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Chapter Abstract

The most recent tridentate ligands of any coordination pattern which have been used
in any reactions of asymmetric catalysis and showed the best efficiencies in term of catalytic
activities and selectivities, in particular indeed enantioselectivities are presented in this
chapter: N,N,N ligands like Pybim, IPO, Bopa or Boxmi ligands , P,N,N ligands like
SpiroPAP and analogues, N,P,N ligands like phosphine-bisoxazolines, P,N,P ligands like
imine-diphosphines, P,N,S ligands like SpiroSAP, N,N,O ligands like pseudodipeptides or
BinThro ligands, O,N,O ligands like imine-diols, N,C;N ligands like Phebox or Phebim
ligands and many other ones.

5.1 Introduction:

Although rarely described in the literature only twenty years ago, a very large amount
of chiral tridentate ligands has been now developed and applied to numerous catalyzed
reactions. Amongst all these ligands, we have elected to present in this chapter only the most
recent and efficient ones, covering a large variety of the possible coordination patterns.
Indeed, because of space limitations, many interesting ligands and valuable catalytic systems
could not be included but we hope that this chapter will provide a useful overview of the

available chiral tridentate ligands for the asymmetric catalysis.

5.2 N,N,N ligands
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The first successful family of chiral tridentate ligands belong to the Pybox family
(Pybox for pyridinebis(oxazoline), see Figure 5.1),%2% introduced in 1989 by Nishiyama et
al.,* which have been successfully used in various reactions such as the Mukaiyama aldol
reaction, in particular with Cu(ll) catalysts, with main contributions from Evans and
coworkers,® the hydrosilylation of ketones mainly in combination with Rh(I11),*®7 the
cyclopropanation with Ru(11), 8 the allylic oxidation with Cu(I1),%° the Dields-Alder reaction
with Sc(111)+1213 and several others. Pybox are now well established and privileged ligands,

regularly used to develop new catalytic systems,!#1516.17.18.19.20,2122

Pybox

Figure 5.1: Pybox ligands

The Pybox structure has inspired the design of other chiral tridentate ligands, for
instance by keeping the central pyridine part and replacing one or both oxazoline rings by
other groups. In 2005, Beller et al. developed a new family of ligands called Pybim for
pyridinebis(imidazoline) from various chiral 1,2-diamines (see figure 5.2).22 Ruthenium
complexes of Pybim were tested in the asymmetric epoxidation of olefins by hydrogen
peroxide: the chemoselectivities in epoxide were from low to excellent with moderate
enatioselectivities (epoxide ee up to 71% for t-stilbene with ligands from t-stilbenediamine
(figure 5.2, left structure with R=1-naphtyloxy or (+)-menthyloxy).? Pybim ligands were also

used in the zinc-catalyzed hydrosilylation of acetophenone, although with low



enantioselectivities (ee = 16-24%).%*
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Figure 5.2: Pybim ligands
Fernandez and Lassaletta developed new pyridinebis(hydrazones) (see Figure 5.3) and
to 92/8) and

used them in the asymmetric Diels-Alder reaction of N-crotonyloxazolidin-2-one with
(endo/exo ratio up

cyclopentadiene.®® Good diastereoselectivities
enantioselectivities (ee up to 74%) were obtained using ligand 5.3.c and Cu(OTf)z.
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53.a:R=Ph,n=1;53.b: R=Ph,n=2;53.c: R=Me,n=1
Figure 5.3: Pyridine bis(hydrazone) ligands
Pyrazoline-pyridine-oxazolines have been developed by Yu and coworkers for the

ruthenium-catalyzed asymmetric transfer hydrogenation of ketones (see Figure 5.4).2% High

catalytic activities and enantioselectivities were obtained with ruthenium(ll) complexes of

ligands 5.4.b in the asymmetric hydrogenation of various aryl methyl ketones (ee of the



alcohols = 67-98% for R = iPr).

1 O

HN—N
5.4.a, R = Ph or /Bu ///R 5.4.b, R = Ph or iPr R Figure

Figure 5.4: Pyrazole-pyridine-oxazoline ligands

The same team also developed imidazole-pyridine-oxazolines (see Figure 5.5).
Ruthenium(ll) complexes of these ligands were used in the asymmetric transfer
hydrogenation of aryl and alkyl methyl ketones, the NTs-bearing ligands yielding the most

active and enantioselective catalysts (ee from 73 to 99.9% for R=iPr). 2"%

R =Ph, iPr or rBu, X = H or NTs

Figure 5.5: Benzimidazole-pyridine-oxazoline ligands.

