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[. Introduction

Axial chirality® was predicted by van't Hoff in his
historical paper,? which laid the foundations of
stereochemistry.® BINOL (1), one of the best known
representatives of axially chiral molecules (Chart 1),

Chart 1
Homobidentate 1,1'-Binaphthyls (C,-Symmetrical):

T, OO, OO,
ey o™ se

1 (BINOL) 2 (BINAP) (BINAM)

Heterobidentate 1,1'-Binaphthyls (non-C,-Symmetrical):

] I OMe i : ] I NMe,
solNeo s OO

4 (MOP) 5 (NOBIN) 6 (MAP)

was first prepared as a racemate in 1873,% and later
as an optically active compound,>® whose absolute
configuration was determined in 1971.5 In 1979,
Noyori showed BINOL (1) to be a superb chiral ligand
in the stoichiometric reduction of ketones with Li-
AlHy,, giving the corresponding alcohols in <99% ee.”
Soon afterward, Noyori demonstrated that BINAP (2)
can serve as a chiral version of PhsP in Ru- and Rh-
catalyzed asymmetric hydrogenations and allylic
hydrogen shifts,®® which opened the gates for the
advent of 2,2'-di-substituted 1,1'-binaphthyls as chiral
ligands in transition metal-catalyzed asymmetric
reactions.

The unparalleled success of BINAP (2) and related
diphosphines stimulated intensive research world-
wide, which gradually led to the creation of the cult
of Cy-symmetrical homo-bi-dentate ligands. As a
result, numerous BINAP analogues and other bi-
naphthyl derivatives (e.g., 3) have been synthesized
since the mid-1980s and tested as chiral ligands in a
variety of transition metal-catalyzed reactions,%°
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some of which attained incredibly high efficiency in
terms of enantioselectivity, catalyst loading, and
turnovers.8ni

Despite the general inclination of the chemical
community toward the central dogma of homo-
bi-dentate C,-symmetrical ligands, such as binaph-
thyls 1—3, several groups contemplated a different
approach, namely the development of potentially
hetero-bi-dentate binaphthyls (i.e., with non-identical
coordinating groups), lacking the notorious C, sym-
metry. First, Hayashi synthesized the C;-symmetri-
cal methoxyphosphine MOP (4)!! in 1991, and his
efforts were paralleled by the present authors, who
introduced the amino phenol NOBIN (5) in 19911215
and the amino phosphine MAP (6) in 1998.16

This review deals with 1,1'-binaphthyls having
non-identical substituents in positions 2,2', 8,8', and
2,8'. Those with identical 2,2'-substituents and an
additional group in the 3-position are not covered.
Analogous non-binaphthyls, e.g., biphenyls and phe-
nylnaphthyl derivatives, are mentioned only if they
are closely related to their binaphthyl relatives. How-
ever, heterocyclic analogues of 1,1'-binaphthyls, in
which one of the 2-substituents is replaced by het-
erocyclic nitrogen (as in QUINAP), are fully covered
here. The literature coverage ends at the end of 2002;
several more recent references were added just prior
to publication.

Il. General Strategies for the Synthesis of
Non-Symmetrically Substituted 1,1'-Binaphthyls

A. Oxidative Cross-Coupling

The synthesis of BINOL (1) is straightforward,
since mild oxidizing agents, such as Cu(ll),614%" Fe-
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Scheme 1
OH Cu(ll) O oy B-naphthol
O -naphthylami
NH, cu(l) NH, B-naphthylamine
- . NH, E, =078V

Difference in the oxidation

NH,  Ccu(ll) ! NH, | propensity of the reaction
_—
(85%) OH partners:
AE, =0.27V

O Difference in the oxidation
OH  cu(l) OH propensity of the reaction
OH " (81%) O OH par;';fz .

CO,Me CO,Me

(1), and Mn(l11),2® effect high-yielding, stoichio-
metric oxidative coupling of g-naphthol (Scheme 1).
Similar coupling of f-naphthylamine leads to BINAM
(3).1213 More recently, catalytic coupling reactions
with Cu,?® V,?! and Ru?? complexes have also been
developed with oxygen as the terminal oxidant. In
1991, we reported that equimolar mixtures of 5-naph-
thol and -naphthylamine undergo a very selective
cross-coupling to afford NOBIN (5); under optimized
conditions (CuCl,, t-BuNH;, MeOH, room tempera-
ture, 48 h), the formation of homo-coupled products
(i.e., 1 and 3) is reduced to 2—3% each, while NOBIN
(5) can be isolated in up to 85% yield.?>"15 At the time
of this observation, only two other examples of
preferred cross-coupling had been known, namely the
synthesis of 723 (81%)'*?* from its components (Scheme
1) and the coupling of 9-phenanthrol with 3-(meth-
oxy)methyleneoxy-2-naphthol, which afforded the
cross-coupled product in 67% yield.?®

Further investigation led us to the formulation of
a model hypothesis, according to which the cross-
coupling is favored for those coupling partners which
have sufficiently different redox potentials (Scheme
1).1% In this instance (i.e., if AE, = 0.25 V), one
partner is preferentially oxidized and the intermedi-
ate thus generated is captured by the species with
higher redox potential;'® this condition is met, for
instance, in the coupling that leads to binaphthyls
5, 7—12, 14, 15, 18, and 22 (Chart 2).1523d On the
other hand, when the redox potentials of the indi-
vidual partners are similar, as in the case of the
attempted synthesis of 13, 16, 17, and 19-21,
mixtures are formed.15:234.26.27

When complexes of Cu(ll) with chiral amines, such

as phenethylamine or sparteine, were used as oxi-
dants, the unsymmetrically substituted binaphthyls
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Chart 2. Products of Selective Oxidative
Cross-Coupling

OH RO OH OH
OH OH OH
g ‘ CO,Me g ‘ CO,Me g ‘ CO,Me

7 (81%) 8, R=Me (76%)

9, R=PhCO (79%)

)
RO GS 99
OH OH OH
JCC oce L o
CO,Me CO,Me MeO CO,Me

10, X = Me (78%)
11, X =OMe (74%

12 (77%) 13 (40%) 14 (47%)

LSO, O, OO,

COC Qo Qc,
MeO CO,Me CO,Me

15 (61%) 16 (38%) 17 (32%)

o, o, o

NH, NHPh NH,

O, O, o
CO,Me CO,Me CO,Me

18, X =OH (71%)
19, X = NH, (13%)

20, X = OH (40%)
21, X =NH, (9%)

22 (50%)

were obtained in enantiomerically enriched forms,
showing that Cu must be coordinated to at least one
reactive species during the reaction.’®* It is note-
worthy that three different mechanisms for enanti-
oselection have been found to operate in these
oxidative couplings: (a) asymmetric transformation
of the second kind,?® identified for the formation of
BINOL (1) (with =100% ee);5142° (b) stereoselective
crystallization of the Cu—amine—product complex
from the reaction mixture, typical for NOBIN (5)
(with 46% ee);'3'* and (c) genuine asymmetric cou-
pling, as in the case of 7 (71% ee).*

An improved, practical synthesis of NOBIN (5) via
stoichiometric oxidative cross-coupling with FeCls in
a heterogeneous system was reported by Ding:3°
according to his protocol, a two-component molecular
crystal, obtained by co-crystallization of 5-naphthol
and S-naphthylamine from MeOH—Me,CO (1:1),3!
was added as a solid to an aqueous solution of FeCls,
and the resulting heterogeneous mixture was stirred
at 55 °C for 6 h. Although both the starting materials
and the product are only sparingly soluble, even in
boiling water, the coupling did indeed occur (70%),
which led Ding to the conclusion that the selective
cross-coupling originated from the orientation of the
partner molecules in the molecular crystal.3°3! The
latter hypothesis was challenged by us since we had
found that, in the liquid—liquid-phase system (CHy-
Cl,—water), where molecular pre-orientation was
excluded, FeCl; exhibited similar selectivity (at room
temperature) as in the solid—liquid system (at 55
°C).32
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B. Metal-Mediated Cross-Coupling

The nickel-catalyzed coupling of aryl halides with
aryl Grignard reagents (Kumada coupling) is an
obvious choice for the synthesis of the cross-coupled
1,1'-binaphthyls.®® Thus, for example, the reaction of
substituted 1-bromonaphthalenes (23) with 2-methyl-
1-naphthylmagnesium bromide (24, R = Me), cata-
lyzed by nickel, afforded the corresponding cross-
coupled products 25 in high yields (Scheme 2). The

MgBr
LI ?
< IO

Br

Scheme 2

23 24
NiBr, 2 PPhy
ether-toluene >
10 °C - OMe
929 N
(69-92%) H "Me

1,
Co

25a, R, R'=Me (95% ee)
25b, R=Me, R'=H (83% ee)
25c, R=Et,R'=H (77% ee)

latter reactions can also be carried out in an asym-
metric version using chiral ferrocene phosphines as
ligands. With (S,R)-PPFOMe, the unsymmetrically
substituted binaphthyls 25b and 25c were obtained
with 83 and 77% ee, respectively. Better results were
arrived at in the case of C,-symmetrical products
(e.g., 25a, up to 95% ee).3*

