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29.1
Introduction

The first homogeneous enantioselective hydrogenation catalysts were developed
during the 1960s [1, 2]. Since then the range and scope of chiral hydrogenation
catalysts has expanded to the point where many functionalized substrates can
be hydrogenated in good enantiomeric excess. This breakthrough is largely due
to the C,-symmetric diphosphine catalysts such as DIOP [3], the first such di-
phosphine, and DIPAMP [4], used in the first industrial-scale enantioselective
homogeneous hydrogenation to produce 1-DOPA. Since that time, numerous
other phosphorus ligands have been introduced, which have considerably ex-
panded the scope of enantioselective hydrogenation.

More recently, there has been increasing interest in the synthesis of hydroge-
nation catalysts with ligands other than the diphosphines. The initial success of
titanocene catalysts in the hydrogenation of unfunctionalized alkenes (see Sec-
tion 29.5) led to a great deal of research into metallocene catalysts. Iridium
complexes with ligands bearing a coordinating phosphorus (P) and nitrogen (N)
atoms have shown considerable success in recent years.

P,N and non-phosphorus ligands have been most successful in the enantio-
meric iridium-catalyzed hydrogenation of unfunctionalized alkenes [5], and for
this reason this chapter necessarily overlaps with Chapter 30. Here, the empha-
sis is on ligand synthesis and structure, whereas Chapter 30 expands on sub-
strates, reaction conditions and reaction optimization. However, a number of
specific substrates are mentioned in the comparison of catalysts, and their struc-
tures are illustrated in Figure 29.1.
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Fig. 29.1 Substrates discussed in this chapter.

29.2
Oxazoline-Derived P,N Ligands

The Crabtree catalyst ([Ir(PCy;)(py)(COD)|PF¢) [6] shows remarkable activity in
the hydrogenation of alkenes, particularly sterically hindered tri- and even tetra-
substituted alkenes. Its structure has inspired a great deal of research into chiral
P,N ligands for enantioselective hydrogenation, producing a variety of useful
catalysts. The largest and most successful group of chiral analogues of the Crab-
tree catalyst are iridium complexes with oxazoline-derived P,N ligands.

The oxazoline-derived P,N ligands can be classified into four groups according
to structure: phosphino-oxazolines; phosphite- and phosphinite-oxazolines; cata-
lysts containing a P-N bond; and structurally related non-oxazoline catalysts.

29.2.1
Phosphino-oxazolines

The most extensively studied of these systems are the phosphino-oxazoline
(PHOX) catalysts 14 (Fig. 29.2). Good enantioselectivity has been achieved with
these catalysts over a broad range of substrates [7].

The highest enantioselectivity in the hydrogenation of unfunctionalized tri-
substituted alkenes has been achieved with catalyst 14a. The same catalyst was
also used to hydrogenate a,f-unsaturated phosphonates with enantiomeric ex-
cesses (ee) of 70 to 94% [8].

The PHOX ligands have a modular structure (Scheme 29.1). They are synthe-
sized from chiral amino alcohols and benzonitrile or bromobenzonitrile: the
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phosphine is introduced via ortholithiation [9, 10] or lithium-halogen exchange
as the first step [10-12] in ligand synthesis. Alternatively, the phosphine moiety
can be introduced by nucleophilic substitution using an ortho-fluorophenyloxa-

zoline as precursor (Scheme 29.1, route c) [13].

The stability of the PHOX catalysts containing the BArg counterion was found
to be higher than that of those containing a PFg counterion. The catalysts were
more stable to air and moisture and, during hydrogenation, were deactivated
more slowly than the corresponding PFg catalysts, giving full conversion at

>0.02 mol% catalyst loading [10].
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Fig. 29.4 HetPHOX catalyst 6.

A series of analogues of the original PHOX catalyst, in which the phenyl
bridge is attached to C(4) instead of C(2) of the oxazoline ring (15, Fig. 29.3),
were recently synthesized [14]. These catalysts were used to hydrogenate a num-
ber of substrates, including a range of 1-phenylbutenoic acids, with >90% ee.