Huang and coworkers developed in 2014 new imininopyridine-oxazolines (IPO, see
Scheme 5.1). Their cobalt (1) complexes were used as catalysts in the first cobalt-catalyzed
asymmetric hydroboration of alkenes with HBPin with complete regioselectivity and very
good enantioselectivities, especially for 1-aryl-1’-alkyl-alkene and complex 5.5 (see Scheme
5.1).2° The same group used iron(Il) complexes of IPO ligands for the asymmetric alkene
hydrosilylation. Excellent results were obtained for aryl methyl ketones and a crowded IPO

ligand (R = tBu, R’ = CHPh,): yields in the 63-99% range and ee in the 64%-93% range for



almost all substrates.®® Huang et al. also used Mn(Il) complexes of IPO ligands in the
asymmetric alkene hydrosilylation, again with good results for aryl methyl ketones and the

same crowded IPO ligand (R = tBu, R’ = CHPh,): 68-99% yields and 79%-92% ee.3!

Independently from Huang’s group, Lu et al. synthesized IPO ligands via another
synthetic pathway and used them in the iron-catalyzed asymmetric hydroboration (ee in the

87-92% range)*? and hydrosilylation (ee in the 78-99% range)* of 1,1°-disubsituted alkenes.

R &

alkyl I equiv. HBPin, 0.5mol% 5.5 2IKY! api
> N yield = 64-98%
THF, 25°C ee = 77-99.5%

Ar Ar

Scheme 5.1: Imininopyridine-oxazoline (IPO) ligands. Asymmetric hydroboration of
1,1’-disubstituted alkene.

Lu et al. in addition to IPO ligands also developed oxazoline-aminoisopropylpyridines
(OAP, see Figure 5.6). The CoCl2(OAP) complexes proved to be efficient catalysts for the
asymmetric hydroboration of 1-alkylstyrenes (yields in 35-81% range, ee in the 65-95%
range with ligand with R!=2,6-(Me).CsH3, R?=tBu, R®=H) with  opposite product

configuration to that obtained with the corresponding 1PO.3*
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Figure 5.6: Oxazoline-aminoisopropylpyridine (OAP) ligands.

Zhang et al. described, to the best of our knowledge, the first analogue of pybox where
the central pyridine was replaced by another nitrogen ligand (ambox, see Figure 5.7).
Ruthenium(11) complexes of Ambox were used in the asymmetric transfer hydrogenation of
aryl alkyl ketones. For most substrates, the reaction was complete with 1 mol% of catalyst

within 10 min with high enantioselectivities (ee in the 90-98% range).*

N
\\\
Rh ambox

Figure 5.7: Ambox ligands

In 2002, Guiry and coworkers described a new pybox analogue with another linker
between the two oxazoline groups: bis(oxazolynylphenyl)amine (Bopa, see Figure 5.8). Bopa
are potential anionic N,N,N tridentate ligands after deprotonation. The authors used Bopa
ligands in the acetophenone asymmetric transfer hydrogenation with good yields but low
enantioselectivities (ee up to 18%).%¢ Du, Xu and coworkers synthesized analogs of Bopa
ligands with oxazoline rings replaced by thiazoline rings (Btpa, see Figure 5.8). They used
both Bopa and Btpa in the Henry reaction of a-ketoesters with nitromethane catalyzed by

Cu(OTf)2/NEts with yields generally over 50% and moderate enatioselectivities (ee = up to



82%, similar for related Bopa and Btpa)®’ but also in the Zn-catalyzed Henry reaction (with
ZnEty) with also good vyields and enantioselectivities (ee in the 13-85% range but with
opposite product configuration to those obtained with the same ligands and the copper
catalyst).®® Nishiyama et al. used Bopa ligands in the iron(Il)-catalyzed asymmetric
hydrosilylation of ketones with good yields and enantioselectivities (up to 95% with bopa
ligand with R=CHPh;, R’=H, R!= R?= R3=H) which are highly dependent on the iron source
(Fe(OAC), or FeCls/Zn).34041 Bopa ligand were also succesfully used in the cobalt-catalyzed
asymmetric hydrosilylation of ketones (ee in the 38-98% range with ligand with R=Ph,
R’=H, R!=R?= R3=H).* Ward and coworkers used calcium*? and lanthanide*® complexes of
Bopa for the asymmetric intramolecular hydroamination: essentially full conversions were
obtained with moderate enantioselectivities (ee up to 50% for Ca and up to 46% for

lanthanides).