More recently, Suzuki—Miyaura coupling (Scheme
3) has been developed as an alternative method for

Scheme 3
X Br
P(O)(OEY),
D - 02
B(OH),
26 27

(dba);Pd,, ligand
K3POy, toluene
70°C; (2 97%)

X

OO P(O)(OEt),

28a, X=H
28b, X =0OMe

the synthesis of cross-coupled 1,1'-binaphthyls,
such as 28.3%36 |ts asymmetric version will be dis-
cussed in connection with the application of MAP
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ligands®:3¢ (see section I11.D). In the (racemic) syn-
thesis of 2,8'-di-substituted 1,1'-binaphthyls, Suzuki—
Miyaura coupling was employed as a key step (vide
infra).%’

A different approach relies on the chemistry of
chiral sulfoxides (Scheme 4). Here, enantiopure sul-

Scheme 4

ﬁ t-BuMgClI

toluene

1. n-BuLi, THF, -78°C
2. i-PrOCOCI, THF, -78 °C

or Me,NCOCI, TMEDA,
THF, -78 °C
908 X

1-NaphthylMgBr >L o
THF, 25°C =0
(R)-32a, X = COy(i-Pr) 31a, X = CO,(i-Pr)

(90%, 95% ee) (39%)
(R)-32b, X = CONMe, 31b, X = CONMe,
(65%, 95% ee) (34%)

S"O

foxide 30, prepared from menthyl sulfinate 29 on
reaction with t-BuMgClI, was first o-lithiated with
n-BuLi, and the intermediate organometallic species
was quenched with either i-PrOCOCI or Me;NCOCI
to afford carboxylic derivatives 31a,b. In the crucial
step, the latter sulfoxides were reacted with o-naph-
thylmagnesium bromide to afford binaphthyls 32a,b
(both in 95% ee).38

C. Synthesis via Nucleophilic Aromatic
Substitution

Nucleophilic aromatic substitution of the alkoxy
group in l-alkoxy-2-naphthoic acid derivatives 33
with Grignard reagents 34 constitutes a general
method for the preparation of substituted 1,1'-bi-
naphthyl-2-carboxylic acid derivatives 35 (Scheme
5).39743 High levels of asymmetric induction (<98%
de) were obtained when chiral alkoxy substituents
in 33 (e.g., menthyloxy) were used as chiral auxilia-
ries.® By contrast, chiral alkyl esters® or oxazolines*
exhibited only moderate stereoselectivities. A similar
strategy has been employed in the synthesis of
biphenyl derivatives.** Substituted 2-sulfonyl-1,1'-
binaphthyls were also prepared by this method,
starting from 2-sulfonyl-1-methoxynaphthalenes.®

D. Selective Modification of the Substituents in
the Symmetrically Substituted 1,1'-Binaphthyls

Substituent modification in the symmetrically sub-
stituted 2,2'-bifunctional 1,1'-binaphthyls usually
leads to a mixture of mono- and bis-modified prod-
ucts. Thus, acylation of BINOL (1) can be controlled
to give preferentially the mono-acyl derivatives*® 36
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OR'
cost, (L1
oy

MgX

Scheme 5

33a, R'= RZ—IMenthyI 34a, R=Me
33b, R' = /-Menthyl, R?= j-pr 34b, R=H
33¢, R' = d-Menthyl,

R? = (S)-1-Phenylethyl

J (74-95%)

L.
! ! CO,R?

35a, R? = |-Menthyl, R® = Me (98% de)

35b, R? = /-Menthyl, R®=H (76% de)

35¢, R?=i-Pr, R® = Me (97% de)

35d, R%=i-Pr,R®=H (80% de)

35e, R? = (S)-1-Phenylethyl, R® = Me (91% de)

35f, R2=(S)-1-Phenylethyl, R®=H (91% de
ylethy

(86%)%59:" (Scheme 6).4¢ Bulky acylating agents ex-
hibit a slightly higher preference for the formation
of mono-esters.*¢ Benzylation of BINOL (1) with
benzyl bromide has been shown to give the mono-
substituted derivative 37 in 66% vyield,*” whereas
Mitsunobu reaction with benzyl alcohol furnished the
same product in 84% yield;*® no di-substituted prod-
uct was detected in the latter case.*®® In several
instances, when bulky substituents were being in-
troduced, almost exclusive formation of the mono-
substituted derivative was observed.*® Non-symmetri-
cal crown ethers and other derivatives have been
synthesized by mono-alkylation, followed by further
functional group manipulation.*®~¢ Dimeric deriva-
tives 38 have been developed as fluorescent sensors
for mandelic acid.*8

In the reductive alkylation of BINAM (3) with
ketones, the ratios of mono- and di-substituted
derivatives increases with the increasing bulk of the
incoming substituent (Scheme 7). Thus, for example,
with acetone, cyclohexanone, and 2-adamantone, the
corresponding mono-substituted products were ob-
tained in 15, 28, and 71% yield, respectively (under
the conditions maximizing the yield of the bis-
alkylated product).49:50

Scheme 6

AC2O
PhCHzBr
PhCHZOH
(Mitsunobu)
(R)1 , R=Ac

37, R = CHyPh

:Wm,z
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g‘ NHR g‘ NH-R
llNHz !INHR

Scheme 72
ketone

SO
NH, H2SO04

NHz  THF, H,0

OO rt, 15 min

(R)-(+)-3 R=i-Pr 15% 82%
R = c-Hex 28% 64%
R = 2-adamantyl 71% 15%

a Ketone = acetone, cyclohexanone, or 2-adamantanone.

Reductive alkylation of BINAM (3) with glutaral-
dehyde or 3-oxapentadienal and NaBH3;CN has been
reported to afford mainly the mono-functionalized
products 39 and 40, respectively (Scheme 8).51 On the

Scheme 8

X

oL J LD
NH, © 0 NH,

Ty e OO

(S)-(-)-3 S)-39, X = CH,
(S) -40, X=0

other hand, with an excess of glutaric dialdehyde and
NaBHy,, the corresponding di-functionalized product
was obtained (98%).4° The C;-symmetrical diamines
39 and 40 were employed in a stoichiometric syn-
thesis of mevalonic acid (58% ee).5!

Reaction of the secondary bis-amine 41 with eth-
ylene oxide can be directed toward mono- or bis-
substituted product 42 and 43, respectively, by
controlling the reaction temperature (Scheme 9).52

I I NHMe
l ! NHMe

AcOH AcOH

0o°c / \10 °c
0w O
'\\‘/\/OH N/\/OH
NHMe N~ OH
OlO OlO Me

42 (86%) 43 (80%)

Scheme 9

Asymmetric oxidation of racemic bis-thioether 44
with t-BuOOH, (+)-diethyl tartrate, and (i-PrO),Ti
afforded a 57:43 mixture of diastereoisomeric mono-
sulfoxides 45 (68%), =98% ee each, separated by
chromatography (Scheme 10).53

Selective ring-opening of the C,-symmetrical aze-
pinium ions 46a and their S and Sn analogues 46b
and 46¢ with nucleophiles (Scheme 11) constitutes
a general method for the synthesis of binaphthyls
47a—c, with the heteroatom insulated from the
aromatic ring by a methylene group.>-58 This high-
yielding ring-opening with various nucleophiles is
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Scheme 10
1. -BuOOH
(+)-DET
. ) O
0, e OO
SMe (68%) S“Me
SMe 2. separation SMe
OO (dr 57:43) OO
(+)-44 (R)-45 (98% ee)
Scheme 112
( Nu
90 0w
X'R, ——>
0 r SO
46a, X =N 47a, X=N
46b, X=S 47b, X =8
46¢c, X =Sn 47c, X=Sn

D e e )
N N
SO ee
48

aNu = HNR'R", N3~, PhsP, BuS~, PhSe~, AcO~, CN".
general and paves the way to a variety of hetero-di-
substituted binaphthyls 47. In the case of cyclic
sulfide 46b, attack at the external alkyl may prevail,
depending on various factors.5” Interestingly, reaction
of dimethylammonium bromide 46a (X*R, = N*Me,)

with Na,S afforded sulfide 48 rather than the ex-
pected mercaptane.5®

E. Selective Replacement of the Substituents in
the Symmetrically Substituted 1,1'-Binaphthyls
Morgans has reported on the selective mono-phos-
phinylation of BINOL bis-triflate (—)-49 that afforded
phosphine oxide 50 (65%), contaminated by the
corresponding product of reduction (20%).5° The latter
reduction was considerably suppressed (to 11%) in
the case of the analogous phosphate 51, which was
obtained in 77% yield (Scheme 12). This protocol was
further improved by Hayashi,'* who changed the

Scheme 12
RoP(O)H
AcO),Pd

. e (03
oTf dppb oTf

OTf DMSO P(O)R2
QL we (I
(95%)
(R)-49 / 50, R=Ph
@ 51, R = OEt

KCN, NiBry, Zn, PhzP, MeCN j

reflux
SO

53 (99%)

52 (40%)
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Scheme 13
49
/ Cl3SiH
EtsN
P(O)Ph, PPh,
oTf xylene OTf
90 e ()
50