Another PHOX analogue has the aryl ring of the PHOX catalyst replaced by a
thiophene unit 16 (Fig. 29.4) [15]. The synthesis is similar to that of the PHOX
catalysts, starting with ortho-metallation of the thiophene. The catalysts showed
similar selectivity to PHOX, and were used to hydrogenate substrates 1 and 2
with maximum enantioselectivities of 99% and 94%, respectively.

JM-Phos, a PHOX analogue with an alkyl backbone (17, Fig. 29.5) has been
used to hydrogenate a number of substrates with moderate to good enantio-
selectivity [16].

Another alkyl-bridged PHOX (18, Fig. 29.6) was recently synthesized [17], and
used to hydrogenate a series of substituted methylstilbenes in 75-95% ee, and
f-methylcinnamic esters in 80-99% ee. The hydrogenation results suggest that
the selectivity of these catalysts is mainly derived from the substitution at the
stereogenic center on the oxazoline ring, with the other stereocenter having a
relatively minor effect on the ee-value.

The ligand synthesis is straightforward, using amino alcohols as the source of
chirality in the oxazoline ring, whereas the stereochemistry in the phospholane ring
is controlled by an enantioselective deprotonation using sparteine (Scheme 29.2).
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Scheme 29.2 Synthesis of ligands for catalyst 18.

The ferrocene-oxazoline catalyst 19 (Fig. 29.7) has recently been used to hydro-
genate substituted quinolines [18]. The ligand synthesis is again similar to that of
the original PHOX ligand, with introduction of phosphorus via orthometallation.

29.2.2
Phosphite and Phosphinite Oxazolines

A PHOX analogue containing a P-O bond, the TADDOL-derived phosphite oxa-
zoline catalyst 20a (Fig. 29.8) has been used in the hydrogenation of a number
of substituted styrenes, as well as in asymmetric allylic alkylation [19]. However,
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the enantioselectivities were only moderate and catalytic activity was low, requir-
ing 4 mol% catalyst.

The synthesis strategy is shown in Scheme 29.3. The incorporation of a diol
or diamine gives ligand 20D or ligands 21a and 21D, respectively.

More recent developments are the SerPHOX catalyst 22 [20] and the Thre-
PHOX catalyst 23 [21] (Fig. 29.9), derived from serine or threonine, respectively
(Scheme 29.4).

In many cases, these catalysts proved to be superior to the PHOX complexes
14. Complexes 23a and 23g are among the most efficient catalysts (and are
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now commercially available [22]), giving high enantioselectivities and turnover
numbers (TONs) for a range of trisubstituted and 1,1-disubstituted alkenes. The
additional methyl group on the oxazoline ring of ThrePHOX ligands led to
greater selectivity in the hydrogenation of substrates 1, 3, and 4 [21]. The syn-
thesis is again modular (Scheme 29.4).

Another efficient, readily available catalyst is the SimplePHOX complex (24,
Fig. 29.10) [23].

The ligand synthesis requires only two steps from simple starting materials.
As with the PHOX type catalysts, chirality is built in through the use of a chiral
amino alcohol (Scheme 29.5).

Complex 24a proved to be a particularly efficient catalyst for the hydrogena-
tion of the cyclic substrate 5, affording 95% ee, which currently is the highest
ee-value obtained with any catalyst for this substrate. High enantioselectivities
were also obtained with a,f-unsaturated substrate 6. Catalyst 24a also gave high-
er selectivity than the ThrePHOX catalysts 23 in the hydrogenation of substrates
2 and 4.

29.2.3
Oxazoline-Derived Ligands Containing a P-N Bond

The first oxazoline-derived catalysts containing P-N bonds to be synthesized
were the diaminophosphines 21 (Fig. 29.11) (details of the synthesis are shown
in Scheme 29.3). This class of catalysts gave good enantiomeric excesses in the
hydrogenations of some unfunctionalized olefins, albeit with low conversions
and high catalyst loading (4 mol%) [19, 24]. Analogous complexes with N-aryl-
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substituted ligands 21c¢ demonstrate much higher reactivity, and have been
shown to be particularly efficient catalysts for the hydrogenation of a,f-unsatu-
rated carboxylic esters [5].

PyrPHOX catalysts 25 (Fig.29.12) [25], with a pyrrole instead of a phenyl
bridge, showed selectivity which was comparable to — and in some cases better
than — that of the PHOX catalysts 14.

