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Abstract

This paper reviews the catalytic activity of various Group 8 and 9 metal complexes stabilized by polydentate ligands in
hydrogen-transfer reductions of «,B-unsaturated ketones. Bi- and tri-dentate ligands with mixed P,N, -P,N and P, N, donor
atom sets are appropriate for the synthesis of efficient iridium catalysts capable of selectively reducing a-B-unsaturated ketones
to allylic alcohols. Chemoselective catalysts containing the metals of the iron triad are obtained with the tripodal tetradentate
P(CH,CH,PPh,),. Activity, chemoselectivity and catalysis mechanisms are compared and contrasted within the various types of

complex.
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1. Introduction

Metal-catalyzed hydrogen-transfer reductions of un-
saturated organic substrates are of both considerable
practical and fundamental importance. Practical moti-
vations arise from the fact that such reactions are
convenient in large-scale synthesis because there is no
need to employ a high dihydrogen pressure or to use
hazardous reducing agents. From the fundamental per-
spective, reduction reactions of unsaturated organic
substrates play a key role in the understanding of
homogeneous catalytic reactions, particularly of the
factors that control process selectivity.

Among reducible substrates those containing both a
carbonyl group and a carbon-carbon double bond,
such as «,B-unsaturated ketones are very important.
The ability to reduce only one group (especially the
carbonyl), leaving the other unaffected, is a challenging
task in organic synthesis, particularly for the prepara-
tion of pharmaceutical and agrochemical products.
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The transfer hydrogenation with alcohols of «,B-un-
saturated ketones is efficiently catalyzed by a restricted
number of transition-metal complexes with Zr, Hf, Ru,
Os, or Ir [1] which are known to bring about the
chemoselective catalytic reduction of the C=0 group
which is less easily reduced than the double bond. Very
selective catalytic reduction of «,B-unsaturated ke-
tones is still a difficult process.

We have previously shown [le] that in the hydro-
genation of conjugated unsaturated ketones, high se-
lectivity in unsaturated alcohols can be obtained by
using iridium-phosphine complexes as catalysts. From
our results, a major conclusion may be drawn:
iridium—phosphine systems are flexible catalysts for the
hydrogenation of this type of substrate. By employing a
suitable phosphine of appropriate bulk and choosing a
correct P:Ir ratio, the selectivity of the reduction can
be controlled, so that either the carbon—carbon double
bond or the carbonyl group can be reduced in high
yield. We have also proved that [HIrP,] (P =
monophosphine) is the active species for the reduction
of the carbon-carbon double bond, while the trihy-
drido species [H;IrP,] is responsible for the formation
of the allylic alcohols. These results clearly showed that
when using dihydrogen as reducing agent the selectivity
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was mainly defined by the steric requirements of the
coordinated phosphines. However, the same type of
catalysts did not show any selectivity in the reduction
of a,B-unsaturated ketones in hydrogen transfer re-
duction using propan-2-ol as reducing agent.

In such a system anchimeric assistance by the
methoxy group of 2-anisylphosphine [(2-MeOC¢H ,),P]
was found to play a key role [2] in determining the
selectivity of iridium complexes in the reduction of
a,B-unsaturated aldehydes to allylic alcohols. Such
chemoselectivity was proposed to be related to the
coordination of the methoxo group, which increases
the electron density at iridium and therefore enhances
the nucleophilic character of the coordinated hydride
formed in the course of the reaction.

This effect was expected to be enhanced by replac-
ing the oxygen atom with a nitrogen donor atom, as in
the “hybrid” amino-phosphine (P)-NMe, [(0-Me,NC-
H,XCH;),P] [3]. Therefore we decided to develop
the use of aminophosphines in iridium-assisted reduc-
tion of a,B-unsaturated ketones via hydrogen transfer.
The results obtained over the last few years are sum-
marized here.

2. Hydrogen transfer reactions using iridium catalysts
stabilized by coordinated aminophosphines

Reaction of [{Ir(codXOMe)},] (cod = cycloocta-1,5-
diene) with (P)-NMe, (P/Ir=2 in benzene) [(P)-
NMe, = 1,2-Ph,PC,H ,NMe,], gives the hydride com-
plex [HIr(cod{(P)-NMe,}], probably via B-hydrogen
elimination from the methoxo ligand [4]. The monohy-
dridic species [{HIr(codXP)-NMe,}] reacts further with
an excess of phosphine in the presence of hydrogen
according to the following equations.