84%

54a
o-Tol,PH, NiCl,, dppe 1. A;:?P(O;H
DMF, 100 °C (AcO);Pd, dppb
DMSO, 100 °C
2. resolution

OO ClySiH
PPh, EtsN

PAr xylene

120 °C

2, Ar=Ph (60%)
56b, Ar=p-Tol (45%)
56¢c, Ar=o-Tol (42%)

oW
o

55a, Ar=Ph (70%)
55b, Ar=p-Tol (52%)

Me
1. H(O)P OMe

Me
(AcO),Pd, dppb
DMSO, 100 °C
(S)-49 -
2. Cl3SiH, EtzN
xylene, 120 °C

o
PAI'2
SN

54b

Ph,PH, NiCl,, dppe
DMF, 100 °C

Me
OO P OMe
P Me
g 2

56d (74% overall)

ligand (from dppp to dppb), increased the reaction
temperature (from 80 to 100 °C), and obtained 50 in
95% vyield. Phosphine oxide 50 was then used as a
key intermediate in the synthesis of a series of MOP
ligands (4), which involved reduction with CI;SiH (see
section 11.J.2). By contrast, Ni-catalyzed coupling of
bis-triflate 49 with Ar,PH®%2b or Ph,PCI®% occurs at
both positions, giving BINAP and its congeners.®°

Mono-phosphination has also been reported for the
di-triflate of 8,8'-dihydroxy-1,1'-binaphthyl to produce
the 8,8-isomer of MOP (see section I1.1).%* Cyanation
of (—)-49 afforded a mixture of mono-nitrile 52 (40%)
and the corresponding bis-nitrile (10%).%° The phos-
phinoxy triflate 50 underwent cyanation to provide
phosphinoxy nitrile 53.52 All these transformations
apparently proceeded without racemization.

The selectivity of phosphination of BINOL bis-
triflate (49) has been utilized in the synthesis of
analogues of BINAP (2) with two different phosphine
groups (Scheme 13).8% Thus, phosphinoxy triflate (+)-
50 was reduced to afford phosphine 54a, whose



Non-Symmetrically Substituted 1,1'-Binaphthyls

coupling with diarylphosphine oxide under harsher
conditions produced racemic BINAPO (55a). The
latter racemate was resolved via stoichiometric cy-
clopalladation with (S)-1'-(N,N-dimethylamino)-1-
ethylnaphthalene; crystallographic analysis of this
complex revealed the absolute configuration. Reac-
tion of the enantiopure (S)-54a with di-p-tolylphos-
phine oxide led to the BINAPO analogue (S)-55b,
whose reduction produced another analogue of Bl-
NAP, namely (S)-56b (BINAPP'). A similar diphos-
phine bearing a P(o-Tol), group, (S)-56¢, was ob-
tained directly from triflate (S)-54a on Ni-catalyzed
coupling with (o-Tol),PH (42%).%3 Finally, the meth-
oxydimethyl analogue 56d was synthesized using a
reversed strategy: the bis(3,5-dimethyl-4-methoxy)-
phosphino group was introduced first by phosphiny-
lation of triflate 49, followed by reduction of the
resulting phosphine oxide, giving phosphino triflate
54b, that was in turn phosphinated to give the
desired ligand 56d.5%

Carbonylation of triflate 49 is similarly selective,
giving methyl ester 57 as the mono-carbonylation
product in 60% yield (Scheme 14).54 However, when

Scheme 14
(AcO),Pd, dppp

OO i-Pr,NEt, DMSO OO
otf  CO, MeOH CO,Me
T
] ! oTf (60%) l ! oTf

(R)-49 (R)-57

Ph,P(O)H
(AcO),Pd, dppp
i-Pr,NEt, DMSO

(52%)

50

i (Scheme 12)

CN g ! CO,Me
OO P(O)Ph, ] l P(O)Ph,

(R)-53 (R)-58

the solvents and reagents were meticulously purified,
mainly bis-carbonylation was observed (57%), with
57 being formed as a minor product (9%).%> Alterna-
tive approaches to these binaphthyls rely on the side-
chain oxidation of 2-methyl-1,1'-binaphthyls,® or on
nucleophilic aromatic substitution (see section 11.C).
While sterically bulkier phosphinoxy triflate 50 is
inert to carbonylation,®? it can be converted into
nitrile 53 (99%) on a Ni-catalyzed reaction with KCN,
as shown above (Scheme 12); however, the latter
nitrile resisted all attempts at hydrolysis.®? The 2'-
phosphineoxide-2-carboxylate 58 was then prepared
by phosphinylation of triflate 57 in 52% yield (Scheme
14).62

Hydrolysis of racemic ester 58, followed by con-
densation with (S)-valinol, gave a mixture of diaste-
reoisomeric amides (48 and 41%, respectively) that
was separated using flash chromatography (Scheme
15). Transformation of the enantiomerically pure
amide (R,S)-59a into the corresponding oxazolidine
(98%), followed by reduction with trichlorosilane,
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Scheme 15
1. KOH
2. (S)-valinol or
(S)-t-leucinol OO NH
OO NN
CO,Me EDCI, HOBt f OH
O R

POPh, — >
(©)Ph; 3. Chromatographic
separation of

diastereoisomers
(£)-58 (48 and 41%)

OO P(O)Ph,

(R.S)-59a, R =i-Pr
(R.8)-59b, R = t-Bu

1. MsCl, DMAP, Et;N (98%)
2. HSICls, Et;N (92%)

1. (S)-Valinol OO o
ZnCl, S j

53 _—— N™"gr

2. CI3SiH, EtzN PPh,
e

(R,S)-60a, R = i-Pr
(R.S)-60b, R = t-Bu

furnished the phosphinoxazolidine derivative (R,S)-
60a (92%).%6 The analogous tert-butyl derivative
(R,S)-60b was synthesized in a similar manner.5%® An
alternative synthesis of 60a relies on the ZnCl,-
mediated reaction of nitrile 53 with (S)-valinol,
followed by reduction of the resulting oxazoline—
phosphine oxide with CI3SiH (91% vyield).8”
N-Alkylated homologues of NOBIN 62 have been
synthesized from ester-triflate 57, which in turn was
obtained by mono-carbonylation of bis-triflate 49
(Scheme 16). Reaction of ester 57 with a series of

Scheme 16
(R)-49

CO, MeOH
(AcO),Pd, dppp
DMSO (60%)
‘! CopMe  MeAINR, CONR,
oTf tquene oTf
SO
(R)-57

LiAIH,, THF
(62-79%)

NMeg
N
N(H-BU)Z
NB N 6]
n
2 _/

amidation reagents Me,AINR; gave the correspond-
ing amides 61; subsequent standard amide reduction
with LiAlH, afforded the required series of NOBIN
homologues 62.%8

Another selective mono-functionalization (Scheme
17) was reported for the Buchwald amination of
dibromide 63 with benzophenone imine, which af-
forded imine 64 (92%). Hydrolysis of the latter
compound produced bromoamine 65.5°
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Scheme 17
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The Newman—Kwart rearrangement of the bis-
(dimethylthiocarbamoyl) derivative of BINOL (66)
has been reported to give the mono-rearranged
product 68 in 40% yield under optimized conditions
(Scheme 18), which was then hydrolyzed to afford

Scheme 18
I SO
OJKNMez SXNMeZ
O_ _NMe, 240°C S._NMe,
SORENNGDR
S neat o
(S)-66 (S)-67 (20%)
o}
CICL, | vommeon XL R
SH 65 °C S “NMe,
OH OYNMeZ
90 g
(S)-69 (63%) (S)-68 (40%)

hydroxy thiol 69.707 Harsher conditions of the initial
rearrangement led to 67 as the major product.”®"*
Interestingly, no racemization has been reported,
despite the high temperature used. Alkylation of 69,
followed by oxidation with MCPBA, afforded the
corresponding sulfoxides.”%

The Newman—Kwart rearrangement has also been
employed as the key step in the synthesis of thio-
phosphines 73a—c, which can be regarded as thio-
analogues of MOP (Scheme 19).72

Selective ring-opening of dinaphthofuran 74 with
lithium under electron-transfer conditions has been
reported as an alternative approach to 2,2'-non-
symmetrically substituted 1,1'-binaphthyls from a
symmetrical precursor (Scheme 20). The intermedi-
ate lithio derivative 75 was quenched with various
phosphine chlorides to provide several hydroxyphos-
phines (£)-76.73

An analogous application of dinaphthothiophene 77
required the Ni-catalyzed ring-opening with a Grig-
nard reagent and led to a series of thiols 80 (Scheme
21). With phosphinoxazoline 81 as chiral ligand, the
products were obtained with <95% ee; other chiral
ligands were less successful.’
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Scheme 19
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Another metalation strategy relied on borane—
BINAPO complex 82 and quenching the intermediate
organolithium 83 with Sn and Si electrophiles and
subsequent decomplexation to obtain phosphines 85
(Scheme 22).7°

F. Other Substituent Manipulations

Further substituent manipulation can be utilized
for the conversion of C;-symmetrical 1,1'-binaphthyls
into other derivatives. Thus, for instance, the sele-
nium binaphthyl derivative 8776 was prepared from
mono-amine 86 (Scheme 23), which in turn was
obtained from the mono-acetamide of BINAM (3) by
the sequence of diazotation of the free amino group,
reduction with H3PO,, and amide hydrolysis.”” Dia-
zotation of 86, followed by the Sandmeyer reaction
with potassium selenocyanate,”® then afforded 87,76
whose treatment with NaOH produced diselenide
88.76 This series is (R)-configured, but the enantiopu-
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Scheme 21
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rity has not been discussed by the authors.”® In view
of the generally rather low barrier to racemization
of 2-mono-substituted 1,1'-binaphthyls,®” in conjunc-
tion with our experience of racemization of binaph-
thylamines during diazotation,3”."° we feel that this
issue should have been discussed in detail.