The synthesis is similar to that of the PHOX catalysts (Scheme 29.6), starting
with oxazoline formation from the pyrrole nitrile and an amino alcohol, fol-
lowed by introduction of the phosphine group.

The pyrrolidine-oxazoline catalysts 26 (Fig. 29.13) can be conveniently synthe-
sized from proline in five steps, and have been used to hydrogenate the methyl-
stilbenes 1 and 8 in 92% ee and 94% ee, respectively [26].

1037



1038 | 29 P,N and Non-Phosphorus Ligands

It x R! R? X
%O a) JPr Ph PFg
(Rz)zF"\Ir'N b) iPr Ph BArg
A7 R ¢) tBu Ph BArg
d) tBu o-tol PFg
26 e) (Bu o-tol BArg

f) tBu 2-Ethylphenyl  BArg
g) tBu 2,3'M€206H3 BAI’F-
h) tBu 2,4-Me2C6H3 BAFF'

Fig. 29.13 Pyrrolidine-oxazoline catalyst 26.

_| * BAFF-

Fig. 29.14 Phosphino-benzoxazine catalyst 27.

29.2.4
Structurally Related Ligands

A number of ligands have been synthesized which have structural similarities
to the oxazoline-derived ligands.

The first of these was the phosphino-benzoxazine catalyst 27 (Fig. 29.14) [27].
This catalyst contains a six-membered benzoxazine ring in place of the five-
membered oxazoline ring in the PHOX catalysts. It was hoped that this change
would bring the chiral center on the ring into closer contact with the metal, re-
sulting in higher enantioselectivities. However, enantiomeric excesses were only
modest with the substrates chosen.

The phosphino-imidazoline catalyst 28 (Fig. 29.15) is a close analogue of the
original PHOX ligand.

Phosphino-imidazoline ligands of this type were originally synthesized by Bu-
sacca and coworkers and used in an enantioselective Heck reaction [28].

The additional nitrogen atom in the ring gives another site for substitution
(Scheme 29.7), and thus for steric and electronic tuning of the ligand structure.
A range of catalysts were prepared and used in the hydrogenation of unfunc-
tionalized alkenes. These outperformed the original PHOX catalyst in the hy-
drogenation of substrates 3, 4, and 5 [29]. They have also been successfully app-
lied to the hydrogenation of terpenoid dienes and trienes [30].



29.2 Oxazoline-Derived P,N Ligands

+ - 1 2 3
;;I BAI’F R R R
N a) Pr Ph iPr
|
(RZ)ZP\| N \) b) iPr Ph Cy
r\ "R1
2\ 7 c) Pr Ph CHzPh
e) tBu Ph Ph
f) tBu Ph p-MeOCgHy4
g) tBu Ph p-CF3CeHy
h) tBu Ph p-tol
i) tBu o-tol Ph
i) tBu o-tol CH,Ph

Fig. 29.15 Phosphino-imidazoline catalysts 28.

OH

(o] R3
)J\ . 2 steps N
Ph” N7 “R! - . |
H (R?),P N
};1
(R?),PCI
R3NH,

Scheme 29.7 Synthesis of phosphino-imidazoline ligands.

1" BAY

Ra

P--.

o 'Ir(COD)

: N,' a) Ph
| \>—Ph b) o-tol
(e} c) 3,5-M62C6H3
29

Fig. 29.16 Phosphinite-oxazole catalyst 29.

Finally, the phosphinite-oxazole catalyst 29 (Fig. 29.16) was recently reported
and used to hydrogenate a series of functionalized and unfunctionalized alkenes
[31]. It was anticipated that the planar oxazole unit and the fused ring system
would improve the enantioselectivity compared to the PHOX catalyst by increas-
ing rigidity in the six-membered chelating ring [32]. Indeed, these catalysts
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proved to be highly selective, rivaling the most selective oxazoline-based cata-
lysts in the hydrogenation of a range of substrates.

The ligands are synthesized from achiral starting materials using a ketocar-
bene-nitrile cycloaddition as the key step (Scheme 29.8). The stereogenic center
is introduced by enantioselective reduction of the carbonyl group in the cycload-
dition product.

