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Abstract In the past decade, asymmetric synthesis of chiral ligands
containing quinoline motifs, a family of natural products displaying a
broad range of structural diversity and their metal complexes, have be-
come the most significant methodology for the generation of enantio-
merically pure compounds of biological and pharmaceutical interest.
This review provides comprehensive insight on the plethora of nitro-
gen-based chiral ligands containing quinoline motifs and organocata-
lysts used in asymmetric synthesis. However, it is confined to the syn-
thesis of quinoline-based chiral ligands and metal complexes, and their
applications in asymmetric synthesis as homogeneous and heteroge-
neous catalysts.
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1 Introduction

Quinoline, which is now one of the most important het-
erocyclic compounds, displaying a wide range of applica-
tions in pharmaceutical industries and organic synthesis,
was first discovered by German chemist Friedlieb Ferdinand
Runge in 1834, as a hygroscopic colorless liquid obtained by
the distillation of coal tar.! The Friedlinder annulation re-
mains one of the simplest and most straightforward meth-
ods used in organic synthesis to access highly functional-
ized polysubstituted quinolines. This transformation is gen-
erally accomplished through the condensation of 2-
aminoarylaldehydes or ketones with a ketone containing an
active methylene group in the presence of acid or base.>*
Later, numerous methods were developed for the prepara-
tion of highly substituted quinoline and its derivatives.>-!
Moreover, many quinoline derivatives exhibiting significant
biological activities have been isolated from plants or sys-
tematically designed and synthesized.'?13
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Quinolines and their derivatives have been labeled as
‘privileged scaffolds’ owing to their prevalent existence in
natural and synthetic molecules that exhibit notable appli-
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Figure 1 Examples of biologically active quinolines

Furthermore, quinoline analogues display antimalari-
al,>>-?7 anti-inflammatory, antitumor, antibacterial, antivi-
ral,?® anticonvulsant,?® and cardiovascular3® activities.3! Nu-
merous studies on enantioselective catalysis have focused
on the development of novel chiral ligands for use in orga-
no- and transition-metal-catalyzed asymmetric reac-
tions.32-41 Recently, Benjamin List and David MacMillan
have clearly demonstrated the significance of organocata-
lyst in asymmetric synthesis.*! Given the broad structural
diversity of bicyclic nitrogen heterocycles, these recent No-
bel Laureates have demonstrated the ability of these com-
pounds to catalyze a range of chemical transformations.
The ease with which many such quinoline (benzo[b]pyri-
dine) ring systems can be synthetically modified within
chiral scaffolds*?-%7 can lead to the discovery of new enantio-
selective processes for the synthesis of highly challenging
chiral products with interesting applications in biology.

2 Synthesis of Chiral Ligands Containing
Quinoline Motifs

2.1 Synthesis of Schiff Base Type Chiral Ligands

In 2008, Hayashi and co-workers reported the prepara-
tion of the N,N,P-ligands. The N,N,P-tridentate Schiff base
ligands 6a,b were prepared from chiral amino alcohols 1 in
five steps with high yields (Scheme 1). The synthetic path-
way started from chiral amino alcohols 1, NH and OH-to-
sylation of which, followed by treatment with potassium
hydroxide (KOH) gave the anticipated substituted aziridines
3a,b. The obtained amine-protected aziridines 3 were treat-
ed with KPPh, to afford the corresponding N-tosylated ami-
no phosphines 4. Simple condensation of 2-quinolinecar-
boxaldehyde with these N-H free amino phosphines 5 gave
the expected N,N,P-tridentate chiral Schiff bases 6a,b in
good yields. These N,N,P-tridentate Schiff base ligands were
used quinoline-based asymmetric catalysts in organic syn-
thesis, such as 1,4-addition of R,Zn to o,B-unsaturated ke-
tones.

1 1
RL_NH: ,1oci@ieq —RhNHTS R
[ o= "7 . [ 20%aq. KOH _ *
ridine (excess, N—Ts
OH ﬂ¥24h( ) OTs benzene >
m,2h
1 2a; R' = iPr, 74%
2b; R' = +Bu, 80%

3a; R' = i-Pr, >99%
3b; R' = +Bu, >99%

KPPh; (1 eq)

IR R!,__NHTs Conc. H,SO, (excess) R, _NH,
s [ 100°C,5h
0-25°C,2h PPh, g PP,
4a; R' = -Pr, 80% 5a: R' = iPr. 88%
4b; R' = tBu, 73% 5b: R = £Bu. 78%
S
2-quinolinecarboxaldehyde H | P
(0.83 eq) I N
NapSOy (excess) Rlu N
benzene, tt, 6 h [ 6a; R' = i-Pr, 89%

pph,  6b;R'=tBu,81%

Scheme 1 Synthesis of chiral N,N,P-tridentate Schiff base ligands®®

In the same year, Hayashi and co-workers reported the
preparation of a library of chiral Schiff base ligands 11a-f
(Scheme 2). Chiral imines were readily prepared by conden-
sation of aldehydes 7 or ketones 9 with chiral amines. The
keto-imine chiral Schiff bases, 11a-f were prepared by two
different methods. In method 1, the addition of a Grignard
reagent®°? to 2-quinolylaldehyde 7 produced the desired al-
cohol 8 in good yields; the obtained secondary alcohol was
then effectively converted into the corresponding ketones 9
via a radical oxidation process. In method 2, treatment of 2-
quinoline cyanide 10 with a Grignard reagent furnished the
required ketones 9. Finally, condensation of ketones 9 with
chiral amino alcohols in the presence of TiCl, and Et;N gave
the corresponding chiral ligands 11a-f (Scheme 2). These
N,N-bidentate Schiff base ligands were applied to the allylic
oxidation of olefins.

SynOpen 2022, 6, 31-57
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Me |25-90°C

44h
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R? M

R'=H, Me, Et
R? = t-Bu, Ph, a-naphthyl

11a-f (80-92%)

Scheme 2 Synthesis of chiral keto-imine N,N-bidentate Schiff base
ligands®9b:

In 2004, Suga and co-workers investigated the synthesis
of diamine type chiral Schiff base ligands 14a-f. Aldimine
type chiral Schiff bases were synthesized by simple conden-
sation of substituted 2/8-quinolylaldehyde 13a,b with chi-
ral 1,1-binaphthyldiamine 12 in benzene under reflux
(Scheme 3). These binaphthyldiimine Schiff base ligands
were found to be widely applicable to various 1,3-dipolar
cycloaddition reactions and Diels-Alder reactions.

Eddine and co-workers demonstrated the preparation
of iminium salt 17 via halogen-metal exchange reaction of
(R)-2-(sec-butoxy)bromonaphthalene (15) with n-BuLi at
low temperature to furnish the aryl lithium species 16,
which, upon subsequent nucleophilic addition to 8-cyano-
quinoline followed by quenching with methyl iodide
(Scheme 4), furnished the corresponding chiral N-methyl-
1-(8-quinolinyl)-1-(2-(R)-sec-butoxynaphthyl)-methylen-
imime ligand 17 (Scheme 4). These keto-imine type chiral
Schiff base ligands were examined in effective phase-trans-
fer catalyzed asymmetric alkylation reactions.

2.2 Synthesis of Oxazolinyl-Type Chiral Ligands

In 1999, Chelucci and co-workers designed a simple
synthesis of chiral oxazolinylquinoline type ligands 21 and
22. Oxidation of quinoline 18 with 3-chloroperbenzoic acid
(m-CPBA) in DCM for 2 h and then treatment of the ob-
tained N-oxide with 2.0 equivalents of KCN and PhCOCI in
CH5CN/MeOH at room temperature for 24 h, produced the
corresponding compound 19. Subsequent treatment with
2-cyanoquinoline 19 and chlorobenzene under reflux with

@ ?
NH,

= 4AMS
il NG

. |
benzene

X
OO " e '
49%

reflux, 8 h

12 (1.1 mmol)

R
LD
e

R=H

13a (4.4 mmol)

R Me
Ph
(R)-BINIM-2QN: 14a-e 3,5-Me,Ph,
3,5-(CF3)2-Ph

oMW |
. “ 4AMS
benzene

NH, (NI;
CHO  40%

reflux, 8 h

12 (1.1 mmol)

SON
SYA

(R)-BINIM-8QN: 14f

13b (4.4 mmol)

Scheme 3 Synthesis of binaphthyldiimine chiral Schiff base ligands’®

Br 1) n-BuLi (1.2 eq)
OY\ THF, 781050 °C Y\
OO 1—2h
15

(12eq) O
8-cyanoquinoline |® | ’
—_—
1<)
Mel (excese) )/O NS Ny

e
5010 25 °C Me

1-2h 17

overall yield: 61%

Scheme 4 Synthesis of a keto-imine chiral Schiff base ligand”'

the addition of a suitable chiral amino alcohol 20a in the
presence of ZnCl, produced the corresponding oxaz-
olinylquinoline type chiral ligands 21 and 22 in yields of
10-99% (Scheme 5). In a similar manner, chiral quinoline li-
gands 24a-c were synthesized from 2-cyanomethylquino-
line 23 and the corresponding amino alcohol 20a, mediated
by ZnCl, under reflux conditions (Scheme 5).