RS RS
R2
R1 N @\
H
SN NZ Y NZ
Bopa Btpa

Figure 5.8: Bopa ligands and thiazoline analogs.

Hu and coworkers used Bopa Fe(lll) complexes for the asymmetric cross-coupling
reaction of alkyl halides with aryl Grignard reagents with low enantioselectivities (ee up to
19%) (see Scheme 5.2, a)).** Xiao et al. used Bopa zinc complexes for the synthesis of
chromans by a tandem Friedel-Crafts/Michael addition reaction with moderate yields (54-

80% range), very good diastereoselectivities (de over 90%) and rather good



enantioselectivies (ee in the 59-91%).% Recently, Rovis and coworkers used Zn(ll)
complexes of Bopa for the [4+2] cycloaddition of 1-azadienes and nitroalkenes. An
optimization study of the Bopa ligand structure allowed the authors to identify a difluro-Bopa
as the best ligand (see Scheme 5.2, b)). Under the optimized conditions, good yields (in the
43-87% range), high diasteroselectivies (de over 90%) and enantioselectivities (up to 92%)
could be obtained.*® Zhang and coworkers used Bopa Cu(l) complexes for the
enantioselective arylakynylation of alkenes*’ and for the alkyne/a-bromoamide coupling

(see Scheme 5.2, c)).*®
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Scheme 5.2: some asymmetric reactions with Bopa ligands

Nakada et al. developed a Bopa ligand analogue with o,0’-covalently bound phenyl



rings, called carbazole bis(oxazolines) (Cbzbox, see Scheme 5.9) and used them in
chromium-catalyzed Nozaki-Hiyama aldehyde allylation (ee up to 95% for R = iPr),

methallylation (ee up to 95% for R = iPr)**>® and propargylation (ee up to 98% for R =

tBu).>*

Ph Ph
N
H

(6] / (0]

\ N
Cbzbox
R R

Figure 5.9: Cbzbox ligands.

Gade and coworkers described a new family of chiral potentially anionic N,N,N
tridentate ligands after deprotonation: the bis(oxazolinylmethylidene)isoindolines (Boxmi,

see Figure 5.10).%

Boxmi
R R

Figure 5.10: Boxmi.

Boxmi complexes were used in the enantioselective nickel-catalyzed oxindole

fluorination (see Scheme 5.3, a)),>? chromium-catalyzed Nozaki-Hiyama-Kishi reaction (see



Scheme 5.3, b)),%? and copper-catalyzed B-ketoester alkylation (see Scheme 5.3, ¢)).>® Boxmi
copper complexes proved to be inefficient in the asymmetric oxindole alkylation, whereas the
corresponding Zn complexes were highly successful (see Scheme 5.3, d)).>* The same zinc
complexes were also used in the asymmetric oxindole cyanation with 4-acetylphenyl cyanate

as cyanide source (see Scheme 5.3, e)).%®
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Scheme 5.3: some asymmetric reactions with Boxmi ligands.

Boxmi iron(ll) complexes were also applied to the ketone hydrosilylation, yielding



alcohols in high yields and with high enantioselectivities for aryl alkyl ketones (yields = 95-
99%, ee = 94-99% with ligand with R=Ph and R’=H).%®*" The same iron complexes were also
efficient in the hydroboration of functionalized ketones to yield halohydrines,
oxaheterocycles or aminoalcohols® and in the imine hydroboration to yield chiral amines in
very good yields and with high enantioselectivities (ee in the 90-99% range for most
substrates with ligand with R=Ph and R’=Me).>® Boxmi manganese(ll) complexes were also
used in the ketone hydroboration providing alcohols in quantitative yields and high
enantioselectivities for both aryl aryl and alkyl alkyl ketones (ee = 18-99% with ligand with
R=Ph and R’=H).%*%! Cobalt(Il) Boxmi complexes were also used in the asymmetric

acetophenone hydrosilylation (ee up to 79 % with ligand with R=Ph and R’=H ).%?

