iridium, it is not surprising that a number of highly active iridium-—
pincer catalyst systems have been developed during the past few years. The specific
impact of the pincer ligand appeared to be of prime importance for the activation
of unreactive bonds in particular. In some cases, the chelating bonding mode has
been proven useful to stabilize crucial intermediates, thus providing significant
mechanistic insights. In other cases, such bonding was revealed to be essential
for increasing the catalytic activity, as the terdentate meridional coordination mode
arranges the frontier orbitals of the metal energetically, as well as in terms of

Iridium Complexes in Organic Synthesis. Edited by Luis A. Oro and Carmen Claver
Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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/—\ metal-ligand bond strength
steric constraints via substituents
Y—E electron density at metal via E,

and substituents at E

electron density at metal (remote)
physical properties (solubility, size) chiral information
molecular recognition sites (self-assembly) steric constraints via chelate size

electron density at metal
transient H reservoir

Figure 12.1 General representation of an ECE pincer ligand
coordinated to a metal fragment (MX,L,,), including the
different functions that can be regulated by appropriate ligand
modifications.

PR,

N
7 SN—Ir XL,

Figure 12.2 Bonding of a neutral PNP pincer ligand to an IrX,L,,

PR, fragment.

accessibility. Most remarkably, iridium—pincer complexes have allowed for a rela-
tively mild and selective activation of hexane and other unfunctionalized alkanes
under homogeneous conditions [2]. This outstanding reactivity has recently been
expanded to the first homogeneous alkane metathesis process [3], which may have
significant relevance for fuel refinement, and perhaps eventually also for fine
chemical production.

Thus, this chapter aims at compiling iridium-catalyzed processes that exploit
the unique properties of pincer ligands. For the sake of completeness, complexes
containing pincer-like ligands—such as formally neutral PNP ligands—have also
been included here. These ligands comprise a central N-coordinated pyridine
rather than an anionic aryl unit (see Figure 12.2). Within the chapter, truly catalytic
processes will be discussed, as well as mechanistic studies that provide consider-
able insight into the key bond activation steps, although these have not yet led to
a closed catalytic cycle.

12.2
Iridium PCP-Catalyzed Activation of C(sp’)—H Bonds in Unfunctionalized Alkanes

12.2.1
Scope of the Reaction

For many years the activation of unfunctionalized alkanes has been the ‘Holy
Grail’ of organic synthesis and, indeed, it has only been during the past few years
that catalysts have evolved which allow an alkane C—H bond to be selectively
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addressed under relatively mild conditions (<250°C, ambient pressure) [4]. Two
main concepts appeared to be particularly useful in this respect: (i) 6-bond metath-
esis via agostic interactions; and (ii) oxidative C—H addition to a metal center [5].
While 6-bond metathesis relies on low-valent, metal centers—typically in d° elec-
tronic configuration—an oxidative addition protocol clearly requires electron-rich
metal centers such as d® platinum group metals, and coordination sites that are
available, at least transiently. It is in this latter area where iridium pincer chemistry
has made major contributions by providing some of the most efficient catalysts
for alkane C—H bond activation.

The iridium(I) PCP pincer complexes 1 exhibit remarkable activity in the cata-
lytic dehydrogenation of unfunctionalized alkanes (Scheme 12.1). The H,, which
is formally produced during this process, may be transferred to either tert-butyleth-
ylene (TBE) or norbornene (NBE) as a sacrificial hydrogen acceptor. For example,
complex 1a converts cyclooctane (COA) to cyclooctene (COE) in the presence of
TBE, which in turn is reduced to tert-butylethane (TBA; neo-hexane) [6].

The results of some initial experiments indicated that the catalytic activity of 1
is strongly temperature-dependent. For instance, at 100°C, the rates are relatively
low but there is an appreciable turnover [turnover frequency (TOF)=20.5h""].
Increasing the reaction temperature to 200°C increases the TOF to 720h™; hence,
the thermal robustness of the iridium catalyst is pivotal for optimal catalyst per-
formance. The tridentate pincer-type ligands provide a particularly stable platform
for metal confinement through covalent Ir—C bonding combined with the terden-
tate chelating coordination.

A variety of alkanes can be dehydrogenated with catalysts such as 1. Whilst COA
dehydrogenation usually stops at the COE stage, cyclohexane dehydrogenation
affords benzene in good yields [7]. Substituted cyclohexanes are dehydrogenated
at both exocyclic and endocyclic positions; for example, ethylcyclohexane dehydro-
genation produces styrene as the major product (Equation 12.1).

O/\ cat. 1a, TBE @A\ (12.1)

Linear alkanes have been successfully dehydrogenated under similar conditions.
Initially, selective activation of the terminal position has been observed, leading
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to terminal olefins. However, double bond migration gradually increases the frac-
tion of internal olefins, thus providing ultimately an isomeric mixture of alkenes
(Scheme 12.2) [8]. Careful control of the reaction time, as well as modification of
the hydrogen acceptor, have been suggested as potential means of preventing
undesired isomerization processes and thus increasing the yield of terminal
olefins.

It is noteworthy that, while the dehydrogenation of ethylcyclohexane proceeds
smoothly, the dehydrogenation of ethylbenzene is inefficient and essentially ceases
after about 50 turnovers. This reduced activity may suggest that terminal alkyl
moieties are better substrates than disubstituted (cyclic) alkane residues. However,
time-dependent analysis of the reaction mixture revealed a considerable build-up
of ethylcyclohexene and ethylbenzene, indicating that the reduction of the ethyl
substituent is relatively slow. High arene concentrations seem, however, to inhibit
the catalysis. Similarly, heteroatoms slow down the catalyst activity and heterocy-
clic compounds such as tetrahydrofuran (THF) appeared to be poor substrates.
Structural studies have demonstrated that even very weakly coordinating species
such as N, effectively compete with alkane C—H bonds for coordination to the
iridium center, thus interfering with one of the key steps in the catalytic cycle. The
presence of dinitrogen led to catalyst inhibition and afforded the crystallographi-
cally characterized complex 2, which featured an unusually stable bridging u-n'm'-
coordination of N, to two Ir—PCP fragments (Equation 12.2) [9].

2 TBE

PR, PRs RsP
| WH N,
2 Ira IF—N=N—-Ir
| H l J
PR- PR, RsP
2TBA
1 2

(12.2)

Accordingly, catalytic dehydrogenation with complexes such as 1 must be per-
formed under an atmosphere of argon that is devoid of traces of N,. Similarly,
alkenes exert an inhibitory effect, and high concentrations of either the product
olefin or the hydrogen acceptor TBE inhibit catalyst activity.

12.2.2
Mechanistic Considerations

Based on the observations outlined above and further experimental and theoretical
investigations, a detailed mechanism has been proposed for the Ir—PCP-catalyzed
transfer dehydrogenation of alkanes (Scheme 12.3) [2]. Similar to the transfer
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(de)hydrogenation of ketones via a dihydride mechanism, the catalytic cycle of
alkane dehydrogenation can be split into reductive and oxidative parts, comprising
the transfer hydrogenation of the sacrificial acceptor (1 — C) and dehydrogenation
of the substrate (C — 1), respectively. The reductive half-cycle is initiated by TBE
coordination to 1 and subsequent migratory insertion to give the (neo-hexyl) (hydride)
complex B. Reductive elimination of TBA then produces the coordinatively unsatu-
rated complex C, which fulfils the requirements for catalytic oxidative C—H bond
addition—that is, a coordinatively unsaturated, electron-rich metal center in a
conformationally stable PCP-ligand environment. The oxidative addition of a sub-
strate alkane produces the (alkyl)(hydride) complex D, which may undergo (-
hydrogen elimination to afford the six-coordinate intermediate E. Upon dissociation
of the dehydrogenated alkene, the dihydride complex 1 is regenerated.

Given the structural similarity of intermediates A and E, and also of B and D,
it seems obvious that each reaction step in the cycle is potentially reversible. The
equilibrium is shifted, however, into the desired direction by the steric shielding
of the sacrificial hydrogen acceptor, which makes the reductive elimination of TBA
an essentially irreversible process.

In order to rationalize the olefin isomerization reaction, a second cycle must
be considered (Scheme 12.4) comprising, as a first step, the reverse of product
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release—that is, the coordination of a product molecule to form intermediate E
again. Alternatively, a small portion of product may engage in this cycle directly
before being released from the metal coordination sphere. Migratory insertion in
E may then take place either via metal coordination of the terminal carbon, thus
forming again the (alkyl)(hydride) D and hence entering the (de)hydrogenation
cycle (Scheme 12.3). Alternatively, the B-carbon may coordinate to the metal center,
thus forming intermediate F comprising a secondary alkyl ligand. Subsequent -
hydrogen elimination can again occur at the terminal position or, thermodynami-
cally more favorably, at the y-carbon, thus producing the corresponding 2-alkene
via the olefin complex G [8].

Kinetic analyses and deuterium-labeling experiments have demonstrated that,
remarkably, the reductive elimination of TBA and the formation of intermediate
C is the rate-determining step in the (de)hydrogenation cycle. Accordingly, hydro-
genation of the acceptor appears to be slower than dehydrogenation of the alkane
substrate. This contrasts with the fact that catalytic olefin hydrogenation is well-
established in transition-metal-mediated chemistry [10].

The existence of the coordinatively unsaturated complex C also rationalizes the
sensitivity of the catalyst towards weakly coordinating species such as N, and het-
erocycles, as well as towards substrates containing more labile C—H bonds, such
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as arenes. In this light it is not surprising that detailed kinetic investigations
revealed catalyst deceleration also due to olefin coordination. Optimal catalyst
operation therefore relies on a delicate balance of product olefin and hydrogen
acceptor concentrations [11]. On a practical basis, large product:substrate ratios
are readily avoided by using the substrate alkane as solvent. Similarly, high initial
TBE concentrations are unfavorable and lead to undesired side reactions such as
C(sp’)—H activation and formation of the (vinyl)(hydride) complex 3 (Equation
12.3) [12].

‘Bu
H H H |

fBUZP—n—PfBu

Complex 3 undergoes rapid exchange with free TBE on the nuclear magnetic
resonance (NMR) time scale, even at ambient temperature. The reversible loss of
TBE has been suggested to involve the transient formation of the unsaturated
species C [11]. However, the equilibrium of this reaction is largely on the
(vinyl)(hydride) complex side, thus deactivating a major portion of the catalyst.
Such deactivation may be suppressed by keeping the hydrogen acceptor concen-
tration low throughout the reaction; this may be achieved, for example, by the
continuous addition of TBE rather than providing all TBE at the onset of the
reaction.

In this context, it is worth noting that complexes such as 1 and the thermally
even more robust anthracene-derived complex 4 catalyze the dehydrogenation
of cycloalkanes such as cyclodecane and cyclododecane also in the absence of
TBE (Scheme 12.5) [13]. Such acceptorless dehydrogenation circumvents the dif-
ficulties associated with controlling the TBE concentration, although the TOFs
are typically lower. The liberated H, has been efficiently removed by passing a
stream of argon over the reaction mixture. Again, high reaction temperatures are

(12.3)
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crucial for compensating the large positive enthalpy of dehydrogenation (ca. 125-
150k] mol™, endothermic). For this purpose, complex 4 appeared to be superior
and can be used up to 250°C, without noticeable catalyst decomposition.

The results of both, mechanistic and computational studies, have suggested that
the acceptorless dehydrogenation is initiated by rate-determining dissociation of
H, from the Ir(H),PCP system, thus forming the unsaturated intermediate C [14].
Associative pathways have been calculated to include free-energy barriers that are
substantially higher. These findings are supported by recent studies on the nature
of the dihydride ligand in the precursor complex. In the catalytically very active
iridium complex 5, which contains a resorcinol-based PCP ligand, an equilibrium
between an iridium(I1I)-dihydride species and the iridium(I)-dihydrogen complex
6 comprising an elongated H—H bond has been established by detailed NMR
spectroscopic analyses (Equation 12.4) [15].

H o H H—H
tBUgFT_ll'—'Fl’IBU2 — tBUzP_Ir‘—_thBUQ (12.4)
o) O o} O
R' R’
5 a R=H 6
b R =Me
¢ R'=0OMe
dR=F
e R =CeFs
f R'=3,5-(CFg),-CgH3

The dissociation of dihydrogen from 6 is supposed to provide a smooth access
to the catalytically active species C. Measurement of the relaxation time, Tj, indi-
cates that the equilibrium between complexes 5 and 6 is heavily dependent on
the solvent, the temperature, and the substitution pattern at the pincer ligand. For
example, complex 5f comprises strongly electron-withdrawing substituents exists
predominantly in the dihydride form in chlorinated solvents at room temperature.
In pentane—and presumably also in the alkanes used as solvents for the dehydro-
genation—this complex is best described by an equilibrium between an elongated
dihydrogen complex of iridium(I) (6f) and an iridium(III)—dihydride complex 5f.
Based on the pronounced temperature-dependence of the coupling constants
and the T; measurements, the equilibrium between the two distinct structures is
rapidly established.

The effect of the substituent R” on the pincer ligand becomes predictable when
considering the generally accepted notion that increasing the metal-to-ligand 7-
backdonation into the o” HH orbital elongates the H—H bond, and in the extreme
case actually leads to H—H bond cleavage and concomitant oxidative addition [16].
Thus, increasing the ability of the PCP ligand to donate electron density into the
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o* orbital of the bound H, ligand facilitates oxidative addition and hence shifts
the equilibrium of Equation 12.4 unfavorably to the dihydride species 5. For high
catalytic activity, of course, the opposite effect is desirable.

12.2.3
Catalyst Optimization

Given the mechanistic considerations referred to in Section 12.2.2, the catalyst
activity is evidently delicately dependent on the donor properties of the PCP ligand.
A too-strong donation decelerates the rate-limiting dissociation of TBA or H, due
to the increased stability of the oxidized iridium(III) (alkyl)(hydride) or dihydride
species, respectively, whereas a too-low donation disfavors oxidative addition of
the alkane to the unsaturated iridium(I) species C. The phosphinite PCP pincer
iridium complexes 5, having a reduced donor ability as compared to phosphines
in 1 and 4, appears to meet these requirements particularly well [17]. In addition,
fine-tuning of the donor properties has been achieved by incorporating different
substituents R’, thus taking advantage of the unique bonding features of pincer
ligands. In the presence of TBE as hydrogen acceptor, turnover numbers (TONs)
as high as 2200 have been observed for COA dehydrogenation (see Scheme 12.1).
This is markedly higher than the TONs typically observed for phosphine-based
Ir—PCP systems (ca. 250 under identical conditions). Electron-withdrawing
substituents such as C¢Fs (5e) and 3,5-(CF;),-C¢H; (5f) considerably improve the
catalytic activity (Table 12.1). Notably, the MeO-substituted Ir—PCP complex 5c
seems to operate differently, and remains active over a longer time range than the
other phosphinite complexes, thus reaching final TONs that are comparable to
those of 5f.

The reduced donor ability of the phosphinite complexes such as 5e and 5f has
an impact beyond the catalyst activation stipulated above. Apparently, the decreased
tendency to undergo oxidative addition reactions also disfavors catalyst deactiva-
tion via oxidative olefin addition. Accordingly, (vinyl)(hydride) complexes such as
3 are less relevant. Simultaneously, product oxidative addition is restricted and, as

Table 12.1 Catalytic activity of Ir—PCP complexes in COA dehydrogenation.

Catalyst TON (8 min) TON (40h) TOF,,“(s™) COE:COD’
1a 156 227 0.3 100:0

5a 922 1583 1.9 84:16

5b 811 1484 1.7 86:14

5c 806 1904 1.7 81:19

5d 840 1530 1.8 84:16

Se 1150 2041 2.4 78:22

5f 1162 2070 24 76:24

a TOF,, determined after 8 min of reaction.
b COE:COD ratio after 40h of reaction.
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a consequence, olefinic substrates can also be dehydrogenated. This is illustrated
by the increasing ratio of 1,3-cyclooctadiene (COD) formed in the dehydrogenation
of COA with 5f.

The dehydrogenation of COE has been observed already at a low alkene concen-
tration. Mechanistic investigations revealed that the reverse reaction—that is, the
hydrogenation of COE with the iridium—dihydride complexes 5-proceeds very
rapidly even at temperatures as low as —70°C [18]. These results suggest that the
reductive elimination of alkane from an (alkyl)(hydride) species is also rapid.
Likewise, TBA elimination from the phosphinite PCP analogue of intermediate B
is expected to be fast, thus providing a rational for lowering the rate-determining
step in catalytic cycles using phosphine PCP-ligated iridium centers.

Phosphinite pincer iridium systems have also been shown to have a lower ten-
dency to oxidatively add TBE to give (vinyl)(hydride) complexes similar to 3 [18].
While this has been identified as one of the major catalyst deactivation processes
in phosphine pincer iridium catalysis, apparently with complexes such as 5, only
olefin coordination can occur. However, this is a considerably weaker bonding and
is less detrimental to catalyst activity. Based on steric arguments, product olefin
coordination (e.g. COE) is favored over TBE coordination, and therefore at a high
TON and high product concentrations the phosphinite catalysts 5 are markedly
less active than the phosphine analogues 1.

Further catalyst improvement has been achieved by incorporating a methoxy-
substituent into the aryl framework of the phosphine PCP ligand. When using
complex 7 comprising less bulky P'Pr, donor groups, TONs of up to 3000 have
been achieved for the acceptorless dehydrogenation of cyclodecane [19]. In transfer
dehydrogenation with TBE as hydrogen acceptor—that is, under conditions similar
to those used in Table 12.1-the TON of complex 7 was slightly slower than that
of the phosphinites, although it is obviously intrinsically difficult to perform
catalytic reactions in different laboratories under mutually identical conditions.
Complex 7 is also efficient in the transfer dehydrogenation of n-alkanes, although
product mixtures and isomer distributions are typically complex. The high activity
of complex 7 has been attributed to a favorable interplay of steric and electronic
effects. Indeed, the analogous catalyst comprising P‘Bu, donor groups is consider-
ably less active. Theoretical evaluations suggest that the apparently unfavorable
electron-donating effect of the methoxy substituent at the aryl ring may be rational-
ized by an advantageous mesomeric stabilization of the aryl ligand, which may
adjust the 7 acceptor properties of the ligand so as to favor oxidative C(sp®)—H
bond activation.

Further pincer ligand modification at the carbanionic coordination site provided
the most active homogeneous alkane dehydrogenation catalyst known thus far.
Replacing the aryl anion by a ferrocenyl unit (8; Figure 12.3) improved the catalytic
activity by a factor of 2 and allowed for a decrease in the reaction temperature for
dehydrogenation [20]. At 180°C, TONs as high as 3300 have been obtained with
complex 8, while the phosphinite catalyst 5a provided a TON of 1840 under these
conditions. The ruthenocene-derived catalyst 9 (Figure 12.3; TON 2570) was found
to be slightly less active than the ferrocenyl analogue. The origin of the enhanced
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Figure 12.3 Improved catalysts for alkane dehydrogenation.

catalytic activity of these metallocene pincer iridium complexes is not yet fully
understood, although several different factors have been suggested as contribut-
ing. For example, the five-membered nature of the aromatic ring in 8 leads to a
decrease of the P—Ir—P angle as compared to related phenyl-derived systems, thus
facilitating accessibility to the iridium center. In addition, the ferrocene backbone
in 8 interacts with one face of the iridium coordination environment, thus induc-
ing a mutually tilted conformation of the two cyclopentadienyl rings. This tilting
is less pronounced when larger ruthenium(II) centers are involved. Clearly, the
m-accepting orbitals of the iridium-coordinated cyclopentadienyl ring are also
arranged differently due to bonding to the [M(cp)]* fragment, which may have
effects that are even stronger than those discussed for the methoxy-substituted
PCP complex 7.