[IrH(cod){(P)-NMe,}]|
H,, P-NMe, —
[H,Ir{(P)-NCH,Me}{(P)-NMe,}]

80°C
(1)
5 [(HICI(P)-NCH, Me) (P)-NMe3)]  (2)

The crystal structure of compound [{HIrCI(P)-NCH ,-
MeH(P)-NMe,}] 2 is shown in Fig. 1. The most inter-
esting feature of this compound is the formation of a
six-membered chelate ring formed by oxidative cleav-
age of the N-Methyl C-H bond.

The (P)-NMe, we used creates an electron-rich
metal centre, which is capable of activating a C-H
bond via a three-centred transition state {5,6]. High
electron density on the metal is expected, by enhancing
the nucleophilic character of the coordinated hydride,
to promote its selective attack on the carbon atom of
the keto group of an organic substrate, even in the
presence of other reducible functions. Complex 1
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Fig. 1. Crystal structure of [{HIrCi(P)-NCH , Me}{(P)-NMe,}] 2.

proved to be a highly selective catalyst for the hydro-
gen-transfer reduction of «,B-unsaturated ketones to
allylic alcohols using propan-2-ol as hydrogen donor.
An important point of the reduction cycle catalyzed
by 1 is an “arm-off”’ mechanism involving the amino
group which appears to play a key role in determining
the selectivity of the system. The reaction starts with a
reductive C—H bond-coupling step promoted by inter-
action with the unsaturated substrate to be reduced.
Later, recoordination of the nitrogen atom of the
aminophosphine promotes the selective migration of
the hydride to the carbonyl group (see Scheme 1 which
illustrates this mechanism for a similar system). Both
the activity and selectivity are remarkably high, sup-
porting the hypothesis that one of the main factors in
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determining the selectivity in such reductions is the
degree of the nucleophilic character of the coordinated
hydride [7]. Thus, high electron density at the metal
seems to be an essential requisite for catalysts capable
of selectively reducing «,B-unsaturated ketones to un-
saturated alcohols via hydrogen transfer. The chemose-
lectivity has been related to the ability of electron-rich
metal species to form M-H bonds exhibiting remark-
able hydridic character [1c]. For this reason, it is not
incidental that iridium and tertiary phosphines con-
tribute the essential ingredients in several catalysis
systems for such reactions [8]. However, mixed N,P-
donors are also efficient in the chemoselective reduc-
tion of a,B-unsaturated ketones. In our opinion, the
combination of soft and hard donor atoms, as occurs in
aminophosphines, favours the creation of free coordi-
nation sites by the decoordination of either the phos-
phorus or nitrogen donor depending on the formal
oxidation state of the metal during the catalysis cycle.
We therefore decided to design new iridium catalysts
containing polydentate ligands where the number of
phosphorus donors is greater than that of nitrogen
donors [9]. Such polydentate ligands, particularly those
having three or more donor atoms, were also expected
to offer further advantages over mono- or bi-dentate
ligands [10] by providing a higher nucleophilicity of the
metal and a better control of the stereochemistry and
stoichiometry of the resulting complexes.

Two molecules that combine the “polydentate lig-
and advantages” with the presence of both phosphorus
and nitrogen donors are the potentially tridentate and
tetradentate ligands "Pr-N(CH,CH,PPh,),, N,N-
bis[2-(diphenylphosphino)ethyl]-n-propylamine, PNP,
and Et,NCH,CH,N(CH,CH,PPh,),, [ N,N-bis(2-(di-
phenylphosphino)ethyl)-N-2-(diethylamino)ethylamine],
P,N,.

Treatment of [{Ir(codOMe)},] with PNP or P,N,
gives a pale yellow solution from which crystals of
[(PNP)Ir(o,n*-C4H,3)] or of the analogous P,N, com-
pound are obtained (Scheme 1).

Formaldehyde is formed in the course of the reac-
tion, indicating that a B-H elimination reaction from
the coordinated methoxo group has occurred. The
molecular structure of the PNP derivative is shown in
Fig. 2.

In keeping with the crystal structure, the *'P{'H}
NMR spectrum in toluene-d, at 198 K exhibits an AB
spin system with &P, 13.30, 8Py 1090 ppm and
J(P,Pg) =855 Hz. Such a pattern is consistent with
the inequivalence of the phosphorus of PNP (Fig. 3).