Chelucci (2000) and co-workers expanded the library of
quinoline ligands, by synthesizing chiral oxazolines 28a-e,
employing an amide-mesylate-oxazoline reaction se-
quence (Scheme 6). Thus, 8-quinolyl carboxylic ester 25
was heated in toluene under reflux with chiral amino alco-
hol 26a in the presence of potassium cyanide to afford the
corresponding amide derivates 27 in quantitative yields. Fi-
nally, the quinolyloxazolines 28a-e were obtained by the
reaction of amino alcohol 27 with methane sulfonyl chlo-

SynOpen 2022, 6, 31-57
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N 1.2 eq)
m-CPBA (1.0 eq)
> _CH:Cla, t, 2 h then
N7 KeN@oeg ZnCIZ/Zn(OTf)z
PhCOCI (2.0 eq)
MeCN/MeOH 1,24h " (510 mor
82% (overall) CgHsCl/toluene
reflux,12-24 h

O
C@ﬁ . &
N\ ,\1 \Nj'"'ﬁ

21a: R' = H, R? = i-Pr (61%)

21b: R'=Ph, R2=H (22%)
21c: R' = H, R2 = +-Bu (76%)
21d: R'=H, R2=Bn (42%)

22a: R = i-Pr (86%)
22b: R = +Bu (99%)
22¢: R = Ph (10%)

zN (1. 2eq

PN YY
NG CN ZnC|2 (5-10 mol%) é/

CgHsCl, reflux
23 12-24h

/

24a: R' = H, R? = i-Pr (26%)
24b: R' = Ph, R? = H (47%)
24¢: R' = H, R? = +Bu (48%)

Scheme 5 Synthesis of N,N-chiral 2-quinolyloxazoline ligands’?

ride (MeSO,(Cl) and Et;N in DCM solvent. The obtained chi-
ral ligands 28a-e were air-sensitive and, upon standing at
25 °C, underwent a ring opening reaction to furnish the
amide by-products. The chiral ligand 28d was treated with
metal salts such as Cu(OTf), or PdCl, to give the corre-
sponding oxazoline transition-metal complexes 29. These
chiral quinolyloxazoline ligands were studied in Friedel-
Crafts alkylation, cyclopropanation of olefins, cascade intra-
molecular cyclization reactions, dialkoxylation of 2-alkenes,
intramolecular aerobic oxidative amination, and allylic al-
kylation.

HoN o OH
B 26a H‘H 13 a /E'RZ MeSO,Cl (1.3 eq)
| N7 EtaN (1.3 eq)
iZ 4> | H R
N KCN (10 mol%) SNy CHoClp, rt24 h
CO,Me toluene, reflux, 24 h | then
80-95% X 5% KOH, MeOH
27 reflux, 3 h

- , 28a R'=H,R?=iPr(78%)
\N R 28h: R1=Ph, RZ=H (62%)
| _N R'  28c: R'=H, R? = t-Bu (58%)

28d: R' = t-Bu, R? = H (59%)
28e: R'=H, R2=Ph (64%)

_ MX(teq) o
CHZCIQ | \
1-2h =N N

tBu W B
) u
X @

M-X: Cu(OTf),, PdCl, etc. o
28d 29 (quantitative yield)

Scheme 6 Synthesis of N,N-chiral 8-quinolyloxazoline ligands’2>73

Muller and co-workers (2000) reported an innovative
synthesis of oxazolinyl ligands 31 containing a hydroxyl
group and silyl group 32 (Scheme 7). The central chiral li-
gand was prepared by one-pot cyclization of 8-cyanoquino-
line and chiral amino benzyl alcohol 26b at 110 °C in the
presence of ethylene glycol. The obtained oxazolinyl-OH li-

gand 31 was protected using TBDPSCI in the presence of
imidazole at room temperature for 24 h. Likewise, the ben-
zyl protected oxazolinyl ligand 33 was prepared.

HO—, Ph
(0.6 eq)

I B HoN 26bOH | BN
—_—

N K»COs (1 eq) NZ
ethylene glycol, 110 °C

66% N? Yo

| o

imidazole (4 mol%)
DMF, rt, 24 h
91%

Ph
HoN
26¢ (1.05 eq) (+Bu)Ph2SiCl (1 eq)
2ZnCl; (2 mol%)
PhCI, reflux, 48 h
72%

£ L
JJ

+BUPh,SIO~’
Scheme 7 Synthesis of silyl protected chiral oxazolinyl ligands’*

Ahn and co-workers (1999) designed and synthesized 8-
diarylphosphino-2-oxazolinylquinoline type chiral ligands
38a-c starting from 35. 2-Cyano-8-hydroxyquinoline pre-
cursor 35, synthesized from 8-hydroxyquinoline 34 accord-
ing to the literature,” was used for the preparation of the
target chiral ligands. The authors reported that ZnCl,-cata-
lyzed oxazolinyl ring formation furnished better yields
when the quinoline-alcohol group was converted into the
corresponding aryl triflate 36; otherwise, in the presence of
the quinoline free OH group, oxazolinyl ligand derivatives
37 were obtained in lower yields. The condensation of L-va-
linol 20b and aryl cyanide 36 in the presence of ZnCl, (10
mol%) with PhCl as a solvent, afforded the resulting oxazo-
lines 37a-c in good yields. Introduction of the diphenyl-
phosphino group (PPh,) was accomplished by Ni-catalyzed
C-P coupling. Thus, reaction of the oxazoline derivatives 37
with diphenylphosphine in the presence of NiCl,(dppe) (10
mol%) and 1,4-diazabicyclo[2.2.2]octane (DABCO, 2 equiv)
in DMF at 80 °C afforded the subsequent N,N,P-ligands 38a-
c in moderate isolated yields. When the coupling reaction
was carried out at 100 °C or above, as previously reported,
the reaction yield was diminished (Scheme 8).

Th,0 (8.5 eq)

Ny X pyndme (7 eq)
P o
N few sleps CN CHQCIz 0
ref. 75 1h, 95%
34 35
' 1 5eq
10 mol%
20b NGl dppe) (7Y
NiCl (dppe)
70 mol% znCly PhoPH (1260 o, O,
N
PhCI, reflux, 24 h J DABCO (2 eq) \J
77-83% DMF,80°C,8h  PPh2 N~/
37a—c 43-47% R

38a—c
R = i-Pr, t-Bu, Ph

Scheme 8 Synthesis of N,N,P-chiral 2-oxazolinylquinoline ligands’
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2.3 Synthesis of Chiral N,N-Type Ligands

Bolm and co-workers prepared a wide range of quino-
line-based C;-symmetric chiral monosulfoximine deriva-
tives 41a-1, in which the second donor nitrogen atom is in a
quinolinyl aromatic ring, by Pd(OAc),-catalyzed N-arylation
of optically pure sulfoximines 39 with the corresponding
8-bromoquinoline derivatives 40. The chiral sulfoximine
substrate scope is summarized in Scheme 9.

o
Q\s NH N Pd(OACc), (5 mol%) 1j)_ 3
R % . racBINAP, Cs,cO; F9TN L
N" R foluene, 110°C, 200 F? 5
Br R
39 40 a1
enantiopure

sulfoximines

#1a; R' = Me, R2 = Ph, R® = H (90%)

41b; R' = Me, R? = Ph, R® = n-Bu (75%)

41c; R' = Me, R? = Ph, R® = 4Br-acridine(68%)
41d; R' = i-Pr, R2 = Ph, R® = H (75%)

41e; R' = +-Bu, R2 = Ph, R3 = H (72%)

41, R" = Me, R? = biphenyl, R® = H (84%)

41g; R' = Me, R? = 3,5-di-t-Bu-Ph, R% = H (81%)
41h; R" = Me, R? = 2-MeO-Ph, R® = H (87%)

14i; R' = n-pentyl, R? = 2-MeO-Ph, R® = H (85%)
41j; R' = phenethyl, R? = 2-MeO-Ph, R® = H (73%)
41k; R' = +-Bu, R2 = 2-MeO-Ph, R® = H (55%)

411; R' = t-Bu, R? = 2-MeO-Naph, R® = H (81%)

Scheme 9 Synthesis of monosulfoximine chiral ligands’®

Several N,N-bidentate type chiral quinoline derivatives
have been prepared from the corresponding ketones, as re-
ported by Chelucci and co-workers in 2000. Chiral ligands
45a-c were prepared by the reaction of quinoline ketone 42
with vinyl ketone 43 (Scheme 10) to produce the desired
chiral quinoline intermediate 44, which was subsequently
deprotonated with LDA at -78 °C and then treated with al-
kyl or benzyl iodide to give the corresponding alkylated li-
gands 45a-c.

1) LDA (1 eq)

THF, —40°C, 2h
- —_—
< 2) Bul, -78 °C

15 min, 77%

) LDA (1.0 eq)
THF -78°C,2h
2) AcONH4 (5 eq)
AcOH, THF
reflux, 2 h, 56%

2

N=.

44

ooy 2

45a-c

1) LDA (1.0 eq)
THF,-78°C,2h
then 43 Y 7\

2) AcONHy (5 eq)
AcOH, THF

reflux, 2 h, 36% 47

1) LDA (1 eq) = 7\
THF, -40 °C, 2 h 7
E—— N N= <
2) Bul -78 °C

15 min, 26%

R
48a-c R=H, Bn, n-Bu

Scheme 10 Synthesis of chiral N,N-bidentate quinoline ligands’’

Quinoline analogues 48a-c were successfully synthe-
sized from methyl ketones 46 under similar reaction condi-
tions (Scheme 10) using LDA and alkyl halides.

A new class of chiral ligands containing the quinoline
moiety 51a-d was developed by Yamamoto and co-workers
in 2004. The coupling reaction of bis-aryl iodo compound
49 with quinoline derivatives 50 in the presence of LDA and
BBr; furnished the required bis quinoline compounds 51a-
d (Scheme 11). Chiral ligands 51a-d were then treated with
Et,AlICl or CrCl, to give the corresponding tethered bis(8-
quinolinato) (TBOx) aluminum complexes 52a-d in good
yields. These N,N-quinoline ligands were applied in pinacol
couplings, the Pudovik reaction, hydrogenation of ketones
and allylic alkylations.

1) +BulLi (2.0 eq)
THF, =70 °C,
then tetrachloro-1,2-benzoquinone

( i ~tBu 2) BBrs (4 eq), CHCl
0°C,3h

up to 95%

Bu
Et,AICI (1.0 eq)
—_—
CHoCly, rt, 5 min
u

up to 95% yield

52a;R=H

52b; R=Ph

52¢; R = mesityl

52d; R = 2,4,6-(-Pr)3-CgHa

Scheme 11 Synthesis of N,N,O-chiral bis-quinoline ligands’®

2.4 Synthesis of Amine-Based Chiral Ligands

In 2007, Romanelli and co-workers reported a series of
quinoline ligands 57 prepared by the alkylation of alcohol
53 in the presence of TsCI (1.2 equiv) and pyridine at room
temperature. Subsequent alkylation of 6-hydroxyquinoline
55 with Ts-ester 54 in the presence NaH (2 equiv) in DMF at
80 ° for 4 h was followed by reduction with LAH and then
Mel was added to furnish the required chiral amine salt (R)-57
in high yield (Scheme 12).