12.2.4
Application of Alkane Functionalization

12.2.4.1 Alkane Metathesis

The high activity of iridium PCP pincer complexes in transfer dehydrogenation
has been applied in a very elegant approach to devise the first homogeneous alkane
metathesis process (Equation 12.5) [3].

H/‘\/H' + H/\/H' J—— H/\\/R 3. R,/‘\/R'
(12.5)

Catalytic metathesis has been accomplished via a tandem combination of cata-
lytic alkane dehydrogenation, olefin metathesis and subsequent olefin hydrogena-
tion (Scheme 12.6). Two factors are crucial for this transformation:

e The transfer (de)hydrogenation is fully reversible—that is, the iridium pincer
complexes catalyze the alkane dehydrogenation as well as the alkene
hydrogenation.

¢ The reaction conditions applied for transfer dehydrogenation using complex 5a
are compatible with the conditions required for olefin metathesis with Schrock’s
molybdenum alkylidene complex 10 [21].
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The system successfully mediates the transformation of n-hexane into high-
molecular-weight hydrocarbons, and it is also effective for long alkane chain
metathesis. The major product fraction from hexane is linear decane, although
the full range of linear alkanes has been obtained. This is in part due to multiple
reactions, since products can serve as new substrates, and also due to the fact that
both complexes 5a and 10 catalyze olefin isomerization (double-bond migration).
The isomerization of 1-hexene into 2-hexene will lead, for example, to the extru-
sion of propene rather than ethene in the metathesis step, eventually leading to
the Cy rather than the Cy alkane. Although isomerization is less pronounced when
using catalyst 1a, the benefits in selectivity are thwarted by reduced TOFs. Such
alkane metathesis reactions have been suggested as an alternative to the Fischer—
Tropsch synthesis for the production of alkanes in the C,, to C,, range, the major
component of diesel engine fuel.

Recently, this tandem catalytic conversion was successfully applied also to cyclic
alkanes [22]. In the presence of the molybdenum catalyst 10, the formed cycloal-
kene undergoes ring-opening metathesis and cyclo-oligomerization before being
reduced to the ring-expanded cycloalkane. Accordingly, COA has been converted
to cyclohexadecane as the major product (Scheme 12.7). Larger ring systems con-
taining multiples of eight carbon atoms constituted the predominant product
fraction, indicating that multiple ring-opening metathesis reactions may take
place, while olefin isomerization is less important.

12.2.4.2 Polymer Functionalization

Alkane dehydrogenation has been demonstrated as a suitable method for the
functionalization of polyolefins such as atactic poly(1-hexene) under homogeneous
conditions (Equation 12.6) [23].
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Time-dependent monitoring of the dehydrogenation reaction mediated by
complex 7 revealed that dehydrogenation occurs virtually exclusively at the side
chains, leaving the polymer backbone unaffected. A kinetic selectivity for the ter-
minal position has been established, which is in line with observations on low-
molecular-weight alkane dehydrogenation (see Section 12.2.1). Double-bond
migration takes place rapidly, leading predominantly to the formation of disubsti-
tuted and trisubstituted olefins and, after prolonged reaction times, also to conju-
gated olefins. When using polyethylene as substrate, dehydrogenation occurs in
moderate yields. At a high catalyst loading (3 mole equiv. per monomer repeat
unit), up to 4.4% of C—C bonds of the polymer backbone have been hydrogenated.
Here, ligand substitution in the pincer framework had strong effects. The [r—PCP
analogue of 7 containing ‘Bu,P donor groups was seen to be considerably less
active in dehydrogenating polyhexane side chains, and failed to react with
polyethylene.

(12.6)

123
Arene C(sp’)—H and Alkyne C(sp')—H Bond Activation

Although neither C,;—H nor C,y,;—H bonds have been functionalized in a cata-
Iytic process by iridium pincer complexes, a substantial mechanistic understand-
ing has been accumulated that may lead to catalytic reactions in the near future.
For this reason—and also due to the fact that some of these activation protocols
are different from standard processes—a short discussion of the achievements to
date is included at this point.
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12.3.1
Activation of C(sp?)—H Bonds

The transition-metal-mediated activation of C,y,—H bonds is very common, and
represents one of the oldest and most frequently used strategies to metallate
arenes. Cycloiridation is typically supported by an initial heteroatom coordination,
followed by ortho-directed C—H bond activation, and is generally assumed to occur
with appropriately heteroatom-substituted benzene derivatives [24]. At first sight,
the formation of complex 13 from a reaction of the iridium pincer complex 1a with
nitrobenzene therefore appears trivial (Scheme 12.8) [25]. Complex 13 corresponds
to the kinetic product with the aryl and hydride ligands in mutual cis positions,
and represents also the thermodynamically most stable configuration with the
hydride as the strongest trans ligand in cis position to both aryl ligands.

Low-temperature experiments have indicated, however, that the iridium-medi-
ated C—H bond activation is not heteroatom assisted, and instead, direct C—H
bond activation occurs. This process is under steric control and leads predomi-
nantly to the para-activated complex 11 and in minor portions also to the analogous
product from meta C—H bond activation. Subsequent migration of the metal
center across the aryl skeleton is probably triggered by weak N—O- - - H interac-
tions between the nitro group and the metal-bound hydride, thus yielding first the
octahedral complex 12. Upon heating, a further rearrangement takes place, perhaps
involving cleavage of the relatively weak Ir—O bond in 12 to give finally the ther-
modynamically most stable product 13.

NO, Ox
o N

/
tBUZP_|I’_PtBU2

0
'Buzp—ln\—HPfBuz

1a 13

N02 |c|)
N\
‘ ]
"BupP——Ir—P'Buy —————— ‘Bu,P—Ir—P'Bu,
H
" 12

Scheme 12.8
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In contrast to these results, C,,—H bond activation of related [r—PNP pincer
complexes appeared to be a heteroatom-directed process. The iridium(I) complex
14 induces ortho C—H bond activation of a variety of haloarenes and anisole to
afford the corresponding iridium(III) complexes 15 (Equation 12.7) [26].

Q P o e T

BuP—Ir—P'Buy, ’BuzP—Ilr——P’Bug (12.7)
N N
= | ~ |
e NS
14 a X=H 15
b X=F
¢ X=Cl
d X=Br
e X =0Me

Presumably, due to steric congestion at the iridium center, competitive meta and
para functionalization of the arene has been observed. The selectivity is highest
for anisole containing the strongest donor in the series and decreases in the
sequence Br > Cl > F. This trend is consistent with both, the coordination ability
of the heteroatom as well as its steric requirement. Remarkably, no C—X bond
oxidative addition was observed, clearly distinguishing iridium chemistry from
crosscoupling catalysis with Group 10 metals. The results of deuterium-labeling
experiments indicate that complex 15a undergoes reversible C,,—H activation
and, depending on the conditions, allows for deuterium labeling of the metal-
bound hydride as well as of the phenyl ligand. In contrast, the heteroatom-substi-
tuted ortho-metallated phenyl ligands exhibit a higher barrier to arene exchange.

Similar heteroatom-assisted C—H bond activation also occurs with aliphatic
substrates. For example, complex 14 activates the terminal C—H bond of 2-buta-
none and affords already at temperatures as low as 60°C the cyclometallated
complex 16 (Equation 12.8) [27].

N
5 \q 1
o)
N
’BugP—Iri—P'Bug
H

™

-

16

The benzylic protons of the PNP ligands in 14 are acidic and have been deprot-
onated at low temperature to give complexes 17 comprising a dearomatized,
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monoanionic PNP amide pincer ligand (Scheme 12.9). This complex is highly
active in functionalizing arene C—H bonds, and leads in the presence of benzene
to the formation of the phenyl complex 18 [28]. While this activation formally does
not alter the iridium oxidation state, an oxidative addition-reductive elimination
sequence involving the (phenyl)(hydride) iridium(III) species 19 has been pro-
posed as intermediate. Support for this reaction trajectory is derived from analyses
of the reactivity pattern of isolated complex 19 obtained from deprotonation of the
iridium complex 15a. Notably, iridium reduction from complex 19 involves rearo-
matization of the pyridine ligand via a hydrogen migration from the metal to
the benzylic carbon. Mechanistically, this migration probably proceeds through
a hydride dissociation rather than via a sigmatropic rearrangement. Deuterium-
labeling studies did not reveal any isotope exchange, but rather indicated an
intramolecular process.

The de- and re-aromatization of the pyridine moiety of the pincer ligand appears
to be crucial for this process. This is also the key underlying feature in the oxida-
tive addition of H, by complex 19 in an apparent iridium(III) oxidation state, which
results in the formation of the dihydride complex 20 (Scheme 12.9). Similarly, the
addition of CO to the iridium(I) complex 18 formally results in oxidation of the
metal center and provides the iridium(III) complex 21 (Equation 12.9).

co Ho
'BuP——Ir—P'Bus (12.9)
| 'co

N

NS

21



12.3 Arene C(sp’)—H and Alkyne C(sp’)—H Bond Activation

Evidently, reversible migration of the benzylic protons to the metal coordination
sphere must be taken into account when designing catalytic processes with such
PNP pincer ligands, in combination with iridium and other metal centers [29].

12.3.2
Activation of C(sp')—H Bonds

The activation of acetylenic C—H bonds by iridium—PCP complexes has been the
topic of a recent study [30]. The iridium complex 22 has been prepared by subject-
ing the iridium PCP complex 1a to norbornene, thus giving 1equiv. of hydroge-
nated norbornane as a side product. The addition of 2 molar equivalents of
phenylacetylene results in an activation of the C,yn—H bonds, and gives the
alkenyne complex 23 in high yields (Scheme 12.10). A detailed analysis of the
reaction profile of this C—C coupling reaction revealed that, initially, an oxidative
addition of one acetylene takes place to give the (alkynyl)(hydride) iridium(III)
system 24, A second acetylene substrate is subsequently inserted into the iridium-—
hydride bond. While steric arguments may favor a 1,2-insertion and the formation
of a B-substituted vinyl ligand (as in 25), kinetic studies clearly demonstrated that
2,1-insertion and the formation of an o-substituted vinyl ligand is preferred. This
2,1-insertion appeared to be reversible, and provided complex 26 as a mixture of
two rotamers (26a and 26b). Despite the steric congestion in the metal coordina-
tion sphere, reductive elimination of the a-vinyl ligand from complex 26 has not
been observed. In contrast, the sterically less-crowded complex 25 has been found
to undergo facile and clean C—C bond elimination to yield the alkenyne complex
23. The exclusive trans selectivity of the enyne coupling product can be rationalized
by a side-on insertion of acetylene into the Ir—H bond. This selective product for-
mation makes an eventual involvement of a vinylidene intermediate unlikely.

Theoretical analyses have suggested that an appropriate orbital orientation of
the vinyl ligand with respect to the alkynyl system is crucial for reductive C—C
bond formation. This orientation requires rotation about the C,,;—Ir bond, a
process that is severely hampered for a-substituted vinyl ligands such as in 26.
Apparently, the driving force for reductive elimination and C—C bond making in
these Ir—PCP systems is electronic rather than steric in nature.

Attempts to turn this acetylene dimerization reaction into a catalytic polymeriza-
tion process have failed thus far. In the presence of excess phenylacetylene, the
iridium(I) complex 23 activates another C,,—H bond and transforms, after a
hydrogen shift, to the stable (vinyl)(alkynyl) iridium(III) system 27 (Equation
12.10).

Ph
Ph Ph /" ph
Ph—:——/— W )=
H—==—Ph
BupP—Ir—PBu, —— BuyP——Ir—P'Bu, (12.10)

23 27
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Scheme 12.10

No further reaction has been observed, presumably because the vinyl ligand in
27 again contains a substituent in the o position, which prohibits rotation and
mutual orbital alignment for subsequent reductive elimination. The catalytic
dimerization of acetylenes is also prevented, due presumably to the strong bonding
of acetylenes to iridium(I). While in complex 22, the olefinic ligand dissociates
readily, thus providing an active species for engaging in oxidative C—H addition,
the acetylenic ligand in 23 remains in the metal coordination sphere. Hence, for-
mation of the coordinatively unsaturated iridium(I) intermediate C is precluded
and oxidative acetylene addition provides complex 27 rather than complex 24, as

required for a catalytic dimerization.



12.4 C—E Bond Activation

12.4
C—E Bond Activation

12.4.1
Activation of Carbon-Halogen Bonds

Abstraction of one of the metal-bound hydrides from complex 5a provides the
cationic iridium(I1I) complex 28, which is an efficient precatalyst for alkyl halide
reduction in the presence of Et;SiH (Equation 12.11) [31].

0.5 mol% 28
R-X + Et3Si-H

R-H + EfySi-X (12.11)

A variety of alkyl halides have been reduced at room temperature, including
benzyl halides, primary, secondary and tertiary alkyl halides. The reaction times
depend on the halide, and vary between 20 min (benzyl bromide, 0.5 mol% 28) up
to several days (iodopentane, fluoropentane). The reactivity of alkyl halides
decreases in the order R—Br > R—Cl > R—I when reductions are performed in
separate flasks. Several mechanistic details of the reaction have been uncovered
by in situ monitoring of the reaction by NMR spectroscopy. The precatalyst 28
appeared to be activated by a rapid reduction of the coordinated acetone to
'PrO—SiEt; and concomitant coordination of an alkyl halide (H; Scheme 12.11).
This complex represents a resting state that is in equilibrium with a o-silane

R —|+
I H

fBuzFT—]r-—Fl)fBug
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complex (J) as the active species. The location of this equilibrium therefore con-
stitutes a pivotal parameter for high catalytic activity. Alkyl iodides, as relatively
good donor sites, shift the equilibrium strongly to the resting state H, thus leading
to low activity, whereas bromides and chlorides favor formation of the reactive o-
silane complex. In line with this mechanism, competition experiments between
two different alkyl halides follow the expected reactivity order R—I > R—Br > R—Cl.
For example, the reduction of 1-iodoheptane in the presence of 250 equiv. 1-chlo-
rohexane showed a 1200:1 selectivity for iodoalkane reduction. These results
indicate that highly chemoselective dehalogenation can be achieved using the cata-
lyst precursor 28.

12.4.2
Activation of Carbon-Oxygen Bonds

The use of CO, as a reagent for synthetic purposes would be highly desirable, due
not only to the vast availability of this gas but also its environmental concerns. The
stoichiometric activation of CO, has been achieved with the iridium-PCP complex
29 comprising an alkyl rather than an aryl skeleton (Scheme 12.12) [32]. The addi-
tion of CO, to the dihydride complex results in C=0 insertion into the iridium-
hydride bond, and affords the formate complex 30. However, this complex is not
stable and disproportionates spontaneously into the virtually insoluble bicarbonate
complex 31 and the carbonyl dihydride 32. Such disproportionation is suppressed
when the iridium metal center is replaced by rhodium [33], which is generally
assumed to have a lower hydride affinity than iridium.

12.4.3
Activation of Carbon-Carbon Bonds

Iridium pincer complexes—and to a larger extent also the corresponding rhodium
complexes —have provided useful insights into the mechanism of C,,;;—Cyy bond

OH
(010
O]
())L !BuP—Ir"—P'Bu,
H
H H H O H
g t ¢ t 31
UP-—Ir—P'Bu,  CO, BuyP —Ir—P'Bu, RT
—_— +
CO
29 30 H H

’BunglrLPfBug

32
Scheme 12.12
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activation [34]. Metallation of the PCP ligand precursor 33 with an appropriate
iridium(I) salt results in competitive Cyi—H and C,;—C,y;n bond activation and
affords complexes 34 and 35, respectively (Scheme 12.13) [35]. A time-dependent
analysis of the reaction indicated a constant ratio of the two products, which was
in agreement with two independent and concurrent processes for the formation
of complexes 34 and 35. As both complexes are formed irreversibly, the product
distribution must be under kinetic control. Moreover, the product ratio appeared
to be temperature-insensitive in the 2060 °C range, which points to similar activa-
tion parameters for both C—H and C—C bond activation. The absence of any
intermediates implies that the rate-determining step occurs very early in the reac-
tion coordinate, presumably at the formation of K as the common intermediate
for both C,;—H and C,,;—C,iy bond cleavage. Notably, heating of complex 34 to
100°C results in the exclusive formation of complex 35, perhaps via an initial
reductive elimination and intermediate formation of K. Independent of the exact
mechanism, this experiment indicates that in this case, C—C bond formation is
thermodynamically more favorable than C—H bond activation.

125
Ammonia Borane Dehydrogenation

Chemical hydrogen storage—where hydrogen is stored in a chemical compound
and released via a reversible chemical reaction—represents a promising strategy
[36]. Ammonia borane (H;NBH;) and related aminoborane compounds have
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emerged as particularly attractive candidates for hydrogen-storage materials due
to their high percentage by weight of available hydrogen, and the potential revers-
ibility of their hydrogen release reactions. However, catalysts are required to effect
the release of hydrogen from aminoborane compounds at efficient rates (Equation
12.12).

catalyst
nHiNBH; <————= [H,NBH,], + nH, (12.12)

Given the excellent reactivity that iridium phosphinite PCP pincer complexes
display in alkane dehydrogenation, complex 1a was employed in the dehydrogena-
tion reaction of H;NBHj;, and showed an exceptionally high catalytic activity [37].
Thus, when catalyst 1a was added to a THF solution of ammonia borane, under
an argon atmosphere, a vigorous evolution of hydrogen gas was observed. Accom-
panied by this reaction, the initially red-colored solution of 1a faded to pale yellow
and a white solid precipitate appeared, indicative of the formation of [H,NBH,],.
After complete consumption of the substrate, gas evolution was immediately
resumed upon the addition of more ammonia borane. Complex 1a has been
reported to be the best catalyst to date for the dehydrogenation of ammonia borane.
The catalytic system was tested in the presence and absence of elemental mercury
and exhibited the same rate in both cases, which suggested that the iridium
catalyst remained homogeneous throughout the entire dehydrogenation process.
Control reactions with H;B-THF aimed at investigating the fate of the catalyst,
led to the isolation of complex 36, a BH; adduct of 1a (Scheme 12.14). The
crystal structure of this adduct was determined and suggested to be the dormant
form of the iridium-PCP pincer phosphinite catalyst 1a and its hydrogenated
congener, L.

The result of theoretical investigations have suggested that cleavage of a B—H
bond occurs to initiate ammonia borane dehydrogenation [38]. Alternatively, the
oxidative N—H addition of ammonia to the dehydrogenated intermediate C may
constitute a feasible reaction pathway due, in particular, to the fact that ammonia
and aniline oxidative addition to 1a and related iridium-PCP systems has been
reported experimentally [39].

H
H?

