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Article written in memoriam of John A. Osborn, a great friend, teacher and chemist.

Abstract — While Ir diphosphine complexes are very active catalysts for the enantioselective hydrogenation of imines with goo
to excellent enantioselectivity, their deactivation is often a serious problem, leading to low catalyst productivity. Our stud:
describes attempts to stabilize Ir catalysts with diop, bdpp and bppm ligands for the hydrogenation of different imines. The be
results were obtained with complexes immobilised on silica gel and with bimetallic W—Ir and Mo—Ir complexes. In most case:
enantiomeric excesses as well as initial rates were only slightly affected while the stability of the catalysts was enhanc
significantly. To cite this article: H.-U. Blaser et al., C. R. Chimie 5 (2002) 379-385 © 2002 Académie des sciences / Editions
scientifiques et médicales Elsevier SAS
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Résumé— Alors que les complexes diphosphine de l'iridium sont des catalyseurs trés actifs pour I'hydrogénation énantiosélec-
tive des imines, avec une bonne voire excellente énantiosélectivité, leur désactivation constitue souvent un sérieux probléme,
conduisant a une productivité faible du catalyseur. Notre étude décrit les tentatives de stabilisation des catalyseurs d'iridium en
présence des ligands diop, bdpp et bppm pour I'hydrogénation de différentes imines. Les meilleurs résultats sont obtenus avec
des complexes immobilisés sur gel de silice et avec des complexes bimétalliques W—Ir et Mo-Ir. Dans la plupart des cas, les
valeurs des exceés énantiomériques ainsi que les vitesses initiales étaient seulement légérement affectées, tandis que la stabilité
des catalyseurs était accrue de maniere significaBtear citer cet article: H.-U. Blaser et al., C. R. Chimie 5 (2002) 379-385

© 2002 Académie des sciences / Editions scientifiques et médicales Elsevier SAS

complexes diphosphine de I'iridium / hydrogénation d’imines / désactivation de catalyseur / catalyseurs immobilisés / précurseurs
catalytiques bimétalliques

1. Background few commercial processes exi§8]; another is, of
course, that the investigation of catalyst deactivation
is quite complex and time-consuming. Here we report

Catalyst deactivation is one of the key issues when on studies in the context of developing a technically
developing a technical catalytic process, because it feasible catalytic process for the enantioselective syn-
significantly increases catalyst costs. While this topic thesis of §-metolachlor. Since part of these studies
has been addressed exhaustively in the field of hetero- was carried out in collaboration with John Osborn,
geneous catalysigl], this is much less the case for  publication of our results is especially suitable in the
homogeneous and especially for enantioselective cata- context of this issue oComptes rendus Chimie dedi-
lysts [2]. One reason for this might be that relatively cated to his memory.

* Correspondence and reprints.
E-mail address: hans-ulrich.blaser@solvias.com (H.U. Blaser).
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Fig. 1. Structure of metolachlor and its individual stereoisomers.

Metolachlor is the active ingredient of Dual®, one
of the most important grass herbicides; more than
20 000 tons per year were produced for use on maize
and on a number of other crops. It is an
N-chloroacetylated, N-alkoxyalkylated ortho-
disubstituted aniline. The unusual functionalisation
pattern renders the amino function extremely sterically
hindered. Metolachlor has two chird elements: a
chiral axis (atropisomerism, due to hindered rotation
around the C,,—N axis) and a stereogenic centre, lead-
ing to four sterecisomers (Fig. 1). Dua® was intro-
duced into the market in 1976; it contained a mixture
of all four metolachlor stereoisomers produced via the
Pt-catalysed reductive alkylation of 2-methyl-5-ethyl-
aniline (MEA) with aqueous methoxyacetone, in the
presence of traces of sulphuric acid, followed by chlo-
roacetylation [4]. Already in 1982, it was found that
about 95% of the herbicidal activity of metolachlor
resides in the two (1'S-diastereomers [5]. In 1997,
after years of intensive research [6,7], Dud Mag-
num®, with a content of approximately 90% (1'S)-
diastereomers and with the same biological effect at
about 65% of the use rate of Dual® was introduced in
the USA. To make this ‘chiral switch’ possible, a new
technical catalyst, with an unprecedentedly high cata-
Iytic activity, had to be found for the economical
production of the enantiomerically enriched precursor
of metolachlor. Today, the homogeneous hydrogena
tion of MEA imine using a chiral Ir—xyliphos complex
is the largest enantioselective catalytic process known.
An account of how the various hurdles, appearing
during process development, have been overcome, has
recently been published [8].