HO, TsQ . >
S
ALY s 7
N 1) TsCl (1.2 eq) N — N
— A NaH (2 eq)
o7 Mo  Ppyridine (excess) o 0 DMF, 80 °C, 4 h
) i, 2 h, 80% 75%
Ph Ph
53 54
O\/O 1) LiAlH, (6 eq)
5 N DMF, 0-25 °C ﬁe I
B . 2hrse SISO
N 07 "0 2) Mel (excess) I P Me ©
N

Et,0, 11, 24 h
Ph 90%

56 (R)-57

Scheme 12 Synthesis of chiral quinoline with amine salt 577°
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Kwong et al. introduced a novel synthesis of bisamide li-
gand-containing quinolines, whose asymmetric synthesis
started from condensation of cyclohexyl diamine 59 with
heterocyclic aldehydes 58 and 61 to give amide-based un-
symmetrical ligands 62 and symmetrical ligands 60 in good

yields (Scheme 13).
HoN.,,.
/O 59
HoN

RS O, Q (o)
» 2 NH  HN
N MeOH, t N= =
H overnight N
quantitative yield \ 7 \ 7
58 60
0, Q 0
H 5 @ — NH  HN
MeOH, rt N= —
. A
xn overnight N
| quantitative yield \ 7 \_/
0 N 62

Scheme 13 Synthesis of amide-type chiral ligands®

O.

Judeh and co-workers described a series of quinoline li-
gand derivatives 68a-m, whose synthesis starts from sim-
ple condensation of phenylethylamine 63 with diethyl oxa-
late in ethanol to give compound 64 in high yield (Scheme
14). Then, rac-65 was synthesized under double Bischler-
Napieralski conditions. Bis-amide 64 was then reacted with
polyphosphoric acid (PPA) at 190 °C for 12 h to furnished
the target compound rac-65 in 86% yield. Reaction of com-
pound 65 with a stoichiometric amount of enantiopure (S)-
(-)-a-methylbenzyl isocyanate furnished the diastereomer-
ic urea analogues 66a and 66a’ in excellent yield. When a
solution of 66a or 66a’ was treated with n-BuONa in warm
n-BuOH (Scheme 14), the cleaved products (+)-67a and (-)-
67a’, were obtained in up to 61% yield and 99% ee. Fortu-
nately, one of the products could be recrystallized from eth-
anol and gave a very high enantiomeric excess >99%.

Various alkyl groups were introduced by reaction of (+)-
67 with alkyl halides in the presence of K,CO; with CH;CN
as a solvent at 50 °C. Likewise, compound (+)-67 reacted
with 1 equivalent of isocyanates and thioisocyanates in
DCM at room temperature to give the target products 68a-
m in excellent yields (Scheme 14).

Yus and co-workers studied a practical method for the
preparation of camphor sulfonamide-based quinoline li-
gands 71a,b. Their synthesis started from cyclohexyldi-
amine 59 by reaction with arylsulfonyl chloride in two
steps, followed by treatment with camphor sulfonyl methyl
chloride 70. Friedlander annulation in the presence of ru-
thenium chloride as a catalyst then furnished the expected
camphor sulfonamide-based quinoline ligands 71a,b in
moderate yields (Scheme 15).

(EtOCO)g (0.5 eq) m

0]
neat PPA
E1OH 25°C HN O 190 °C, 86%
92% Bischler—Napieralski
reaction
N (1 oq
N )-0t-1 melhyl = N
benzyl isocyanate
(;H20|2 25°C
1h, >99%

(-)-66a

(+)-66a"
R'X (1.05 eq)
Xy KeCO;3 (2 eq)
_N MeCN, 50 °C,
M overnight or

n-BuCOH, 120 °C R'-NCO/
2h,61% O *NH 21 NGs (1 eq)
CH,Cly, rt, overnight x
(-)-67a; 61%, >99%ee
(+)-67a'; 54%, >99%ee 68a-m
68a; R' = H (61%) 68h; R' = CONHCgH3-3,5-CF3 (90%)
68b; R' = Me (76%) 68i; R' = CSNHCgH3-3,5-CF3 (87%)
68c; R' = Et (92%) 68j; R' = CONHCgH4-2-Cl (99%)
68d; R' = CHyPh (95%) 68k; R' = CSNHCgH3-3,5-Cl, (85%)
68e; R' = CH,-CgHy-2-OH-5-NO, (91%) 68l; R = CONH(CHy)4Me (96%)

68f; R!

= SO,-CgHy-p-Me (99%)

68m; R’

= CSNHE (90%)

68g; R' = Ac (89%)

Scheme 14 Synthesis of chiral isoquinoline amine ligands®'

1) 4-RCeH4SO,CI (1 eq)
CH,Clp, NaOH (2 M)

NH, .
U 0°C,6h i
“NH, SO,

2 2) DMAP (0.5 eq)
EtsN (4.5 eq)
MeCN, 0 °C R

N

N

70 O (1.5eq) §oz
NH

SO,CI

59

2 steps, overall yield
71a; R = Me (28%)
éoz 71b; R= CF3(21%)

2-H,NCgH4CH,OH (1.5 eq)
RuCl,(DMSO)4 (2 mol%)
KOH, Ph,CO, 1,4-dioxane
100°C,72h

Scheme 15 Synthesis of camphor sulfonamide-based quinoline li-
gands®?

Felluga et al. efficiently synthesized the enantiopure
amine-based ligands 75. Baker’s yeast mediated reduction
of methyl ketone 72 afforded alcohol (S)-73. However, the
required chiral alcohol (S)-73 could also be obtained by a
kinetic resolution approach. Thus, azide precursors (R)-74
were obtained in good yield from the benzyl alcohol in the
presence of DPPA/DBU and reduction with triphenylphos-
phine (Ph;P) led to the desired amine ligands 75 with high
enantioselectivity (Scheme 16).

Osmium metal complexes 77 and 78 were prepared by
treatment of [OsCl,(PPh;);] with (S,R)-Josiphos (1.2 equiv)
in mesitylene at 110 °C for 2 h to give an uncharacterized
mixture of products, which was then reacted with 2-ami-
nomethylbenzo[h]quinoline 75 (1.4 equiv) in the presence
of triethylamine (Et;N) at 140 °C for 24 h to furnish the cor-
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DPPA (1.5 eq)

Baker's yeast DBU (1.5eq)
e Me — —  — »
glucose 50 °C, overnight
phosphate buffer 75%
37 °C, 70%

Me PhgP (1.2 eq)
THF/H,0
reflux, overnight NH,
(R)-74 95%
ee >99.9%

CyR
v2 TER TR /A W/
Ar2R %0l & R
R=H, Me 58 /T
EALLL SN

Fe 0sCly(PhaP)s (0.9 eq) ArP™" o\ NH H
EtsN (1.2 eq) PCy>
mesitylene, 140 °C

24 h, 60-70% Fe

Josiphos

76
77-78

| diphosphane Ar R

77 (S,R)-Josiphos Ph
78 (S.R)-Josiphos ~ 4-OMe-3,5-Me,CqHs Me

Scheme 16 Synthesis of chiral benzo[h]quinoline ligands and their os-
mium complexes®?

responding coordination metal complexes 77 and 78 in
good yields (Scheme 16). These amine-based ligands were
studied in catalytic applications such as 1,2-addition of or-
ganozinc reagents to substituted aldehydes, 1,4-addition of
Grignard reagents (R"MgX) to cyclic enones, allylic alkyla-
tions, and C-H bond arylation reactions

2.5 Synthesis of P,N-Type Chiral Ligands

The efficient synthesis of QUIPHOS type chiral ligands
81a-h by the reaction of phosphane 79 and pyrrolidine 80
followed by addition of hydroxyquinoline 34 (method 1,
Scheme 17) afforded the desired ligands 81a-h in moderate
to good yields, as reported by Buono and co-workers. Ap-
plying a similar reaction protocol led to a wide range of P,N-
quinoline-phosphine ligand derivatives 83a-h; selected ex-
amples are shown in method 2, Scheme 17.

Quinoline-based chiral Pd complex 87 was effectively
prepared via halogen-metal (Li-Br) exchange of heterocy-
clic bromo compound 84 and s-Buli, followed by quenching
with PCI(NMe,), to give quinoline-phosphine ligand 85. Re-
action of P,N-ligand 85 with chiral amine 80 produced the
corresponding chiral ligand 86 and this was treated with
[PdCl,(CH5CN),] in DCM to produce the desired N,N,P-Pd
complex 87 in excellent yield (Scheme 18).

The phosphonito, nitrogen ligand (R)-90 has been syn-
thesized in a one-pot, two-step process (Scheme 19). trans-
Metalation of 8-bromoquinoline 84 with n-butyllithium
(n-BulLi) and subsequent treatment with PCI(NEt,), to form

Method 1

1
/YR
NMe, ~H 1) toluene, reflux, 2 h N H
FI’ + - N—K
PLN N |
MeoN NMe, H  NHPh = 0P~
2) N

34
79 80 N7 bh

OH reflux, 2 h 81a-h

81a: R' = H (23%)
81b: R' = Me (49%)
81c:R'=Ph (45%)  81g;R'=
81d: R' = +-Bu (35%)
81e:R'=CN (72%) 81h;R'=

it R SN Ph (22%)
:{\/Ph (51%)

J:>< (46%)

Method 2

’?‘Mez q ) toluene, reflux, 2 h
_P.
MesN \NMeg
2) O’

79 82
83a-h
X=N,0
reflux 2h
{/ Ph
- 2 s
P‘N N “Me P\N e
Me I\VI Me
83a (51%) 83b (48%) 83c (50%)
!
O/P\
O,P\
83d (62%) 83e (23%) 83f (25%)
@O - :
(S2)-83g (90%) (Sa)-83h (90%)

Scheme 17 Synthesis of chiral N,P,0-quinoline-phosphine ligands®4

) s-BuLi (1 eq) <T\
THF, =78 °C, 5 min; X NHPh
_mren N NMe; N
P b H 80(1eq)
~
NMe, ——————>
2) PCI(NMe3)> toluene, reflux, 2 h
THF, -78 °C to 61% (2 steps)
25°C, 99% 85
Cl
PdCIg(MeCN )2 (1 eq) /_—\N/Pd\
“H CH,Cly, 1, 10min >:_/< oo
N\
100% /N
Ph