The *'P {"H} NMR spectra in Fig. 3 show that the
temperature not only affects the NMR parameters but
also promotes a thermal, reversible transformation of
[(PNP)Ir(o,m>-C4H 3)] into a novel species. An appre-
ciable amount of such species begins to form at 248 K,
as shown by the singlet at 0.94 ppm. The A, pattern is

Fig. 2. Crystal structure of [(PNP)I(o.n>-CyH ;)1

consistent with the magnetic equivalence of the two
phosphorus nuclei of PNP. Information on the new
species is provided by variable-temperature 'H NMR
spectroscopy. At 248 K, the formation of the new
species is accompanied by the appearance of a triplet
at —13.51 ppm [J(HP) =21.3 Hz]. The position, the
multiplicity, and the J(HP) values of this resonance are
diagnostic of a terminal hydride cis to two equivalent
phosphorus nuclei [11].

In view of an X-ray analysis on the o,n°-C H,,
precursor as well as the variable-temperature NMR
studies, it is concluded that above 248 K [(PNP)-
Ir(o,n>-C4gH ;)l is in equilibrium with the isomer
[(PNP)IrH(n*-cod)] via a 8-H elimination / hydride mi-
gration process as shown in the lower part of Scheme
2.

The reaction of isolated [((PNPIH(CyH ,)I* (or of
[(P,NI(C H ,)]") with an equimolecular amount of
Li[HBEt,] yields the o-cyclooctenyl compounds quan-
titatively, demonstrating indirectly that the proposed
mechanism leading to formation of [(PNP)r(o,n°-
CgHy3)] from [{Ir(codXOMe)}, ] and PNP (or P,N,) is
correct (Scheme 2). Such a mechanism must therefore
involve the cleavage of the dimeric structure of
[{Ir(codXOMe)}, ] by PNP or P,N, to give mononuclear
species containing a terminal methoxo ligand. The lat-
ter readily B-eliminates formaldehyde and thus gener-
ates a terminal hydride.

According to the mechanism in Scheme 2, the bridg-
ing nitrogen atom in both PNP and P,N, plays a
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Fig. 3. Variable temperature 3p(lH} NMR spectra of 1:1 mixture of
[Ir(codOMe)], and P,N, in toluene-dg (85% H;PO, ref.).

determining role in the interconversion of o-
cyclooctenyl and (hydride)(n*-cod) structures. In par-
ticular, the B-H elimination reaction involving the Ir-

[ircod)Cly, ] + L

Scheme 2.

o-cyclooctenyl moiety would be made possible just by
the facile cleavage of the N-Ir bond. In order to verify
the role played by the hard N donor, we have replaced
PNP and P,N, by the tripodal MeC(CH,PPh,),, (tri-
phos), and we have been able to synthesize the com-
plex [(triphos)Ir(c,n*-C4H 5)]. This complex is quite
stable even in refluxing THF or toluene solutions,
providing indirect evidence that the 8-H elimination /
hydride migration mechanism undergone by PNP and
P,N, complexes is determined by the presence of a
nitrogen donor in the polydentate ligand.

The reduction of benzylideneacetone was carried
out using propan-2-ol or cyclopentanol as hydrogen
donors. Two different catalyst systems were investi-
gated: isolated [(PNP)Ir(o,n>-C4H,;)] (or the P,N,
homologue) and a 1:1 mixture of [{Ir(cod(OMe)},]
and PNP (or P,N,) in the appropriate alcohol pre-
pared in situ.

The results obtained show that, regardless of the
catalytic system, the P,N, catalysts are invariably more
active than those with PNP. An induction period in the
conversion is observed when the reaction is carried out
at 83°C in propan-2-ol, which disappears at 140°C
using cyclopentanol as the donor.

These results are consistent with the solution chem-
istry of these compounds as well as the reaction path
reported in Scheme 1. This involves reaction of
[{Ir(codXOMe)},] with PNP or P,N, to give five-coor-
dinate intermediate species through the cleavage of the
methoxo bridge [12]. At this stage, we suggest that the
unsaturated ketone approaches the complex, displacing
one olefin bond. This is followed by selective transfer
of hydride to the carbonyl group of coordinated ketone
promoted by recoordination of the nitrogen donor, and
is the likely key step of the reaction. The intermediate
reacts with propan-2-ol and as a result, the Ir~O bond
is cleaved and free unsaturated alcohol is formed to-
gether with an O-isopropoxo complex. The final step
restores the parent hydride via B-H elimination,
thereby closing the catalysis cycle.