5.2 P,N,N ligands

Clarke and coworkers developed, to the best of our knowledge, the first efficient P,N,N
ligands 5.6 and 5.7 based on the 1,2-cyclohexane diamine scaffold (see Scheme 5.11).636465
Ruthenium complexes of these ligands were used in the hydrogenation of a few phenyl alkyl
ketones : with phenyl tert-butyl ketone good enantioselectivities could be achieved (ee up to
67% for (S,S,Sp)-5.7 and up to 85% for 5.6 with X = 3,5-di-t-butyl). The same team also
developed 5.8 (analogue of 5.6) based on the t-stilbenediamine scaffold (see Scheme 5.11),
which also proved to be efficient in the enantioselective ruthenium-catalyzed ketone
hydrogenation (ee up to 80% in the hydrogenation of phenyl tert-butyl ketone).®® More
recently, ligand 5.6 with X = H was used in the iridium-catalyzed alkyl aryl ketone
hydrogenation and transfer hydrogenation.” Good enatioselectivities were, in particular,
obtained when the alkyl group was 4-piperidyl (in the 75-96% range) or cyclohexyl (up to

98%).
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Figure 5.11: P,N,N ligands.

In 2011, Xie, Zhou and coworkers described a new spiro tridentate ligand family, called
SpiroPAP (see Scheme 5.12).%8 Iridium complexes of SpiroPAP were used in the asymmetric
hydrogenation of various aryl alkyl and cycloalkyl alkyl ketones with very low loadings
(typically S/C= 5000 but the S/C ratio could be decrease down to 5 000 000 in one case with
a yield of 91% after 15 days ( TON = 4550 000)) and very high enantioselectivities (products
ee in the 88-99.9% range for the ligand with Ar = 3,5-(tBu)2CsHsz and X = 3-Me). This
catalytic system was scaled up for the industrial asymmetric synthesis of rivastigmine, a drug
for the treatment of Alzeimer’s disease.®® The best route is presented in Scheme 5.4: the
center of chirality was created in an asymmetric hydrogenation step using a SpiroPAP ligand
with high yield (isolated yield = 94% at the 5 mmole scale) and enantioselectivity (ee =
99.4%). The same catalytic system was used in the asymmetric synthesis of a chiral
intermediate in the synthesis of Montelukast, a leukotriene receptor antagonist, used for the

treatment of asthma and seasonal allergies at the 30 kg scale (yield = 94%, ee = 99.5%)."°

:5/ PA, «
g\
N i /
NN

SpiroPAP

Figure 5.12: SpiroPAP ligands.
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Scheme 5.4: asymmetric synthesis of Rivastigmine.

SpiroPAP iridium complexes were also used in the B-ketoester asymmetric hydrogenation
with once again very high catalytic activities (typically S/C= 1000 but a TON of 1230 000
could be obtained using a S/C ration of 1 500 000) and high enantioselectivities (product ee
in the 88-95.8% range; 95-99.8% for B-aryl B-ketoesters) for the ligand with Ar = 3,5-
(tBu)2CeHs and X = 3-Me.”* They were also used in the asymmetric hydrogenation of aryl
and heteroaryl 3-ketoesters (for S/C= 1000, yield in the 92-97% range and ee in 96.7-99.9%
range for the ligand with Ar = 3,5-(tBu)2CeHs and X = 3-Me)’2 and in the asymmetric
hydrogenation of alkyl and aryl a-ketoacids (for S/C= 1000, yield in the 92-98% range and
ee in the 56-98% range for the ligand with Ar = 3,5-(tBu)2CsH3 and X = 4-tBu). " SpiroPAP
iridium complexes were also used in the asymmetric hydrogenation of racemic a-substituted

lactones to yield chiral diols by dynamic kinetic resolution: the best results were again



obtained with the ligand with Ar = 3,5-(tBu)2CeHz and X = 3-Me (yields = 82-95%, ee = 69-
95%).7* The same SpiroAP iridium complexes were also efficient in the asymmetric transfer
hydrogenation of ketones (for S/C= 1000, yields = 90-99% range and ee = 80-98% range for
ligand with Ar = 3,5-(tBu)2CsHs and X = H).”™

Recently, Yin, Zhang et al. developed a SpiroPAP analogue (O-SpiroPAP, see
Scheme 5.5) and used it in the iridium-catalyzed hydrogenation of bridged biaryl lactones to

axially chiral compounds with high yields and enantioselectivities (see Scheme 5.5).7®

X X
@ N
0 1mol% O-SpiroPAP/0.5mol% [Ir(COD)CI], OH
= 50atm H,, RT N
o} > OH
THF, 5mol% K,CO, | A
= yield = 90-98%

X e.e. = 79-99%

N=—

P(3,5_(tBU)2CGH3)2

O-SpiroPAP

Scheme 5.5: 0-SpiroPAP.