87

Scheme 18 Synthesis of N,N,P-chiral quinoline-phosphine ligand 86
and its Pd complex®®

phosphine compound 88, followed by the reaction with
(R)-binaphthol 89 in toluene at reflux, furnished P,N-ligand
(R)-90 in good yield. This ligand was reacted with Pd, Pt and
Rh complexes to furnish the desired metal complexes 91-93
in good yields.
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\OH

/P\O
X 1) n-Buli (1 eq) o
N/ THF, rt, 10 min
2) PCI(NEty)2 (1 eq) toluene, reflux, 15 h Q O
Br THF, rt, overnight P(NEtz)g 80% (2 steps)
o DR
(R)-90

I Pd(PhCN),Clp
Pt(COD)Iz

S
o
N
|/
Pl

cl
Pd
d o o

93 (79%)

[Rh( 00)207

I
VAN

91 (68%) 92 (62%)

Scheme 19 Synthesis of N,P,0-chiral quinoline-phosphine ligand (R)-
90 and its Pd, Pt, Rh complexes®®

In 2000, Faraone and Leitner introduced the enantiose-
lective synthesis of phosphane/phosphoramidite ligands
96a and 96a’ in a one-pot procedure from readily available
8-biarylphosphinoquinoline 94 by nucleophilic addition of
organometallic lithium reagents and direct quenching with
PCl; to obtain P,N-ligand 95, followed by addition to chiral
1,1"-bi-2-naphthol 89 in the presence of Et;N. Under the
same reaction conditions, a 1:1 mixture of diastereomers
containing 2-substituted quinoline ligands 99a-d and 99a’-
d’ was obtained from phosphinoquinoline 94. Selected ex-
amples are illustrated in Scheme 20.

Knochel and co-workers examined the synthesis of P,N-
ligands 104 from commercially available starting materials.
Treatment of (+)-camphor 100 with Tf,NPh in THF at 0 °C
produced the desired compound 101 in 90% yield (Scheme
21). The chiral camphor triflate 101 efficiently underwent a
Pd-catalyzed Negishi cross-coupling reaction with the
quinoline organozinc reagent,38-4 affording the desired 2-
alkenylquinoline 102 in acceptable yield. Subsequent hy-
drophosphination with Ph,P(O)H, in the presence of a cata-
lytic amount of t-BuOK (20 mol%) in DMSO provided phos-
phine oxide 103 (Scheme 21). Reduction of compound 103
was accomplished in the presence of HSiCl; and Et;N in tol-
uene at reflux, to generate the chiral aminophosphine 104
in good yield.

Chiral Ir complex 105 was synthesized by reaction of
[Ir(cod)Cl], and P,N-ligand 104 in DCM at reflux. After treat-
ment with NaBAr; in a biphasic DCM-H,0 system, the sub-
sequent orange colored salt 105 was obtained after chro-
matographic purification. The iridium chiral metal com-
plexes were stable towards moisture and oxygen.

Jiang et al. have designed and synthesized a series of
phosphine-quinoline ligands. Their synthetic protocol be-
gan from optically pure paracyclophane 106. Hence, treat-

1) n-BuLi ( 1eq) d
THF -78°C
i
2> PCls (10 eq) pcl, ©
THF, -78 °C 95

75%

R=Cl, Ar,P EtN (5 q)
toluene, 0 °C
30%
RILi (1eq) H'yf\
THF Ospn b
~78°Ctort 96a(SyR:) J
20 min 96a' (S, Sc) Cl
1.0
L0 —~ O b
S .uR1
RN o, AN N
Li P (/P_C' A S
® A7 TAr O gg AR PN A'A e}
r
>60% Ar U A\
97 R = PAr, (Ra,Sc)-99a—d (Ra,Rc)-992'—d"
Ligand Ar R g>
I
=
99a Ph n-Bu o
0
09
=
99b Ph +Bu N
0
0 Q
~ o 0
MeO OMe
IO
99d CeHa-3-(CHp)o(CF2)eF  n-Bu o

Scheme 20 Synthesis of chiral phosphane/phosphoramidite ligands®”

L
P
Z N ZnBr

LDA (1 eq)

TENPh (1.1 eq)

THE Pd(dba), (2 mol%)
O _7810°C OTt ™~ 4opf (2 mol%)

16 h, 90% LiCl, THF, 70 °C

16 h, 60%

1) tBuOK (0.2 eq) F‘th HSICl; (10 eq)
HP(O)th “ eq) N Et3N (20 eq)
—
2) DMSO, 90 °C | \ 120°C, 16 h
16 h, 93% 61%

103

@” Ir(cod) BT

105

1) [Ir (cod)Cl]> (0.5 eq)
CHQC\Q reflux, 1 h

§ ,PPh,

104

2) NaBArg (1.5 eq)
H>0, 30 min
88%

Scheme 21 Synthesis of a chiral P,N-quinolinyl ligand and its Ir com-
plexes8éef
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ment of (R,)-106 with n-butyllithium (n-BulLi) followed by
successive addition to 2-quinolinylcarboxaldehyde, pro-
duced two diastereoisomers, (S,S)-107a" and (S,,R)-107a
that could be readily separated by flash column chromatog-
raphy (Scheme 22). Modifying (Sp,S)-107a’ and (Sp,R)-107a
by silylation in the presence of TBSOTf and lutidine as a
base produced (Sp,S)-108a’ in 98% yield and (Sp,R)-108a in
97% yield, respectively.

1) n-Buli (2.3 eq)
THF, -78 °C, 1 h (S,,.9-107a
LA 0, S)-

2) 2-quinolinyl-I (54%)
carboxaldehyde
(1.3 eq)

rt, overnight

106 (Sp,R)-107a (19%)

2,6-lutidine (0.8 eq)

TBSOTf (1.0 eq

CH,Clp, 1t, 2h

(S,,R)-108a (97%)
(Sp,5)-108a" (98%)

107a' or 107a

Scheme 22 Synthesis of chiral phosphino-quinoline paracyclophane
P,N-ligands®?

Ruzzicon et al. investigated the valuable synthesis of
P,N-bidentate planar chiral ligands 111 and 114. Deproton-
ation of methyl compound 109 with n-BulLi at 0 °C, involved
the 2-methyl quinoline, giving the 2-methyllithium inter-
mediate, exclusively. The borane complex (R)-110 was
achieved in high yield, by the reaction of Ph,PCl with
BH;-OMe, (Scheme 23). The subsequent air-stable borane
complex (R)-110 was treated with DABCO, to obtain the ex-
pected phosphine (R)-111. On the other hand, bromo-com-
pound 113 was prepared from alcohol 112 by treating with
CBr, and PPh; in Et,0 at 25 °C and successfully underwent
nucleophilic substitution with lithium (diphenylphos-
phine)methylborane complex, followed by treatment with
DABCO, providing the corresponding P,N-chiral ligand (R)-
114 in 70% overall yield (Scheme 23).

Brown et al. focused on the synthesis of chiral ligands
121a-g (QUINAP). Boronic acid 116 underwent smooth
cross-coupling with aryl chloride 115 in the presence of 3
mol% Pd(PPh;), and Na,CO; in DME to give carbon-carbon
coupled product 117 in 96% yield. Cleavage of the methyl
group from aryl methyl ether 117 with boron tribromide
(BBr3;) gave the required phenol analogue 118, which was
further converted into the triflate 119 (Scheme 24). Finally,
palladium-catalyzed cross-coupling of triflate 119 with di-
phenylphosphine oxide gave the phosphine oxide 120. Sub-
sequently, compound 120 was reduced to the phosphine li-
gand 121 with HSiCl; and Et;N in 84% yield.

Finally, the racemic ligand 121 was reacted with the chi-
ral palladacycle 122 to form diastereomers, from which the
desired enantiopure R or S ligands 121a-g were obtained in
good yields after fractional recrystallization and ligand de-
complexation (Scheme 24).

Me 1) n-BuLi (1eq)
2) Ph,PCl (1 eq)
3) BHz-OMe;
ElgO 0°C,1-2h

63%

%

N_

(R)-109

Me CBry (1.5 eq)
PPha (1eq)

EL0,20°C
3h, >80%

(R)112

B
%

Pth\

(R)113

e DABCO (1.5eq)
benzene, 50 °C

3h, 82%

(R)-110

1) LICHoP(BHs)Ph,
THF, 78 t0 25 °C
2hTse

2) DABCO, benzene

50°C, 3 h, 93

Scheme 23 Synthesis of P,N-planar chiral ligands®®

B(OH),

S DN OMe
N
=

Cl

115 116

A
=N

BBrs (2 eq)
—_—
DCM, 12h =

86%
XN
Pd(OAc) (10 mol%)
dppp or dppe (10 mol%)
ArP(O)H (4 eq)

i-ProNEt (6 eq)
DMSO, 90 °C
20 h, 60%

(R)-122 (0.5 eq)
KPFg (1 eq)
MeOH, rt, then

1,2-bis(diphenyl-
phosphino)ethane,
DCM

quantitative yield

OH

2
2N =N
l PAr; O PAr,

(S5)-121a-g

96%

Tf,0 (1.1 eq)
DMAP (3 eq)

a) Pd(PPha)s (3 mol%)
NayCOs (2 M), DMF
- .

reflux, 12 h

R

DCM, 1 h, 84% OO oTt

Cl3SiH ( 8 eq)
EtaN (10 eq)

PAr2 toluene reflux

(R)-121a-g

%

= | A
X =N
=

X

S
Z.N

OMe

17

119

~N
PAr,

CHs

S

2

Scheme 24 Synthesis of P,N-isoquinoline chiral ligand®'7>
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Furthermore, the same group developed a method for
the preparation of benzo ring fused isoquinoline and in-
dole-based chiral P,N-ligands 128 and 134 (Scheme 25 and

Scheme 26).

Ding and co-workers have synthesized spiro-based P,N-
ligand 146 through a sequence of reactions as shown in
Scheme 27. Nucleophilic addition of compound 136, to a
ketal derivative 137 generated a protected spiro-diketone
138. Then Friedlinder condensation of 139 with 2-amino
benzaldehyde 140 in the presence of KOH and EtOH fur-
nished the polycyclic quinoline 141 in 70% yield. Selective
deprotection of compound 141 in aq. TFA at room tempera-
ture for 1 h furnished the corresponding spiro-ketone 142

B(OH!