H B H oA Hof
'BugP—\;I:r——PtBUZ <—L tBugP——.\.Ir—-P’Buz <7_4H2> ’BugP——"‘ir——PtBuz
S b e e e T LS
36 L 1a

Scheme 12.14
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Conclusions

During the past decade, iridium—PCP pincer complexes have undergone steady
development, due mainly to their potential catalytic applications. Initial develop-
ments based on the study of simple processes such as C—H activation have led to
some of the most commercially promising homogeneous alkane dehydrogenation
processes. These advances—together with knowledge of the limitations of these
systems—have led to further investigations affording ingenious alternatives to
overcome the caveats of the processes, such as internal isomerization and inhibi-
tion of catalytic activity by the product. The consequent tandem alkane dehydroge-
nation-olefin metathesis systems which have been developed, although still
imperfect, invite the continuation of research studies in order to further improve
the reactions. Motivated not only by these results but also by the robustness of the
Ir—PCP pincer system, a number of research groups have turned their attention
to other difficult-to-activate bonds. The positive results obtained so far from these
experiments resemble very much the early results obtained with the activation of
alkane C—H bonds. Hence, it is quite safe to predict that the development of
further applications of Ir—PCP pincer derivatives in other important organic trans-
formations will flourish during the next few years, and will most likely lead to
highly efficient reactions for the creation of high-value products such as pharma-
ceuticals and cosmetics.
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13
Iridium-Mediated Alkane Dehydrogenation

David Morales-Morales

13.1
Introduction

C—H activation is one of the most profitable, studied—and as yet unsolved—
problems in chemistry. Since the first experiments performed to identify this
phenomenon during the early 1960s by Kleinman and Dubeck [1] and by Chatt
and Davison [2], countless studies have been carried out by many research groups
worldwide. The main interest in this chemistry is the great potential that a clear
understanding of the process may bring to basic chemistry, allowing the organic
transformation of simple, cheap and easily attainable starting materials into high-
value products [3]. There is, however, an even more valuable motivation for study-
ing the C—H activation process, namely to allow the conversion of small molecules
such as methane into potentially clean energy sources, such as methanol [4]. It is
for exactly these reasons—and the well-known intrinsic difficulty of activating this
ubiquitous bond —that the chemistry community has denominated this process as
one of the ‘Holy Grails’ of chemistry [5].

Among the historic developments of studies on C—H activation, several methods
and conditions have been used, from thermal studies to photochemical activation,
with all of which have been mediated by derivatives of metals ranging from transi-
tion metals to lanthanides and actinides. Hence, given the importance that the
chemistry surrounding the C—H activation process entails, several excellent
reviews and monographs have already been published [6]. Unfortunately, in most
of these cases the chemistry described has been devoted entirely to descriptions
of the activation of a particular C—H bond in a given process, and consequently
some division has arisen as to how the C—H activation process does in fact proceed
[7].

From the outset, iridium compounds have played an important role in the better
understanding of the C—H activation process, and consequently in the develop-
ment of efficient alkane dehydrogenation reactions [8]. Hence, in this chapter we
will review the participation of iridium complexes in the optimization of chemical
processes for C—H activation which, today, have led to some highly promising
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reactions for industrially scalable alkane dehydrogenation under mild conditions.
Given the major relevance of iridium pincer compounds during the past decade
in metal-mediated organic transformations—and especially in alkane dehydroge-
nation—this theme will be mentioned only briefly at this point; a more extensive
coverage can be found in Chapter 12.

13.1.1
The Beginning

Whilst C—H bonds represent the most ubiquitous chemical linkage in Nature,
they are at the same time some of the most difficult bonds to cleave, although they
are not completely inert [Sb,c]. For example, in 1963 Kleinman and Dubeck
reported the possibility of C—H bond cleavage in azobenzene by the Cp,Ni complex
(Scheme 13.1) [1]. The structure originally proposed by Kleinman and Dubeck
considered the nickel center to be coordinated 12 to the N=N n-bond (2) (Scheme
13.2).

Later in 1965, Chatt and Davidson [2] reported the first example of cyclometal-
lation of an sp’ C—H bond in [Ru(dmpe),] (3); dmpe = dimethyl phosphinoethane.
These authors found not only that this complex spontaneously cyclometallates at
the phosphorus methyl groups to produce complex [Ru(H)(CH,P(Me)CH,CH,PM
e;)(dmpe)] (4; see Scheme 13.4) (a later examination by Cotton and coworkers [9]
of this compound provided crystallographic evidence that the cyclometalated form
of [Ru(dmpe),] is in fact a dimer (5) of the type shown in Scheme 13.3), but also
that the system reacts with free naphthalene via the oxidative addition of a C—H
bond to the zero-valent ruthenium center to produce complex [cis-Ru(H)(2-
naphthyl)(dmpe),] (6). This species was in equilibrium with the n-coordinated
naphthalene ruthenium complex [Ru(naphthalene)(dmpe),] (7) (Scheme 13.4).

CpoNi Ni—Cp
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N
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1) Scheme 13.1
Ni—Cp
\/
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2) Scheme 13.2




13.2 Alkane C—H Activation with Ir Derivatives
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This was the very first explicit connection to be made between the intermolecular
and intramolecular varieties of C—H bond breaking by transition-metal
complexes.

13.2
Alkane C—H Activation with Ir Derivatives

One of the most direct ways of attaining fundamental information about the C—H
activation process is to study the direct stoichiometric reactions between metal
centers and carbon-hydrogen bonds. However, this simple process was not directly
observed with simple alkanes until 1981. Thus, individual efforts by the Bergman,
Graham and Jones research groups [10] during the early 1980s produced the first
examples of the oxidative addition of unactivated C—H bonds to transition-metal
centers that resulted in the direct observation of alkyl hydride products [10]. In
these instances, the photolysis of complexes Cp*(PMe;)IrH, (8) [10a,b], Cp*Ir(CO),
(9) [10c] or Cp*(PMe;)RhH, (10) [10d,e] (Cp* = CsMes) in a hydrocarbon solvent
resulted in the loss of dihydrogen (complexes 8 and 10) or CO in the case of
complex 9 and C—H activation of the solvent (Scheme 13.5).
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Scheme 13.5
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13.3
Alkane Dehydrogenation with Ir Complexes

In addition to these basic processes that involve the insertion of a metal center
into a C—H bond, the conversion of alkanes to olefins by soluble transition-metal
complexes represents not only a C—H activation process but also a formal func-
tionalization of the alkane—in this particular case through the removal of dihydro-
gen. Olefins constitute the most important feedstock of the chemical industry, and
the dehydrogenation of alkanes is the most direct and potentially most economical
route for olefin production. While heterogeneous catalysts have long been used
for the dehydrogenation of ethane and, less successfully for propane and isobutene
[11], no systems capable of dehydrogenating higher alkanes to olefins with good
chemoselectivity have been found. This process was first noted by Crabtree and
colleagues [12] almost three decades ago, and occurred stoichiometrically with
complex [IrH,(PPhs), (acetone),]" BF; (11) and cyclic alkanes in noncoordinating
solvents such dichloromethane (DCM) or 1,2-dichloroethane to produce either the
arene (12) or olefin derivatives (13) (Scheme 13.6). These complexes were espe-
cially interesting not only because they were the first examples of olefin-hydrido
complexes, but also because they appeared to be the active intermediates in the
reverse process (hydrogenation) reported earlier by Crabtree and coworkers [13].

The results of further studies showed that the addition of tert-butylethylene (tbe)
to this system acted as a ‘hydrogen acceptor’, thus driving the endothermic loss
of H, and resulting in the catalytic generation of dehydrogenation products [14].

Crabtree and coworkers proposed that the initial step in these processes was the
oxidative addition of an alkane C—H bond to the metal. Here, the role of tbe was
in part kinetic—to dehydrogenate and so to activate complex 11, and in part ther-
modynamic—to provide an additional driving force for the overall process. The
thought behind this idea was the belief that any alkyl hydride intermediate formed
by oxidative addition would be unstable and would have to be trapped by subse-
quent B-elimination to afford the corresponding olefin. The resultant metal hydride
would then be dehydrogenated by the tbe, and the cycle would continue until a
stable product had been formed. Tert-butylethylene is one of the very few olefins
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that is an effective hydrogen acceptor, this being most likely due to its lack of allylic
C—H bonds which, if cleaved by the metal, would lead to an allyl complex that
would block the active sites on the metal center. Tert-butylethylene is also suffi-
ciently bulky, and so does not bind strongly to the metal center; moreover, when
compared to other common olefins it hydrogenates rapidly to produce tert-
butylethane (tba).

Felkin and coworkers [15] were able to use the same sacrificial hydrogen accep-
tor tbe with ReH,(PPh;),, and succeeded in dehydrogenating linear alkanes to
diene complexes. For n-octane, a series of interconverting isomers was formed.
Of note here was the fact that an addition of P(OMe); led to the specific release of
1-octene, the least stable but most desirable alkene isomer (Scheme 13.7). This led
in turn to the first true homogeneous catalyst for the transfer dehydrogenation of
alkanes to alkenes, affording up to nine turnovers of cyclooctene at 80°C and 1.6
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turnovers even at 30°C. The homogeneity of the catalyst was confirmed, and a
mechanism proposed in which the olefin dissociates after two C—H bond-
breaking steps. The H, abstracted from the alkane, and now bound to the metal,
could then be removed by tbe and the cycle could continue.

In the case of iridium, complex [IrH,(PPhj;), (acetone), " BF; (11) was the first
to carry out catalytically the dehydrogenation of cycloalkanes [13, 14]. However, it
was later realized that the halocarbons used as solvents reacted with 11 to produce
the stable species [HL,Ir(u-C1),(u-X)IrL,H|BF, (X = CI (14) or H (15)) [16] (Scheme
13.8), and that elimination of the solvent by running the reactions in neat alkane
not only improved yields but also permitted the activation of other previously
unreactive cycloalkanes, such as methyl- and ethyl-cyclopentane. However, it was
also noted that the system in some cases was not catalytic, due mainly to decom-
position of the catalyst at the temperatures employed [16].

Variations on complex 11 led the same authors to use neutral complexes of the
type [IrH,(CF;CO,)(PR;),] R = C¢H,-4-F (16) and cyclohexyl (17) [17]. Once again,
whilst both compounds provided thermal alkane dehydrogenation, it was of note
that almost simultaneously and independently Felkin and collaborators [18]
observed thermal dehydrogenation from [IrHs(P'Prs),] (18) in the presence of
MeCO,H. In this case, the authors considered the species [I[rH,(MeCO,)(PPhs),]
(19) to be involved in the process. Complex 17 also provided a novel photochemical
catalytic dehydrogenation at room temperature, even in the absence of tbe; perhaps
more importantly, no decomposition products were detected even after 7 days of
irradiation (254nm) at room temperature (Scheme 13.9) [17].

At this point it became clear that, although a wide variety of complexes could
be employed for both transfer dehydrogenation and photochemical dehydrogena-
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tion, one of the main issues to be solved was indeed the thermal stability of the
catalyst.

One way of overcoming this problem was to use even more active species that
would enable a given system to afford higher turnover rates and yields, thus com-
pensating in some way the potential decomposition of the catalytic species. Hence,
much research effort was turned towards studying and using rhenium-based cata-
lysts, as this metal was known to be more active than its counterparts, the iridium-
based systems. Important contributions by Nomura and Saito [19], by Tanaka and
coworkers [20] and by Goldman and colleagues [21] to the application of Rh-
Vaska’s analogues and Wilkinson-type catalysts led to some fundamental advances
in the quest for efficient dehydrogenation catalysts, although these were not
completely satisfactory.

A revisit to the well-known dehydrogenation methods allowed it to be estab-
lished that alkane dehydrogenation (Scheme 13.10a), as a normally endoergonic
process, had to be driven in some manner; consequently, hydrogen acceptor or
photochemical methods were used. Although hydrogen transfer (Scheme 13.10b)
itself does not lead to a net dehydrogenation process, neither is the efficiency of
photochemical processes (Scheme 13.10c) high, this being due to the fact that the
photon energy greatly exceeds the reaction endothermicity and any build-up of
light-absorbing impurities will stop the photo-process.

In 1990, Fujii and Saito [22] made the important observation that refluxing the
alkane substrate allowed the dehydrogenation to proceed spontaneously while
using Wilkinson’s complex as catalyst (Scheme 13.10a). The principle was sim-
ple—under reflux conditions, the dehydrogenation reaction would overcome the
equilibrium restriction by separating the product hydrogen not only from the cata-
lyst solution but also from the gas phase in contact with the solution. This was
feasible because these conditions cause the vapor phase to consist exclusively of
solvent molecules. Consequently, molecular hydrogen could be spontaneously
removed from the catalyst solution immediately after its generation.

In the case of iridium, the above-mentioned procedure was soon employed by
Aoki and Crabtree [23] who, by using the compound [IrH,(CF;CO,)(PCys),] (17),
showed that the system could dehydrogenate alkanes in the absence of a hydrogen
acceptor, under reflux conditions proposed by Fujii and Saito [22], with sole evolu-
tion of the alkane and hydrogen. These authors were also able to determine that
the dehydrogenation rate was independent of the reflux rate, although reflux condi-
tions were required in order for the reaction to proceed. For example, when the
reaction temperature was reduced to 140°C under 1atm pressure, both the reflux
and dehydrogenation processes stopped. However, if the pressure was then

331



332 | 13 Iridium-Mediated Alkane Dehydrogenation

L L
Ho I /O\ reflux | -0
H/|If\o>—CF3 ————Tﬁ—;——-» II’ ?—CF3
L L 0]
N '
R R
CF3 CF3
L L
H\llr/o (o] H\llr/o O
-—
H/I\(/ H” 1 > CH,
L \L/
R CH
R

Scheme 13.11

reduced so that the system began to reflux at 140 °C, the dehydrogenation resumed,
albeit at a slightly lower rate. These observations were consistent with the proposal
that the role of the reflux is to remove the H, and to displace the equilibrium of
reaction (a) in Scheme 13.9 in favor of the alkene. When the metallic mercury test
[24] was performed on this system, the results suggested the need for an homo-
geneous origin in order for the chemistry to proceed. As in previous cases, the
main caveat of the system was the thermal instability and, therefore, the deactiva-
tion of the catalyst, which was ascribed mainly to P—C bond cleavage of the phos-
phine [17b, 25]; however, deactivation of the catalyst also occurred by product
inhibition. A mechanistic proposal of the entire dehydrogenation reaction was
proposed (Scheme 13.11).

Similar experiments using other catalysts were also performed [23]. Hence,
complexes [IrH,(RCO,)(PCys),] R = C,Fs (20) and PhCH, (21) were tested in identi-
cal dehydrogenation experiments. Of particular interest were the results attained
using compound 20, which was shown not only to be active but also to be more
robust than catalyst 17. These results were important because they showed that
phosphine degradation could, in principle, be prevented by modifying the non-
phosphine ligands included in the catalyst.

The consideration that reflux of the substrate limited the temperature range over
which the reaction could be carried out, led to further improvements of the system
by two different approaches: (i) to consider using an inert, volatile cosolvent as a
refluxing medium; and (ii) by bubbling an inert gas through the reaction mixture.
In the first case the use of perfluorodecalin (PFD) [23] resulted in an efficient
process, affording almost a doubling of turnovers compared to reflux in neat
alkane, such as cyclo-octane (COA). The bubbling of an inert gas (e.g. Ar) was also
effective, although when COA was employed as substrate the procedure led to an
excessive loss of COA by evaporation. When the relatively nonvolatile cyclodecane
was used, however, the process was effective. Although both procedures presented
with limitations, they were significant in that alkanes with boiling points unsuit-
able for the usual reflux process could now be studied.
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Until now, for most of the systems described here it has been accepted that
alkane activation occurred through oxidative addition to the 14-electron intermedi-
ate complexes. Yet, Belli and Jensen [26] showed, for the first time, evidence for
an alternative reaction path for the catalytic dehydrogenation of COA with complex
[IrCIH,(P'Pr;),] (22) which invoked an Ir(V) species. Catalytic and labeling experi-
ments led these authors to propose an active mechanism (Scheme 13.12), on the
basis of which they concluded that the dehydrogenation of COA by compound 22
did not involve an intermediate 14-electron complex [17-21], but rather the associa-
tion of COA to an intermediate alkyl-hydride complex (Scheme 13.12).

Scheme 13.12

13.4
Alkane Dehydrogenation Catalyzed by Ir Pincer Complexes

13.4.1
Ir-PCP Pincer Compounds

Based on these results, it became clear that there was indeed a need for new, more
robust complexes capable of withstanding the higher temperatures at which it was
believed the alkane dehydrogenation process would occur more efficiently. Con-
sequently, the chemistry of pincer compounds appeared on the scene. In 1976,
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Moulton and Shaw reported [27] for the first time the synthesis of the complex
IrHCl{C¢H;-2,6-(CH,P'Bu,),} (23). This compound was found to exhibit a high
thermal stability, and sublimed without visible decomposition at temperatures as
high as 180°C. These results, independently, led to the research groups of Jensen
[28], Goldman [29] and Leitner [30] using derivatives of this complex for its poten-
tial application as catalysts in the dehydrogenation of alkanes. Thus, Jensen and
coworkers [28] reported using the dihydride-rhodium complex RhH,{CsH;-2,6-
(CH,P'Buy),} (24) in the dehydrogenation of COA at 150°C, using tert-butylethyl-
ene as the sacrificial hydrogen acceptor. This compound, when tested at reaction
temperatures as high as 200°C, was shown to be stable for periods of weeks,
although the dehydrogenation reaction using this species only afforded 1.8 turn-
overs at 200°C. Further experiments led Jensen and coworkers [31] to determine
that it was in fact the iridium derivative IrH,{CsH;-2,6-(CH,P'Bu,),} (25) and not
its thodium counterpart (24) the best dehydrogenation catalyst. Under optimized
conditions, Jensen and coworkers were able to attain a turnover number (TON) of
720 at a reaction temperature of 200°C, even though this catalyst exhibited excel-
lent activity at temperatures as low as 150°C (TON = 82). Unfortunately, complex
25 is quickly deactivated by the product of the reaction (i.e. product inhibition
occurred) [31].

Recently, complex IrH,{CsH;-2,6-(CH,P'Bu,),} (25) has been used in the activa-
tion of C—H bonds of several substrates (Scheme 13.13) [32], including alkane
polymers and oligomers (Scheme 13.14).

Scheme 13.13
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Among these examples, probably the most notable case is the dehydrogenation
of linear alkanes to their corresponding terminal alkenes (c-olefins), this being
the kinetically favored process over the production of the internal alkenes. However,
the same complex slowly catalyzes an isomerization of the terminal alkene to
internal alkenes, as the latter are the thermodynamic products (Scheme 13.15)
[33].

Further modifications in the PCP pincer ligand, such as changing substituents
at the P moiety and using different hydrogen acceptors, led Liu and Goldman [34]
to increase the efficiency of the catalytic system to a maximum of 68% selectivity
for the terminal alkene in the catalytic dehydrogenation of n-octane, with TONs
on the order of 143. Other improvements to the system were an elimination of
the need for a sacrificial hydrogen acceptor—an achievement that was merited by
joint efforts of the Jensen and Goldman research groups, who achieved up to 1000
turnovers under optimized acceptorless conditions [35]. Studies using theoretical
calculations [36] led to the postulation of a tentative reaction mechanism through
which complexes IrH,{C¢H;-2,6-(CH,P'Bu,),} (25) and IrH,{CsH;-2,6-(CH,P'Pr,),}
(28) carried out the alkane dehydrogenation both under hydrogen acceptor and
acceptorless conditions (Scheme 13.16) [32].