29.3
Pyridine and Quinoline-Derived P,N Ligands

Knochel and coworkers synthesized a series of camphor-derived pyridine and
quinoline P,N ligands. The catalysts 30 (Fig.29.17) were used to hydrogenate
substrates 1 and 2 in up to 95% and 96% ee, respectively [33]. The selectivities
were moderate for other unfunctionalized alkenes; however, a high enantioselec-
tivity was reported for the hydrogenation of ethyl acetamidocinnamate 10 [34].
The ligands derive their chirality from the ring bearing the phosphorus atom,
synthesized from (+)-camphor (R=H) or (+)-nopinone (R=CH3) (Scheme 29.9).
Recently, a series of pyridine- and quinoline-derived catalysts 31 (Fig. 29.18)
have been developed. Ligands 31a-k were obtained by reduction of pyridyl ke-
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R N
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Fig. 29.17 Catalyst 30.
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tones and resolution of the resulting alcohols. Ligands 311-n were synthesized
via enantioselective reduction of pyridyl ketones and protection as silyl ethers,
and ligands 310-q were accessed through Sharpless dihydroxylation of a quino-
lyl alkene, followed by tosylation and introduction of the phosphine group.

In the hydrogenation of 1, catalysts 31a—j gave 87-97% ee, whereas catalyst
31k, with the very bulky trityl substituent on the alkyl backbone, only gave 38%
ee. The silyl substituent was found to have a significant effect on selectivity: cat-
alyst 311 gave 88% ee, while catalyst 31n gave only 4% ee with substrate 1 [35].
This remarkable effect was rationalized based on X-ray structural data.

29.4
Carbenoid Imidazolylidene Ligands

The first application of a heterocyclic carbenoid achiral ligand for hydrogenation
of alkenes was reported in 2001 by Nolan and coworkers. Both ruthenium [36]
and iridium [37] complexes proved to be active catalysts. Turnover frequency
(TOF) values of up to 24000 h™* (at 373 K) were measured for a ruthenium cata-
lyst in the hydrogenation of 1-hexene.

Another series of achiral iridium catalysts containing phosphine and hetero-
cyclic carbenes have also been tested in the hydrogenation of unfunctionalized
alkenes [38]. These showed similar activity to the Crabtree catalyst, with one
analogue giving improved conversion in the hydrogenation of 11.

Subsequently, Burgess and coworkers developed the chiral carbenoid ligands 32
(Scheme 29.10), which were structurally related to the JM-PHOS ligand [39, 40].

The most selective catalyst in this series, complex 32¢, with very bulky substi-
tuents at the oxazoline and the imidazolylidene moiety, was used to hydrogenate
a range of trisubstituted alkenes with enantiomeric excesses of greater than

I\E/\N~R1 R1‘N \_‘ " BAE
N

0™, >
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W b
(@) an ~ 2
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R! R?
a) Ph 2,6-(iPr),CgH3

b) tBu 2,6-(iPr)2CeH3
c) 1-Ad  2,6-(iPr),CgH3
d) CHPh, 2,6-(iPr),CgHs
e) 1-Ad 2,5-(Et),CgH3

Scheme 29.10 Carbenoid imidazolylidene ligands based on the JM-PHOS ligand (32).
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90%. It was found that the R' substituent on the carbenoid ring had a greater
effect on selectivity than the R? substituent on the oxazoline. All the other cata-
lysts 32a, 32b, 32d and 32e gave distinctly lower enantioselectivities.

Recently, carbene-oxazoline catalysts 33 and carbene-phosphine catalysts 34
(Fig. 29.19) with a chiral paracyclophane backbone have been synthesized and
used to hydrogenate a variety of alkenes, with modest selectivity [41].

29.5
Metallocenes

The metallocenes are described in greater detail in Chapter 30.

Catalyst 35b was used by Buchwald and coworkers with [PhMe,NH]"-
[(BCgFs)4]” to hydrogenate tetrasubstituted unfunctionalized cyclic olefins with
up to 97% ee [42].

The enantiopure catalyst 35b was synthesized from 35c [43] via the bi-
naphtholate 35a [44, 45].