3. Hydrogen transfer reactions using catalysts stabi-
lized by tripodal tetraphosphines

We have reported above that selective reduction of
the carbonyl group in «,B-unsaturated ketones cat-
alyzed by iridium complexed by PNP or PN is brought
about by the presence of a donor atom capable of
undergoing an “arm-off” mechanism. In contrast, no
catalytic activity is observed using a polyphosphine. In
order to obtain more information [13] on the effect of
ligands having only phosphorus atoms for the forma-
tion of selective catalysts, we have compared the be-
haviour of isostructural iron(1I), ruthenium(ll), and
osmium(II) complexes of the formula [(PP,)M(HXH )]
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BPh,, [M = Fe, Ru, or Os; PP, = P(CH,CH,PPh,),].
The compounds are non-classical trihydrides, display-
ing identical structures where the metal is octahedrally
coordinated by the four phosphorus atoms of the tripo-
dal ligand, by a terminal hydride ligand, and by a
side-on-bonded dihydrogen molecule trans to the
bridgehead phosphorus atom. X-ray structure analyses
have been carried out on all the compounds [14]. These
compounds have previously been found to catalyze
efficiently the selective hydrogenation of 1-alkynes to
alkenes [Fe [15] and Ru [16]] and the sterecoselective
dimerization of l-alkynes to (Z)-1,4-disubstituted
butenynes (Ru and Os) [17].

Both the steric crowding at the metal, which in-
creases in the order Fe > Ru > Os, and /or the nature
of the metal seem to be of crucial importance in
determining selective pathways. Both these factors are
also determining in driving the selectivity of the hydro-
gen-transfer reactions, and we have shown that the
iron and osmium complexes exhibit opposite chemose-
lectivity.

4. Hydrogen-transfer reductions assisted by Iron(II),
Ruthenium(Il) and Osmium(II) complexes stabilized
by P(CH,CH,PPh,),

4.1. Iron(11) system: [(PP;)Fe(H)(H,)]BPh,

The hydrogen-transfer reduction of benzylideneace-
tone (PhCH=CHCOMe) is catalyzed by the iron system
with good catalytic activity and excellent chemoselectiv-
ity, the only product being the corresponding unsatu-
rated alcohol. Reactions are performed using either
propan-2-ol or cyclopentanol as hydrogen donors and
THF or 1,4-dioxan as solvents. The catalytic reactions
are performed under argon. When dinitrogen is em-
ployed, a marked loss in the catalytic activity takes
place. An even more dramatic effect is observed when
the reactions are performed in the presence of H,, as
the catalytic activity is almost completely suppressed.
Similar behaviour is shown also by the Ru and Os
systems. Surprisingly, the reduction of other acyclic
unsaturated ketones to give the saturated ketone pro-
ceeds at the C=C bond which is not subsequently
reduced. The most impressive observation is the change
in selectivity a substituting a methyl by a phenyl group
(benzylideneacetone, which gives only unsaturated al-
cohol compared to chalcone, which gives only satu-
rated ketone). Both steric and electronic factors (i.e.
the larger size of the phenyl substituent and the lower
polarization of the keto group in chalcone) may be
responsible for such a change in selectivity.

Aldehydes are not reduced by this system, but this is
not surprising as they undergo fast disproportionation
reactions with irreversible formation of stable iron(Il)

1n°%-0,0-carboxylato complexes of the formula
[PP,Fe(O,CR)]* [18].

4.2. Ruthenium(1l) system: [(PP;)Ru(H)(H,)|BPh,

The hydrogen-transfer reduction of benzylidenace-
tone is catalyzed by this system with high catalytic
activity and good chemoselectivity, the predominant
product being the corresponding unsaturated alcohol.
Other products are the saturated ketone and the satu-
rated alcohol. The highest chemoselectivity (up to 90%)
is obtained at 30-40°C. At higher temperatures, the
reactions are very fast, and the unsaturated alcohol
formed is rapidly reduced to a saturated alcohol. Alde-
hydes, such as benzaldehyde and cinnamaldehyde, are
not reduced, and they appear to react irreversibly with
the ruthenium catalyst, as inferred from competition
studies.