In the first phases of process development [9], most
experiments were carried out with DMA imine, dueto its
simpler analysis, but it was shown that al conclusions
were valid for MEA imine as well (for structures and
abbreviations, see Fig. 2). The most efficient catalysts
were Ir complexes prepared in situ from [Ir(cod)Cl],,
diop, bdpp or bppm (see Fig. 3), and iodide in solvent
mixtures such as MeOH/toluene and THF/dichloro-
methane [10]. Under optimised reaction conditions, par-
ticularly with pure starting materials, TONs higher than
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1000 were obtained with high initial reaction rates. How-
ever, asignificant tendency for deactivation dependent on
temperature, ligand structure, solvent, including its
purity, and basicity of the imine was observed, thereby
hindering higher catalyst productivity.

2. Mechanism of catalyst deactivation

We speak of catalyst deactivation when a catalyst
performs with a lower rate than expected under the
specific reaction conditions. It must be stressed that it
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Fig. 2. Reaction scheme and structure of the three investigated
imines.
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Fig. 3. Structures of diphosphine ligands used in the study.
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is not trivia to determine the inherent activity of a
catalyst, because the active species and its concentra-
tion are usualy not known. In practice, the maximum
activity observed under ‘ideal’ conditions is usualy
taken as a reference value. Quite frequently, this is the
initial TOF (or the maximum TOF in the case of an
induction period) at very low conversion rates, with a
substrate of the highest possible purity. Catalyst deac-
tivation in homogeneous catalysis can basically occur
in two ways: (i) blocking of free coordination sites by
very strong complexation of either impurities (often
called catalyst poisoning) or by the reaction product
(product inhibition); or (ii) by a (reversible or irre-
versible) reaction of the active catayst species to
afford catalyticaly inactive metal complexes. Since
each one of the various deactivation mechanisms calls
for different measures to restore as much as possible
of the inherent activity, it is important to first deter-
mine the cause of deactivation.

In the case of DMA imine hydrogenation, the fol-
lowing observations were made [9]:

— most catalysts showed very high initid TOFs, but
then slowed down significantly; a comparison of the
TOFs measured after 4 and 24 h reveded that the
degree of deactivation is strongly dependent on ligand
structure, solvent, and temperature;

— using Ir/bdpp/iodide as catalyst the productivity was
significantly higher at -5 °C than at room temperature;
— even with the most productive catalysts (Ir/diop/
iodide), the reactions did not go to completion at very
high gc ratios (15 000);

— the purity of the DMA imine was important; the
presence of dimethyl aniline was shown to be espe-
cialy detrimental.

Some of these effects can be seen in the hydrogen
uptake curves for DMA imine depicted in Fig. 4. The
standard reaction (curvela) was run with 20 mmol
DMA imine in 20 ml MeOH/benzene 1:1 at 20 °C and
20 bar hydrogen with 1 mol% of in situ formed Ir—
diop—odide catalyst. When the same reaction was run
in the presence of 20 mmol reaction product, a very
similar curve 2 was obtained, indicating the absence
of product inhibition. Curve 3a depicts the first half
of hydrogenation with 40 mmol DMA and 3b the sec-
ond half of the reaction. Curve 1b was obtained when
a second portion of 20 mmol DMA imine was added
to the product solution of 1a and hydrogenated. In the
absence of deactivation, the curves 2 and 3b, as well
as 1b, should be identical.

These observations clearly show that the catalyst
deactivation is not due to product inhibition and prob-
ably also not to catalyst poisoning. The most plausible
mechanism of deactivation is the irreversible forma-
tion of inactive species. The rate and extent of its
formation is dependent on the ligand type and is
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Fig. 4. Hydrogenation of DMA imine: schematic hydrogen uptake
curves versus reaction time. (1a) 20 mmol imine, (2) 20 mmol
imine plus 20 mmol reaction product, (3a,b) 40 mmol DMA imine,
first and second 50% of the reaction, respectively, (1b) 20 mmol of
DMA imine in reaction solution of experiment la.

higher for higher temperatures, long reaction times,
and in the presence of product and of other basic
species such as dimethyl aniline; in addition, it seems
independent of hydrogen pressure, but lower in the
presence of iodide ions (results not shown). Up to
now, we were unable to isolate defined complexes but
IH NMR spectra of residues obtained after work up
of the reaction solution showed signals in the region
of 6 to -12ppm as well as between -17 and
—25ppm. Based on these results and in analogy to
structures proposed by Crabtree who was the first to
investigate the Ir—phosphine-catalysed hydrogenation
of alkenes [11], we think that hydride-bridged struc-
tures such as those depicted in Fig. 5 are likely deac-
tivation products.