G. De Novo Synthesis of an Aromatic Ring of the
1,1'-Binaphthyl Skeleton

An interesting approach to the synthesis of non-
symmetrically substituted 1,1'-binaphthyls is based
on the de novo construction of an aromatic ring; this
strategy was employed in the preparation of N-
hydroxy imide 94 (Scheme 24). Here, the bottom

5 1. n-Buli, -78 °C OO
r 2. ArCHO, 1t OMe
OMe " (90%) O OH

Scheme 24

OMe OMe
89 OMe
90
p-TsOH
MeO,C 110 °C
Ar m\ Ar
o eled
- O
coMe  (67%) =
92 91
1. MeSO3H, 0 °C (100%)
2. KOH, MeOH (100%)
3. Resolution OO
OMe
Ar 1. Ac,0, reflux o)
“icozH 2. NH,0OH
e O
COoH
o
(-)-93 (+)-94

naphthalene system was constructed by the Diels—
Alder addition of dimethyl fumarate to intermediate
91 (generated in situ by acid-catalyzed pyrrolysis of
hydroxy acetal 90), followed by the acid-catalyzed
aromatization of the resulting adduct 92. Free diacid
93 was resolved by crystallization with brucine from
acetone; although the (—)-enantiomer obtained is
depicted in the original paper to have (R)-configura-
tion, the authors seem to have not established this
in an unequivocal manner. Diacid (—)-93 was then
converted into N-hydroxy imide (+)-94 via the reac-
tion of the corresponding anhydride with hydroxy-
lamine.®

H. Synthesis of Heterocyclic Analogues of
1,1'-Binaphthyls

In 1993, Brown introduced QUINAP (101a) as a
hetero-bi-dentate aza-binaphthyl analogue of BINAP
(Scheme 25).8* Its synthesis commenced with the Su-
zuki—Miyaura coupling of a-chloroisoquinoline (95)
with boronic acid 96,8 which in turn was obtained
from (2-methoxy-1-naphthyl)magnesium bromide.2
The resulting azabinaphthyl derivative 97 was depro-
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Scheme 25
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tected, and the resulting phenol 98 was converted
into triflate 99, whose coupling with Ph,P(O)H>° af-
forded phosphinoxide 100. Standard reduction of the
latter derivative with CI3SiH® gave rise to the new
P,N-ligand (£)-101a that was christened QUINAP.8!
QUINAP was resolved via the diastereoisomeric, cy-
clopalladated complexes with PdCl, and (R)-(+)-di-
methyl[1-(1-naphthyl)ethyl]amine,?#* and the abso-
lute configuration was established by X-ray analysis
of the latter Pd complex.8! Synthesis a series of QUI-
NAP analogues with different aryl/heteroaryl groups
adjacent to phosphorus 101b—g®© and of the phen-
anthridine analogue PHENAP (102) followed shortly.

A similar strategy was employed by Guiry in the
synthesis of 2-phenyl- and 2-methyl-quinazolinap 103
and 104; the absolute configuration of the former li-
gand was established by X-ray crystallography of its
Pd complex (similarly to QUINAP), whereas the con-
figuration of the latter was proposed by analogy.®”
While these ligands are configurationally stable, the
indole-type analogue 105 proved to have a racemi-
zation barrier too low for the purpose of asymmetric
catalysis.®8
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Woodward has synthesized 3-substituted analogues
of QUINAP, e.g., 108 (Scheme 26), by a selective
Suzuki—Miyaura coupling of 1,3-dichloroquinoline
(106) with boronic acid 96, followed by a Pd-catalyzed
coupling of the intermediate 107 thus formed with
the corresponding tin reagent. A similar strategy was
employed in the synthesis of the 8-isomers 109 and
110 and a series of analogues.®

|. Synthesis of 1,1'-Binaphthyls with Substituents
in the 8,8'- and 2,8'-Positions

The synthesis of 2,2'-substituted 1,1'-binaphthyls
(111; Chart 3) has been the main focus in the

Chart 3. 2,2’-Di-substituted, 8,8'-Di-substituted,
and 2,8'-Di-substituted 1,1'-Binaphthyls

111-M 112-M

development of chiral ligands for asymmetric cataly-
sis. However, this molecular architecture fails to offer
a direct communication between the binaphthyl
system and the reaction center (Chart 3; 111-M), and
so the enantioselection must originate from ad-
ditional effects (for exceptions, see section 111.D).
Thus, with BINAP (2), the binaphthyl moiety serves
merely as a chiral scaffold, which dictates the orien-
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tation of the Ph groups adjacent to the phosphorus
atoms.® By contrast, the 8,8'- and 2,8'-di-substituted
1,1'-binaphthyls 112 and 113 would offer a direct
interaction of the chiral core of the binaphthyl
skeleton with the reactants (112-M and 113-M).

Chart 4
0 ., QL
Y NH, PPh,

JSCINGOING G
117

114a, X =OH, Y =0CONMe, 116
114b, X = OH, Y = OCONEt,

114c, X = OH, Y = OCON(}-Pr),

115, X =0OMe, Y = PPh,

Representatives of the 8,8'-pattern (Chart 4),°e.g.,
the mono-functionalized isomer of BINOL (114a—c)%*
and the positional isomer of MOP (115),51:°2 have
been synthesized by Meyers and Fuji but shown to
have a racemization barrier rather lower than that
of their 2,2'-ancestors.1:90-92 The 2,8'-di-substituted
pattern has recently been synthesized by us, in
particular, iso-NOBIN (116) and iso-MOP (117).% In
contrast to the 8,8'-system, these derivatives proved
to be configurationally as stable as the classical 2,2'-
substituted 1,1'-binaphthyls and, therefore, suitable
for asymmetric catalysis.3”

iso-NOBIN (116) was synthesized as follows
(Scheme 27):37 Suzuki—Miyaura coupling of boronic
acid 96 with 1,8-dibromonaphthalene (118), which in
turn was obtained via Sandmeyer chemistry from the
commercially available diamine, afforded racemic

Scheme 27
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methoxy bromide (1)-119 (76%). While resolution of
the latter derivative into enantiomers proved inef-
ficient, the corresponding phenol (+)-121, obtained
by BBrs-mediated deprotection of (£)-119, was suc-
cessfully resolved®” by co-crystallization with benzyl-
cinchonidinium chloride.®® The absolute configuration
was established by X-ray crystallography as (S)-(+)-
121. Methylation of (S)-(+)-121 afforded (S)-(+)-119,
which was converted into imine (S)-(—)-120 (97%) by
Buchwald amination.®*® Deprotection of the latter
imine by sequential treatment with Lewis and Brgn-
sted acids afforded iso-NOBIN (S)-(—)-116 in good
overall yield.%’

iso-MOP (S)-(+)-117 was prepared from bromide
(S)-(+)-119 by Ni-catalyzed coupling®c with Ph,PClI,
although in a low yield (32%).3"

J. Synthesis of Selected 2,2'-Di-substituted
1,1'-Binaphthyls

1. Synthesis of NOBIN and Its Congeners

Racemic (+)-5 (NOBIN) was first prepared in one
step by the convenient oxidative cross-coupling of a
1:1 mixture of g-naphthol with g-naphthylamine in
up to 85% vyield, as discussed earlier (Scheme 1).12%°
Our original method, employing the Cu(ll)-mediated
coupling in solution (eq 1),*? was later improved by
Ding in the form of an Fe(lll)-mediated coupling in
a quasi-solid state (vide supra).30:32

When carried out in the presence of a chiral amine,
such as o-methylbenzylamine or sparteine, the Cu-
(1) coupling affords NOBIN in up to 46% ee as a
result of enantioselective crystallization from the
reaction mixture;*3* the latter product can be puri-
fied by crystallization to ~100% ee.* Resolution of
the racemate has been attained by crystallization
with (1S)-(+)-10-camphorsulfonic acid from a 10:1
mixture of chlorobenzene and ethanol,®® which gives
(S)-(—)-NOBIN;%~% kinetic resolution of the corre-
sponding imine by reaction with various chiral amino
alcohols appears to be rather inefficient.’®® Racemic
NOBIN has been found to be much less soluble than
the pure enantiomers,'%%1°1 which reflects the stabil-
ity of the crystal lattice (note that racemic NOBIN
melts by 68 °C higher than the pure enantiomer!*3).
Therefore, partially resolved NOBIN can be substan-
tially enriched by extraction into pentane in a Soxhlet
extractor'® or by chromatography on an ordinary
silica gel column.1°t The most reliable procedure for
resolution employs the co-crystallization of (+)-
NOBIN with 0.5 equiv of N-benzylcinchonidinium
chloride from acetone, which gives (R)-(+)-NOBIN.1%2

The absolute configuration of 5 was determined by
CD spectroscopy via comparison with the spectra of
1 and 3.2 This assignment was confirmed by chemi-
cal correlation (vide infra) and by crystallographic
analysis of the inclusion complex of 5 with N-
benzylcinchonidinium chloride.1%?