Propan-2-ol is dehydrogenated in the course of the
reaction to give acetone which, like acyclic ketones, has
been found to react with our ruthenium catalyst in a
disproportionation reaction, resulting in slow, irre-
versible deactivation of the system because of forma-
tion of ruthenium carboxylates of the formula
[(PP;)Ru(7n*-0,0-0,CR)]* [18].

Such a deactivation is a minor disadvantage when
the substrate reduction is fast, whereas in some cases
deactivation of the catalyst can be competitive with
substrate reduction and, therefore, complete conver-
sion is not obtained. The ruthenium catalyst system is
very robust. A number of consecutive reactions can be
performed using the same catalyst with no appreciable
decay of activity. This does not occur with the iron
catalyst precursor, which undergoes considerable deac-
tivation during each run.

4.3. Osmium(Il) system: [(PP;)Os(H)(H,)]BPh,

Hydrogen-transfer reactions catalyzed by the Os 11
system must be performed in pure donor because the
presence of a cyclic ether (THF, 1,4-dioxan) inhibits
the catalytic activity. Both propan-2-ol and cyclopen-
tanol are suitable hydrogen donors, the reactions being
generally slightly faster in the case of propan-2-ol,
probably because of the lower inhibiting effect of ace-
tone, as compared to cyclopentanone. Acetone can
readily be evaporated off under the reaction conditions
(80°C). Like ruthenium, the osmium catalyst is very
stable and several catalytic cycles can be accomplished
providing the system is recharged with the substrate
and the hydrogen donor. The activity is generally lower
than with ruthenium, as would be expected for a 5d
metal.

a,B-Unsaturated ketones are generally reduced with
this system to the corresponding saturated ketones,
which are subsequently reduced to saturated alcohols.
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A number of experiments were performed using substi-
tuted allyl alcohols as substrates in order to ascertain
whether an isomerization process was operative. The
unsaturated alcohol PRCH=CHCH(OH)Me (reduction
product of benzylideneacetone) is slowly isomerized to
the saturated ketone by the Os II system.

5. Mechanism of reduction

Reactivity studies have clearly shown that the solu-
tion chemistry of these non-classical trihydrides is dom-
inated by the different metal-dihydrogen bond
strengths, which increase in the order Ru <« Fe < Os
[19]. Displacement of the dihydrogen molecule by neu-
tral L. such as N,, CH,CN, PR,, or CO to give
[(PPM(HXL)]™ is a feasible reaction for all com-
pounds. However, more drastic conditions are gener-
ally required for Fe and Os than for Ru.

In light of the NMR evidence, there is little doubt
that these compounds are catalyst precursors for the
hydrogen-transfer reduction of benzylideneacetone, the
real catalytic species being the monohydrides
[(PP;)MHI]*. These are coordinatively and electroni-
cally unsaturated species and, therefore, susceptible to
attack by ketones.

Although we have provided evidence for n'-O-coor-
dination of benzylideneacetone only for osmium [13], it
is reasonable that iron and ruthenium also initially
coordinate the unsaturated ketone via the oxygen atom

cis position to the terminal hydride. Provided this
initial step occurs for all metals, a common catalytic
cycle can be proposed (Scheme 3). This involves migra-
tion of hydride from metal to coordinated ketone to
give an alkoxo complex. Reaction of the last species
with the hydrogen donor (e.g. propan-2-ol) cleaves the
M-0O bond with consequent formation of free allyl
alcohol and an isopropox complex. Finally, the unsatu-
rated hydride is regenerated via a B-H elimination
reaction, thereby closing the catalysis cycle.

6. Conclusions

The mechanism of the selective reduction of «,8-
unsaturated ketones in hydrogen transfer appears to be
dependent on the basicity of the ligands as they pro-
duce an electron-rich metal which promotes selective
transfer of the hydride onto the carbonyl group. This
effect can be produced either by using a mixed N,
P-donor or by using strong o-donor polydentate phos-
phines the main difference between the two systems
being the mechanism of formation of a coordination
vacancy at the metal. In mixed N, P-donors, a free
coordination site is generated via an “arm-off”’” mecha-
nism. In polyphosphine metal complexes, the presence
of the strong phosphorus donors connected by alkyl
chains (chelate effect) inhibits “arm-off mechanisms”.
In this case, a coordination vacancy can easily be
generated by loss of a weakly bound ligand (i.e. H,)
from the metal precursor.
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