With this hypothesis in mind, we explored four dif-
ferent strategies for obtaining catalysts with better sta-
bility: (i) synthesis of new catalyst precursors, (ii)
bimetallic, reversibly hydride-bridged complexes, (iii)
immobilisation on solid supports and (iv) synthesis of
new ligands with lower deactivation tendency. Here,
we describe our studies for (i)—iii); approach (iv)
eventually resulted in the discovery of the Josiphos
ligands and a production process for (S)-metolachlor
with extraordinarily high TONs and TOFs [6,7].

H +
P_ | 2 Pp_l _H_I_P
C >Iri$ —’C >Ir<H>I< )
P Lolv - HX P
- HY
XY=ClI

Fig. 5. Irreversible formation of an inactive dimeric Ir species
(schematic structure).
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Fig. 6. Structure of isolated and characterised Ir diphosphine com-
plexes.

3. Synthesis of new Ir diphosphine
precur sors

Based on our experience, John Osborn, together
with graduate student Y.Ng Cheong Chan, synthe-
sised, isolated, and characterised several novel Ir'"
complexes of the type [Ir(diphosphine)l ], [Ir(diphos-
phine)HI,], and [Ir(diphosphine)l;], (see Fig.6). All
three types were found to be cataytically active for
the hydrogenation of DMA imine, suggesting the for-
mation of a similar active mononuclear Ir species as
for the catalyst formed in situ [12-14].

In order to get more information on the deactivation
behaviour, we ran a series of reactions using both the
catalysts formed in situ from [Ir(cod)Cl], and diphos-
phine and [Ir(diphosphine)Hl,], complexes, with diop
and bdpp as ligands (see Tablel; for preliminary
results, see [9]). There was little difference between
the in situ and the preformed catalyst for diop in
methanol/benzene medium (results not shown). In
THF/dichloromethane, however, the preformed diop as
well as bdpp catalysts showed significantly improved
deactivation behaviour, while the enantiomeric effi-

ciencies (EEs) did not differ significantly. Interest-
ingly, the best activities and EEs were observed when
both chloride and iodide were present. From these
results, we conclude that in all cases the active spe-
cies is probably a mononuclear complex Ir(PP)HXY,
the optimal catalyst being a complex, as depicted in
Fig. 5 with X =Cl and Y =1. If this interpretation is
correct, this means that more of the active species is
formed when the dinuclear Ir'"' precursors are used.
Another possible explanation is the direct formation of
hydride-bridged species when using the Ir' precursors.

While we do not completely understand the behav-
iour of the various catalyst systems, it was quite clear
that it was not possible to reach the catalyst perfor-
mance necessary for a technical process with this
strategy and we terminated our investigations. John
Osborn continued his studies and, a few years later,
he reported novel, halogen-free catalysts of the type
[Ir(diphosphine)(OOCR)4] and [Ir(diphosphine)
(OOCR),H] (R=CHj; CF;), obtained by treating
[Ir(diphosphing)HI], with Ag(OOCCF;) [15]. Surpris-
ingly, and in contrast to all existing experience, these
catalysts were quite active and very selective for the
DMA imine hydrogenation. With [Ir(bdpp)(OOCCF;)4]
as catalyst precursor, for example, DMA imine could
be hydrogenated with 90% EE at 0°C. It was sug-
gested that the catalysis proceeds in part via initial
dissociation of the carboxylate ligand.

4. Bimetallic, reversibly hydride-
bridged complexes

Because of the insufficient catalyst stability, it was
proposed to design a catalyst with a suitable ‘ protect-
ing group’ that circumvents catalyst deactivation. Such
a ‘protecting group’ could be a metal fragment and
more specifically, the idea behind the second approach
was the reaction of bis(n>-cyclopentadienyl) metal
dihydrides ([Cp,MH,]) with [IrH(solvent)
diphosphine] to yield a heterobimetallic complex with-

Table 1. Hydrogenation of DMA imine with various Ir diop and bdpp precursors: Conversion, TOF and EE.