)2 G
O ot @ PA(PPha) (3 mol%)
| N OO Na,COs (2 M), DMF | o

cl reflux, 12 h OMe
=0
123 116 124
ThO (1.1eq) (&
BBr; (2 eq) |
=N DMAP (3 eq) N |
DCM,12 h

81% OO OH  pem, 1 h, 72% P oTi
<

125 126

Pd(OAC) (10 mol%) O
dppp or dppe (10 mol%) |

PhyP(O)H (4 eq) _N

i-ProNEt (6 eq) Ph,P=0 toluene, reflux
DMSO, 90 °C 3 h, 80%
20 h, 88%

127

[ Me
N (R-122 (0.5 eq) O me e
KPFs (1 eq) No N
PPh; MeOH 1t, 95% _Pd O
P
1 ~Ph
SeL

(R.S)-128 1292

1,2-bis(diphenyl- O I =N

Cl;SiH ( 8 eq)
Et3N (10 eq)

Review

Pd(PPhs), (5 mol%)
NaCO3 (2 N)
—_—
N DME, MeOH
SOzPh 16 h, 84%

R =H, alkyl,aryl

115 130

B B
=N =N

NaOH (1-2 eq) NaH (1.2 eq)
—_—

A MeOH Ny THF, Mel (1.1 eq)
O reflux, 612 h Q N 4h,94%
50,Ph 84% N

H
131 132
| Ny nBuli(1.05eq) | A ~
_N t-B:tO:(LOS eq) | B ;
pentane ; | (A-122 (05 eq)
: e
Ny PmPCI(2eq) Ny —PPho! KPFg (1 eq)
N, THF, ovemight ! Q N i MeOH, rt,2h
Me 85% : Me | 99%
s T

1,2-bis(diphenyl-
phosphino)ethane (Ff) -134
—_—

DCM, 25-50 °C (s).134
quantitative yield

Scheme 26 Synthesis of chiral P,N-ligands with an indole unit®!

X X
O
ZnCl; (0.7 eq)
N —_—
Q/OS'M% EtO><O CHoCl, 1t, ON 0
R o~ Mo I o 0
quantitative yield \ /
136 137 X=Cl,Br 138
BuOK (1 ) CHO
t-Bu 5eq,
T, 9 M
H,0 (1 6a), 1t NH2 140
1h, 85-89% o KOH EtOH, reflux, 8 h
\—J 70%
139
LIHMDS (1.2 eq)
~78°C, 1 h, then
85% aq AcOH FhNsz (1.2 eq)
n1h91% ~78°Ctort, 10h
96%
143

phosphino)ethane

EE—— PPh,
DCM
quantitative yield

(R)-128a

Pd(OAc), (10 mol%) resolution on

dppb (12 mol%) chiral HPLC

thP(O )H (1.2 eq) (AD-H column)
—_—

lPrgNEt toluene

80°C, 24 h, 85%

ClI3SiH (5 eq)
pyridine (excess)

PPh2

129a’

Me, ~Me O
,\IIAMe O 1,2-bis(diphenyl- Ny
A+ hosphino)ethane
Pd\/N X phosp ) _Phosphino)etnane or,p.
O P DCM, 25-50 °C
Ph” Ph =4 | quantitative yield

Scheme 25 Synthesis of P,N-benzo ring-fused isoquinoline chiral li-

gand”'

benzene

80°C,24h
42%

PhaP [Ir(cod)CI], (0.5 eq)

—_—
CH,Cly, reflux
NaBArg (1.5 eq)
Ho0, tt, 1 h, 86%

146

Scheme 27 Synthesis of chiral P,N-ligands with a spiro-skeleton®?
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in excellent yield. Subsequent treatment of spiro-compound
142 with LiHMDS, followed by addition of PhNTf,, gave enol
triflate 143 in 96% yield. Next, the coupling reaction of com-
pound 143 with Ph,P(O)H in the presence of Pd catalyst af-
forded racemic phosphine oxide 144 in 85% yield, which
was readily resolved by chiral HPLC to give both enantio-
mers in enantiomerically pure form.

The resulting chiral phosphine oxide 145 was simply re-
duced with HSiCl; in the presence of pyridine, affording the
required chiral nitrogen ligand (S)-146 in moderate yield
(Scheme 27). The reaction of nitrogen based P,N-ligand 146
with [Ir(cod)-Cl], in DCM followed by addition of NaBArF
after counter-anion exchange gave the corresponding de-
sired Ir metal complex (+)-147 in 87% yield.

Multi-step synthesis of silyl substituted chiral quino-
linyl phosphane ligands 153a-c has been achieved by Pfaltz
and co-workers. In the initial step, hydroxylation of com-
pound 148 using a metal catalyst gave the corresponding
1,2-diol 149 in moderate yield and high enantiomeric ex-
cess on a gram scale (46% yield, 94% ee). Selective tosylation
of the primary alcohol 149 in the presence of TsCl with pyr-
idine, followed by silylation of benzyl alcohol 150 using
TBDMSCI and imidazole generated enantiomerically pure
compound 151 after recrystallization.

Next, sulfonate 151 was treated with LiPPh,-BH; at -78 °C
to furnish the phosphine-protected ligand 152 in good yield
(Scheme 28). Finally, the P-B bond was successfully cleaved
using diethylamine to afford the desired P,N-ligands 153a-c
in good yield.

OH
Z [ Ke0sOwH;O (1 mol%) X TsCl (1 eq)
N (DHQD);PHAL (1 mol%) [ ) Pyridine (excess)
Rl LU NG
KilFe(CN)g] (3 eq) o1 N ~10°C.4h
K2COg3 (3 eq) °
+BUOH/H,0 (1:1)
148 0°C, t, 46% 149
oH oS (FBUMe,
- +BuMe,SiCl (1.3 eq) :
R 2!
| imidazole (2.5 eq) | > PhyPH-BH3 (1.2 eq)
OTs N ..~ oOoTsN —
CH,Cly, 1t, 5 h n-Buli (1.2 eq), THF
85% —7810 0 °C, 1 h, then
THF/DMF (3:2), 1t, 24 h
150 151 59%
Si (+Bu)Me, OR
© 1) (BugN)F (2 eq), THF, t, 4 h, 99% ( N
] 2) (-P0)sSIOTH (1.4 €0) PPh, N
PRR N 2,6-lutidine, CHyCl, tt, 18 h, 99%
BH3 or +-BuPh,SiCl (1.25 eq)

imidazole (4.3 eq), CHxClp, 79%
3) Et,NH, 1t, 12 h 153a; R = Si(t-Bu)Me; (69%)
153b; R = Si(i-Pr)3 (81%)

153¢; R = Si(+Bu)Phs (89%)

[Ir(cod)Cl]> (1.2 eq)
—_—

0-50 °C, 2 h then
NaBArg (1.2 eq)
50 °C, 30 min

154a; R = Si(+Bu)Me; (75%)
154b; R = Si(i-Pr) (79%)
154c; R = Si(+Bu)Ph, (67%)

Scheme 28 Synthesis of silyl substituted chiral quinolinyl phosphane
ligands and their Ir complexes®%-3

Additionally, Ir-based transition-metal complexes
154a-c were produced from N-heteroaryl phosphane de-
rivatives 153a-c. Warming a DCM solution of the requisite
organocatalysts 153 in the presence of [Ir(cod)Cl], (0.5
equiv) for 2 h at 30-40 °C followed by counter-ion exchange
with NaBArF (1.6 equiv), provided the metal complexes as
orange solids. These types of metal complexes are generally
stable to air and moisture, and are simply purified by flash
column chromatography on silica gel (Scheme 28).

Chelucci et al. reported a new class of bidentate ligands
160, 164 and 168 that were synthesized from the corre-
sponding starting materials (+)-nopinone, (+)-camphor and
5-androst-2-en-17-one. The direct lithiation of compound
155 with t-BuLi at low temperature and then quenching
with electrophile DMF affording coupled aldehyde 156. The

CHO G; 157
@ENHBOC o)
E carbitol, +BuOK

1,4-dioxane, rt, 2 h
then HCI (3 N)
reflux, 2 h, 88%

Ligand 1:

NHBoc +gyLj, —78 to —50 °C
- " 5
F then DMF, =78 to rt
71%

155 156

LiPPhy, THF

-10°C,0.5h

—_—
then 60 °C,2 h

NHBoc 829%

158

(¢}

A

P
N

PPh
® 160

goN

161

Ligand 2:
LDA, THF, 40 °C
—_ >

2hthen156 F
—40tort, 21%

NHBoc

LiPPhy, THF
carbitol, cat. HCI -10°C,05h

—_—
reflux, 1 h, 85% then 60 °C, 2 h

75%

163 164

Ligand 3:
E
LDA, THF, —40 °C, 2 h
-
then 156, -40 °C to rt BocHN
o 74%
¢}
165 166
~ LiPPh,, THF
carbitol, cat. HCI, O . Q —10°C,0.5h
—_— 7 —_—
reflux, 1h, 69% N then 60 °C, 2 h
F 50%
167
D
L0~
CA L)
PPhy

168

Scheme 29 Synthesis of quinoline based P,N-chelating ligands®*
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N-Boc aldehyde 156 thus obtained reacts with acyclic ke-
tone 157 in the presence of t-BuOK at 25 °C, leading to 159
in good yield (Scheme 29). Finally, treatment of compound
159 with LiPPh, gave the desired acridine 160 in 82% yield.
The same group used similar reaction conditions to prepare
additional quinoline-based P,N-chelating chiral ligands 164
and 168 in good yields (Scheme 29).

Wild and co-workers introduced an efficient method for
the preparation of (R or S)-carbene ligands 173 (Scheme
30). The reaction of halogenated quinoline 169 with
Na(PMePh) in THF furnished the desired compound 170 in
very good yield. This racemic product was resolved by crys-
tallization of a pair of internally diastereoisomeric Pd(II)
complexes (R,R)- and (R,S)-171a,a’ derived from the chelat-
ing ligand (R)-122. The resulting tertiary phosphine (R)-
and (5)-172 was accessed by treatment with H,SO, and LiCl
(Scheme 30). Finally square-planar palladium complexes
(R)- and (S)-172 were successfully converted into the opti-
cally pure enantiomers (S)- and (R)-173 with aq. KCN and
DCM/H,0 in a biphasic reaction medium.