The synthesis of NOBIN via the direct, one-step
cross-coupling of the respective components is very
simple and efficient; however, its large-scale utiliza-
tion is precluded by the reputation of S-naphthy-
lamine as a carcinogenic agent. Therefore, Buchwald
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developed an alternative route, starting with (R)-1

(BINOL), which involves the Buchwald amination of

the protected mono-triflate (R)-122 as the key step

(Scheme 28).1%% Although it is environmentally
1. n-BuLi, TBSCI

OO 2. Tf,0, pyridine OO

OH 3. BusNF oTs
OH 4. p-MeOCgH,CH,Br OCHAr

LT Tow 98
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[0-(Ph2P)CeH4]20
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Seull " Wew
THF, i-PrOH
(R)-124, R = CH,Ar reflux (R)-123

(R)-5, R=H
(61% overall yield)

friendly, and although no racemization was observed,
this protocol lacks the advantage of simplicity, as it
requires seven steps from (R)-1. Since enantiomeri-
cally pure NOBIN was obtained from BINOL of the
known configuration, this synthesis further confirms
the absolute configuration of NOBIN.

Zhang has most recently reported on the Bucherer
reaction carried out with BINOL (1), which under
rather harsh conditions gives NOBIN (5) in one step
(Scheme 29); no bis-amination was observed.1®* Un-

Scheme 29
OO (NH,);803 H;0
o NHaH:0
OH 5900, 54
(91%)

Bucherer
(£)-1 (%)-5 (NOBIN)

der these conditions, enantiopure BINOL (and most
likely NOBIN as well) would racemize, so that this
protocol can only produce racemic NOBIN.%* How-
ever, in view of the recently published, very efficient
resolution of NOBIN? (vide supra), this can hardly
be regarded as a disadvantage, since resolution has
to be carried out at some stage anyway, either with
BINOL or for NOBIN. Therefore, the Zhang method
appears to be ideal for the synthesis of NOBIN on a
large scale, and we believe that this important
improvement will lead to a wider application of
NOBIN in asymmetric catalysis.

NOBIN (5) readily forms imines with a variety of
aldehydes.*® Some of them, e.g., 125 and its conge-
ners,%%19 1269 and 1277 (Chart 5), have been
employed as chiral ligands in asymmetric synthesis
(vide infra).

The imine formation has been utilized in reductive
amination to produce various N-alkylated NOBIN
analogues (Scheme 30).%° Generally, aldehydes, such
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as formaldehyde and acetaldehyde, react in the
presence of NaBH, and H,SO, to produce tertiary
amines 128 with two identical N-alkyl groups,
whereas ketones, e.g., acetone, cyclohexanone, and
2-adamantanone, afford secondary amines 129. The
latter amines can be submitted to second reductive
alkylation with aldehydes, to give tertiary amines
130 with non-identical N-alkyl groups.*® Reaction of
NOBIN with ethylene oxide gives the corresponding
ethanolamine derivative 129 (R, = CH,CH,0H) as
the product of N-mono-functionalization.”™

N-Arylation of NOBIN 5 has been attained using
the Hartwig—Buchwald methodology (5 — 131;
Scheme 31).1% Alternatively, N-aryl derivatives 131
can also be prepared by amination of the protected
mono-triflate 122 derived from BINOL (Scheme 28)
with various aromatic and heteroaromatic amines.'%

An interesting carbene ligand, 133, has been
synthesized from NOBIN in three steps by Hoveyda
(Scheme 32) and utilized in asymmetric metathesis
reactions (vide infra).10°

O-Methyl-NOBIN 135a and its methyl analogue
135b have been prepared from methoxy acids 134a
and 134b, respectively, by Curtius rearrangement
(Scheme 33).11% Employing the Newman—Kwart re-
arrangement, dimethyl-NOBIN (136) has been con-
verted into the corresponding amino thiol 137; other
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derivatives of thio-NOBIN have been prepared in a
similar way.”* All reactions shown in Scheme 33
proceed without racemization.”10

5,5',6,6',7,7',8,8'-Octahydro-NOBIN 138 (Hs-NOBIN)
has been prepared by Ding via partial reduction of
NOBIN with Ni—Al alloy in a dilute aqueous alkaline
solution (Scheme 34)11%112 and utilized as a starting
material for the synthesis of the corresponding ami-
nophosphine (vide infra).'** No loss of stereochemical
integrity had been observed; the absolute configura-
tion of 138 follows from the absolute configuration
of the starting NOBIN.!!

Finally, an interesting rearrangement was reported
for the NOBIN derivative 18 (Scheme 35), prepared
by the Cu(ll)-mediated coupling of 2-aminonaph-
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Scheme 34
Raney Ni-Al
OO NaOH
NH, H,0, i-PrOH
OH  9p°c, 1h
Ciy™ e
(R)-5 (R)-138
Scheme 35
I,
NH2 15 min NH-Me
quant
SOUNR" 00
CO,Me CO,H
(+)-18 )-139

thalene with 3-methoxycarbonyl-2-naphthol. Heating
of (£)-18 in the solid state triggers Ba 2 intermo-
lecular migration of the ester CH; group to nitrogen,
giving methylamino acid (+)-139.12 This rearrange-
ment represents the first example of a Ba 2 reaction
in the solid state. Enantiopure 18 is much less prone
to this reaction.0?

2. Synthesis of MOP and Its Congeners

Being inspired by Morgans'’s earlier report on the
selective mono-phosphinylation of BINOL bis-triflate
49,%° Hayashi employed the resulting phosphine
oxide triflate 50 in the preparation of MOP ligands
4 (Scheme 36).1* The synthesis involved hydrolysis

‘ ‘ oTf
OoTf DMSO P(O)Ph;
OO e (1)
12 h

(S)-49 (S)-50

Scheme 36
Ph,P(O)H
(AcO),Pd

1. NaOH, MeOH
2. Mel, K2C03

ClySiH OO OR

-—

PPh, xylene P(O)Ph,
SO E e
12h

(S)-(-)-4a (S)-140, R=H
————————— (S)-141, R = Me
(90% overall)

of the triflate group (50 — 140), followed by methy-
lation (140 — 141) and the subsequent reduction of
phosphinoxide 141 to MeO-MOP (4a). The optimized
overall yield, starting from (S)-BINOL (1), was ~90%
with no deterioration of the stereochemical integ-
rity.1

Similar processes involving O-alkylation have led
to benzyl and isopropyl derivatives 4b,c (Chart 6).1011
Kumada coupling of triflate 50 with EtMgBr, cata-
lyzed by Pd(0), provided ethyl derivative 4d,%%2 while
Pd-catalyzed cyanation with KCN led to phosphino-
nitrile 4e%% (see also Scheme 12). Reduction of the
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Chart 6. MOP-Type Ligands

4a, X =OMe
OO 4b, X = 0OCH,Ph
X .

4c, X =0O(i-Pr)
PPh, 4d, X=Et(R)
OO 4e, X=CN
4f, X = CH,NMe,
(S)-4a-j (MOP) 4g, X=COMe
4h, X =CO,H
4i, X=0OH (R)-142 (MOP-phen)

4j, X =0CH,0OMe
4k, X = OSiMey(t-Bu)
41, X =CH,0H

4m, X =H (R)

4p, R=Me
L, QI wrem
OMe

4r, R=CH,Ph

PR, P(l Pr), 4s, R = CHy(1-naphth)
OO OO 4t, R = CHy(2-naphth)
4u, R = CHy(9-phen)
(S)—4n R=Ar (S)-4p-u
S)-40, R=Cy,

D ome

P
OOk
CF3 /2

(R)-av (R-4w

:;f:-

(S.\R)-143

latter nitrile with diborane, followed by Eschweiler—
Clarke methylation (CH,0, HCO,H), afforded ami-
nophosphine 4f (a homologue of MAP).2 The carboxy
derivatives 4g and 4h were prepared from BINOL
bis-triflate (49) via Pd-catalyzed mono-carbonyla-
tion®? (see also Scheme 14) and the homologue 41 by
the LiAlH, reduction of ester 49.5%22 The MOP deriva-
tive 4m,%22 lacking the 2-substituent, has been pre-
pared from mono-deoxy-BINOL’” in the same manner
as 4a, with retention of the original configuration of
BINOL.52 The phenanthryl analogue (R)-(+)-142
was synthesized from (R)-(—)-3,3'-dihydroxy-4,4'-bi-
phenanthryl, again via the same sequence as 4a.'*
Further variation has led to the diarylphosphines 4n
(Ar = various mono- and 3,5-di-substituted benzene
rings)!® and the cyclohexyl analogue 40.115 O-Alky-
lation of free hydroxyl in the (i-Pr),P analogue of 4i
(obtained by hydrolysis of the corresponding triflate)
has led to a series with P(isopropyl), derivatives 4p—
u.'?® Variation of the precursors allowed the synthe-
sis of mono-phosphines 4v%2*¢ and 4w,%24 where the
original OMe group is replaced by hydrogen and an
electron-rich aromatic ring, respectively. Finally,
further derivatization of the free hydroxy group in
4i produced the phosphine—phosphite analogue 143
with two binaphthyl units.!6
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3. Synthesis of MAP and Its Congeners