Chen, Zhang and coworkers developed new ferrocene-based analogues of SpiroPAP
5.9 (see Figure 5.13).7" Ligands 5.9 were applied to the iridium-catalyzed asymmetric ketone
hydrogenation: quantitative yields of alcohols were obtained with good enantioselectivities
(for S/C= 2000, ee = 60.8-86.6% for the ligand with Ar = 3,5-(tBu).CsHs and X = 6-Me).
Clarke and coworkers used the manganese complex 5.10 (see figure 5.14) in the
hydrogenation of various aryl alkyl ketones to yield the corresponding alcohols in
quantitative yields with ee in the 20-91% range (> 80% for crowded substrates).”® Recently,

Zhong et al. synthesized ligands 5.11 (see Figure 5.13), a new family of analogues of ligands



5.9 where the pyridine moiety is replaced by a benzimidazole group.” These ligands were
also used in the manganese-catalyzed asymmetric hydrogenation of ketones: for S/C= 1000,

yields were in the 95-99% range and ee in the 49.7-88.5% range for the ligand with R = Bz.

® Bre
Mn(CO)s
N N thP// \N/ \
H N| N
! PAr, v\ | o
Fe X

Fe

i(b? 5.9 CCBE 5.10

PPh, “ 7@
| \/kN

Fe \
(é? 5.11

Figure 5.13 Ferrocene-based analogues of SpiroPAP ligands.

In 2012, Hu and coworkers used the chiral PNN ligands 5.12, previously synthesized in the
same group,®® and also the similar ligand 5.13 (with R = H) in the copper-catalyzed
asymmetric [3+3] cycloaddition of racemic propargylic esters with cyclic enamines (Scheme
5.6). The best selectivities were obtained with ligand 5.12, yielding less than 2% of alkylation
byproduct 5.14 (yields = 58-88%, endo/ex0>98/2, ee = 67-98%, see scheme 5.6 a).8* The
authors proposed that a copper allenylidene complex is a key reaction intermediate and tested
their catalytic systems against many different substrates. The same complexes were also used
for the asymmetric copper-catalyzed [3+3] cycloaddition of racemic propargylic esters with
5-pyrazolones, resulting in high yields and very high enantioselectivities (ee = 71-97% for
5.12),%% as well as for the decarboxylative alkylation of propargyl B-ketoesters (ee = 83-98%
for 5.13 with R = Ph).83 The same group also exploited the ability of copper complexes of

ligands 5.12 and 5.13 to activate propargylic esters to develop various asymmetric



substitution reactions of racemic propargylic esters with different nucleophiles: nitrogen
nucleophiles such as primary and secondary anilines (the best ligand being 5.12 for aromatic
substrates with ee = 87-97% and 5.13 (R=H) for aliphatic ones with ee = 78-95%, see
Scheme 5.6 b),2* oxygen nucleophiles such as oximes (ee = 77-92% with 5.13 (R=Ph)),% but
also various carbon nucleophiles such as B-ketoesters (ee = 77-97% with 5.13 (R=Ph)),%
1,3-dicarbonyl compounds (ee = 94-99% with 5.13 (R=Ph)),®” enamines (ee = 96-98% with
5.12 for acyclic enamines® and 80-97% with 5.13 (R=Ph) for cyclic enamines),? oxindoles
(d.e. > 90%, ee = 95-99% with 5.12),° and coumarins (ee = 77-97% with 5.13 (R=Ph)).%
With phenols as substrates, a Friedel-Crafts reaction,®> a [3+2] addition®® or even a
dearomatization reaction® could occur, always with high enantioselectivites (see Scheme 5.6

c)).
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Scheme 5.6: New ligands developed by Hu and coworkers.



Recently, Zhong and coworkers synthesized 5.15, the unsaturated analogue of 5.11 and
an analogue of 5.12 with a benzimidazole group in place of the pyridine moiety (see Figure
5.14).%> Manganese complexes of this ligands were used in the asymmetric hydrogenation of
unsymmetrical benzophenones, showing high catalytic activities (TON up to 13 000) and

high enantioselectivities (ee up to 99%).

iPr

é:e = iPr

Figure 5.14: Ferrocene-based P,N,N ligand developed by Zhong and coworkers.