@(j C@
N
Ph/

(R)-122, MeOH
Na(PMePh) (0 9eq) NH4PF6 (1eq), rt,2h

THF ~78°C, 80% then diastereomer separation

by fractional crystallization

X =Cl,Br,|
Me  Me Me Me
“/Pd\ Pd\
mé YPh PR e
(RA-171a HsS0, (cat.) (RS)171a’
LiCI (2 eq)

rt, 85%
S

@
N _CIKON(1eq) N
" TOICHOUHO. ppn

M “Ph 1, 92% Me

5173
KON(1eq) i ;

CHQC\Z/HQO
Ph Me Me

1t, 92%
(8172

(R-172

HzSO4 (cat) \Pd/
LiCl (2 eq) a”
t, 85%

(RS)1T1a ——>

(R-173
Scheme 30 Synthesis of chiral P,N-carbene ligands’>

These quinoline-based P,N-ligands were broadly applied
as asymmetric catalysts in cyclopropanation of olefins,
Heck reactions, hydrogenation of olefins, ketones and
imines, hydroformylation, allylic alkylation, and oxidative
hydroboration.

2.6 Synthesis of Chiral N-Oxide and Nitrogen
Ligands

Martinez et al. developed an efficient method for the
preparation of camphor sulfonamide-based quinoline chiral
ligands and their N-oxide derivatives. These chiral amine li-
gands 174a-c (C,-symmetry) were prepared by the addi-

tion of camphorsulfonyl chloride 70 to 1,2-cyclohexanodi-
amine 59 and, without additional purification, the resulting
intermediates were treated with an aminobenzyl alcohol
(Scheme 31) to afford the desired camphor sulfonamide-
based quinoline ligands 174a-c in high yields. The quino-
line N-dioxide ligands 175a-c were simply synthesized
from the corresponding ligands 174a-c (C,-symmetry) by
oxidation with mCPBA in DCM at 0 °C. The resulting amine
type N-dioxide ligands 175a-c were formed in reasonable
yields and were typically stable enough to be purified by
flash column chromatography.

@ (2eq)
(o]
70

SO,CI

ONHQ DMAP, EtN, MeCN, 0 °C
— s

‘NH, 2H2NCeH(CHz0H (2 eq)

RUCl,(DMSO); (4 mol%)

KOH, PhoCO, 1,4-dioxane

100°C,72h
SOg S02 802

U:: o

174b (84%)

174a—c

59

174a (95%) 174c¢ (85%)

m-CPBA (208 mol%)
e o,
CH,Clp, 0°C, 2-3h

174a-—c 175a-c

175a (48%)

175b (62%) 175¢ (51%)

Scheme 31 Synthesis of camphorsulfonamide-based quinoline N,N'-
dioxide ligands®

Nakajima et al. successfully developed a protocol for the
synthesis of C,-symmetric 2,2'-biquinoline N,N'-dioxide (R
or S)-178 and 1,1'-biisoquinoline N,N'-dioxide (R or S)-182
(Scheme 32). The racemic compound 177 was prepared by
mCPBA oxidation of 3,3'- dimethyl-2,2"-biquinoline 176,
and the product was resolved through a hydrogen-bonding
complex with (S)- or (R)-binaphthol to afford desired chiral
compounds (R)-178a and (5)-178a’ (Scheme 32). The enan-
tiomerically pure ligand 1,1'-biisoquinoline N,N’-dioxide
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(5)-182 was prepared by preparative chiral HPLC from race-
mic compound 181, which was in turn synthesized by N-
oxidation of 1,10-bisisoquinoline 180 using H,0,.

The racemic compound 117 was prepared from 1-chloro
isoquinoline 115 via Suzuki cross-coupling reaction in the
presence of boronic acid 116. Racemic 117 was further re-
acted with mCPBA, and was resolved via a complex with

Method 1

P
N /N _mCPBA (1 eq)

“CHCl .6 h 2
77%

— \
Me Me

(R)-178a (55178 M Me
Hp, PtO; (cat.)
AcOH, rt,2h -

>90%

Method 2

_HeOo(teq) 7 N\ -
7\ TAOH, m5h .\ \?
=\ >80% Y d

OO Oy

HPLC separation 7N\ +
+ 3

Y
v W/ S Y
ol o d

(F)-182a (5-182a

Method 3 B(OH)

OMe
116
N — >
(PhaP)4Pd (3 mol%) OMe
Cs,CO0;3 (2 M)
DME, reflux, 12 h

5
115 >90% 17

A
1) m-CPBA (1 eq) IN -
0

CHyCly, 11, 6 h, >80%

2) (S)-(-)-binaphthol OMe
(resolution) OO

(R)-(+)-183

(+)-186

Scheme 32 Synthesis of bis-quinoline-based chiral N,N'-dioxide li-

gands®®

176 (R)-binaphthol 177
crystallization and
(S)-binaphthol
column chromatography . . . .
/ Jcrystauizaﬁon and (S)-binaphthol to give the required chiral compounds (R)-
column chromatography

183.

The ligands (-)-185 and (+)-186 were obtained by reso-
lution of rac-184 with D and L-dibenzoyltartaric acid, re-
spectively. The absolute configuration of chiral ligand (S)-
186 was determined by single-crystal X-ray analysis
(Scheme 32). Quinoline-based N-oxide ligands were studied
in various asymmetric catalytic reactions such as 1,4-addi-
tion and Michael addition reactions, allylation of aromatic
and heteroaromatic aldehydes, and Strecker reactions.

Finally, in this section, Meyers et al. established the syn-
thesis of chiral naphthylquinoline ligands 188 and 189. Ad-
dition of naphthyllithium (1.1 equiv) to quinoline oxazoline
187 in THF at -78 °C for 2-3 h followed by oxidation with
dichlorodicyanoquinone (DDQ) in THF at -78 °C gave 1-
naphthyl-4-quinoline (S)-188a,b in good yield. A similar
process using 187 and arylmagnesium reagents®’? followed
by oxidation with DDQ (THF, -78 °C) gave the biaryl com-
pounds (R)-189a,b in high yields (Scheme 33).

Ph
1) 1-naphthyllithium
% (1.1 eq), THF
""" —78°Ctort, 2-3h
N \N | 8°Ctort,2-3 y
P OMe  2) DDQ (1 eq) =z
N THF, 78 °Cto t, 5 h [

90-98% SN

1) 1-naphthylmagnesium (S)-188a; Y = CHO
bromide (1.1 eq) (S)-188b; Y = CO,Me
toluene, —115 °C, 2-3 h

2) DDQ (1 eq)

THF,-78°Ctort, 6 h
80-90%

v
N (R-189a; Y = CHO
@ (R-189b;Y =COMe

Scheme 33 Synthesis of chiral naphthylquinoline ligands®7>

3 Homogeneous Catalytic Asymmetric Re-
actions

3.1 Asymmetric Carbon-Carbon Bond-Formation
Reactions

Catalytic asymmetric C-C bond-forming reactions pro-
vide one of the most efficient methods to synthesize chiral
molecules, and a range of pyridine and quinoline-based chi-
ral catalysts have been developed in the past two decades,
finding a wide range of applications.'4-3!
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3.1.1
hydes

Asymmetric Addition of Dialkylzinc to Alde-

In 2008 Cozzi, Yus, Ramén and co-workers described the
preparation of camphor sulfonamide-based quinoline li-
gands. This type of chiral quinoline ligands has been used
for the synthesis of trisubstituted chiral alcohols. The enan-
tioselective 1,2-addition of organozinc reagents to substi-
tuted aldehydes 190, provides alcohols 191 with high enan-
tioselectivities (up to 96% ee) with either aromatic or ali-
phatic substrates (Scheme 34). These reactions were
carried out using 10 mol% chiral amine ligand 71a organo-
zinc reagent (2.4 equiv) and 1.1 equivalents of Ti(0-i-Pr),.

=
2
N
ligand 71a (10 mol%) :
R2,Zn (2.4 eq) : $02
O Ti(0i-Pr)s (1.1 eq) f')\"' NH
T .
R"™ "H  toluene, —30 °C, 24 h R CR?
NH
190 191 50
entry R! R2  yield (%) ee (%) Z 71a
1 Ph Et >95 92(9)
2 Ph Me 94 80(S)
3 4-CICeHq Et 89 90 (9)
4 4CFsCeH,  Et >95 87(9)
5  4-OMeCeHs  Et >95 89(S)
6  1-naphthyl  Et >95 9% (S)
7 PhCH.CH,  Et 86 93(9)

Scheme 34 Enantioselective addition of dialkylzinc reagents to alde-
hydes®?

In 2010, Judeh and co-workers synthesized constrained
chiral C;-symmetric 1,10-bisisoquinoline ligands. The con-
sequences of their geometrical conformations were found
to have a significant effect on the catalytic asymmetric ad-
dition of diethylzinc to aromatic aldehydes 190. To study
the reaction scope and limitations of ligand (+)-67a’, sever-
al aromatic aldehydes having electron-donating and elec-
tron-withdrawing substituents were examined under the
optimized reaction conditions. In general, this protocol pro-
duced excellent yields and high enantioselectivities of the
secondary alcohols 192 (Scheme 35).

ligand 67a' (15 mol%)

JOI\ EtyZn (3.0 eq) JOH
1 177
R™ "H " THF/hexane (3:1) RY Et
0°C,30h
190 192
entry R! yield (%) ee (%)
1 Ph % 85
2 3-ICeHs 89 80
3 2,6-CloCHs 99 87
4 2-naphthyl 73 81

Scheme 35 Enantioselective addition of diethylzinc to aldehydes®'

3.1.2 Asymmetric 1,4-Additions of Dialkylzincs to
Enones

Buono and co-workers investigated the use of a copper
catalyst involving QUIPHOS 81a-h as a chiral ligand. This
system was applied to the 1,4-addition of Et,Zn to a,-un-
saturated cyclic ketones. Notably, additives such as water or
zinc hydroxide had a significant effect, leading to an im-
proved enantiomeric excess from 7 to 61% ee in this enantio-
selective 1,4-addition system (Scheme 36).

Faraone and co-workers examined the Cu(Il)-catalyzed
asymmetric 1,4-addition of diethylzinc to 2-cyclohexen-1-
one, in the presence of a catalytic amount of chiral ligands
96a and 83h with appropriate metal salts. The 1,4-adducts
were formed with enantioselectivities up to 70% ee with
BINAPHOSHQUIN 96a (Scheme 36).