(R)-MAP (6a) was first synthesized by us in 1998
from (R)-dimethyl-NOBIN (R)-136 (Scheme 37) via

Scheme 37
1. CH,0, NaBH,

O H,SO,, THF
NH, b 15 min (84% NMe

OH 2 71,0, CoHaN Tf,0, CsHsN

O CH,Cl,, 0 °C

3 h (96%)

(R)-(+)-5 136,R=H
144, R = CF3S0,
PhoPH or
Ph,PClI

Ph,P(O)H, (AcO),Pd
dppb, i-Pr,NEt, DMSO
120 °C, 4 h (82%)

OO Cl3SiH, EtsN OO
NMe, | XYlene NMe,

90 e I

(R)-(-)-6a 145

the Pd(0)-catalyzed coupling of its triflate 144 with
Ph,P(O)H, followed by reduction of the resulting
phosphine oxide 145 with CIsSiH.16198 A practically
identical procedure was reported more than a year
later for (S)-MAP.%%2 Direct coupling of the triflate
144 with Ph,PH was unsuccessful,'® while the Ni-
(0)-catalyzed coupling with Ph,PCI (144 — 6a) proved
capricious, giving 0—30% of MAP.” Like with MOP,
the MAP synthesis gives an enantiopure product.®

Des-methyl-MAP (148) was synthesized by an
analogous procedure (Scheme 38),16117 starting with

Scheme 38

1. AcyO OO OO

5 2MeONa NHCOMe CONHp s
3. Th0 oTf P(0)Ph,
o LI QOO

146 147
1. PhoP(O)H, (AcO),Pd

dppb, i-Pr,NEt, DMSO 1. Brp, MeONa
120 °C, 4 h (84%) 2. KOH, MeOH, H,0
2. Cl3SiH, Et;N 3. Cl3SiH, EtN

xylene, 120 °C, 5 h (75%)

(R)-148

NOBIN acetamide, which in turn was prepared from
NOBIN via N,O-bis-acetylation, followed by the
selective Zemplén hydrolysis of the ester group.”
Triflate 146 was then submitted to the standard
sequence, affording 148.16117 A different approach to
the same product relies on the Hofmann rearrange-
ment of amide 147 (obtained by partial hydrolysis of
the corresponding nitrile 53%2), followed by reduction
of the P—O bond.*8
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Further analogues of MAP with various N,N-
dialkyl and P,P-dialkyl/diaryl groups and binaphthyl,
biphenyl, or other biaryl skeletons have been de-
scribed by Buchwald (some of them in an enantiopure
form), namely, 6b—k, 149a—j, 150—152 (Chart
7).69.117.119-130 The homologous MAP 6l was obtained

1, L,
0 O
6a, X = NMey, Y = PPh, 149a, X = NMey, Y = PPh,
6b, X = NMe,, Y = PCy, 149b, X = NMey, Y = PCy,

6¢c, X =NMey, Y = P(i-Pr), 149c, X =NMey, Y = P(i-Pr),
6d, X =NMe,, Y = P(t-Bu), 149d, X =NMe,, Y = P(t-Bu),

Chart 7. MAP-Type Ligands?

6e, X=H,Y =PCy, 149e, X =H, Y = PCy,

6f, X=H,Y=P(t-Bu), 149f, X =H,Y =P(t-Bu),
6g, X=Me, Y =PCy, 149g, X = Me, Y = PCy,
6h, X=Bu, Y =PCy, 149h, X =[-Pr, Y = PCy,
6i, X =Ph,Y =P(t-Bu), 149i, X =Ph, Y = P(t-Bu),
6j, X =SiMes, Y = PCy, 149j, X =i-Pr,Y = P(t-Bu),

6k, X =SiMe3, Y = P(t-Bu),
61, X =CHyNH,, Y = PPh,
6m, X = CH,NMe,, Y = PPh,
6n, X =NH(i-Pr), Y = PPhy
60, X =NHCy, Y = PPh,
6p, X =NMe(i-Pr), Y = PPh,
6qg, X =NMeCy, Y =PPh,

148, X = NH,, Y = PPh, ‘
e, o O

M
o g o
150a, X =H, Y = PCy, 151 152a, R=t-Bu
150b, X =H, Y = P(t-Bu), 152b, R=Cy
150¢, X = i-Pr, Y = P(t-Bu),
a Cy = cyclohexyl.

via the LiAlH, reduction of the corresponding nitrile
53 (Scheme 12); Eschweiler—Clarke methylation of
the latter amine led to dimethylamino phosphine
6m.522 Mono-N-alkylated aminophosphines 6n,0 and
their analogues with two non-identical N-alkyl groups,
6p,q, were prepared from the respective NOBIN
precursors, which in turn were obtained by stepwise
reductive alkylation, as shown in Scheme 30.1¢ This
series continues with ligands having a partly hydro-
genated skeleton (153)!1125 or an asymmetric center
at phosphorus (154) (Chart 8).127 All their syntheses
utilized either the triflate coupling (as in Schemes
37 and 38)'¢ or the lithiation of the corresponding
bromide®® with t-BuL.i, followed by quenching with
R,PCI.118119 The latter protocol was employed for the
racemic series. Pyridine-type amides 155 (Chart 8)
were synthesized from 148 using standard methodol-
ogy for amidation.t’

4. Synthesis of Other C;-Symmetrical 1,1'-Binaphthyls
Further substituent variation has led to a number
of 1,1'-binaphthyls with non-identical 2,2'-substitu-
ents. Those that are closely related to the derivatives
mentioned above but did not merit a specific com-
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L,
ool

(R)-153a, X = NMe,, Y = PPh,
(R)-153b, X =NMey, Y = p-Me-CgHy
(R)-153c, X =NMey, Y = m-Me-CgH,
(R)-153d, X =NMe,, Y = p-Me-CgH,
(R)-153e, X =NMe,, Y = p-(t-Bu)-CgHy
(R)-153f, X =NMe,, Y = 3,5-Me,CgHy
(+)-153b, X = NMe,, Y = P(t-Bu),
(+)-153c, X=H,Y = P({-Bu),

(0] —
) ¢ N4
0., OO
R
PPh,
QW

(S)-(+)-155a, R=H
(S)-(+)-155b, R = Me

Chart 8

(R)-154a, R' = t-Bu, R? = Ph
(R)-154b, R" = Ph, R? = t-Bu

ment in section Il will be mentioned where relevant
in section I1l. A few selected examples are shown
below. Thus, for instance, hydroxamic acids 161—163
have been synthesized as follows (Scheme 39):33.131.132
Kumada coupling of bromide 156 with Grignard
reagent 24 afforded binaphthyl derivative 157, whose
methyl group was functionalized by bromination. The
resulting benzylic bromide 158 was then oxidized in
two steps to afford carboxylic acid 160, that was
resolved into enantiomers via diastereoisomeric es-
ters with menthol.*3 The latter methoxy acid was
alternatively prepared from (R)-BINOL in sev-

MgBr  (PhsP),NiCl, OO oMe
CH 3 —
oo

157
OO OMe (Me,CNO,) Na*
OO CH=0  EoH, DMsO

159

‘ 1. KMnO,

Scheme 39

NBS
CCI4

OMe
CH,Br

2. resolution (R)-1

OO oMe 1-(COCl)y,
—_—

COH 2 RNHOH

(72-89%)

(R)-160 (R)-(+)-161, R = cyclohexyl

(R)-(+)-162, R = CH,Ph
(R)-(+)-163, R = CHPh,
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eral steps.®313! The enantiopure acid 160 was then
converted into hydroxamic acids 161—163 via the
corresponding chloride.3?
lIIl. Application of Non-Symmetrically Substituted
1,1'-Binaphthyls in Asymmetric Catalysis

Most of the binaphthyls dealt with in the previous
section have been used in asymmetric catalysis, ei-
ther as chiral ligands coordinated to a metal or as
metal-free organocatalysts. Representative examples
of these reactions are highlighted in this section. On
the other hand, stoichiometric reactions are not cov-
ered unless there is a close connection to a catalytic
process.
A. NOBIN and Its Congeners in Metal-Catalyzed
Reactions

The first application of NOBIN came from Carrei-
ra, who took advantage of its propensity to form im-
ines (Scheme 40).1%2-d Thus, the tridentate imine
125a (Carreira ligand) was converted into the Ti(lV)