Lan, Dong, Zhang and coworkers developed new ferrocene-based P,N,N ligands
bearing an oxazoline group (f-amphox, see Figure 5.15).%¢ These ligands were used in the
iridium-catalyzed asymmetric hydrogenation of ketones: for S/C = 1000, quantitative alcohol
yields and ee in the 96-99.9% range were obtained for the ligand with Ar = Ph and R = tBu.
The same catalytic system was applied with low catalytic loadings (TON up to 1000 000) to
the asymmetric hydrogenation of o-hydroxy ketones®” and o-amino ketones® to yield
respectively 1,2-diols (ee = 98-99%) and 1,2-aminoalcohols (ee > 99%) in quantitative yields.
B-Ketoesters could also be efficiently hydrogenated in high vyields (80-98%) and
enantioselctivies (71-95%) using the same catalytic system, although higher catalyst loadings

were necessary (1 mol%).%
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Figure 5.15: f-amphox ligands.

5.3 N,P,N ligands

In 1997, Zhang and coworkers described the synthesis of 3 new chiral NPN ligands
5.16 (R! =Ph, R =iPr, R® =H) and 5.17 (R =Ph, R =H, R®=Ph or R' = Ph, R = iPr, R® =
H) (see Scheme 5.7) and used them in the ruthenium-catalyzed transfer hydrogenation of
ketones.'® The best results (ee in the 16-92% range) were obtained with 5.17 (R* = Ph, R? =

H, R® = Ph).

Recently, Li and coworkers tested ligands 5.16 and 5.17 in the cobalt-catalyzed
asymmetric allylic amination of racemic branched allylic carbonates (see Scheme 5.7 a)).%!
Perfect regioselectivities and very high enantioselectivities were obtained, but the reaction
was sluggish in certain cases. The best results (yield = 66-99%, ee = 84-99%) were obtained
with 5.16 (R = Ph, R? = Ph, R® = H). The same team extended the use of ligands 5.16 to the
cobalt-catalyzed asymmetric allylic alkylation of carbon nucleophiles, in particular
malonitriles (see Scheme 5.7 b)): good vyields and very high enantioselectivities were
obtained (yield = 61-96%; ee = 90-99% with 5.16 (R = Me, R? = Me, R® = OMe)).1% These
ligands were also successfully used in the cobalt-catalyzed asymmetric allylic alkynylation of

isatins (see Scheme 5.7 ¢)): yield = 71-96%:; ee = 92-99% with 5.16 (R* = Ph, R? = Me, R® =
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Scheme 5.7: Phosphine-bisoxazoline ligands.

5.4 P,N,P ligands
Morris and coworkers synthesized the chiral PNP ligands 5.18 (see Figure 5.16).10410°
The iron complexes [FeBr(CO)2(5.18)]",BF4 after treatment with LiAlHs followed by t-

amylOH yield the monohydride complexes [FeH(O-t-amyl)(CO)(5.19)], which are



precatalysts in the asymmetric hydrogenation of ketones. After activation with a base
(KOtBu) under dihydrogen pressure, complexes [FeH(O-t-amyl)(CO)(5.19)] vyield the
dihydride complexes [FeH2(CO)(5.19)], which are proposed to be the active hydrogenation
catalysts.*%® Similar catalytic systems could also be obtained from [FeH(CI)(CO)(5.19)] with
a base (KOtBu) under dihydrogen pressure.!’” These catalytic systems proved to be very
efficient (ee = 86-96%) in the asymmetric hydrogenation of aryl alkyl ketones with low
catalyst loadings (typically 0.1 mol%) and also in the asymmetric hydrogenation of activated
imines (N-phosphinoyl and N-tosylimines) to yield the corresponding amines with high

enantiomeric excesses (in the 90-98% range for most substrates).1%®

"/\PR32 I/\PR32

R%, N RZ, _NH

/s, /1,
Ji 5.18 Ji 5.19

R'™  “PPh, R PPh,

Figure 5.16: PNP ligands developed by Morris and coworkers.

Zirakzadeh and coworkers developed ferrocenyl ligands 5.20 (see figure 5.17), which were
used in the iron-catalyzed hydrogenation of ketones: good to excellent alcohol yields could
be obtained with ees up to 81%.1%° The same ligands were also tested in the manganese-

catalyzed transfer hydrogenation of ketones, yielding ees in the 20-85% range.!°

rR2 R’
P Ph

Figure 5.17: PNP ligands developed by Zirakzadeh and coworkers.



Beller et al. synthesized a new chiral PNP 5.21 ligand bearing two stereogenic
phospholane rings (see Figure 5.18).1'' This ligand was tested in the asymmetric
hydrogenation ok ketones with various metals (Mn, Re, Fe, Ru):!!? the manganese and iron-
based systems were especially efficient in the asymmetric hydrogenation of cyclic aliphatic

ketones (ees up to 99% in both cases).