Recently, Kaska and coworkers [37] reported a rigid PCP pincer system based
on an anthracene backbone (29) (Scheme 13.17). The iridium derivative of this
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ligand has demonstrated catalytic activity in the dehydrogenation of alkanes at
temperatures as high as 250°C, without decomposition. However, even at this
reaction temperature the system did not match the performance of complexes 25
and 28, nor in yield of the terminal olefin or in the TONs.

13.4.2
Ir-POCOP Pincer Compounds

In spite of the success that Ir—PCP pincer compounds have enjoyed in the
development of more efficient and promising alkane dehydrogenation systems,
one caveat of using these complexes has been the sometimes difficult or tedious
synthesis of the pincer ligands and complexes. An answer to this problem was
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provided by Morales-Morales and coworkers [38] and by Bedford and colleagues
[39], almost simultaneously, in the year 2000 when they independently reported
the synthesis of the first PCP phosphinite ligands and their palladium derivatives
(Scheme 13.18).

Since then, these ligands and their complexes have become increasingly impor-
tant due to the fact that they exhibit the same characteristics of robustness and
thermal stability and, in most of cases, an enhanced reactivity compared to their
phosphine counterparts. Thus, phosphinite PCP pincer complexes have been used
intensely during the most recent era of catalytic processes and reactions involving
the activation of aliphatic C—H bonds [40].

The first reports regarding transfer dehydrogenation of alkanes using iridium-—
phosphinite PCP pincer complexes were made by Morales-Morales and colleagues
[41] and by Brookhart and coworkers [42] in 2004. Morales-Morales, Jensen and
colleagues reported the use of an iridium—phosphinite PCP pincer complex (30)
(Scheme 13.19) for both the transfer dehydrogenation of COA in the presence of
tert-butylethylene (tbe) and the acceptorless dehydrogenation of n-undecane. Here,
the reactivity of these complexes was found to be slightly superior to that of the
analogous phosphine derivative [IrH,{CsH;-2,6-(CH,P'Buy),},] (25) with similar
yields and TONs, whilst exhibiting the same problems of product inhibition and
isomerization (Scheme 13.20).

In 2004, Brookhart and coworkers [42] synthesized a series of new phosphinite
p-XPCPIrHCI pincer complexes (Scheme 13.21). In comparison with their phos-
phine counterparts, where the air- and moisture-sensitive hydridochloride com-
pound must be converted into the even more sensitive dihydride species by treatment
with LiBHE;. In this case, generation of the catalytically active species is made in
situ by reacting complexes (31 to 36) with NaO'Bu in the reaction mixture (Scheme
13.22). Under these reaction conditions, the transfer dehydrogenation of COA with
tbe to form cyclooctene (COE) and tert-butylethane (TBA) was easily accomplished.
Under comparable conditions, these new catalysts (31-36) are almost one order
of magnitude more active in terms of turnover frequency (TOF), TONs and sub-
strate conversion than the benchmark catalyst [IrH,{CsH;-2,6-(CH,P'Buy),},] (25).
A further dehydrogenation of COE to form 1,3-COD was accomplished by transfer
dehydrogenation in the presence of tbe at a high COE concentration. Moreover,
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in the absence of another hydrogen acceptor, COE itself serves as the hydrogen
acceptor, giving rise to a disproportionation of COE into COA and 1,3-COD, which
is further transformed into o-xylene and ethylbenzene at temperatures as low as
200°C. However, the disproportionation of COE into 1,3-COD and COA at 200°C
is only operative at relatively low COE: catalyst ratios (ca. 450:1).

A major problem associated with the above-described systems is that of product
inhibition of the catalyst and isomerization processes, when a certain yield of o-
olefin has been attained. It would be desirable, therefore, to have a catalyst (or a
combination of catalysts) capable of using and/or draining the newly formed
double bonds in such a way that the olefin would cause neither of these problems.
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The situation would be even more interesting if a tandem process that incor-
porated the dehydrogenation of linear alkanes to form c-olefins and the further
formation of other high-value products, was possible. An answer to this problem
was provided recently by the joint efforts of Goldman and Brookhart, who described
the combined application of an iridium-phosphinite PCP pincer complex with a
Schrock-type metathesis catalyst [43]. The concept was simple: an acceptorless
dehydrogenative catalyst for linear alkanes was used to produce the corresponding
o-olefin, followed by an olefin-metathesis catalyzed by the Schrock-type catalyst.
In this way, consumption of the recently formed a-olefin would allow the dehy-
drogenation catalyst to maintain its function, while the metathesis catalyst would
consume all of the orolefin produced; the result would be a synergistic system.

Scheme 13.22
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Unfortunately, the phosphine analogue was found to be more effective that the
phosphinite derivative, due to a more rapid isomerization to the internal olefin
when using the latter catalyst. However, the system would be completely selective
for the linear product (n-alkane) (Scheme 13.23).

Although this process has shown much promise, decomposition of the olefin
metathesis catalyst appears to limit the conversion; nonetheless, it is expected that
a more robust and compatible olefin metathesis catalyst will yield higher TONs.

More recently, the same principle was applied by the same authors to cyclic
alkanes for catalytic ring expansion, contraction and metathesis—polymerization
(Scheme 13.24) [44]. By using the tandem dehydrogenation—olefin metathesis
system shown in Scheme 13.23, it was possible to achieve a metathesis—cyclo-
oligomerization of COA and cyclodecane (CDA). This afforded cycloalkanes with
different carbon numbers, predominantly multiples of the substrate carbon
number; the major products were dimers, with successively smaller proportions
of higher cyclo-oligomers and polymers.
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13.5
Final Remarks

The details of iridium chemistry presented in this chapter represent a clear reflec-
tion of the major importance of this metal in our understanding of C—H activa-
tion, and in the further development of efficient catalytic systems for alkane
dehydrogenation. It would appear today that the potential of the iridium species
used in these processes might have reached maturity, with multiple applications
such as tandem catalytic processes having emerged as potential methods in the
production of high-value materials. In this respect, iridium PCP pincer com-
pounds may prove to be industrially feasible for alkane dehydrogenation, not only
to provide an extremely versatile backbone but also to allow fine-tuning of the
species to create the best possible catalysts. Whilst the remarkable thermal stability
and selectivity of these species invites further exploitation with other substrates,
their compatibility with other catalytic systems may lead to the discovery of other
tandem, catalytic processes. As the diminishing levels of the world’s oil reserves
continue to cause concern for future energy sources, the efficient use of both
current and as-yet unexploited reserves becomes fundamental. Indeed, it is in this
area where the use of homogeneous catalysis in environmentally friendly yet atom-
economic processes—as exemplified by the high reactivity and selectivity of iridium
complexes—will undoubtedly emerge in the development of new technologies.
Undoubtedly, while the chemistry of alkane dehydrogenation continues to grow,
the iridium species will serve as regular companions in these developments.
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14
Transformations of (Organo)silicon Compounds Catalyzed by
Iridium Complexes

Bogdan Marciniec and Ireneusz Kownacki

14.1
Introduction

Numerous reactions of organic compounds catalyzed by transition-metal com-
plexes have been explored during the past 50 years, including hydrogenation,
hydroformylation, the Wacker process, olefin metathesis and the Ziegler—Natta
polymerization of olefins. nevertheless, among the catalytic transformations of
(organo)silicon compounds only hydrosilylation reactions are well known as pro-
cesses of industrial importance [1-5]. During the past two decades, some other
reactions of silicon compounds catalyzed by transition-metal complexes have been
revealed and have undergone spectacular development. Among these are the
dehydrogenative silylation and bis-silylation of alkenes and alkynes by hydrosi-
lanes and disilanes, respectively, the silylative coupling of alkenes with vinylsi-
lanes, metathesis of silicon-containing alkenes and coupling of the C—H of alkenes
and arenes with organosilicon compounds, as well as the dehydrocoupling of
hydrosilanes, silylformylation and silylcarbonylation of a variety of organic com-
pounds (for reviews, see Refs [5-12]).

Most of the above reactions occur via a mechanism involving intermediates with
a metal-silicon bond (i.e. silicometallics) and a metal-hydrogen bond, accompa-
nied (or sided) only occasionally by compounds containing metal-carbon bonds
(i-e. organometallics) that are characteristic of the key intermediates of transition-
metal-catalyzed transformations of organic compounds (for recent reviews, see
Refs [11, 13]).

Platinum complexes have been mainly used in the hydrosilylation of carbon—
carbon bonds, and ruthenium complexes in the metathesis and silylative coupling
of olefins with vinylsilanes. Most of these processes (except for olefin metathesis)
may also proceed efficiently in the presence of rhodium and iridium complexes.

This chapter describes the application of iridium-catalyzed reactions in the syn-
thesis of molecular and macromolecular organosilicon compounds and related
silicon derivatives. Some mechanistic implications are introduced which illustrate
the specific catalytic activation of organic and silicon compounds by iridium

Iridium Complexes in Organic Synthesis. Edited by Luis A. Oro and Carmen Claver
Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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complexes in comparative analysis, particularly with the respective rhodium
complexes.

14.2
Hydrosilylation and Dehydrogenative Silylation of Carbon—Carbon Multiple Bonds

Most research and industrial syntheses based on hydrosilylation are carried out in
the presence of platinum complexes with chloroplatinic acid and other d®-Pt(Il)
and d"-Pt(0) complexes as precursors. Platinum catalysts, supported on either
carbon or silica, have also appeared to be effective, especially in some industrial
processes [1-4]. The high catalytic activity of platinum and other transition-metal
complexes comprising an unsaturated compound (e.g. olefin) and silicon hydride,
gives rise to various side reactions involving processes of olefins (isomerization,
hydrogenation, polymerization) and/or reactions of silicon hydrides (redistribu-
tion and dehydrocoupling), as well as reactions involving both substrates (such as
the dehydrogenative silylation of olefins and acetylenes). The latter system may be
useful as a synthetic method to produce finally unsaturated compounds.

14.2.1
Hydrosilylation and Dehydrogenative Silylation of Alkenes

Unlike Pt catalysts, the triad complexes of iron and cobalt catalyze competitively
both dehydrogenative silylation and hydrosilylation [11]. The reaction can proceed
via a complex containing the c-alkyl and o-silylalkyl ligands (Scheme 14.1).

The concurrent B-H transfer from the two ligands to the metal is a key step for
two alternative reactions, namely hydrosilylation and/or dehydrogenative silylation
[6, 11].

In contrast to the Pt(0) and Pt(II) complexes and the corresponding Rh(I) and
Rh(III) complexes, the iridium complexes have rarely been employed as hydrosi-
lylation catalysts [1-4]. Iridium—phosphine complexes with d® metal configura-
tion—for example, [Ir(CO)Cl(PPhs),] (Vaska’s complex) and [Ir(CO)H(PPhs;);] - were
first tested some 40 years ago in the hydrosilylation of olefins. Although they
underwent oxidative addition with hydrosilanes (simultaneously to Rh(I) com-

R A — RCH,CH,SiR'3+ RCH=CH,
Hydrosilylation
R'5Si- M- H 2 RCH=CH» SiRy —
H H

— > RCH=CHSIR' 3 + RCH,CHj4
Dehydrogenative silylation

M=Fe, Ru, Os
Co, Rh, Ir

Scheme 14.1 Organometallic intermediate competitive
hydrosilylation and dehydrogenative silylation of alkenes.
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plexes) to yield respective Ir(III) adducts, they appeared to be inactive towards
hydrosilylation [14]. Instead, such adducts readily dissociate, eliminating the chlo-
rosilane molecule, according to Equation 14.1:

SiRs

PPhs, Cl + HSIR, PPhy [ H PPhy H
LS PLcS ] A
OC  PPhg ClI” | PPh; - RsSiCl 0C” 'PPhg
co

(N (n
(14.1)

For this reason, phosphine-free complexes (e.g. [{Ir(u-Cl)(coe),},] and [{Ir(u-
Cl)(cod),},]), as well as chloroligand-free complexes such as [{Ir(u-OMe)(cod),},]
and [Ir{u-(OSiMe;)(cod)},], were found to be basic precursors of all iridium-
catalyzed hydrosilylation and dehydrogenative silylations. [IrH,(SiEt);(cod)(L)]
(L = PPh; or AsPh;), synthesized from [{Ir(u-OMe)(cod),},], appeared to be active
catalysts for the dehydrogenative silylation of ethylene and 1-hexene (Scheme 14.2)
[15].

Ir(I), Ir(II) and Ir(V) complexes stabilized by an O-donor ligand (e.g. [Ir(coe)(triso)]
and [Ir(C,H,),(triso)] (triso = tridentate tris(diphenyloxosphosphoranyl)methanides)
are effective catalysts for the dehydrogenative silylation and hydrosilylation of
ethylene [16-18].

A family of cationic catalysts such as [Ir(cod)(PCy;)Py]'[PF¢]” [19] and zwitter-
ionic [20] Ir(I) complexes have been tested in the hydrosilylation of styrene, and
represent an effective class of the hydrosilylation catalysts to yield predominantly
B-adduct accompanied by o-adduct and traces of unsaturated products (see Table
14.1).

The hydrosilylation of ethylene by the early-late transition-metal heterodinuclear
complexes [CpTa(u-CH,),Ir(CO),] has been studied mainly in a bid to recognize
the mechanism of reaction, which occurs via a predominant alkene/Ir—H inser-
tion pathway over a minor insertion of ethylene into the Ir—Si bonds [21].

The complexes of the composition [{Ir(u-X)(diene)},], where X = halogen, OH,
OMe (e.g. [IrCl(CO)(cod)]) appeared to be very effective catalysts for the hydrosi-
lylation of allyl chloride by trialkoxy- and alkylalkoxy-silanes [22]. Other iridium
complexes have been subsequently reported as catalysts for the synthesis of silane

o SiRs

R, HsE MM

R =H, C4Hg I R/\/SiEt3 + ~UR

Scheme 14.2 Competitive hydrosilylation and dehydrogenative
silylation of ethylene and 1-hexene.
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Table 14.1 Addition of triethylsilane to styrene.

Ph/\\\\“ + HSiEty L Ph/\/SlEta i Ph/“\\}/SIEIS . SiEt,
PH
A B c
Catalyst Solvent  Temperature Yield (A/B/C)(%)
(")
[Ir(cod) (PCys) (Py)]*[PF¢] ™ DCE 60 >99 (51/40/7)
[Ir(cod)(k*-P,N-3-P'Pr,-2-NMe,-indene| [PF,|* DCE 60 66 (66/<1/<1)
THF 60 >99 (91/1/8)
THF 24 35 (35/<1/<1)
[Ir(cod)(x*P,N-3-P'Pr,-2-NMe,-indenide]’ DCE 60 >99 (99/<1/<1/<1)
DCE 24 86 (86/<1/<1/<1)
THF 60 98 (94/2/<1)
THF 24 88 (88/<1/<1)
Toluene 60 64 (55/2/<1)

Reaction conditions: ratio: styrene: Et;SiH =5:1.

a  Ref[19].
b Ref[20].
+ CHy=CHCH,X .
35-40°C, 1h X(CHy)3SiMe,Cl
X =Cl, Br, |
HSiMezCl — Yield 0%

+ CH,=CHCH,O(O)CR
60-65°C, 4.5h

» RC(0)O(CHy)3SiMe,Cl
R = Me, Yield 87%
R = CH,=CMe, Yield 84%

Scheme 14.3 Hydrosilylation of allyl derivatives with dimethylchlorosilane.

coupling agents via hydrosilylation of olefins with alkoxysubstituted and other
hydrosilanes [23].

[{Ir(n-X)(cod)},], complexes (where X = Cl, Br, I) appeared to be effective cata-
lysts for the synthesis of 3-halopropyldimethylchlorosilane and 3-dimethylchlorosi-
lylpropyl esters via hydrosilylation according to the equation shown in Scheme
14.3 [24-26).

14.2.2
Application of Hydrosilylation in Polymer Chemistry

Iridium-siloxide complexes [Ir(cod)(PCy;)(OSiMe;)] and [Ir(CO)(PCy;),(OSiMe;)]
were examined in the crosslinking of silicones via hydrosilylation to be effective
catalysts for the model homogeneous hydrosilylation of vinyltris(trimethylsiloxy)-
silanes with heptamethyltrisiloxane, as well as for crosslinking of the commercial
polysiloxane system [27]. The curing process catalyzed by iridium complexes pro-
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Me Me Me
R = 8 H-Si °, Tl N
e e T e SiH l\,/le_/—s'i
Me 'Y!e MGJ—Si Me
Si Si Me

I\I/Ie |'_\ polycarbosilane 1

Me Me

Me Me SI // Me Me SII

i i | cat. L. .

(s = A

Me Me Me n
polycarbosilane 2

Scheme 14.4 Synthesis of poly(phenylene-silylene-ethylene)s

via hydrosilylation polymerization process.

ceeds at a higher temperature (ca. 200°C) than the process catalyzed by the
Karstedt-catalyst-DAM system, but does not require an inhibitor (diallylmaleate;
DAM) to maintain the low viscosity of the reaction mixture at room temperature
for several days. Silicone-based polymers and polymeric compositions with special
applications (e.g. LED devices) can be also synthesized by hydrosilylation. It was
reported recently that, low or moderately branched vinyl-siloxane oligomers and
polymers, as well as polymer films, were prepared via a hydrosilylation reaction
catalyzed by transition-metal complexes including also [IrCl(PPh,)s], [{Ir(u-
Cl)(cod)},] and iridium 2,4-pentadionate [28].

Linear polycarbosilanes and polycarbosiloxanes—especially those containing
arylene units in the chain-have specific physico-chemical properties which can
be applicable in heat-resistant materials [29-31]. Phenylene-silylene—ethylene-
polymers, which may serve as potential substrates for applications as membrane
materials are usually obtained in the presence of platinum catalysts [32], although
other transition-metal complexes have also been tested in this process.

Rhodium and iridium siloxide complexes of the general formula [{M(u-
OSiMe;)(cod)},] and [M(cod)(PCy;)(OSiMe;)] (M = Rh and Ir) have been used suc-
cessfully as catalysts of hydrosilylation polymerization occurring according to
Scheme 14.4. The reactions of both types lead to linear poly(phenylene—silylene—
ethylene)s, and although the best results have been achieved using a rhodium
catalyst, iridium siloxides are also effective catalysts for these processes in exem-
plary reactions (see Table 14.2).

14.2.3
Hydrosilylation and Dehydrogenative Silylation of Alkynes

The transition-metal-catalyzed hydrosilylation of alkynes remains one of the most
common routes for the synthesis of vinyl-substituted silicon compounds to yield
three possible products, B-E, B-Z and o (Equation 14.2):
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Table 14.2 Molecular weights and polydispersity indexes of
polycarbosilanes 1 obtained via reactions I and II.