™
PPhs Ph
6a: Rl = iP 8la:R'=H
a; =FPr
: Ph
6b; R' = +-Bu IR = TN

81g; Rl 'zi/\/Ph

96a (Sa,Ro)

O/><
)mQ‘%N Chiral quinoline-phosphine ligands

(S.)-83h

additives:
H,0
Zn(OH),

ligand, R',Zn

catalyst, additive
DCM/MeCN
0to—40°C,2-24 h

.

193

@\R‘

194

entry n ligand (mol%) Cucat. (mol%) R’ yield (%) ee (%)
1 1 6a(25) Cu(OTf), (0.2)  Et 66° 99 (S)
2 1 6b(25) Cu(OTf), (1.0)  Et 997 99 (S)
3 2 6a(0.25) Cu(OTf), (0.1)  Me 442 88 (S)
4 2 6b(0.25) Cu(OTf), (0.1)  Me 322 83 (S)
5 1 8la(1.0) Cul (0.5 mol%) Et 76 61 (R)
6 1 811(1.0) Cul (0.5mol%)  Et 100 50 (R)
7 1 81g(1.0) Cul (0.5mol%)  Et 100 51 (R)
8 1 81h(1.0) Cul (0.5mol%)  Et 96 55 (R)
9 1 83h(0.03) Cu(OTf),(0.03) Et 957 51(S)
10 1 96a(0.03)  Cu(OTf), (0.03) Et 967 70 (S)

Scheme 36 Enantioselective 1,4-addition of dialkylzinc to cyclic
enones®8:84.98

Later, Hayashi and co-workers developed mild and ef-
fective methods for the synthesis of chiral alcohols with ex-
cellent enantioselectivity. The copper-catalyzed enantiose-
lective conjugate 1,4-addition of dialkylzinc reagents to o,3-
unsaturated cyclic ketones 193 with catalytic amounts (0.2
mol%) of Cu(OTf), and 0.25 mol% of one of the N,N,P-triden-
tate Schiff base ligands 6a,b gave cyclic ketone adducts 194
in up to 99% ee in good yield (Scheme 36). The impact on
the enantioselectivity and reactivity of many other vari-
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ables, such as the nature of the metal catalyst, ligands, and
ligand/catalyst loading involved were also examined in de-
tail and the results obtained are summarized in Scheme 36.

Moreover, Hayashi and co-workers further expanded
the scope of the 1,4-addition reaction to access disubstitut-
ed ketones via copper-catalyzed 1,4-addition of dialkyl-
zincs to a,B-unsaturated ketones. The reactive zinc enolate
intermediates were trapped efficiently with reactive allyl
iodides to afford the corresponding disubstituted ketones
195 with excellent diastereo- and enantioselectivity. The
desired 1,4-addition reactions were performed using
1 mol% Cu(OTf), and 1.5 mol% Schiff base ligand 6a,b. The
results obtained are summarized in Scheme 37.

(0]

@ + R';Zn
n

ligand 6a,b (1.5 mol%)
Cu(OTf), (1 mol%)

CH,Clp, 40 °C T R!
193 L 195
| X
H Z
‘ N
1
RN GaRi= i :
6b;R'=+Bu
PPh, :
entry n ligand R' R? yield (%)  transicis ee trans (%)
1 1 6a Et H 76 95:5 99
2 1 6a Me H 71 93:7 99
3 1 6a Et Me 85 97:3 99
4 1 6a Me Me 83 96:4 99
5 0 6b Et H 44 95:5 97

Scheme 37 Enantioselective 1,4-addition followed by trapping of zinc
enolate by allyl iodides®®

3.1.3 Asymmetric Conjugate Addition of Grignard Re-
agents to Enones

Highly constrained C;-1,10-bisisoquinoline chiral li-
gands (+)/(-)-67 were examined in the enantioselective
1,4-addition of Grignard reagents (RIMgX) to cyclic enones
193. The desired 1,4-adducts 194 were obtained in very
good yields but with low enantioselectivity (up to 35% ee)

=N

(Scheme 38).
(10 mol%)

A

o (1)-67a/(+)-67a' HO R
Cu salt
+ RMgX ————————>
THF, —90 °C
n 15 min

193 R'=aryl, alkyl 1,2-addition product
entry n ligand (mol%) Cucat. (mol%) R’ 1,4 adduct/  ee 1,4-
1.2 adduct  adduct (%)
1 {1 (-)-67a(10)  CuCly(10) n-Bu 100/0 35(S)
2 o (+)-67a'(15) Cu(OTf), (15) i-Pr 97/3 30 (R)

Scheme 38 Grignard reagent conjugate addition to cyclic enones in
the presence of copper salts and chiral ligands®®

3.1.4 Asymmetric Conjugate 1,4-Addition of Thiols to
Cyclic Enones

Nakajima and co-workers examined the enantioselec-
tive conjugate nucleophilic 1,4-addition of thiols to enones
under mild reaction condition, leading to the corresponding
sulfides 196 with moderate enantioselectivities (up to 78%
ee). This protocol provided the first example of using a cad-
mium complex in an asymmetric thiol 1,4-addition reac-
tion (Scheme 39).

ligand 178a" '
(1 mol%) ¢}
cdly (1 mol%) "f\ 3
H‘SH (2 eq) Me me :
toluene, rt, 2-24 h (5)-178a’ :

entry n R! time (h)  yield (%) ee (%)

12 Ph 24 68 61

2 1 Ph 6 96 78(S)

3 1 4-OMeCeHs 6 91 58 (S)

Scheme 39 Enantioselective conjugate 1,4-addition of thiols to
enones®cd

3.1.5 Asymmetric Michael Addition Reaction

In 2003, Nakajima et al. studied the catalytic, enantiose-
lective Michael addition of B-keto esters to a,f-unsaturated
carbonyl compounds using a chiral biquinoline N,N'-diox-
ide-Sc(OTf); (R)-178a complex as catalyst. The Michael ad-
ducts 198 were produced in good yields with moderate en-
antioselectivities (up to 84% ee) (Scheme 40). Electron-
donating indanone substrates 197 were tested using 5 mol%
quinoline N,N'-dioxide ligand-Sc(OTf)s.

(R)-178a (5 mol%)

[e] o)
Sc(OTf)z (5 mol%)
COR' — > CO,R!
Michael acceptor (5 eq)
CH,Cly, 20 °C, 0.5 h o]
197 198 (Hymd

R' = Me, Bn, i-Pr, t-Bu, (i-Pr)2CH
MA = methyl vinyl ketone, acrolein 73-98% yield
38-84% ee

o

: [o}

Me Me
(R)-178a

Scheme 40 Enantioselective Michael addition of B-keto esters to
methyl vinyl ketone (MVK)?6¢:100

3.1.6 Asymmetric Friedel-Crafts Alkylation

Zhou and co-workers (2006) investigated an efficient
asymmetric Friedel-Crafts alkylation of free N-H indoles
199 with nitro compound 200 catalyzed by Zn(OTf),-oxazo-
line complexes 28e. The nitroindole 201 was prepared in
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good yield, but very low enantioselectivities (up to 9% ee)
were observed in the presence of 12 mol% chiral ligand 28e
and 10 mol% Zn(OTf), at 0 °C for 20 h (Scheme 41).

&,

28e (12 mol%)
(on)g (10 mol%)
AR
X
| x_-NO, A\
(/ NPT lene, 0°C, 20 </
H N
N
199 200
90% yield

9% ee

Scheme 41 Asymmetric catalytic Friedel-Crafts alkylation of indole
with trans-B-nitrostyrene'®’

3.2 Asymmetric Allylic Reactions

3.2.1 Asymmetric Allylic Oxidation

In 2008 Hayashi and co-workers studied the copper (I)-
catalyzed enantioselective allylic oxidation of several cyclic
olefins with tert-butyl perbenzoate (PhCO;But) enabled by
N,N-bidentate Schiff base ligands 11a, which were effective
in conferring high reactivity and moderate-to-good enantio-
selectivity (up to 84% ee). The authors examined the allylic
oxidation of numerous cyclic olefins 202 using a
Cu(CH5CN),PFg and Schiff base ligand system. The results,
summarized in Scheme 42, were obtained using a catalytic
amount of chiral N,N-bidentate ligand 11a.

Cu(MeCN)4PFy (5 mol%)

| X
Me. Pz
N =
H}/N (6 mol%) OCOPh
B Me 11a
+ PhCO3tBu —m——
h acetone, temp., time A
5.0eq 10eq
202 203 204

entry n temp.(°C) time(h) vyield (%) ee (%)

1 0 0 48 70 51 (R)
2 1 0 48 89 51 (R)
3 2 0 48 51 84 (R)
4 3 20 72 A 70 (R)

Scheme 42 Enantioselective allylic oxidation of cyclic olefins®

Later, in 2009, Hayashi and co-workers developed an en-
antioselective desymmetrization by allylic oxidation of 4,5-
epoxycyclohex-1-ene 205 in the presence of 3 mol% of chi-
ral N,N-bidentate Schiff base ligand 11a and 2.5 mol% of

Cu(CH5CN),PFg to afford phenyl epoxide 206 in 84% ee,
which was improved to >99% ee after derivatization with 4-
nitro benzoyl chloride and recrystallization to give the cor-
responding nitroaryl epoxide derivatives 207 (Scheme 43).