H
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v
/
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v

'III/
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Figure 5.18: PNP ligand developed by Beller and coworkers.

5.5 P,N,S ligands

Recently, Xie, Zhou and coworkers developed PNS analogues (SpiroSAP) of the
SpiroPAP ligands (see Figure 5.19).1*3 These ligands were used in the asymmetric iridium-
catalyzed hydrogenation of B-alkyl-B-ketoesters (yield = 91-98%, ee = 95-99.9% with
SpiroSAP(a)) and in the asymmetric iridium-catalyzed hydrogenation of racemic f3-
ketolactams by dynamic Kinetic resolution (yield = 87-99%, TON up to 5000, syn/anti from

97/3 to 99/1, ee = 83-99.9% with SpiroSAP(a)).1**
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Figure 5.19: SpiroSAP ligands.

5.6 N,N,O ligands
Pseudodipeptide ligands

In 2002, Adolfsson and coworkers synthesized a new very modular family of NNO ligands
5.22, which were named pseudodipeptides, by coupling of N-protected a-aminoacids and
various aminoalcohols (see Figure 5.20).11>116117118 These |igands were used in the
ruthenium-catalyzed transfer hydrogenation of ketones with isopropanol under basic
conditions. The screening of the different ligands led to the identification of two privileged
structures 5.22a and 5.22b (see Figure 5.20). With these two ligands, very high
enantioselectivities were obtained in the asymmetric transfer hydrogenation of aryl alkyl
ketones (ee = 84-96% for 5.22a; ee = 94-99% for 5.22b). The addition of lithium salts was
shown to increase the enantioselectivities when iPrONa or iPrOK were used as a base: a
bimetallic outer-sphere type mechanism was then proposed.t1%12° The same ligands were also
employed in the rhodium-catalyzed transfer hydrogenation of ketones with isopropanol and
base.!?! In this case, the best ligand was 5.22¢ (see Figure 5.20; ee = 61-98% for aryl or

heteroaryl alkyl ketones).
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Figure 5.20: Pseudodipeptide NNO ligands developed by Adolfsson and coworkers.

Adolfsson, Dieguez, Pamies and coworkers extended the pseudodipeptide NNO ligand
family using carbohydrate-based aminoalcohols (see Figure 5.21).122123124 |n particular,
ligands 5.23 were identified as very efficient in the ruthenium-catalyzed transfer
hydrogenation of ketones in isopropanol (ee > 99% for aryl alkyl ketones with 5.23; ee = 51-

99% for aryl and heteroaryl alkyl ketones with 5.24).

o (@]
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: NH "

NH HO - HO 0
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5.24
5.23
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Figure 5.21: Carbohydrate-based pseudodipeptide NNO ligands developed by Dieguez,
Pamies and Adolfsson.



Other NNO ligands

Nishiyama and coworkers developed chiral atropoisomeric ligands BinThro (for Binol-
derived phenanThroline, see Figure 5.22) bearing a phenantroline and a phenol function and
two stereogenic axes.'?® These ligands were used in the asymmetric addition of ZnEt, to
aldehydes: yield = 32-94%, ee = 59-95% when Ar = 3,5-(F3C)2CeéHs and R = H. These
ligands were also tested in the asymmetric Michael addition to oxindoles: with 12 mol%
BinThro (Ar = Ph, R = Ph) and 10 mol% Ni(OAc)., the yields were good in most cases (25-
99%) and good enantioselectivities (65-87%) were obtained with methyl vinyl ketone as

Michael acceptor.t®

Figure 5.22: BinThro ligands developed by Nishiyama and coworkers.

BinThro ligands were also used in the copper-catalyzed asymmetric oxidations of oxindole?”

and B-ketoesters (see Scheme 5.8).1%8
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Scheme 5.8: Oxidation reactions with BinThro ligands.