Catalyst M, M../M, Yield (%)

Via reaction I

[Pt,{(CH,=CHSiMe,),0};] 14100 1.88 88
[{Rh(u-OSiMe;)(cod)},] 20200 2.04 95
[Rh(cod)(OSiMes)(PCys)] 16400 2.26 82
[{Ir(cod) (u-OSiMe;)},] 10500 1.93 90
[Ir(cod)(OSiMes) (PCys)] 14000 2.10 74
Via reaction II

[Pt,{(CH;=CHSiMe,),0};] 16800 1.63 66
[{Rh(u-OSiMe;)(cod)},] 6200 2.32 78
[Rh(cod)(PCy;)(OSiMe;)] 8300 2.87 77
[{Ir(1-OSiMe;)(cod)},] 4100 1.96 83

Reaction conditions: toluene, 110°C, 24 h.
[HSi=]: [CH,=CHSi=]:[cat.] = 1:1:107* (for [Pt] catalyst) or 1:1:10~* for [Rh] and [Ir] catalysts.

M i — SIEt
RsSH + R—= L RS R siRy * =
R
B-E B-Z N
(14.2)

The highly stereoselective hydrosilylation of terminal alkynes to obtain almost
exclusively the B-Z-adduct, is observed when the O-donor ligands such as triden-
tate tris(diphenyloxosphosphoranyl)methanides (triso) and (acac) ligands are used
in Ir(l), Ir(Ill) and Ir(V) complexes—that is, [Ir(coe),(triso)], [Ir(C,H),(triso)],
[Ir(H),(SiPh,Me),(triso)],  [Ir(C,H,)(H)(SiPhs)(triso)] [4, 16-18, 33], and
[Ir(acac) (H) (SiEt;) (PCys)] [34].

Computational and catalytic studies of the hydrosilylation of terminal alkynes
have been very recently reported, with the use of [{Ir(u-Cl)(Cl)(Cp*)},] catalyst
to afford highly stereoselectively B-Z-vinylsilanes with high yields (>90%) [35].
E-isomers can be also found among the products, due to subsequent Z — E
isomerization under the conditions employed. The catalytic cycle is based on
an Ir(III)-Ir(V) oxidative addition and direct reductive elimination of the B-Z-
vinylsilane. Other iridium complexes have been found to be active in the hydrosi-
lylation of phenylacetylene and 1-alkynes; for example, when phenylacetylene is
used as a substrate, dehydrogenative silylation products are also formed (see
Scheme 14.5 and Table 14.3).

=

Ph—==—SjEt T
m[ Fa PR

| > Ph—==—SiEtz + H2
Scheme 14.5 Dehydrogenative silylation of phenylacetylene.

Ph—== + HSiEt,
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Table 14.3 Hydrosilylation of alkynes.
Catalysts HSIR, R'C=CH (R Yield Ratio Conditions Reference
(%) E/Z[o/DH
[Ir(CO)(n*CsH.y)(n*-CoH;)]  HSi'Pry PhC=CH - 1/4/—/- 60°C, 120h,  [30]
benzene
[Ir(CO)(*-CsH ) (0*CsHs)]  HSi'Pr, PhC=CH - 1/4/—/- 60°C, 96h,
benzene
[Ir(L),(triso), L—coe, C;H,]  HSiR, PhC=CH 80  1/128/—/—  25°C,20h,  [18]
CsHy;C=CH 39 1/19/-)-  CDCL
E/Z|a,/DH (%)
[IrBr(CO)(dppe)] HSiEt, PhC=CCH, 54 17/37/=/—  65°C,54h,  [37]
CH,(Cl,
[Tr,Cl(cod),(TIME®)|CI HSiMe,Ph  "BuC=CH 44 29/51/20/- 60°C, 24h,  [38]
[cat.]=0.1%,
CDCl
46 24/57/19/- 60°C, 72h,
[cat.] =0.1%,
CDClL
[Ir(cod) (n*-Ind)] PhMe,SiH n-CH;;C=CH 96 94/4/2/- 80°C, 24h, [39]
toluene
[Ir(cod)(pzpy)] HSiEt PhC=CH - 42/19/7/19  60°C, 24h, [40]
CH,Cl,
[Ir(NCCHj) (cod) HSiEt PhC=CH 100 9/74/2/8 50°C, 1h, [41]
(PMe)]BF, CH,Cl,
90  21/50/3/10 50°C, 2h,
CH,Cl,
47 27/35/6/8
[Ir(NCCHj;) (TFB) HSiEt; PhC=CH 100 24/47/5/12  50°C, 1h,
(P'Pr3)|BF, CH,Cl,
74 23/45/6/13 50°C,3h,
CH,ClL,
[IrH,(NCCH;);(P'Pr;)]BF,  HSiEt, PhC=CH 100 26/35/9/15 50°C, 1.3h,
CH,Cl,
61 25/37/7/13 50°C, 0.2h,
CH,Cl,
[Ir(CO), (C,Ph) (PCy;)] HSiEt; PhC=CH 88 26/38/7/11 60°C, CH,Cl,, [42]
[Ir(C,Ph)(TFB)(PCy;)] HSiEt, PhC=CH 90  14/66/1/6  argon
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Data compiled with Table 14.3 show that neutral iridium complexes catalyze
mainly the addition of an Si—H bond into a C—C triple bond in organic reactants
with good yields. For example, iridium—indenyl catalyzed reactions give efficiently
Z-2-silylstyrene as well as for complex [Ir(L),(triso)] (L = coe, C,H,) [18]. The same
product was formed exclusively, although in the case of [Ir(cod)(n’-Ind)] [39]
reversed selectivity was observed, E-isomer was formed with selectivity of 94%.
Cationic iridium complexes also catalyze the conversion of terminal alkynes with
substituted silanes to silylated derivatives, there being more active than neutral
complexes. In the presence of a cationic iridium species the formation of silylated
alkyne derivatives was also observed [41, 43]. Exceptionally, [Ir(cod)(pzpy)] and
iridium alkynyl complexes [Ir(CO),(C,Ph)(PCys)], [Ir(C,Ph)(TFB)(PCy;)] were
found to catalyze the formation of silylacetylene derivatives. The participation of
each compound in a reaction mixture is not solely dependent on the catalyst used;
rather, an excess of acetylene derivatives favors dehydrogenative silylation to yield
the olefin and corresponding alkynylsilane [44].

The dehydrogenative silylation of alkynes may dominate under optimum condi-
tions to afford the corresponding silylalkynes in good yields and with high selectiv-
ity when the [Ir,(CO)y,] + PPh; system is used [45]. The use of 2 equiv. of
phenylacetylene in the presence of [Ir,(CO)y,] (1 mol%) + PPh; (12mol%) gave the
corresponding silylphenylacetylene in 96% yield and 97% selectivity. This method
is applicable for a variety of terminal acetylenes RC=CH (where R = Ph, C(H;,
cyclohexyl and ‘Bu). The dehydrogenative silylation of phenylacetylene with trieth-
ylsilane is accompanied by the generation of molecular hydrogen, and the forma-
tion of styrene is also observed.

In order to prevent phenylacetylene hydrogenation, and to eliminate the evolu-
tion of hydrogen, other unsaturated compounds such as diethylfumarate, diethyl-
maleate and diphenylacetylene were added as a hydrogen scavengers [45].

14.3
Asymmetric Hydrosilylation of Ketones and Imines

Iridium complexes are known to be generally less active in hydrosilylation reac-
tions when compared to rhodium derivatives, although iridium-based catalysts
with bonded chiral carbene ligands have been used successfully in the synthesis
of chiral alcohols and amines via hydrosilylation/protodesilylation of ketones [46—
52] and imines [53-55]. The iridium-catalyzed reaction of acetophenone derivatives
with organosubstituted silanes often gives two products (Equation 14.3):

0 OSiH,R's.p OSiH, 1Rl4.,
B T
R)J\ + SiH Ry, — - R)\ + R,& (14.3)
I I
R = Aryl, R’ = Alkyl, Aryl

Neutral iridium(I) complexes [Ir(Cl)(cod)(L)] [46] consisting of the chiral carbene
ligands L1 and L2 have been shown as active catalysts for the asymmetric hydrosi-
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lylation of acetophenone with Ph,SiH,, giving >99% yield of I at —20°C in 16h at
one catalyst loading. However, only low enantiomeric excess (ee)-values of sec-
phenethyl alcohol were obtained for the iridium catalytic systems used—that is,
15% ee for L1 and 2% ee for L2.

L1 L2 L3

N/\N N/\N o OO
B B o
!

P RO

R= iPr, Bn

Iridium(I) precursors [Ir(cod)(L)] with bidentate N-heterocyclic carbene ligands
L3 appeared slightly less active in the hydrosilylation of acetophenone with diphe-
nylsilane than did the similar rhodium complexes, giving respectively yields of
85% of I and 15% of II for the ‘Pr substituent, and 83% of I and 17% of II for the
benzyl moiety, after 2h reaction at room temperature [47]. However, when carbene
ligands of type L3 were used a significant increase in the ee-value of the sec-
phenethyl alcohol R isomer of up to 60% was observed.

Other carbene iridium complexes (C1, C2) were also applied as catalysts of this
reaction, but their catalytic activity was very low (only 10% yields of I for C1 and
58% for C2 were obtained) [48].

Cl C2

Catalytic systems based on the commonly used iridium precursor [{Ir(u-
Cl)(cod)},] and diferrocenyl dihalcogenides of L4 and L5 type were also studied in
the asymmetric hydrosilylation of acetophenone, giving a relatively high yield of
sec-phenetyl alcohol silyl ether (I) and a moderate ee of one stereoisomer [49].

L4 L5
NM p-Tol
e, L
Me. ] s o] )
AT A N
Ereety &
; H, )~ o9
“LaMe (RA- p-Tol
N ,
(RS- Me,
E Yield [%] ee [%] E Yield [%)] ee [%]
S (15°C, 20h) 82 15(R) Se (25°C, 120h) 98 11(R)
Se (15°C, 15hy 100 23(8)

Te (15°C, 20h) 90 ~0
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The cationic complex [Ir(CO)(x*N,N,N-(S,S)-Pr-pybox)]|[PF] [50] was also found
to be catalytically active in the addition of Ph,SiH, to acetophenone, with complete
conversion of the ketone into the corresponding silyl ether (I) at room temperature
after 72h of reaction. However, desilylation of the product (I) led to racemic 1-
phenylethanol, which means that the reduction took place without asymmetric
induction.

The enantiomerically pure dithiourea derivative L6 has been successfully applied
to the iridium-catalyzed [{Ir(u-Cl)(cod)},] asymmetric hydrosilylation of acetophe-
none, as well as of various alkylaryl ketones [51]. In the case of acetophenone,
when the iridium catalytic system ([Ir]/L6) was used with a 10-fold excess of L6
(R =Ph), an encouraging enantioselectivity was achieved (74% ee), together with
a yield of 30% at 50°C after 24 h.

L6

S S
R, . .R

N—"NH HN—N
H H
R =Ph

When a threefold excess of L6 versus iridium was used, the yield of hydrosi-
lylation/protodesilylation products was up to 53%, with 55% ee (Scheme 14.6).

The cationiciridium-hydrido-silylene complex [IrCp*(H) (=SiPh,) (PMe;)][B(CFs).]
has also been recently reported to effectively catalyze the reaction of substituted
silanes with ketones (Equation 14.4) [52].

O OSiR'Ph,

P ]

+ HSIRPh
R” “Ph N2 op,ch i, 60 R7 > Ph (14.4)

R=Me; R =H yield 44%
R=Ph, R'=H vyield 54%

(0] OH
1) Ph,SiH,, [I/L6
/CELR 50°C, toluene, 21 h /@\)\ R
“ " 2) GCOJMeOH o

R R X Yield (%)  e.e. (R) (%)
CH, H H 50 55
CH, H CF; 24 13
CO,CH;, H H 53 0
(CH,),CH5 H H 23 9
CH(CHy), H H 6 12
C(CHa)s H H 2 0
~(CHy)s- H 34 28

Scheme 14.6
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R1
N~ 1 mol% of [Ir] HN
\ + 2HSIEty mp e
CD;0D, rt.
/I\RZ r. Ph/k\RZ

Yield (%) (Tlme)

Ph

R'=Ph,R®=H 100 (~10min)

R' = Ph, R? = Me 1oo (~10min)

R'="Bu,R°=H 66 (~27min)
Scheme 14.7

As mentioned above, iridium complexes are also active in the formation of
amines via the hydrosilylation/protodesilylation of imines. In the presence of 2
equiv. of HSiEt;, the cationic complex [Ir{bis(pyrazol-1-yl)methane}(CO),|[BPh,]
(C4) catalyzes the reduction of various imines, including N-alkyl and N-aryl imines
and both aldimines and ketimines. Excellent conversions directly to the amine
products were achieved rapidly at room temperature in a methanol solution
(Scheme 14.7) [53].

Cyclic imines can be also transformed to the corresponding amines.

The above-mentioned iridium complex, C4, as well as [{Ir[bis(1-methylimidazol-
2-yl)methane}(CO),][BPh,] (C5), also appeared very efficient in a one-pot tandem
hydroamination/hydrosilylation reaction of 4-pentyn-1-amine with HSiEt; to form
2-methylpyrroline, and then subsequently 1-(triethylsilyl)-2-methylpyrrolidine
with an essentially quantitative yield (Equation 14.5) [54].

— 2 mol% of [Ir] (14'5)
< NH, HSEts 5h, 80°C QMG &Me

N
SiEt,
quant.

Chiral oxazolinylphosphines were used as effective ligands for the iridium-
catalyzed asymmetric hydrosilylation of imines to afford the corresponding sec-
amines with high enantioselectivities (up to 89% ee) after hydrolysis in almost
quantitative yields (Equation 14.6) [55]. The following derivatives as efficient
ligands were used (see also Table 14.4):

L7 L8
. Oj o
N Ph NS Ph
PPh, PPh,
R1
N~ i [Ir] _H
| + 2 HSiEty 14.6
RSJ\ R2 REJV RrR? ( )
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Table 14.4 Formation of amines via iridium-catalyzed
hydrosilylation and subsequent protodesilylation.

Metal/Ligand Imine Reaction Amine Yield (%) e.e. (%)
time (h) (config.)

Ir/L7 20
Q\ph Q‘
H
Ir/L7 Q 100 Q 18 7 (S)
“>ph N
H

>95 85 (S)

N Ph
Ir/L7 Ph Mo 60 Ph._Me 56 89
Ir/L8 - 48 - 24 16
Me "Me
Ir/L7 PhYMe 60 Ph._Me 25 23
! :
Nesgs HN. o,

Ir = [{Ir(u-Cl)(cod) },]; Ph,SiH, = 2mmol; imine = 1 mmol; Ir = 0.005 mmol; L = 0.01 mmol;
Et,0, 0°C.

14.4
Transformation of Organosilicon Compounds in the Presence of Carbon Monoxide

14.4.1
Hydroformylation of Vinylsilanes

Iridium complexes were also found to be effective catalysts for the hydrofor-
mylation of vinylsilanes. The study by Crudden and Alper [56] on the catalytic
activity of IrCl; and iridium complexes proved its efficiency in hydroformylation
reaction on the example of triethylvinylsilane. Hydrated iridium trichloride, with
the addition of AgPFs or AgBF,, under optimum conditions (100°C, 700psi CO,
100psi H,) and after preactivation, catalyzes the conversion of Et;SiCH—CH,
to an appropriate aldehyde. The complexes tested, namely [Ir(cod)(BPhy)],
[Ir(cod),][BE.,], [{Ir(CO);Cl},] and [{Ir(u-Cl)(cod)},], with the exception of Vaska’s
complex, were effective catalysts for the hydroformylation of triethylvinylsilane,
with or without preactivation. The iridium complexes showed a completely oppo-
site selectivity to that of the rhodium complexes, giving the linear aldehyde with
a yield of 90-100% of the total aldehyde product (Scheme 14.8). This approach
represents a convenient alternative to the existing methodology, which requires
the addition of a vast excess of tertiary phosphines.

Iridium(I) siloxide complexes—that is [{Ir(u-OSiMe;)(cod)},] and [Ir(cod)(PCys)-
(OSiMe;)]-have also been studied in the transformation of various vinylsilanes
under pressure of syn-gas, giving mixtures of silylaldehydes accompanied by the
hydrogenation product (Scheme 14.9) [57].
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CHO

o [Ir] ) CHO ,
BTN oy 0000 FST +EtaSi)\ " S
90-100% linear
Catalyst Conversion [%] Yield (Selectivity} of Yield of
linear product [%] Hydrogenation [%]
IrCls/AgBF 92 59(98) 16
[Ir(cod),][BF4] 83 80(97) 15
[Ir(cod)(BPh4)]b 100 73(94) 0

Reaction conditions: 3.2 mmol substrate, 1.8% catalyst (0.058 mmol), 1 M in dry distilled solvent, 100°C, 700
psi of CO, 100 psi of Hy, 3h; * 1.5-2 equiv of AgBF,, pre-activation 160°C, 1h C¢H¢/CHCls; ° — isolated yield,
CHCl;

Scheme 14.8
CHO
P [Ir]-OSiMes . CHO ;
RBITSs S = e MO RgSi)\ + RySIEt
Complex R Yield [%]
R3SiCH,CH,CHO R,SiCH(CHO)CH, R;SiEt

[{Ir(n-OSiMes)(cod)}]*  Me; 14 1 75

MezPh 18 10 72
[Ir(cod)(PCy3)(0OSiMes)]°  Mey 38 12 44

Me;Ph 52 9 34

Reaction conditions: 80 “C, 10 atm H,/CO (1:1), [Ir] = 6.7x107 M, * = 1h,” — 3h
Scheme 14.9

14.4.2
Silylcarbonylation of Alkenes and Alkynes

When substituted silanes are used instead of hydrogen, the process is referred to
as silylformylation or silylcarbonylation. Only rhodium complexes catalyze the
transformation of unsaturated compounds to silylaldehydes via the silylformylation
reaction. Iridium complexes also are able to catalyze the simultaneous incorpora-
tion of substituted silanes and CO into unsaturated compounds, although during
the reaction other types of product are formed. In the presence of [{IrCl(CO;)},]
and [Ir4(CO);,)) the alkenes react with trisubstituted silanes and CO to give enol
silyl ethers of acyl silanes [58] according to Scheme 14.10.

Iridium siloxide complexes show a similar activity. Catalytic tests performed in
the presence of [{Ir(u-OSiMe;)(cod)},], with the use of trimethylvinylsilane and
dimethylphenylsilane as reactants [59], gave the same type of silicon derivatives as
those obtained by Murai and coworkers [58], but the siloxide iridium precursor
used appeared to be more efficient under milder conditions. When the
[Ir(cod)(PCy;)(OSiMe;)] was used rather than the binuclear iridium siloxide
complex, Z-Me;SiCH,CH—CHOSiMe,Ph was obtained exclusively [59].