Scheme 40
Buf
(R)-5a
¢ QO
(i-PrO),Ti N
(R)-125a //Ti—\oo Br
HO CO,H OO OO o
B t
UQ Bu'
Bul But
(R)-164a Y
(R)-164a
o OSiMe; (10 mol%) HO O
RJ\H /I\OMe Et,0, -10°C R/’N)J\OMe
then BugNF
Aldehyde yield (%) ee (%)
A CHO 92 97
_~_-CHO 88 95
ph X CHO g3 o7
p~-CHO 89 094
CgH14,CHO 94 95
PhCHO 93 96
(R)-164a
0 OSiMe; (2-10mol%)  Ho o
RJ\H Me Et,0, 0°C R/;\)J\
then BuyNF
aldehyde yield (%) ee (%)
Ph(CHp)3—=—=—CHO 99 98
TBSOCH,—==—CHO 85 93
Ph—==—CHO 99 91
ph-CHO o8 20
PhCHO 83 66
¢-CgHq1CHO 79 75
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complex 164a (Carreira catalysts) and shown to cata-
lyze Mukaiyama aldol condensation with very high
enantioselectivities (<97% ee), even for silyl enol eth-
ers unsubstituted in the a-position,'% which repre-
sented a breakthrough in this chemistry. Methoxypro-
pene has been found to react with similar efficien-
cy.108

The titanium(1V) complexes of ligand (S)-125b and
its congeners have been employed in a systematic
study of the effect of various carboxylic acids as ad-
ditives on the catalytic activity in the hetero-Diels—
Alder addition of the Danishefsky diene to various
aldehydes (Scheme 41). Of 36 carboxylic acids (both

Scheme 41
OMe 1. (i-PrO),Ti, CH,Cly
(S)-125b | 25°C, 20 h

ﬁ U ' ﬁ
* .
Me;SiO ~ kAr : o) Ar
COQH
MeO

Naproxene
2. CF3CO,H, 5 min

N, N,

o
Ar _N """ 1" \\\\\ 3 H
i
O/J \ORX O/\ \OR'\

0] diene o)

attack
“ O “ O
Ar' Ar'
A B
Ar yield (%) ee (%)

Ph 99 97
4-Cl-CgHy 99 97
4-Br-CgH, 98 95
4-(NO,)-CgHy 91 83
3-Br-CgH, 83 86
3-Me-CgHy 81 96
3-MeO-CgHy 96 92
2-MeO-CgHy 99 82
2-furyl 90 75
trans-cinnamyl 96 83
phenethyl 83 75

chiral and non-chiral), (S)-naproxen was identified
as most efficient. In its presence, the reaction rate
was increased by an order of magnitude, and the ad-
dition product was obtained in >99% yield and 97%
ee. The stereochemical outcome was rationalized by
assuming that transition state A is less congested
than B.105f

Imine 126 and the product of its reduction, 165,
both derived from NOBIN and a-picolinic aldehyde,
proved to be efficient ligands in the ruthenium-
catalyzed Meerwein—Pondorf—Verley-type reduction
of acetophenone (Scheme 42):1% thus, the use of both
126 and 165 led to the corresponding alcohol in 98%
and 97% ee, respectively, whereas imines derived
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Scheme 42

OO "

(S)-126 (S)-165
i-PrOH OH
t-BuOK *
(j)k (PhsP),RuCl, @J\
)-126 or )
(S) -165
15 h
ligand ratio? temp (°C) yield (%) ee (%)
(S)-126 1/1.1/2.1/200 28 23 ~97
(S)-126 1/1.1/2.1/7100 28 94 96
(S)-126 1/1.172.1/50 28 87 96
(S)-126 1/1.1/25/50 28 96 95
(S)-126 1/1.172.1/200 50 97 ~91
(S)-126 1/1.1/2.1/200 83° 94 52
(S)-126 1/1.1/1.6/200 28 31 98
(S)-126 1/1.1/3.1/200 28 38 98
(S)-126 1/1.1/2.1/100 50 98 ~ 86
(S)-165 1/1.17/3.2/200 28 86 96
(S)-165 1/1.1/3.2/100 28 94 97

“Ratio metal / ligand / base / substrate. b1h.

from other aldehydes, such as o-hydroxybenzalde-
hyde, were much less successful.

The ruthenium bis-imine complex 166 (Scheme 43)
has been designed as a cyclopropanation catalysts for
styrene, its para-substituted derivatives, and their
B-naphthyl analogues.’®” The highest trans/cis ratio
(9:1) and enantioselectivity (96% ee) were attained
for unsubstituted styrene (X = H; Scheme 43); the
cis byproduct was, as a rule, less enantiomerically
enriched. o-Methylstyrene, on the other hand, gave
a ~1:1 trans/cis mixture but with 93% ee for both
isomers.107

Imines 167, 168, and 170—172, all derived from
O-methyl-NOBIN 135a, and imine 169, prepared
from aldehyde 160 (as shown in Scheme 39) via Wi-
ttig-type extension, have been employed by Knolker
as a chiral iron carbonyl-transferring catalyst (Scheme
44). Thus, a thermal reaction of Fe(CO)s with a mix-
ture of the respective imine 167—172 and cyclohexa-
diene has led to the preferential formation of one en-
antiomer of the diene complex.1% While this system
exhibits low enantioselectivity (<34% ee) and the
yields obtained with 171 and 172 are extremely low
(=6%), switching to the analogous camphor-derived
azadienes as catalysts resulted in a modest improve-
ment (<62% ee).110c.133

Dimethyl-NOBIN (136), prepared from NOBIN by
reductive alkylation, as described above (Scheme 30),
has been found to catalyze diethylzinc addition to
aromatic aldehydes (Scheme 45).4° Apparently, the

Chemical Reviews, 2003, Vol. 103, No. 8 3229

Scheme 432

[(cymene)RuCl,],

2-chloropyridine | CI|
MeOH N—%, /N

(R)-127] —MM |
OH C'Ho

/@/\ N,CHCO,R J@A@COZR O/q
* + *

CO,R

. (1 mol%) X X 2

R ratio ee (%)
(X=H) solvent trans : cis  trans cis
Et CH,Cl, 90:10 97 90
Et (CH,CI), 88:12 96 87
Et toluene 89: 11 95 85
Et THF 83:17 64 5
Me CH,Cly 85:15 88 56
i-Pr CH,Cl, 95:5 90 63
t-Bu CH,Cl, 97:3 86 54
(-)-menthyl  CH,Cl, 95:5 58 44
(+)-menthyl  CH,Cl, 96:4 85 4

& X=H, Cl, MeO

Scheme 44

OMe OMe \©\
oS

5)-167, X =H (R)-169
5)-168, X = OMe
y OO
OMe MeO
(S,R)-170
NZ N%
OMe TMS OMe
(8,917 (SR}172
L* time (h) vyield (%) ee (%)
OMe roco)y, OMe 167 41 87 25 (R)
0125L" 168 16 20 28 (R)
ot _Fe CO)3 169 16 20 6 (R)
80 °C 170 44 20 16 (9)
7 16 6 34 (R)
172 16 2 14 (8)

ligand works as a phenolate, since the in situ depro-
tonation of 136 prior to the addition of the reaction
components leads to an increase of the enantioselec-
tivity by 20%. Interestingly, analogues of 136 with
bulkier N-alkyls (Scheme 30) are less efficient.*®
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CH,=0 O
NaBH,, H,SO,
NM
(R}5a ——— > €2
<08

Scheme 45

THF, H,O
rt, 15 min

(R)-136
(R)-136 or 62
(3 mol%) OH
O/CHO EtyZn (2.2 equiv) | e
toluene/hexane //
1,36 h (R)

68,0

Ligand (R)-136 Ligand (R)-62

R yield (%) ee (%) vyield (%) ee (%)

H 89 68 89 94

H 96° 88 - -
4-MeO 95° 75 97 94
2-MeO 93° 62 - -
4-Cl 93° 83 97 95
3-Cl - - 95 96
2-Cl 93° 79 97 93
4-F 947 79 - -
4-Me 967 82 - -
2-Me 81° 81 - -
1-naphthy! 87° 79 92 96
2-naphthyl 897 83 95 96

2In the presence of n-BuLi (5 mol%). ® At 0°C.