Entry Ligand Catalyst? t (h) Conv. (%) TOF 0 TOF300,° TOF5p0e” TOF, EE (%)
11 diop A 6 100 115 114 83 45
12 diop B 21 56 15 12 8 13 46
13 diop A+2Cl- 2 100 575 310 250 52
14 diop B+2I~ 21 100 134 81 42 24 53
15 bdpp A 5 100 340 173 100 36
16 bdpp B 20 100 78 57 38 25 49
17 bdpp A+2CI- 5 98 245 176 98 45
18 bdpp B+2I~ 12 99 178 161 94 41 45

Reaction conditions: THF/dichloromethane 3:1, 30°C, 40bar, s/c 500. 2A: [Ir(diphosphine)HI,],. B: [Ir(cod)Cl], and ligand. ° Turnover
frequency (h™): maximum TOF, after 30% and 50% conversion, average at the end of the reaction.

382



To cite this article: H.-U. Blaser et a./ C. R. Chimie 5 (2002) 379-385

Fig. 7. Reaction of an Ir-PP precursor with cp,WH,.

out affecting the catalytic activity of the iridium frag-
ment. As shown by L. Venanzi et a. [16] for anao-
gous complexes with monodentate phosphines, the key
feature of this catalyst is the reversible formation of a
bridging n°n-cyclopentadienyl moiety. A series of
examples using Cp,WH, as stabilizer is depicted in
Fig. 7. The multinuclear NMR spectra of the WIr
complexes with diop, norphos and chiraphos, respec-
tively, are in agreement with the depicted reaction
sequence and the structure of the stable bimetallic
complex. In particular, it was confirmed that the
[WIr(+)—norphos] complex exists as an equilibrium
mixture of two diastereomeric isomers obtained upon
formation of the Ir—-C bond. Analogous complexes
were prepared with Cp,MoH.,.

The resulting bimetallic precursors were tested for the
hydrogenation of several imines. While the results for
DMA imine did not show an improvement compared to
the in situ Ir—diop catalyst (experiments 2.1 and 2.2),
results for N-benzyl-(1-phenylethylidene)amine were
much more impressive. For this much more basic imine,
the conventional catalyst is barely active whereas the
W-Ir show quite respectable TOFs albeit with low to
medium EEs. The analogous Mo complexes are less
active, but somewhat more selective (Table 2).

In conclusion, the stabilisation of the Ir diphosphine
catalysts via the reversible formation of bimetallic
hydride-bridged complexes is working in principle,
but the effect is dependent on the imine type. Since
the resulting catalyst systems were not useful practi-
cally, the investigations were terminated at this stage.

mixture of isomers

5. Immobilisation on solid supports

The most straightforward but aso the most
demanding method to prevent dimerisation is the
immobilisation of a homogeneous catalyst on a solid
support via covalently attached ligands, as depicted in
Fig. 8. Over the last years, we have developed a
modular system combining functionalised ligands,
with different supports and linkers, in order to have a
systematic, but aso quick access to a variety of
immobilised chiral complexes [17,18].

In Table 3 we have summarised representative results
for Ir complexesimmobilised on silica gel viafunctiona-
lised diop and bppm ligands, as depicted in Fig. 8.
Entries 3.1-3.3 show the effect of immobilising diop on
the average turnover frequency for the hydrogenation of
DMA imine. Whereas the functionalisation with the
linker has some effect on activity but not on the EE, the
immobilized complex has a much higher TOF,, than the
soluble catalysts. Similar effects can be observed for the
hydrogenation of MEA imine with Ir-bppm cataysts.
Entries 3.5-3.8 confirm the expected effect of the loading
density on the average TOF, as shown in Fig. 9; TOFs but
not EEs strongly decrease with increasing loading den-
sity, pointing to an increasing tendency of interaction and
deactivation. The results depicted in Fig. 10 (entries 3.9
and 3.10) clearly show similar initial rates, but a fast
deactivation of the soluble catalyst at these relatively
high g/c ratios. With the immobilised catalyst, very
respectable TONs higher than 10 000 are possible; unfor-
tunately, thisis till, by far, not enough for an economi-

Table 2. Hydrogenation of DMA imine and N-benzyl-(1-phenylethylidene)amine with various bimetallic precursors: conversion, TOF and EE.