The iridium cluster [Ir,(CO)y,], which was used successfully as an olefin silyl-
carbonylation catalyst, also appeared effective in the formation of nitrogen hetero-
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e . OSiR's
R™™S —26 hsm,. R NF SiR's
R Yield (%)(E/Z ratio)

H 67(66/34)
Ph 50(72/28)
Me;Si 73(73/27)
BuOCH; 75(68/32)
MesSiCH. 53(79/21)
Me;SiOCH; 67(67/33)
(EtO),CH 58(73/27)
NCCH. 45(65/35)
\g_CHacHg 56(65/35)

Reaction conditions: [alkene] : [HSiR'3] : [Ir] = 10: 1 : 5x107, 50 bars of CO, C¢Hg, 140°C, 48h.
Scheme 14.10

SiMe,'Bu
= =—SiMe,'Bu
E + HSMeyBy -dOkel E + E
E \ CO,MeCN E N-NMe, E N
N-NMe; N-NMe,
E Yield of cyclic product (%)
H 16
COOEt 53

Scheme 14.11

cyclic derivatives via the silylcarbonylation of acetylene hydrazones (Scheme 14.11)
[60].

The binuclear precursor [{Ir(u-Cl)(cod)},] has been also studied in the carbonyla-
tive silylcarbocyclization of enynes occurring according to Equation 14.7:

= IF(u-Cl)(cod)},JP(OPh 2™ SiMe,Ph 2 SiMe,Ph
\ : E CHO E

(14.7)

The tests performed under various conditions showed only a moderate selectiv-
ity of the iridium complex in this process. Under optimized conditions (20 bar CO,
80°C, 18h) only 75% of the desired product (aldehyde) was obtained [61].

Iridium—phosphine complexes were found to be efficient carbonylative alkyne—
alkene coupling catalysts [62]. Although frequently applied in other transforma-
tions, the dimeric complex [{Ir(u-Cl)(cod)},] appeared to be a very active catalyst
in the coupling of silylated diynes with CO [63], giving bicyclic products with a
carbonyl moiety (Scheme 14.12).
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SiPhy
/——SiPhg [Ir)/phosphine

g _LIPIOSPANe . 0
N . 1 bar CO,
==—8IiPhs xylene, reflux, 4 h

SiPhy
Ligand Yield (%) Ligand Yield (%)
none 18 dppe 37
4PPhj 49 dppp 52
4P(4-F-CeHy)s 42 dppb 0
4P(2-furyl)s 10 dppf 14

Scheme 14.12

14.5
Silylation of Aromatic Carbon—-Hydrogen Bonds

The direct silylation of arenes through C—H bond activation provides an attractive
route for the synthesis of useful aromatic compounds [64]. Vaska’s complex was
the first of the iridium catalysts to be reported for activation of the C—H bond in
benzene by Si—H of pentamethyldisiloxane to yield phenylsubstituted siloxane
[65]. However, a very attractive method for the aromatic C—H silylation with disi-
lanes has been recently reported by the groups of Ishiyama and Miyaura
(66-68).

The reaction of tetrafluorodi-sec-butyldisilane of many arenes catalyzed by Ir(I)
complexes generated from [{Ir(u-OMe)(cod)},] and 2,9-diisopropyl-1,10-phenan-
troline (dipphen) results in the formation of the relevant corresponding arylfluo-
rosilanes in high yields and with excellent regioselectivities (Equation 14.8).

172[{Ir(u-OMe)(cod)},]-dipphen

—_Y =Y
. Pl (3.0 mol%) . e
(BuF,Si), + & SBUF,Si %
2wz \ NY, octane, 120 °C 2 \ va
7 W,
awm= (503
iPr iPr (14.8)

The aromatic silylation of five-membered heteroarenes under the same condi-
tions (catalyst, temperature, solvent) also proceeded in regioselective fashion.
Both, thiophene and furane derivatives are exclusively silylated at the o-position,
but 1-triisopropylsilyl-pyrrole and -indole each produce selectively B-silyl products
(Equations 14.9 and 14.10).

1/2[{Ir(u-OMe)(cod)},]-tbphen

¢ . Y (3.0 mol%) /F\/Y
(BuFeShz * </X) BUF,Si /x)

octane, 120 °C

X=8, 0 (14.9)

359



360

14 Transformations of (Organo)silicon Compounds Catalyzed by Iridium Complexes

1/2[{Ir(p-OMe)(cod)},]-tbphen 'BUF,Si
('‘BUF;Si),  + @Y erglboy - }}—\L\/‘f
N N

octane, 120 °C
|
TIPS TIPS

(14.10)

Fluorosilylsubstituted aryl derivatives were found to be useful reagents for
carbon—carbon bond formation via palladium-catalyzed cross-coupling with
aryl halides in the presence of fluoride anions as Si—C bond activator in
dimethylformamide (DMF), as well as rhodium-catalyzed 1,4-addition to o,B-
unsaturated ketones in the presence of a fluoride anion source (Equation 14.11)
(66, 69, 70].

COMe

IOCOEMe Me O

Me {(PA(-CI)(7*-CaHe)PACI};] (2.5 Mol

i TBAF (2 equiv.),DMF, 100 °C, 4 h Me 86%
Me Si—Bu —
| o}
F =, -COMe Me
[Rh(cod);]BF (5 mol%) g
TBAF (3 equiv.), THF, 60 °C, 20 h Me

97% (14.11)

14.6
Silylation of Alkenes with Vinylsilanes

During the past two decades, within the series of our studies, we have developed
a silylative coupling reaction of olefins with vinylsubstituted silicon compounds
which takes place in the presence of transition-metal complexes (e.g. ruthenium
and rhodium) that initially contain or generate M—H and M—Si bonds (for reviews,
see Refs [5] and [6]). The reaction involves activation of the =C—H bond of olefins
and cleavage of the =C—Si bond of vinylsilane. The reaction, which is catalyzed
by complexes of the type [{M(u-OSiMe;)(cod)},] (where M = Rh, Ir) occurs accord-
ing to Equation 14.12 [71, 72].

Ph SiRy [M] SiRy

N— o — —_l- /=/

== P (14.12)
Rs = Me,Ph, (OEt);



14.8 Isomerization of Silyl Olefins

However, in the presence of iridium siloxide and bulky substituents at the
silicon in vinylsilanes instead of silylative coupling, the codimerization (hydrovi-
nylation) of styrene and vinylsilanes occurs according to Equation 14.13:

SiRy  [{Ir(w-OSiMes)(cod)}a]

=k = P X (1413)

Ry = (O'Bu)g, (OSiMeg);

14.7
Alcoholysis and Oxygenation of Hydrosilanes

The alcoholysis of hydrosilanes (or the O-silylation of alcohols) represents a crucial
way of synthesizing the silyl ethers that are among the most widely used protective
groups of the hydroxyl functionality in organic synthesis (Equation 14.14) [73].

R'3SiH + ROH — R';SiOR + H, (14.14)

Many transition-metal complexes have been reported as catalysts of this reac-
tion, including [Ir(u-Cl)(coe),], [74] and [IrH,(solv.)(PPh;)][SbF] [75]. The latter
catalyst appeared to be a very active and highly selective. The hydroxyl group can
be selectively silylated, even in the presence of other potentially reactive C=C and
C=0 groups. The order of relative reactivities of alcohol isomers is: secondary
alcohol > primary alcohol > tertiary alcohol.

Iridium cationic complexes have recently been used as highly effective catalysts
for the regioselective di- and tri-silylation of simple glycopyranosides with tert-
butyldimethylsilane [76].

Other cationic Ir(I) complexes containing the bidentate ligands, such as bis(1-
pyrazolyl)methane (BPM) and bis(3,5-dimethyl-1-pyrazolyl)methane (dmBPM),
that is [Ir(BPM)(CO),]'[BPh,]” and [Ir(dmBPM)(CO),]'BPh,]", were also reported
to be effective catalysts for the alcoholysis of binary and tertiary silanes [77].

From among the many transition-metal complexes which have been extensively
studied as catalysts of oxygenation of the Si—H bond, a commercially available,
air-stable [{Ir(u-Cl)(coe)},] complex was shown to be a highly efficient catalyst of
the oxygenation of organosilanes to silanols, performed under essentially neutral
and mild conditions (at room temperature) and even in the presence of
water [78].

14.8
Isomerization of Silyl Olefins

As mentioned above, isomerization of the carbon—carbon (—C—=C—) bond is a
concurrent and/or consecutive reaction of many transformations of silicon

361



362 | 14 Transformations of (Organo)silicon Compounds Catalyzed by Iridium Complexes

SiMe, [cat] SiMe, /El‘;iMeg
I +
/\/L\CSHH MCSHH CsHy” "CsHyy
1 2
Catalyst Conversion (%) Ratio of products
(EN/(2)1/2
[Ir(cod)(PPh,Me).][PF¢]” 100 86/9/6
[Ir(cod)(PPh:Me)][PFs]’ 100 87/6/8
(Ir(cod)(Py)(PCys)][PFe]’ 76 74/10/16
[Ir(cod)(Py){PCys)][PFs]° 83 76/15/9
[Ir(cod)(DPPB)][PFg]° 13 77/0/24
[Ir(cod)(PPhs)z][PFé] 100 97/0/3

“temp. 20 °C; 2 h " temp. -20 °C, 2 h; “temp. -20 °C, 23 h
Scheme 14.13

compounds with olefins, catalyzed by transition-metal complexes. The cationic
iridium complex prepared via the hydrogenation of [Ir(cod),][PFs]/2PR; was found
to serve as an excellent catalyst of the stereoselective isomerization (often exceed-
ing 99%) of primary allyl silyl ethers to (E)-enol ethers and secondary allyl ether
to (Z)-enol ethers (Equation 14.15) [79, 80].

R2 R
R 0SiR,

R? R*
3
1&% . R (14.15)
R OSiRg R?  OSiR;
3
R RN R
RS

[ir] = [Ir(cod)(PMePh,),][PF]/{H, or catecholborane)
[Ir{cod),][PFel-2R4P/H,

R'= C3H,, RZ, R3 = H, SiR; = SiBuMe,, R* = Ph

A similar cationic complex, for example [Ir(cod)(PPh,Me),]'[PF¢]” was reported
to be an excellent catalyst for the isomerization of various 3-silyloxy-1-propenylbo-
ronates under mild conditions (room temperature) [81].

On the other hand, the cationic complex [Ir(cod)(PR;),]'[PFs]” appeared a very
good catalyst for migration of the C=C bond to be applied for the regiocontrolled
synthesis of allylsilane from olefin silylation at a remote sp’ carbon (Scheme 14.13)
[82].

14.9
Addition of Silylacetylenes =C—H Bond into Imines

Iridium-catalyzed reactions of organosilicon derivatives with various organic com-
pounds involving C—C bond formation have been found suitable for the synthesis
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1 1
N,R | H\N’R
A, H=siMe THF[ r2?300
R H , R \\
SiMe,
R/R Ph/Bn 'Bu/Bn Pr/Bn 'Pr/Bn 4-Br-Ph/Bn Ph/4-MeO-Ph
Yield (%) 76 84 69 65° 54 85

Scheme 14.14

of silyl-functionalized organic compounds. The iridium binuclear complexes
[{Ir(u-Cl)(cod)},] effectively catalyzes the addition of trimethylsilylacetylene to aldi-
mines via alkynyl C—H bond activation, yielding secondary amines (Scheme
14.14) [83].

Products of a similar type have been obtained in good yields in a tandem reac-
tion occurring via the condensation of aldehydes with primary or secondary amines
and an iridium-mediated double addition of ethynyltrimethyl silane to aldamine
formed in the condensation step [84].

Binuclear iridium(I) complexes—that is [{Ir(u-Cl)(cod)},], [{Ir(u-OMe)(cod)},],
[{Ir(u-Ph)(cod)},]—were found to be efficient catalysts of ethynyltrimethylsilane
addition into quinoline and isoquinoline derivatives (see Equations 14.16 and
14.17) [85].

R2 R2
3 1 3 1
R S i [Ir], CICO,Ph R R
5 — °M€s 5 6 iutidine,
N THF, 24 h N =

Co,Ph  SiMe,
R'-R® = H, Yield = 85%
R' = Me; R% R® = H, Yield = 79% (14.16)

The presence of other groups for example Br, CN, NO,, OMe, OH gives the
yields of 13 to 80% (Equation 14.16).

R3 R? R? R2
4 1 4 1
R xR e e e (i, cico,pn R R
——S8IMeg. .o >
4 =N 2,6-lutidine, F: N.
R THF,85°C,24h R CO,Ph
SiMe;  (14.17)

R' - R*= Me, Br, NO,, OMe, subtituted isoquinodines,
yield = 61-82% (Equation 14.16)
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14.10
Conclusions

Although, among the catalytic conversions of (organo)silicon compounds, hydro-
silylation remains the most commercially used process, a variety of other reactions
catalyzed by transition-metal complexes have been identified and developed during
the past two decades.

Whereas, platinum complexes are used predominantly as efficient catalysts in
the hydrosilylation of carbon—carbon multiple bonds, cobalt and iron triad com-
plexes play a crucial role in the catalysis of other processes, such as the hydrosi-
lylation of C=0 and C=N, dehydrogenative silylation, silylcarbonylation, and
silylation with vinylsilanes and disilanes.

Among the latter group, iridium complexes (though less common than rhodium)
and perhaps also ruthenium play crucial roles in many of the above-mentioned
transformations of silicon compounds, leading to the creation of silicon—carbon
bonds. Examples include the hydrosilylation or dehydrogenative silylation of
alkenes and alkynes, the hydroformylation of vinylsilanes, and the silylformylation
of alkynes as well as activation of the sp’C—H of arenes (by disilanes) and alkenes
(by vinylsilanes).

Other silicon derivatives containing Si—X—C bonds (where X is O and/or N)
can be successfully prepared by using iridium-catalyzed reactions such as the
asymmetric hydrosilylation of ketones and amines, the silylcarbonylation of
alkenes, and the alcoholysis of Si—H bonds. Indeed, oxygenation of the latter bond
to silanol also proceeds smoothly in the presence of iridium compounds.

By contrast, the isomerization of silyl olefins and addition of silylacetylenes
=C—H bond into imines catalyzed by iridium complexes appears to serve as a
suitable route for the synthesis of silylfunctionalized organic compounds. Hence,
the acquisition of experimental data on catalysis by iridium complexes in silicon
chemistry may be regarded as an initial stage in the quest for catalytic processes
leading to the synthesis of other p-block (e.g. B, Ge, Sn, P)-carbon bond-
containing compounds.

Abbreviations

coe cyclooctene

cod 1,5-cyclo-octadiene

triso tris(diphenyloxosphosphoranyl)methanides
DAM diallylmaleate

LED light-emitting diode

TFB tetrafluorobenzobarrelene

"Pr-pybox 2,6-bis[4’S-4’-isopropyloxazolin-2’-yl|pyridine
dppe 1,2-bis(diphenylphosphino)ethane

dppp 1,3-bis(diphenylphosphino)-propane

dppb 1,4-bis(diphenylphosphino)butane
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dppf 1,10-bis-(diphenylphosphino)ferrocene
dipphen 2,9-diisopropyl-1,10-phenanthroline
tbphen 2-tert-butyl-1,10-phenanthroline

dtbpy 4,7-di-tert-butyl-1,10-phenanthroline
BPM bis(1-pyrazolyl)methane

dmBPM bis(3,5-dimethyl-1-pyrazolyl)methane
pZpy 3-(2-pyridyl)-pyrazol-1-yl

TBAF tetrabutylamonium fluoride

n’-Ind indenyl
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15
Catalytic Properties of Soluble Iridium Nanoparticles
Jackson D. Scholten and Jairton Dupont

15.1
Introduction

It is well known that transition-metal nanoparticles are only kinetically stable.
Hence, when they are freely dissolved in solution they must be stabilized in order
to prevent their agglomeration, whereby they diffuse together and coalesce, even-
tually to form the bulk metal-a situation which is thermodynamically favored
[1, 2]. The stabilization of soluble metal nanoparticles can be achieved by using
stabilizing agents that provide electrostatic and/or steric protection; examples
include water-soluble polymers, quaternary ammonium salts, surfactants and/or
polyoxoanions [3-8]. The stabilizing agents also play an important role in control-
ling the diameter, shape and size distribution of the metal nanoparticles, as well
as their surface properties—and hence their catalytic properties. The ideal nanopar-
ticle/stabilizer combination should exhibit a synergistic effect that enhances both
the activity and durability of the catalyst (by providing a stable metal nanoparticle
environment), but without causing any loss of the catalytic properties. Usually,
soluble and stable Ir(0) nanoparticles are easily synthesized by the reduction of
Ir(I) or Ir(III) compounds in the presence of classical surfactants, typically poly-
oxoanions associated with tetrabutylammonium salt or ionic liquids that provide
steric/electrostatic stabilization modes.

15.2
Synthesis of Soluble Iridium Nanoparticles

15.2.1
Polyoxoanions

Soluble and stable iridium nanoparticles (3.0 + 0.4nm diameter) have been pre-
pared by reduction of the polyoxoanion-supported Ir(I) complex (n-Bu,N);Na;
[(COD)Ir(P,W;5Nb;O4,)] (COD = 1,5-cyclo-octadiene) with molecular hydrogen in

Iridium Complexes in Organic Synthesis. Edited by Luis A. Oro and Carmen Claver
Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
TISRBRN: 97R-3.527-31996-1

369



370 | 15 Catalytic Properties of Soluble Iridium Nanoparticles

acetone solution and in the presence of Bu,N* salt [9, 10]. These nanopar-
ticles have been characterized by several methods, including transmission
electron microscopy (TEM), elemental analysis, fast-atom bombardment
mass spectroscopy, electron diffraction, IR and UV-visible spectroscopy,
electrophoresis and ultracentrifugation solution molecular-weight measure-
ments. The average composition of the synthesized nanoparticles is
[1r(0)_ggo (P W3oNbsO135 ) ](n-BusN)_¢¢oNa_so0, and it was noted that the poly-
oxoanion is in its oxidized state and Nb—O—NbD bridged is in its aggregate form
(P,W3NDbgO135). Nanoparticle stabilization is provided by the polyoxoanion
(P,W3NDbO135) and its associated cationic Bu,N* species, which form a protective
layer surrounding the nanoparticles, thus preventing agglomeration. Starting from
the same precursor (n-BuyN)sNa;[(COD)Ir(P,W;sNb;Og,)], iridium nanoparticles of
2.0 £ 0.3nm mean diameter have also been prepared in the presence of cyclohex-
ene. The elemental analysis of the nanoclusters indicates that their chemical
composition is [Ir(0)_sp (PyW3oNDO15) ,, ] (n-BusN) 300 Na_ys;.

15.2.2
Surfactants

A simple and general method for the preparation of surfactant-free, thiol-
functionalized iridium nanoparticles was reported by Ulman and coworkers in
1999 [11]. The synthesis consisted of a reduction of the dihydrogen hexachloroiri-
date (IV) H,IrCls- H,O precursor by lithium triethylborohydride (‘super-hydride’)
in the presence of octadecanethiol (CisH;;SH) in tetrahydrofuran (THF) (Scheme
15.1). The obtained iridium nanoparticles were crystalline with fcc (face-centered
cubic) packing, and showed a wider size distribution with diameters ranging from
2.25 to 4.25nm.