Cu(MeCN),PFg (2.5 mol%)

| S
Me. Pz
i N
H. N OCOPh
>{ (3 mol%)
B’ Me o
o . PhCOstBu —o M3 o[ ]
s acetone, 25 °C, 16 h :
n
1.0eq
205 206
2.0eq 84% ee
) MeONa/MeOH (0.05 eq) ‘\Q
2) 4-NO,CgH4COCI (0.6 eq)
Et3N (0.9 eq)
CH,Cly, 0.5 h
23% (overall) 99% ee after

recrystallization

Scheme 43 Enantioselective allylic oxidation of 4,5-epoxycyclohex-1-
ene]OZ

3.2.2 Asymmetric Allylation of Aldehydes with Allyl-
chlorosilanes

In 2002, Malkov, Koc¢ovsky and co-workers developed
the Sakurai-Hosomi-type allylation of aromatic aldehydes
190 catalyzed by C,-symmetric 2,2'-biquinoline N,N’-diox-
ide (5)-178, leading to the corresponding chiral alcohol 209
in good enantioselectivities (up to 88% ee) and 85% reaction
yield (Scheme 44)

7 70‘ :
N H
4 ) 7+ \ '
= ;
Me H
© (5178 !
ligand (7 mol%;
ngB rfu “ eq)) oH
-Bu,
RICHO + FF\_-SiCl ! RJ&/\
i-Pr)oNEt (5 eq), CH,CI.
190 208 (FPr)o '(I'HFQ) 2Cl e
-78°C,6h
R'=Ph

up to 85% yield
up to 88% ee

Scheme 44 Sakurai-Hosomi-type allylation of aromatic and heteroar-
omatic aldehydes'??

Later, the same group (2003) revealed that the addition
of allyltrichlorosilane 208 to aromatic aldehyde 190 in the
presence of quinoline N-oxide ligand (R)-183 (5 mol%) at
-40 °Cin DCM for 0.5-12 h, produced the corresponding al-
cohol derivatives 209 with 5-96% ee and good yields. The
aldehyde substrate scope is summarized in Scheme 45.
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l g (5 mol%)

(R)-(+)-183

N
Z Neg

OMe

(FPr)oNEt, solvent oH
1 . -Pr)2NEt,
R-CHO -+ 4\/8|C|3 —_— R‘M
—40°C,0.5-12h
190 208 209
1 0-86% yield
R' = Ph, 4-CICgH4, 4-FCgHy, 4-CF3CgHg, 4-NO2CgHy, 5-96% ee (R)

cinnamyl, 2-furyl, 2/4-pyridyl, 4-OMeCgHj, etc...
solvent = CH,Cl,, CHCl3, MeCN

Scheme 45 Allylation of aldehydes catalyzed by quinoline N-oxide li-
gandSO,QGf

3.2.3 Asymmetric Phase-Transfer Allylic Alkylation

Later, in 2008, Eddine and co-workers reported the
phase-transfer-catalyzed asymmetric alkylation of ester
210 with allyl bromide in the presence of 10 mol% of chiral
N,N-bidentate Schiff base salt 17 with the use of NaOH, af-
fording the desired compound 211 in good yield and very
low enantioselectivity (Scheme 46).

Cg /
N
/ ,
=N+ |
W \

toluene, rt, 24 h
ag. NaOH (50%)

(10mo|/)

o} J<
h /N\)I\OJ< + §/CHQBr \ﬁ\

76% yield, 5% ee

Scheme 46 Allylation of keto-imine under phase-transfer conditions”’

3.3 Asymmetric Cycloadditions

3.3.1 Asymmetric Diels—Alder Reactions

Buono and co-workers (1998) reported the asymmetric
Diels-Alder reaction catalyzed by copper-phosphene com-
plexes. The nitrogen-based copper(Il) catalyst was prepared
by mixing Cu(OTf), and chiral quinolinephosphine ligand
81a in DCM and further used in the Diels-Alder reaction of
3-acryloyloxazolidin-2-one 213 with cyclopentadiene 212,
leading to the corresponding amide product 214 in excel-
lent yields and remarkable enantioselectivities (up to 99%)
(Scheme 47).

Subsequently, in 2004, Suga et al. developed an efficient
method for Ni(Il)-catalyzed asymmetric Diels-Alder reac-
tions of cyclopentadiene 212 and 3-alkenoyl-2-oxazolidi-
nones 215 in the presence of the ligand BINIM-2QN 14a
(Scheme 48). Even loadings down to 1 mol% Ni(II) catalyst
promoted Diels-Alder reactions with high conversions and
enantioselectivities (endo-addition with up to 94% ee).

7
N Lo
1 81a
0——P~N7 (10 mol%)
\

Q
Ph y
Cu(OTf), (10 mol%) 0
v
CH,Clp, 78 °C to it 4
24h

o
Al
(A

212 213 214

>99% conversion
endo/exo >98:2
>99% ee

Scheme 47 Copper-catalyzed asymmetric Diels-Alder reactions of cy-
clopentadiene with N-acyl oxazolidinones'%
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o
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O

216

CHxClp, —40 °Cto rt
14-118 h
215

endo/exo 85:15-99:1
85-98% yield
endo: 5-94% ee (R)

R =H, Me, Ph, CO,Et
M = Ni, Cu, Co, Zn

Scheme 48 BINIM-2QN catalyzed asymmetric Diels—Alder reactions of
cyclopentadiene with 3-acryloyl-2-oxazolidinone’®

3.3.2 Asymmetric Hetero-Diels-Alder Reactions

Bolm et al. studied the first example of a copper-cata-
lyzed hetero-Diels-Alder reaction of cyclohexa-1,3-diene
(217) and keto ester 218 in the presence of 10 mol%
Cu(OTf), and C;-symmetric sulfoximine ligands 41a-1, lead-
ing to cycloadducts in good yields and high enantioselectiv-
ities (up to 96% ee) as shown in Scheme 49.

Asymmetric cycloaddition of nitrones 220 and 3-(2-
alkenoyl)-2-thiazolidinethiones 221 using chiral binaphth-
yldiimine-Ni(Il) complexes 14a-e to afford products in high
exo-diastereoselectivities and enantioselectivities was re-
ported by Suga et al. in 2005 (Scheme 50).

LQWR

ligand 41a-1 (10 mol%)

© )H(oa Cu(OTf), (10 mol%)

CHLCly, 1, 24 h O COEt
213 219
endol/exo 88:12-99:1
R=H, COEt 18-98% yield
endo: 0-96% ee
""""""""""""" ! 41a;R'=Me, R2=Ph,R®=H
° ! 41b; R' = Me, R? = Ph, R® = n-Bu
Riwi=n \\ | 41c; R'=Me, R? = Ph, R® = 4-Br-acridine

i 41d;R'=iPr,R?=Ph, R®=H

! 41e;R'=tBu, R2=Ph,R3=H

! 41, R' = Me, R? = biphenyl, R® = H
"""""""""""""" 41g; R = Me, R? = 3,5-di-tBu-Ph, R®= H
41h; R' = Me, R? = 2-MeO-Ph, R® = H

41i; R' = n-pentyl, R? = 2-MeO-Ph, R® = H
41j; R' = phenethyl, R? = 2-MeO-Ph, R® = H
41k; R' = t-Bu, R? = 2-MeO-Ph, R® = H

411; R' = t-Bu, R? = 2-MeO-Naph, R® = H

Scheme 49 Enantioselective hetero-Diels-Alder reactions catalyzed by
monosulfoximine ligands’®
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R' = Ar, Me, Bn R R

ligand 14 (10 mol%)
R?= Ar, Et O ,\"/\S
“f A

Ni(CI04)2-6H,0

; ' 19 ) % \Oj\( \‘(s

o j\ CHoCly, 1t, 15-115 h e
R/\)J\N S exo 22 endo
21 exolendo 58:42-72:28
- 66-86% yield
R = Me, Et, n-Pr, Ph exo: 89-91% ee
............................ o
Y
Z N’ \N / 14a;R=H
14b; R = Me
N 14c; R=Ph
\ \ N\ 14d; R = 3,5-xylyl

14¢; R = 3,5-(CFo)z-CetHs

Scheme 50 Asymmetric cycloaddition reactions catalyzed by chiral
BINIM-Ni(Il) complexes’®

3.3.3 Asymmetric 1,3-Dipolar Cycloaddition Reac-
tions

Shi and co-workers reported chiral binaphthalenedii-
mine-Ni(Il) complex 14a as an active catalyst in the 1,3-di-
polar cycloaddition reactions of azomethine ylides 223 and
1-phenyl-1H-pyrrole-2,5-dione 224 to give the correspond-
ing adducts 225 in very low yields and poor enantiomeric
excesses (up to 8%) in Scheme 51.

|\/ -
= N \N/
\/

ligand 14a (5.5 mol%)

cone Ph

O 0]
Nl(CIOA)g 6H,0 (5 mol%)
R
i-ProNEt (10 mol%) N 'CO,Me
CH,Clp, 0°C, 24 h Cl H

225
endo: 20% yield, 8% ee

Scheme 51 Enantioselective 1,3-dipolar cycloadditions catalyzed by
Ni(ClO,),-6H,0 and chiral ligands®

Furthermore, in 2011, Suga et al. demonstrated that
BINIM-Ni(II) catalysts 14a-c were efficient for enantiose-
lective 1,3-dipolar cycloaddition reactions between ethyl
diazoacetate 226 and 3-acryloyl-2-oxazolidinones 227 to
produce the corresponding adducts 228 in high yields and
enantiomeric excesses (up to 93%) as shown in Scheme 52.

The same group had previously reported in 2007 the
first example of highly enantioselective 1,3-dipolar cyclo-
addition reactions between azomethine imines 229 and
3-acryloyl-2-oxazolidinone 230 using 10 mol% of chiral
BINIM-Ni(II) complex 14b (Scheme 53).

0.
III ligand 14 (10 mol%) H%N
N‘N Ni salt (10 mol /) \—NH

CH20|2 1t, 36-96 h o:{
N_N/\Ph

]

Ni(CIOg),- eHgo or R= Me, Et, COEt

Ni(BF4)2-6H50

228 87-97% yield
77-93% ee

(\Hf@ """""""""

14a;R=H
14b; R = Me
14c; R=Ph

Scheme 52 Reactions of ethyl diazoacetate with 2-(2-alkenoyl)-3-pyr-
azolidinones catalyzed by (R)-BINIM-Ni(ll) complexes'®

N~

A/>=O
o / ligand 14b (10 mol%) .,
>C(N’ O Ni(CIO4)56H50 (10 mol%)
N
N N _
L [ J=0  CHCl,
H R o

229
R = Ar, c-hexyl

trans-231

¢) (o]

230

trans/cis >99:1-64:36
trans: 97-74% ee

Scheme 53 Cycloaddition reactions of azomethine imines with 3-acryl-
oyl-2-oxazolidinone’%d

3.4 Asymmetric Carbene Insertions

A simple and efficient method for Cu-catalyzed enanti-
oselective C-H carbene insertion between methyl
phenyldiazoacetate and THF in the presence of