Entry Iming? Ligand Catalyst® t (h) Conv. (%) TON TOF,, © EE (%)
21 DMA imine diop W-Ir 21 100 100 5 36
22 DMA imine diop B+2I- 18 98 98 5 44
2.3 A diop B+2I~ 21 5 5 <<1 n.d.
24 A diop W-Ir 23 89 89 4 0
25 A diop Mo-Ir 16 62 62 4 12
2.6 A chiraphos W-r 0.5 100 100 >200 3
2.7 A norphos W-Ir 0.5 100 100 > 200 37
2.8 A norphos Mo-r 20 100 100 5 41

Reaction conditions: dichloromethane, 20°C, 20 bar, s/c 100. 2A: N-benzyl-(1-phenylethylidene)amine. °B: diop/[Ir(cod)Cl],, cp,W-Ir(PP)
complex, cp,Mo-Ir(PP) complex. € Turnover frequency (h™), average at the end of the reaction.
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Fig. 8. Structure of functionalised diop and bdpp and schematic representation of an Ir-bppm catalyst immobilised on silica gel.

Table 3. Hydrogenation of DMA imine (experiments 3.1-3.4) and MEA imine (experiments 3.5-3.13) with free and immobilised Ir complexes:
conversion, TOF and EE.

Entry Catalyst® Solv.P sc p (bar) T (°C) t (h) Conv. TON TOF, EE (%)
31 diop M/B 1.1 500 35/40 25/30 20 95 475 24 62
32 diop*funct. M/B 1.1 500 35/40 25/30 12 100 500 42 64
33 diop*immob.9 M/B 1:1 500 35/40 25/30 4 100 500 125 59
34 2. use M/B 1.1 500 35/40 25/30 10 98 490 49 60
35 bppm M/T 1:1 500 40 20 17 26 130 8 45
3.6 bppm*immob.© M/T 1:1 500 40 20 18 79 395 22 55
37 bppm*immob.f M/T 1:1 500 40 20 15 100 500 33 50
38 bppm*immob.? M/T 1:1 500 40 20 6 100 500 83 55
39 bppm M/T 3:1 5000 100 20 18 27 1350 75 38
3.10 bppm*immob.f M/T 4:1 5000 100 20 18 79 3950 219 50
311 bppm*immob.? M/T 4:1 5000 100 50 18 99 4950 275 46
312 2. use M/T 4:1 5000 100 20 5 35 1750 350 42
3.13 bppm*immob.9 MI/T 3:1 20000 100 50 a4 62 12400 282 42

Reaction conditions: 2 catalysts prepared in situ with [Ir(cod)Cl], and 2 equiv iodide; ®M MeOH, B benzene, T toluene; ©turnover frequency
(h™), average at end of reaction; 9with 100 equiv of iodide. ®loading density 0.195mmol g%; floading density 0.055mmol g%; 9loading
density 0.016 mmol g=.

Fig. 9. Immobilisation of Ir-bppm, effect of loading density on EE
and TOF.
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Fig. 10. Immobilisation of Ir-bppm, effect on catalyst stability.
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cally feasible catalyst, even though theimmobilised cata-
lysts can be recycled with some success (entries 3.4 and
3.12).

6. Conclusions

The deactivation of Ir diphosphine catalysts in the
enantioselective hydrogenation of imines is mainly
due to the irreversible formation of hydride-bridged
dimers, as originaly described by Crabtree for akene
hydrogenation catalysts. The following strategies have
been successful for enhancing the long-term activity:
(i) synthesis of new catalyst precursors; (ii) bimetallic,
reversibly bridged-hydride complexes; (iii) immobili-
sation on solid supports. Unfortunately, using the clas-
sical diphosphines described in this report, none of
these strategies was able to give the TONs and TOFs
necessary for a technical process to produce (9-
metolachlor. A commercially feasible process was only
achieved when new Ir josiphos complexes in the pres-
ence of iodide and acid were applied [6,8].

7. Experimental

7.1. Materials

[Ir(cod)Cl], (cod: 1,5-cyclooctadiene), diop (4,5-bis-
(di phenylphosphinomethyl)-2,2-di-methyl-1,3-dioxo-
lane), bdpp (2,4-bis-(diphenylphosphino)pentane) and
bppm (N-tert-butyl oxy-carbonyl)-4-(diphenyl phos-
phino)-2-(diphenylphosphinomethyl)pyrrolidine)  were
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