In 2005, Stowell and Korgel [12] developed the synthesis of iridium nanoparti-
cles by reduction of the precursor [(methylcyclopentadienyl)(COD)Ir] with hexa-
decanediolin the presence of different cappingligands such as oleicacid/oleylamine,
tetraoctylammonium bromide (TOAB), tetraoctylphosphonium bromide (TOPB)
and trioctylphosphine (TOP). Iridium nanoparticles with diameters varying
between 10 and 100nm and synthesized with a TOP-capping ligand were consid-
ered to be the poorest quality, with a wide polydispersion and irregular shapes.
Reduction of the organometallic precursor in the presence of TOAB-capping
ligand resulted in crystalline and size-monodispersed iridium nanoparticles with
diameters in the range of 1.5-3.0nm, whereas when using the TOPB-capping
ligand the nanoparticles have diameters of 2.0-5.0nm. The latter nanoparticles

THE LiB(C3Hs)sH
Ir.
HIClgH,0 + R—SH ——— \)f —— o (1) }—s
P /< i THF ()_ —® |
R

Scheme 15.1 One-phase synthesis of thiol-functionalized
iridium nanoparticles as proposed by Ulman and coworkers.
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(b)

(c)

Figure 15.1 Transmission electron microscopy images
showing iridium nanoparticles prepared in four different
capping ligands. (a) Oleic acid/oleylamine; (b) TOAB;
(c) TOPB; (d) TOP. (Reproduced with permission from
Ref. [12]; © 2005 American Chemical Society).

were crystalline, but more polydisperse, when compared to those produced with
the TOAB ligand. However, the best results were obtained for iridium nanoparti-
cles (diameter ~4.0nm) prepared in the oleic acid/oleylamine capping ligand, on
the basis of their crystallinity, narrow size and shape-distribution, as observed by
TEM (Figure 15.1).

An interesting method to produce water-soluble iridium nanoparticles was pro-
posed by Chaudret and coworkers [13]. Here, aqueous soluble iridium nanoparti-
cles were synthesized by the chemical reduction of iridium trichloride with sodium
borohydride in an aqueous solution of the surfactant N,N-dimethyl-N-cetyl-N-(2-
hydroxyethyl)Jammonium chloride (Scheme 15.2). The precursor reduction was
assisted by sonication, while the gradual conversion of Ir(III) ions to Ir(0) nanopar-
ticles was followed using UV spectroscopy. The use of a molar surfactant: Ir ratio
of 10 proved sufficient to obtain stable aqueous soluble iridium nanoparticles;
however, if the molar surfactant:Ir ratio used was <10 then agglomeration was
observed in solution after several days. TEM analysis of the iridium nanoparticles
revealed a monodispersed size distribution and a mean diameter of 1.9+ 0.7nm
(Figure 15.2).
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NaBHy, surfactant, ultrasound irradiation
IrCly »  [I(0)],
H»0, room temperature

Surfactant : HO\/\ ILW
+ 5
| cl

Scheme 15.2 System employed by Chaudret and coworkers to
prepare soluble iridium nanoparticles in an aqueous medium.

Figure 15.2 Transmission electron
microscopy image of iridium nanoparticles of
1.9 £0.7nm in diameter (400 particles
counted) prepared in the presence of the
surfactant N,N-dimethyl-N-cetyl-N-(2-
hydroxyethyl)ammonium chloride.
(Reproduced with permission from Ref. [13];
© 2004 Wiley-VCH).

15.2.3
Imidazolium lonic Liquids

Imidazolium-based ionic liquids (ILs) have been used extensively as media for the
formation and stabilization of transition-metal nanoparticles [14-17]. These 1,3-
dialkylimidazolium salts (Figure 15.3) possess very interesting properties: they
have a very low vapor pressure, they are nonflammable, have high thermal and
electrochemical stabilities, and display different solubilities in organic solvents
[18-20].

R|/N@N\R2 Ri; Ry = Me, Et, n-Bu
X~ X = PFg, BE,, CF3805 (OTY), (CF3S0,),N (NTt,), EtSO4

Figure 15.3 The chemical structures of the general imidazolium-based ionic liquids.

In particular, the ILs differ from classical ammonium salts in one very important
aspect, namely that they possess preorganized structures, mainly through hydro-
gen bonds [21-23]. Such bonds induce structural directionality, in contrast to the
classical salts where the aggregates display charge-ordering structures. The ILs
have been used with great success in the synthesis of iridium nanoparticles, as
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Hj
[Ir(COD)Cl]; ——8 = [Ir(0)],,
IL,75°C
Scheme 15.3 Preparation of soluble iridium nanoparticles

from in situ reduction of the organometallic precursor
[Ir(COD)Cl], in imidazolium ionic liquids.

35
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Figure 15.4 Transmission electron microscopy images and
size-distribution histograms (300 particles counted) for
iridium nanoparticles prepared in: (a) BMI-BF,; (b) BMI-PFg;
and (c) BMI-CF;SO;. (Reproduced with permission from Ref.
[25]; © 2006 Elsevier).

they may provide electrostatic stabilization. In this context, reduction of the
organometallic precursor [[r(COD)Cl], by molecular hydrogen in 1-n-butyl-3-
methylimidazolium hexafluorophosphate (BMI- PF) afforded iridium nanoparti-
cles (Scheme 15.3) with irregular shapes and a monomodal distribution and a
mean diameter of 2.0 £ 0.4nm [15, 24].

The typical in situ reduction of the precursor [Ir(COD)Cl], by molecular
hydrogen under the same reaction conditions have been also performed in 1-n-
butyl-3-methylimidazolium trifluoromethanesulfonate (BMI-CF;SO;) and 1-n-
butyl-3-methylimidazolium tetrafluoroborate (BMI-BF,) [25]. The iridium
nanoparticles prepared in BMI-CF;SO; and BMI - BF, ILs, as previously observed
with BMI-PF, display irregular shapes with a monomodal size distribution
(Figure 15.4). Mean diameters in the range of 2-3 nm were estimated with in situ
TEM and small-angle X-ray scattering (SAXS) analyses of the Ir(0) nanoparticles
soluble in the ionic liquids, and by X-ray diffraction (XRD) of the isolated material.
The mean diameters of iridium nanoparticles synthesized in the three ILs, as
estimated by TEM, SAXS and XRD, are summarized in Table 15.1.
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Table 15.1 Comparison of the mean diameters of iridium
nanoparticles as determined by TEM, SAXS and XRD
techniques [25].

Sample TEM (nm) SAXS (nm) XRD (nm)
[Ir(0)] BMI-PFq 20+0.4 2.8+0.4 21£0.5
[Ir(0)] BMI-CF;SO4 2.6+0.6 24+03 25+03
[Ir(0)] BMI- BF, 29+04 3.0£0.3 2604

Notably, a good agreement was found between the TEM, SAXS and XRD
methods for determining the mean relative diameters of the nanoparticles (assum-
ing a spherical shape) in the ILs (see Table 15.1). Moreover, studies of the isolated
iridium nanoparticles with X-ray photoelectron spectroscopy (XPS) showed the
presence of Ir—F bonds for those samples prepared in BMI-BF, and BMI - PF,. In
addition, in the case of the sample obtained in BMI- PF; there was also a very small
contribution of phosphorus. Of note, no chloride was detected in these samples.
In the case of Ir(0) prepared in BMI-CF;SO;, only the contributions of Ir—Ir and
Ir—O bonds were observed in the Ir 4f spectra. Clearly, the F and P (BMI-BF, and
BMI- PF,) signals indicate that the isolated nanoparticles contain residues of the
ILs, although no other impurities were detected within the sensitivity range of
the technique used. The XPS signals of the Ir 4f region for the three samples are
shown in Figure 15.5.

In addition, the sample prepared with BMI-PF; was submitted to Ar* sputtering
followed by further XPS analysis. After sputtering, the F 1s signal was eliminated
as well as the Ir—F component in the Ir 4f region (which displays mainly the Ir—Ir
component), showing that only the external surface iridium atoms were bounded
to F (Figure 15.6). These results indicated strongly that, besides the presence of
an Ir—O layer, it was the effective interaction of the IL with the metal surface that
may have been responsible for stabilization of the nanoparticles.

XPS measurements showed clearly the interactions of the IL with the metal
surface, that occurs through F (for BF; and PF; ) or O (for CESOj3 ) of the anions,
demonstrating the formation of an IL protective layer surrounding the iridium
nanoparticles. Additional extended X-ray absorption fine structure (EXAFS) analy-
ses also provided evidence for interaction of the IL liquid with the metal surface.

SAXS analysis indicated the formation of an IL layer surrounding the metal
particles, with an extended molecular length of approximately 2.8-4.0nm that was
dependent on the type of anion. This result suggests the presence of a semi-
organized anionic species composed of supramolecular aggregates of the type
[(BMI),_.(X).]", as is usually observed in solid, liquid, gas-phase and solution
structural organization of imidazolium ILs. This multilayer is most likely com-
posed of anions located immediately adjacent to the nanoparticle surface, provid-
ing Coulombic repulsion, and countercations that provide the charge balance, that
is, quite close to DLVO (Derjaugin—Landau—Verwey—Overbeek) -type stabilization.
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Figure 15.5 X-ray photoelectron spectroscopy bonds (dashed line). The inset of panel (c)
of the Ir(0) nanoparticles prepared with: shows the F Ts signal observed in that case.
(a) BMI-CF;SOs; (b) BMI-BF,; and The relative contributions for each

(c) BMI-PF, showing the Ir 4f region with the component are also listed for all samples.
fitting results. The Ir 4f doublet presents up (Reproduced with permission from Ref. [25];
to three components corresponding to Ir—Ir  © 2006 Elsevier).

(solid line), I—O (dotted line) and Ir—F

However, the DLVO model cannot completely explain the stabilization properties
of imidazolium ILs towards the Ir(0) nanoparticles as it treats counterions as
mono-ionic point charges and was not designed to account for sterically stabilized
systems. Together with the electrostatic stabilization provided by the intrinsic high
charge of the IL, a steric type of stabilization can also be envisaged. This is due
to the presence of anionic and cationic supramolecular aggregates of the type
[(BMI)(X)._a]"[(BMI),,(X),]"", where BMI is the 1-n-butyl-3-methylimidazolium
cation and X is the anion.
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of the Ir 4f region for Ir(0) nanoparticles results in the Ir 4f region with mainly Ir—Ir
prepared in BMI-PF4 before and after Ar bond components. (Reproduced with
sputtering. Ar* sputtering eliminates the permission from Ref. [25]; © 2006 Elsevier).
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Scheme 15.4 Deuterium/hydrogen (D/H) exchange reaction
in ionic liquids promoted by Ir(0) nanoparticles.

However, hydrogen/deuterium (H/D) labeling and *H NMR studies of nanopar-
ticles formed by the reaction of [Ir(COD)(MeCN),]BF, dissolved in BMI-NTf,/
acetone in the presence of 1,8-dimethylaminonaphthalene with D, at 22 °C showed
that ILs with hydrogens mainly in the C, position of the imidazolium ring formed
N-heterocyclic carbenes (NHCs) with Ir(0) nanoparticles [26]. These NHC species,
when attached to a metal surface, may provide an enhanced stabilization for
transition-metal nanoparticles in ILS. It was also observed independently, by using
'"H NMR and ’H NMR experiments, that the D/H exchange only occurred after
the in situ formation of Ir(0) nanoparticles during the hydrogenation of cyclohex-
ene using [Ir(COD)CI], as catalyst precursor and molecular hydrogen in [BMI]-
d;-NTf, (Scheme 15.4). Of note, the D/H exchange reaction was seen to occur
preferentially at the less-acidic C, and Cs imidazolium positions [27].

The D/H exchange occurred mainly after complete consumption of the alkene,
and no D-incorporated alkane was detected, which indicated that the coordinated
NHC was easily displaced by the alkene and that these carbenes were less strongly
bounded to the metal surface than was seen with mononuclear metal compounds
[28]. These results strongly suggested that the imidazolium cations reacted
with the nanoparticle surface preferentially as aggregates of the type
{l(DAI)(X)_n] " [(DAI) (X))} (Where DAL is the 1,3-dialkylimidazolium cation
and X the anion), rather than as isolated imidazolium cations.
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Using the well-defined system of polyoxoanion/Bu,N*-stabilized iridium nanopar-
ticles [9, 29] as a model for the studies, Finke and coworkers [30] proposed a
method that attempted to explain the formation and growth of transition-metal
nanoparticles. This indirect method is based on an autocatalytic mechanism that
considers a nucleation step in which a precursor A is converted to a zero-valent
nuclei B with a rate constant k;, and a second step that considers the autocatalytic
surface growth of the metal nanoparticles where species B catalyzes its own forma-
tion with a rate constant k, (Scheme 15.5).

k
@ A — > B

k
(b)) A+B — > » 2B

fast
(¢)  o[B+alkenc + H, ———— > B + alkanc]

k()hs

(d) [A+ oalkene + 0Hy —————» B + alkane]

Scheme 15.5 The pseudo-elementary step concept proposed
by Finke and coworkers to monitor transition-metal
nanoparticle formation.

In this autocatalytic mechanism the olefin hydrogenation step is considered
faster than the nucleation and growth steps. When the olefin hydrogenation is a
rapid process, the equations can be deduced in terms of the two constants, k; and
k,, the values of which can be obtained from kinetic Equation 15.1:

L3 +[cyclohexene],
[cyclohexene], = : o

k1 (kj+ks[eyclohexene]y )t

A more detailed description of the use of a pseudo-elementary step for the treat-
ment of hydrogenation kinetic data and derivatization of the kinetic equations can
be found elsewhere [30-32].

This kinetic equation is applied to the observed kinetic curves obtained in cyclo-
hexene hydrogenation (model reaction) following the molecular hydrogen con-
sumption. Of note, the present kinetic equation provides the value of k, and not
k,. However, the real value of the rate constant k, can be obtained easily using the
relationship: k; = ky,s X S/C, where S/C is the substrate/catalyst molar ratio (the
catalyst is given as the number of metallic moles employed).

An interesting additional experiment to follow the iridium nanoparticles forma-
tion was demonstrated by Watzky and Finke [30], who used a direct method of
monitoring by gas-liquid chromatography (GLC) the evolution of cyclo-octane
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from the conversion of the precursor (Bu,N)sNas[(COD)Ir(P,WsNb;Og)] into
metallic iridium nanoparticles under molecular hydrogen. The curve derived from
the loss of the precursor presents a sigmoid shape, and fits well using the same
kinetic equation (Equation 15.1). This results in similar rate constants k,; and k, to
those obtained from the hydrogenation curve in the same experiment (within
experimental error and after introduction of required mathematical correction
factors). The rate constants k; and k, were estimated as: ki nyarogenation = 1.8
(£0.2) X 10°h™", Ky nyarogenstionteomecedy = 2-5 (£0.3) X 10° M7 h; k; ¢rc = 2.8 (+1.8) X
107h™, k; creqomectesy = 2.3 (£0.2) X 10° M 'h™'. The large error observed for rate
constant k; when obtained by GLC was attributed to the lower precision of this
technique when compared to hydrogenation measurements.

Moreover, the effects of other added substances such as water, acetic acid, olefin,
polyoxoanion stabilizer [Bu,N]yP,W;sNb;Og,, temperature and hydrogen pressure
were also investigated for the formation of iridium nanoclusters.

Hence, two methods are available that can be applied to follow nanoparticles
formation and growth: (i) an indirect method that utilizes the consumption of
molecular hydrogen pressure versus time; and (ii) a direct method that follows the
loss of precursor by the 1:1 conversion of its cyclo-octadiene ligand to cyclo-octane
by GLC measurements. The mechanism developed by Watzky and Finke suggests
that the nanoparticles act as ‘living-metal polymers’—a concept that could be used
to obtain particles with defined sizes simply by adding the appropriate amounts
of catalyst precursors [32].

Recently, Hornstein and Finke [33] have included a third step in the autocatalytic
mechanism, known as bimolecular aggregation (B + B — C; rate constant k), where
B is the active catalyst and C is the deactivated catalyst. However, these authors
discovered a more general four-step mechanism by adding a fourth step into the
autocatalytic mechanism [34]; this was called the autocatalytic agglomeration step
(bulk metallic formation), and involves a double autocatalysis which considers that
small particles B agglomerate with the larger-bulk particles C (B + C — 1.5C; rate
constant k). The accepted modern autocatalytic mechanism to investigate the
formation of general transition-metal nanoparticles is constituted by four steps,
as indicated in Scheme 15.6.

ky
A—>» B Nucleation

ky

A+B ——> 2B Surface growth
ks

B+B — C Bimolecular aggregation
ky

B+C —— > 1.5C Bulk metallic formation

Scheme 15.6 The accepted autocatalytic mechanism for
monitoring the formation of transition-metal nanoparticles, as
proposed by Finke and coworkers.
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In the same context, the autocatalytic mechanism was successfully applied to
the formation of iridium nanoparticles dispersed in imidazolium-based ILs [25,
35]. The iridium nanoparticles formation was followed in a typical hydrogenation
of 1-decene with in situ reduction of the organometallic precursor [Ir(COD)Cl],
dissolved in ILs and molecular hydrogen. Typically, the kinetics curves obtained
from the hydrogen consumption were treated using the pseudo-elementary step
and fitted by the integrated rate equation (Equation 15.1), for nucleation (A — B,
ki) and autocatalytic surface growth (A + B — 2B, k,). The kinetics curves were
sigmoid, and well fitted by the cited rate equation, thus giving a good indication
for the formation of metallic iridium nanoparticles. Attempts to fit the kinetic
curves by including the third step (bimolecular aggregation; B + B — C, rate con-
stant ks) and the recently discovered double autocatalytic mechanism that consider
a fourth step (bulk metallic formation; B + C— 1.5C, rate constant k,) failed, which
suggested that agglomeration is not important in these cases. The experimental
data and calculated curves using the autocatalytic mechanism for the hydrogena-
tion of 1-decene in different ionic liquids are shown in Figure 15.7.
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15.4
Catalytic Applications of Soluble Iridium Nanoparticles

During recent years there has been a considerable increase in the number of
reports relating to catalytic applications of transition-metal nanoparticles [2, 36,
37]. The major use of these nanoparticles in catalysis is based on their intrinsic
electronic properties and the subsequent physical-chemical properties that lie
between those of the smallest element from which the nanoparticles can be
created, and those of the bulk material [38, 39].

Indeed, in many cases the creation of soluble nanoparticles has provided singu-
lar catalytic activities/selectivities that differ from those expected for both molecu-
lar (single-site) and heterogeneous (multi-site) catalysts [40, 41]. As a result, iridium
nanoparticles have attracted much interest in terms of their catalytic performance
in the hydrogenation of olefins, ketones and aromatic compounds.

The so-called ‘soluble heterogeneous catalysts’ Ir(0).3o nanoparticles (synthe-
sized by the reduction of polyoxoanion-supported Ir(I) precursors in acetone solu-
tion under molecular hydrogen) have shown full conversion in cyclohexene
hydrogenation at 22°C; this compares well with the corresponding heteroge-
neous catalyst Ir(0)/AL,O;, with a turnover frequency (TOF) [mol product/(mol
exposed Ir(0) atoms x h)] of 3200 £ 1000h™". By comparison, a commercial 7.9%
dispersed Ir(0)/y-Al,O; had a verified TOF of 3950 £ 1000h™" , while a value of
1740 + 250h™" was observed with Exxon’s catalyst 80% dispersed Ir(0)/n-Al,O; [29,
42]. Moreover, the iridium nanoclusters have been shown to retain their catalytic
activities (up to a total of 18000 turnovers) over 10 days in solution before deactiva-
tion (this was superior to the TOF of 10000 reported by Moiseev and coworkers
[43] for soluble palladium clusters). Such catalytic activities are comparable to
those of the classical heterogeneous catalysts when operating under the same
reaction conditions.