= ==

>
X"'\ZF‘X X-'\,Ti“x
35a-c 35d-e
a) X, = binaphtholate d) X, = binaphtholate
b)x = Me e) X=Cl
c)X=Cl

Fig. 29.20 EBTHI catalysts 35.
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The most selective — and also most general — titanocene catalyst is complex 35d,
also studied by Buchwald and coworkers. This catalyst was used to hydrogenate a
variety of functionalized and unfunctionalized cyclic and acyclic alkenes with ex-
cellent ee-values in most cases [46]. Enamines could also be hydrogenated with en-
antiomeric excesses of 80-90% [47]. However, high catalyst loadings (5-8 mol%)
and long reaction times were required to drive the reactions to completion.

Marks and coworkers developed a series of cyclopentadienyl-lanthanide com-
plexes. In the initial investigations on achiral catalysts 36a and 36b (Fig. 29.21),
TOFs greater than 100000 h™' were observed in the hydrogenation of 1,2-disub-
stituted unfunctionalized alkenes [48].

Chiral analogue 36c¢ was then synthesized [49]. Catalyst 36¢c (R=menthyl) hy-
drogenated 2-phenyl-1-butene 7 with 96% ee at 195 K, with enantioselectivity
being found to be highly temperature-dependent.

29.6
Other Ligands

The cobalt complex 37 was used in combination with quinine as a chiral coordi-
nating base to hydrogenate 1,2-diphenyl-2-propene-1-one in 49% ee (Fig. 29.22)
[50]. However, no further studies of this type of catalyst were reported.

Corma and coworkers tested a number of rhodium and other transition metal
complexes with ligands based on proline (Fig. 29.23). These authors reported
ee-values of 54-90% for the hydrogenation of dehydroamino acid derivatives
with a catalyst prepared from ligand 38 [51]. With ligand 39, an ee-value of 34%
was recorded for the hydrogenation of ethyl acetamidocinnamate 10 [52].

Brauer and coworkers also prepared a rhodium catalyst, using an amino-phos-
pholane ligand, catalyst 40 (Fig. 29.24). This was used to hydrogenate ethyl acet-
amidocinnamate 10 in 60% ee [53].

Catalyst 41 (Fig. 29.29) is based on a sulfinyl imine, with the stereogenic cen-
ter at the sulfinamide group. The best catalyst in this series, 41a, gave 94% ee
in the hydrogenation of substrate 1 [54]. The catalyst has low activity, with
5 mol% catalyst being required.
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Fig. 29.25 Sulfinyl imine catalyst 41.

Finally, another group of rhodium catalysts based on ligands 42 to 45
(Fig. 29.26) has recently been synthesized and tested on the enantiomeric hydro-
genation of a-phenylcinnamic acid 13, giving 59 to 84% ee [55, 56]. The same
complexes, when immobilized on mesoporous silica, were found to be even
more enantioselective. The results obtained with rhodium complexes based on
ligands such as 38, 43, 44, or 45 are in contrast to the general experience that
catalysts containing only nitrogen ligands are catalytically inactive and show a
tendency to decompose under hydrogen pressure to give metallic rhodium.
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Further studies will be necessary to confirm these results and to establish the
potential of catalysts of this type.

29.7
Conclusions

The development of chiral P,N and non-phosphorus ligands for the asymmetric
hydrogenation of C=C bonds remains a young and rapidly developing field of
research. The application range of these ligands is largely complementary to
chiral phosphines. While chiral phosphines form efficient catalysts in combina-
tion with Rh and Ru, the primary domain of P,N ligands is Ir-catalyzed hydro-
genation (see Chapter 30). Iridium complexes with chiral P,N ligands have con-
siderably expanded the application range of asymmetric hydrogenation to un-
functionalized alkenes as well as various functionalized olefins, which give poor
results with Rh or Ru catalysts. The most efficient P,N ligands developed to
date have been oxazoline derivatives such as ThrePHOX 23 or SimplePHOX 24,
and the bicyclic oxazole derivative 29. Promising results have also been obtained
with the carbenoid P,C ligand 32. Metallocene catalysts have also been success-
fully applied for asymmetric hydrogenation of unfunctionalized alkenes, though
as yet this class of catalysts has found only limited use.

Abbreviations

ee enantiomeric excess
PHOX phosphino-oxazoline
TOF  turnover frequency
TON  turnover number
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