5.7 O,N,O ligands

By condensation of salicylaldehydes with 1,2-aminoalcohols, various chiral ONO
ligands 5.25 have been synthesized (see Scheme 5.9) and used in various asymmetric

reactions such as the Henry reaction (see Scheme 5.9 a),2°130.13! the vanadium oxidation of



thioethers to sulfoxides (ees up to 94% with 5.25 (R' = Ph; RZ2=R*=R*=R>=H, R® =
OMe), 132133134135 the copper-catalyzed Friedel-Crafts reaction of pyrroles on nitroalkenes (ee
= 90-98% with 5.25 (R* = p-tolyl; R? = R® = R* = R® = H, R® = CF3),'*® or the aluminium-
catalyzed (ee = 95-99% with 5.25 (R! = isobutyl; R? = R® = R* = H, R® = adamantyl, R® =
tBu) or iron-catalyzed (ee = 83-95% with a camphor-based ligand) hydrophosphonylation of

aldehydes. 137138

R1 R2 R3

R® OH 5.25

R5

2) 10 mol% Cu(OAc),.H,0 H

cHO 10 mol% 5.25 NO,
N Et,0, RT

G CH;NO,

yield = 87-98%, ee = 90-97%
with 5.25 (R! = Bn; R?=H;
R3*=R*=Ph; R°=R6=1)

b) X 2.5 mol% Cu(OAc),.H,O X \
\ 10 mol% 5.25 NO,
toluene, RT N
N - H
H R
R
N\ yield = 72-98%, ee = 90-98%

NO, with 5.25 (R1 =Bn; R?=H;

R? = R* =p-tolyl;R> = CF5; R® = H)

Scheme 5.9: ONO ligands from salicylaldehyde.



5.8 N,C,N ligands

Designed as an anionic analogue (after deprotonation) of Pybox, Phebox was originally
developed independently by three different teams (see Scheme 5.10).13%140141 This family of
ligands has been successfully used in various asymmetric reactions such as alkene
hydrosilylation, the aldol reaction, the reductive aldol reaction, or the B-boration of o,f3-
unsaturated esters.142143144 phehox continues to attract interest for the development of new
catalytic systems, for instance for ruthenium-catalyzed asymmetric three-component coupling
reaction of alkyne, enone and aldehyde (see Scheme 5.10a),'* or the rhodium-catalyzed

asymmetric alkynylation of o-ketiminoesters see Scheme 5.10b).146:147



R1 O () R5
R2 / \ R6
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| 0.5 mol% Rh catalyst
OEt + RI——-~ LW
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SIMe3

Scheme 5.10: Phebox ligands

In 2006, Gong, Song and coworkers described a new very modular family of analogues
of the Phebox ligands called Phebim where oxazoline rings have been replaced by

imidazoline rings (see Figure 5.23).14% Phebim ligands were used in the platinum-catalyzed



alkylation of indoles with nitroalkenes (yield = 61-99%, ee = 34-83% for the ligand with R* =
iPr, R? = R® = R* = R® = H, R® = Cy),"*910 in the palladium-catalyzed aza-Morita-Baylis-
Hillman reaction of acrylonitrile with imines (yield = 75-98%, ee = 76-98% for the ligand
with R? = R® = 1-naphtyl, R? = R* = R® = H, R® = Ac),'® in the rhodium-catalyzed allylation
of aldehydes with allyltributyltin (yield = 78-99%, ee = 37-97% for the ligand with R = Bn,
R? = R®= R* = R® = H, R® = p-tolyl),*® in the rhodium-catalyzed carbonyl-ene of ethyl
trifluoropyruvates with 2-arylpropene (yield = 60-89%, ee = 65-94% for the ligand with R* =
tBu, R? = R® = R* = R® = H, R® = p-tolyl),'®? in the rhodium-catalyzed alkynylation of ethyl
trifluoropyruvates (with aromatic terminal alkynes: yield = 80-99%, ee = 94-99% for the
ligand with R? = R® = Ph, R? = R* = H, R® = p-tolyl, R® = NO2; with aliphatic terminal
alkynes: yield = 68-86%), ee = 52-99% for the ligand with R = R® = Ph, R = R*=H, R®> = p-
tolyl, R® = NO),’®® in the palladium-catalyzed hydrophosphination of enones with
diphenylphosphine (yield = 20-90%, ee = 79-94% for the ligand with R = R®*=Ph, R =R*=
R® = H, R® = p-tolyl)®** and in the iridium-catalyzed C-H functionalization of indoles with -
aryl-o-diazoacetates (yield = 21-99%, ee = 6-86% for the ligand with R! = R®=Ph, R?=R* =

H, R® = p-tolyl, R® = tBu).**®

Phebim N
RS o4 R7
R

Figure 5.19: Phebim ligands.



5.9 Conclusion

A very large variety of asymmetric catalytic systems has already been developed
using numerous chiral tridentate ligands of various shapes and coordination patterns for a
very large panel of chemical reactions. Chiral tridentate ligands are now well established
tools for synthetic chemists and for catalyst developer and should continue to raise great

interest in the next decades.
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