The acid-assisted hydrogenation of neat acetone by Ir(0) nanoparticles was also
studied by Ozkar and Finke [44]. This system consisted of an in situ reduction
of [Ir(COD)CI], in neat acetone under 40psi of H, at 22°C. The acid production
derives from reduction of the precursor to form 1 equiv. of HCI per Ir(I) ion
reduced. Total acetone hydrogenation was observed in 9h, presenting selectivities
0f 0.95 equiv. in 2-propanol, 0.025 equiv. of diisopropyl ether (this product arising
from the H*-catalyzed condensation of 2-propanol) and 0.025 equiv. of water, with
an initial TOF of 1.9s5™. When a ‘catalyst lifetime’ test was performed over 32h, a
total of 16400 catalytic turnovers was achieved, although some catalyst deactivation
due to aggregation and formation of the bulk metal was observed. The catalyst was
also found to be more selective in the presence of molecular sieves (selectivity of
100% in 2-propanol and 188 000 total turnovers over 110h prior to catalyst deactiva-
tion due to aggregation), most likely due to the nanoparticles being supported on
the sieves and thus avoiding aggregation. Control experiments also showed that
assistance from the acid was essential in order for the acetone hydrogenation to
take place.
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Using BMI-PF; IL as the reaction medium for acetone hydrogenation, Finke’s
group showed that, under mild reactions conditions, ILs may act as nanoparticles
catalyst poisons. The addition of only 0.1 equiv. of the IL was shown to poison the
formation of nanoclusters from the precursor [Ir(COD)CI], at 22°C and 2.7 atm
(2.7 x 10%) of H, [45].

Chaudret and coworkers [13] described the application of their previously pre-
pared aqueous soluble iridium nanoparticles in biphasic arene hydrogenation
under mild conditions. This catalytic system was considered to be very useful for
the hydrogenation of several benzene derivatives, with rapid conversions but no
hydrogenolysis products. When the recycling and catalyst lifetimes were investi-
gated for the substrates anisole, toluene and p-cresol, the TOFs remained virtually
unchanged after three runs for each substrate, indicating high stability of the
soluble aqueous iridium nanoclusters. An analysis of the stereochemistry of hydro-
genated monocyclic compounds also showed the major product in all cases to be
the cis diastereomer. Some results for the hydrogenation of aromatic compounds
in biphasic media, using aqueous soluble iridium nanoparticles as catalytic phase
under mild conditions, are summarized in Table 15.2.

Iridium nanoparticles prepared in the presence of different capping ligands [12]
were used in the catalytichydrogenation of 1-decene (substrate : Ir mass ratio = 1000)
under 3 psi of molecular hydrogen at 75°C. Whereas, iridium nanoparticles pre-
pared in the presence of oleic acid/oleylamine and trioctylphosphine (TOP) did
not exhibit any catalytic activity towards 1-decene hydrogenation, those nanopar-
ticles synthesized in the presence of TOAB and TOPB did effect such catalysis.
Moreover, the TOPB-coated nanoparticles exhibited the highest TOFs. In order to
calculate the TOFs it was assumed that all surface atoms were active, even though
it was expected that some sites would remain unavailable for catalysis due to the
bonded capping ligand. The TOFs obtained for 1-decene hydrogenation using
iridium nanoparticles prepared in TOAB and TOPB capping ligands were 4s™' and
270s7", respectively.

This difference was attributed to the ligand binding strength, as the Ir—N bond
has a shorter equilibrium bond length when compared to Ir—P. This suggests that
the Ir—N bond presents a larger binding energy and, consequently, a stronger
attachment to the nanoparticle surface. As discussed by the present authors, this
proposal is in agreement with the iridium nanoparticle diameters observed by
TEM (~1.5nm for TOAB-capped, ~5nm for TOPB-capped nanoparticles, respec-
tively). It is considered, therefore, that a large proportion of the iridium atoms are
exposed to the TOPB-capping ligand in order to provide catalytic hydrogenation.

These results show clearly the effect on the catalytic activity of 1-decene hydro-
genation when the capping ligand is attached to the metal surface of the iridium
nanoparticles. In this situation, the agent used must be strong enough to bind to
the metal surface and provide a good stabilization, but weak enough so as to permit
access of the substrates to the metal catalytic site.

Interestingly, the authors noted an increasing catalytic activity during a recycling
reaction conducted with TOAB-coated iridium nanoparticles, over four cycles, with
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Table 15.2 Biphasic hydrogenation of arenes using soluble
aqueous iridium nanoparticles as catalyst [13].”

Entry Substrate Product (yield %) Time (h)" TOF (h7)°
1 Anisole Methoxycyclohexane (100) 0.75 400
2 Phenol Cyclohexanol (100) 1.0 300
3 Benzene Cyclohexane (100) 0.8 375
4 Toluene Methylcyclohexane (100) 0.8 375
5 Ethyl benzoate Ethyl cyclohexanoate (100) 1.9 157
6 Styrene Ethylcyclohexane (100) 1.16 344
7 o0-Xylene 1,2-Dimethylcyclohexane 1.65 181

cis (95), trans (5)
8 m-Xylene 1,3-Dimethylcyclohexane 1.4 214
cis (85), trans (15)
9 p-Xylene 1,4-Dimethylcyclohexane 1.2 250
cis (80), trans (20)
10 o-Cresol 2-Methylcyclohexanol 1.5 200
cis (90), trans (10)
11 m-Cresol 3-Methylcyclohexanol 1.2 250
cis (80), trans (20)
12 p-Cresol 4-Methylcyclohexanol 1.0 300

cis (78), trans (22)

a Experimental conditions: substrate : It molar ratio = 100, catalyst (1.85 x 10~ mol), N,N-
dimethyl-N-cetyl-N-(2-hydroxyethyl)Jammonium chloride (1.85 x 10~*mol), water (20ml),
40bar hydrogen pressure, 20 °C, stirring rate 1000 min™.
Determined by GC measurement.

¢ TOFs considered as mol H,mol Ir *h™.

successive TOF-values of 4, 13, 50and 124s™. This increase in catalytic activity is
due to ligand desorption occurring at the metal surface during the recycle reac-
tions. However, in a fifth reaction cycle the catalytic activity decreased considerably
(TOF 38s™"). This reduction can be explained due to aggregation of the iridium
nanoparticles after catalysis, as observed by TEM (with desorption of the stabilizer
capping ligand having led to slight particle aggregation during the previous four
cycles). The same behavior was observed in recycling reactions of nanoparticles
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Table 15.3 Biphasic hydrogenation reactions by Ir(0)
nanoparticles in BMI-PF¢ under 4atm of H, (constant
pressure) at 75°C and olefin/Ir = 1200 molar ratio [24].

Entry Substrate Time (h) Conversion (%)"
1 1-Decene 0.5 100
2° 1-Decene 0.5 56
3 Styrene 1.0 63
4 Cyclohexene 3.2 100
5 Methyl methacrylate 17 100
6 4-Vinylcyclohexene 1.0 91°
7 4-Vinylcyclohexene 4.0 100¢

a  Reaction performed in CH,Cl, (in absence of ionic liquid).

b Conversion determined using GC.

¢ Conversion and selectivity in 4-ethylcyclohexene.

d  Conversion in ethylcyclohexane.

prepared with TOPB-coated ligand, with catalytic activity increasing over five cycles
but decreasing in the sixth.

The in situ reduction of the precursor [Ir(COD)CI], dispersed in BMI-PF, at
75°C and under 4atm of H, provided a suitable medium for the synthesis of Ir(0)
nanoparticles, and represents an ideal system for the biphasic hydrogenation reac-
tions of several olefins (Table 15.3) [24]. Of note, the TOF observed for this system
(6000h™" at 1200rpm and 75°C) was considerably higher than those obtained
under biphasic conditions by classical transition-metal catalyst precursors in ILs
under similar reaction conditions [46—48].

The black solution containing IL and Ir(0) nanoparticles (~2.0nm in diameter,
as determined by TEM) can also be recycled in catalytic hydrogenation reactions.
The catalytic activity of these soluble iridium nanoparticles was also compared to
that of the Crabtree catalyst ([Ir(COD)(PCy;)py]PFs) in BMI- PF,. These nanopar-
ticles maintain an efficient activity for at least seven recycles, whereas the Crabtree
catalyst suffers a significant reduction in activity during recycling reactions.

The iridium nanoclusters prepared in ILs can also catalyze the hydrogenation
of arenes [15]. Such reactions can be performed by isolated Ir(0) nanoparticles
(solventless system), redispersed in either an imidazolium IL (biphasic system) or
in acetone (homogeneous system). As expected, those reactions performed in sol-
ventless and homogeneous conditions required a shorter reaction time for com-
plete substrate conversion compared to reactions in BMI- PFg, a fact which can be
explained by considering the nature of the biphasic reactions that are controlled
by mass-transfer process.

Moreover, Ir(0) nanoparticles recovered after benzene hydrogenation using sol-
ventless conditions can be reused for at least seven runs without any significant
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loss in catalytic activity. The results of arene hydrogenations catalyzed by iridium

nanoparticles in different media are listed in Tables 15.4 and 15.5.

The competitive hydrogenation of alkyl-substituted arenes was also performed
with Ir(0) nanoparticles [49]. Using toluene as a standard substrate, several toluene/
benzene and toluene/monoalkylbenzene hydrogenation experiments were con-
ducted in order to determine the selectivity constants of the transition-metal
nanoparticles. These selectivity constants can be used to predict the relative
reactivity of any other couple of monoalkylbenzenes. A series of initial reaction

Table 15.4 Benzene hydrogenation by Ir(0) nanoparticles in
different systems under 4 atm of molecular hydrogen
(constant pressure) at 75°C [15].

Entry System Benzene:Ir” Time (h)® TOF (h7)°
1 BMI - PF 250 5 50 (88)

2 BMI - PF, 500 10 50 (88)

3 BMI - PF, 1200 14 85 (150)
4 Solventless 250 2 125 (219)
5 Solventless 500 7 71 (124)
6 Acetone 500 251 200 (351)

Benzene: Ir molar ratio.
Time required for 100% conversion, determined by GC.

(Sl

¢ TOF calculated considering total metal (mol cyclohexane mol metal ' h™); TOF values in

parentheses were corrected for exposed metal.
d Total benzene conversion and 82% of acetone reduction to isopropanol.

Table 15.5 Hydrogenation of arenes by Ir(0) nanoparticles in
different systems under 4 atm of molecular hydrogen
(constant pressure) at 75°C [15].

Entry System Arene Arene:lr’ Time (h) Conversion (%)" TOF (h7)°
1 BMI- PF¢ Toluene 1200 25 93 44 (78)
2 BMI- PFq p-Xylene 500 18 86* 24 (42)
3 Solventless  p-Xylene 250 12 100° 1 (36)
4 Solventless Methylbenzoate 250 18 92 13 (22)
5 Solventless  Acetophenone 250 16 100/ 15 (27)
6 Solventless  Anisole 250 18 748 10 (18)
a  Arene:Ir molar ratio.
b Conversion determined by GC.

(o]

parentheses were corrected for exposed metal.
Cis:trans 5:1.

Cis:trans 3:1.

42% ethylcyclohexane and 58% 1-cyclohexyl-1-ethanol.
84% methoxycyclohexane and 16% cyclohexane.

@ ~h o o

TOF calculated considering total metal (mol cyclohexane mol metal " h™); TOF values in
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rate constants obtained in competitive hydrogenation reactions catalyzed by Ir(0)
nanoparticles can be correlated with the Taft equation, indicating that the relative
reaction constants for the alkyl substituents can be expressed only by steric factors
and are thus independent of any other factors. This competitive method was
shown to be suitable for estimating the selectivity constants for couples of alkyl-
benzenes, and can also be used as a chemical probe for quantitative comparison
of the selectivity and steric influence imposed by different types of metal
catalysts.

Iridium nanoparticles prepared in imidazolium-based ILs have been also used
in the catalytic hydrogenation of ketones under mild conditions [50]. Firstly, cyclo-
hexanone was chosen as the model substrate to optimize the reaction conditions
(temperature, hydrogen pressure, catalyst concentration). Initially, isolated Ir(0)
nanoparticles were tested in a solventless system for the hydrogenation of cyclo-
hexanone; the preliminarily results are listed in Table 15.6.

As expected, cyclohexanone hydrogenation performed in an IL has a longer
reaction time than in solventless conditions. Where using iridium nanoparticles
dispersed in an IL, the biphasic hydrogenation of cyclohexanone could be per-
formed at least 15 times, without any considerable loss in catalytic activity; this
contrasted with the use of nanoparticles in solventless conditions, when the cata-
Iytic activity begins to decline after the third cycle. The standard experimental
conditions established for the hydrogenation of other carbonyl compounds were
75°C, 4atm of H, and a molar substrate: Ir ratio of 250.

The iridium nanoparticles showed good activity for the hydrogenation of both
cyclic and acyclic saturated ketones, including an additional experiment for benz-
aldehyde (Table 15.7, entry 7). The main results relating to hydrogenation reac-
tions performed under solventless conditions are listed in Table 15.7.

Table 15.6 Cyclohexanone hydrogenation by iridium
nanoparticles in solventless conditions [50].

Entry Ketone:Ir" Temperature (°C) Pressure (atm)” Time (h)* TOF (h™)*

1 250 30 4 4.5 55
2 250 75 4 2.0 125
3 250 100 4 2.0 125
4 250 75 2 2.0 125
5 250 75 6 1.2 208
6 500 75 4 4.0 125
7 750 75 4 8.0 94
8 250 75 4 17.5 14

Ketone: Ir molar ratio.

Constant pressure of H,.

Time for total conversion determined by GC.
Mol cyclohexanolmol Ir 'h™".

Ir(0) nanoparticles redispersed in BMI- PFj.

o a0 o e
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Table 15.7 Hydrogenation of ketones by Ir(0) nanoparticles
(substrate: ratio = 250) in solventless condition under 4 atm of
H, (constant pressure) at 75°C and the additional experiment
for benzaldehyde [50].

Entry  Substrate Product Time (h)  Conversion (%)°  TOF (h™)°
1 O OH 4.0 100° 62.5
2 (@] ).i/\ 2.5 96 96
D U & G i
4 (0] \)Oi/ 3.7 100 68
5 2.5 98 98
o
6 (o] )Oi 2.0 95 119
7 O ©/\OH 15.0 100 17
dH

a  Conversions determined by GC analyses.
b Mol productmol Ir *h™.
¢ 88% cyclopentanol and 12% bicyclopentyl ether.

When using the same reaction conditions, a high selectivity for C=C double
bond reduction was observed in the hydrogenation of o,fB-unsaturated ketones
such as cyclohexenone and isophorone. For cyclohexenone hydrogenation, the
selectivities measured at 90% cyclohexenone conversion corresponded to 83% of
cyclohexanone, 16% of cyclohexanol and 1% of cyclohexane (hydrogenolysis
product). In the case of isophorone, 91% selectivity in the saturated ketone was
achieved at 75% isophorone conversion. Interestingly, there was no evidence for
the formation of unsaturated alcohols in either reaction, even at low substrate
conversions, which suggests that the reduction of C=C double bond is much faster
than of the C=0 bond. It also strongly suggests that any alcohols present in the
medium are derived from the hydrogenation of cyclic saturated ketone formed
during the reaction.



15.5 Conclusions

The hydrogenation of acetophenone by Ir(0) nanoparticles was poorly selective
in terms of reduction of the aromatic ring over the carbonyl group. For example,
only 35% selectivity in cyclohexylmethylketone was observed at 50% acetophenone
conversion (ethylcyclohexane derived from the hydrogenolysis of the alcohol was
also observed). Thus, there was no preferred coordination of the aromatic ring or
carbonyl group on the metal surface. These results were in opposition to those
obtained for benzaldehyde (additional experiment, Table 15.7, entry 7), where the
hydrogenation was highly selective to the carbonyl group.

Iridium nanoparticles also catalyze the hydrogenation of benzylmethylketone,
with high selectivity in reduction of the aromatic ring (92% selectivity in saturated
ketone, 8% in saturated alcohol at 97% benzylmethylketone conversion). This
preferential coordination of the aromatic ring can be attributed to steric effects
that make carbonyl coordination difficult. Therefore, metallic iridium nanoparti-
cles prepared in ILs may serve as active catalysts for the hydrogenation of carbonyl
compounds in both solventless and biphasic conditions.

The kinetics of the 1-decene hydrogenation reaction catalyzed by Ir(0) nanopar-
ticles in BMI- PF, was investigated in detail [35]. 1-Decene hydrogenation by the
Ir(0) nanoparticles follows the classical monomolecular surface reaction mecha-
nism, v = k.K[S]/1+K[S], where k. is the kinetic constant for the formation of the
products and K corresponds to the adsorption constant. The adsorption constant
calculated for 1-decene adsorption in the surface of iridium nanoparticles in the
ionic liquid (K=1.32£0.20 M) is independent of the hydrogen concentration,
even atlow pressure. The catalytic constant (k) is almostidentical (0.45 + 0.06 min™)
under hydrogen pressures >4atm, but at low hydrogen pressures (2atm) the
hydrogenation rate underwent a significant decrease. This indicated that, at pres-
sures <4atm the hydrogen solubility in ionic liquid follows a mass transfer-
controlled process and, under the kinetic conditions, the surface of the catalytic
nanoparticles is not fully saturated. At higher hydrogen pressures the hydrogen
concentration in the ionic liquid has no influence on the reaction rate due to the
saturation on the nanoparticles’ surface.

It follows therefore that, under hydrogen pressures >4 atm, k. and K are inde-
pendent of the hydrogen concentration; this indicates a zero-order dependence on
hydrogen pressure, such that the reaction depends only on the concentration of
1-decene in the ionic liquid.

15.5
Conclusions

Soluble and stable Ir(0) nanoparticles of small size and narrow range of mean
diameter may be easily prepared using a simple reduction of Ir(I) or Ir(III) com-
pounds by molecular hydrogen or hydrides, and in the presence of stabilizing
agents such as surfactants, polyoxoanions or imidazolium salts. The surface prop-
erties of these Ir(0) nanoparticles depend heavily on the nature of the stabilizing
agent and the solvent (water, organic or ionic liquid). Indeed, good capping
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ligands—which stabilize robust nanocrystals with very narrow size distributions—
are almost inactive catalysts for the hydrogenation reactions. In contrast, metal
nanoparticle-containing stabilizers that bind less strongly to the metal surface than
do other anions generate a higher catalytic activity. The hydrogenation of simple
alkenes by Ir(0) nanoparticles dispersed in ILs appears to depend on steric hin-
drance at the C=C double bond, and follows the same trend observed with classical
iridium complexes in homogeneous conditions (terminal > disubstituted >
trisubstituted > tetrasubstituted). The process of alkene hydrogenation by Ir(0)
nanoparticles in BMI-PF; follows the classical monomolecular surface reaction
mechanism, v = k,K[S]/1+K[S]. Finally, these soluble iridium nanoparticles serve
as effective catalysts for the single-phase or multi-phase hydrogenation of alkenes,
aromatic compounds and ketones.
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