NOBIN homologues (R)-62 (Scheme 16) exhibited
similar enantioselectivities: the pyrrolidine deriva-
tive (62, NR, = pyrrolidyl) gave the highest ee [95%
ee of the (R)-enantiomer].®® On the other hand, the
ethanolamine-type diamine (R)-42 was less selective
[51% ee of the (R)-enantiomer].52

Hoveyda has developed a robust, easy-to-handle
ruthenium complex, 174, as a new catalyst for ring-
opening cross-metathesis, derived from ligand (S)-
133 and Ru chelate 173 (Scheme 46).1%° Norbornene
substrates react with styrene to afford the product
with three chiral centers with excellent stereocontrol
(296% ee, >98% trans selectivity) and good yield
(76%); most of the catalyst can be recycled. Neither
an inert atmosphere nor degassing of the solvent was
required, which demonstrates the stability of the
catalyst; however, without these usual precautions,
higher catalyst loading was required (5 mol %) and
the yield dropped to 66%.10°

B. NOBIN and Its Congeners as Metal-Free
Organocatalysts

Asymmetric enolate alkylation constitutes a pow-
erful method for the construction of a chiral carbon.
In addition to various protocols requiring a chiral
auxiliary or stoichiometric use of a chiral base, phase-
transfer catalysis represents a promising technology.
To date, most of the established chiral phase-transfer
catalysts are based on the classical concept of tet-
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Scheme 46

AngO3
(S)-133

Ph3
wCl

P
iFLu‘
:/< { ~~cl
O,
7/

173

Ph/\

(S)-174
X - /“u,é \\\\ \/Ph
/ THF

rt, 75 min

>98% trans

X cat(mol%) yield (%) ee (%)

CF3 5 66 96
OMe 0.5 76 95

raalkylammonium salts (e.g., derived from quinine
alkaloids) that operate in a two-phase liquid—liquid
system, with aqueous potassium hydroxide and an
organic solution of the substrates.'** NOBIN (5a) and
its congeners could certainly be quaternized at the
nitrogen and the resulting ammonium salts used as
phase-transfer catalysts. However, this molecule also
offers an attractive alternative, owing to the presence
of the phenolic hydroxyl, which can be deprotonated.
In fact, f-naphthol itself can be employed as a phase-
transfer catalyst in alkylations,'3® so that its chiral
version, such as NOBIN, has an interesting potential.

Indeed, alkylation of the alanine-derived imine 175
with benzyl bromide (Scheme 47), carried out under

Scheme 47
Me 1. PhCH,Br, base
>—CO Me toluene, rt Ph
2! ~
— S)-5a | (10 mol% B
N G800 W3, g0
2. 6M HCI HoN
175

base yield (%) ee (%)

NaOH 90 62
KOH 90 43
NaH 60 68

solid—liquid phase-transfer conditions (toluene solu-
tion and solid NaOH) in the presence of NOBIN (5a)
as catalyst, followed by imine hydrolysis, afforded
o-methylphenylalanine of 62% ee.3¢ Other good Sy2
electrophiles (e.g., allyl and methyl halides) reacted
with similar efficiency.3¢

The glycine-derived Ni(ll) complex 176, whose
planarity is imposed by the preferred square-planar
geometry of the nickel(ll), has been utilized as a
second-generation starting material for asymmetric,
phase-transfer alkylation (Scheme 48).137 In the
presence of NOBIN (5a) as catalyst, alkylation with
benzylic and allylic halides occurred with a remark-
ably high enantioselectivity (<98.5% ee); phenyl
alanine, DOPA, and other amino acids were thus
obtained in ~90% vyield.’®” Alkylation with iso-
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Scheme 48
1. PhCH,Br, NaOH
o CH,Cly, rt
N
ﬁo (S)-5a ) (10 mol%) Ph—.
2 "“/Ni-»N\ = 75 COH
N / 2.6MHCI HoN
0 (R)
176
solvent base time (min) yield (%) ee (%)
toluene NaOH (s) 45 50 89
CH,Cl, NaOH (s) 8 90 97
MeCN NaOH (s) 20 80 17
(CHxCl),  NaOH (s) 5 70 97
(CH,Cl,?  NaOH (s) 5 86 93
CH,Cl, KOH (s) 7 80 16
CH,Cl, CsOH (s) 15 25 10
CH,Cl, NaOH (aq) 60 5 55
CH,Cl, NaH (s) 11 50 97

@ Carried out at 70 °C

NOBIN (116) as catalyst proceeded with slightly
lower enantioselectivity (87% ee for phenyl ala-
nine).*3 Only mono-alkylation has been observed in
these instances, presumably owing to the inability
of the mono-alkylated Ni complex to undergo further
enolization and alkylation due to the possible clash
of the first alkyl substituent with the phenyl of the
scaffold during the process of second enolization. The
alkylation exhibits a strong non-linear effect (NOBIN
of only 40% ee still gives a practically enantiopure
product) and specificity to sodium cation (LiOH,
KOH, and CsOH give much slower reaction and low
enantioselectivity).'®” This behavior suggests that the
chiral cavity, created by the enolate and the chiral
catalyst, is sized just for Na™. The non-linear effect
can be rationalized by the strong attractive interac-
tion of (+)-NOBIN with (—)-NOBIN (as in the solid
state; vide supra), leaving enantiopure NOBIN free
to catalyze the alkylation. In light of further experi-
ments, the latter rationalization appears more likely
than the alternative mechanism involving more than
one NOBIN molecule in the catalytic process.3®
The above alkylation (Schemes 47 and 48) may
seem rather limited by the Sy2 mechanism that
allows only the most reactive electrophiles to be used.
Nucleophilic addition of complex 176 to simple Michael
precursors, such as methyl acrylate (Scheme 49),1%
represents further extension of this phase-transfer
methodology.®13* Although NOBIN (5a) and iso-
NOBIN (116) failed abysmally in terms of asym-
metric induction (26% and 22% ee, respectively),
N-acetyl NOBIN (177) gave a promising result (55%
ee). Amides 178 and 179, derived from iso-NOBIN,
have been found to exhibit high enantioselectivity,
with pivalamide 179 giving the corresponding glutam-
ic acid in 96% ee in a remarkably fast reaction.'3®

C. MOP Ligands in Transition Metal-Catalyzed
Reactions

The MOP ligands have been developed by Hayashi
with the aim to generate catalysts for those reactions,
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Scheme 49
1. CH,=CHCO,Me, NaH

0o
- Hk (R)-L* | (10 mol%)
0
Neonl /= CH,Cly, 1t, 2 min HO,C « _CO,H
\ / 2.6MHCI NH,

(e}
176
L L,
OH NH-R
<o 99
L* yield (%) ee (%) L* yield (%) ee (%)
5, R=H 40 26 116, R=H 50 13
177, R=COMe 50 55 178, R = COMe 70 92

179, R=CO(+-Bu) 80 96

where chelating diphosphines and related ligands
were inefficient because of their low activity or
selectivity. The most fruitful application of 4a and
its congeners has been found in the Pd-catalyzed
hydrosilylation (Scheme 50).1* Here, bi-dentate phos-

Scheme 50
ClySiH
Pd(0) $iCl3
R RN <+ R SiCl >

(S)-4a
180 181 182
1. EtOH, Et;N OO
2. H,0,, KF, KHCO, OMe
>
R/*\

183 (S)-4a
R 181:182 183

: yield (%) ee (%)
n-Bu 89: 11 70 94 (R)
n-CgHq3 93: 7 71 95 (R)
I'I-C10H21 94: 6 75 95 (R)
PhCH,CH, 81:19 68 97 (S)
c-CgHqq 66 : 34 45 96 (R)

phines, such as BINAP, were known to prevent the
reaction, while the mono-dentate ones (e.g., PhsP)
reacted sluggishly, giving mainly the terminal prod-
ucts 182 in the case of terminal olefins 180.1' With
(S)-4a, Hayashi has demonstrated reversion of regi-
oselectivity for terminal olefins 180, which now
produced mainly the branched (i.e., chiral) isomer
181, with high enantioselectivities in favor of the (R)-
product (92—97% ee after oxidation to the secondary
alcohols 183); the formation of the opposite enanti-
omer in one case has not been rationalized. These
reactions typically occur at 0 °C with 0.1 mol % of
the catalyst. The resulting silanes were then oxidized
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to produce the corresponding secondary alcohols with
retention of configuration. All these reactions are

characterized by low catalyst loading (0.1—0.01 mol
%)_11,138

Good asymmetric induction and high exo-selectivity
(Scheme 51) have also been found for bicyclo-
[2.2.1]heptene derivatives (92—96% ee).11139

Scheme 51
CI3S|H KF, KHCO3
Aﬁ AXJ son_t_ Pyon
R) 42 90% overall H

100% exo 93 ee at 0 °C
96% ee at -20 °C

1. Cl3SiH
Pd( 0)
o)
MeOzc\zb MeO,C
2. KF, H,0, H
(87%) 95% ee (100% exo)

While MeO-MOP (4a) exhibited high enantioselec-
tivities in the hydrosilylation of terminal olefins
(Scheme 50), it proved to be considerably less efficient
with styrenes.’®® Hayashi has identified the des-
methoxy analogue H-MOP (4m) as the ligand of
choice here (Scheme 52), as the enantiopurity of the

Scheme 52
D/ x
0y
X /2
(R)-4m, X=H
(R)-4v, X =CF;

Cl3SiH SiCl KFHKgcos OH

Pd(0) 22
Ar/\/R /'\/R r/k/R

(R)-4m,v
(R)-4m? (R)-4v
Ar R yield (%) ee (%) yield (%) ee (%)

Ph H 100 93 93 97
p-MeCgHy H 94 89 90 95
p-CF3CgH4 H 98 96 - -
0-CICgH, H - - 88 91
m-CICgHy4 H 68 95 93 96
p-CICgH4 H 80 94 92 98
Ph Me 95 89 81 98
Ph n-Bu 89 92 - -

2 The opposite enantiomer was, in fact, used in ref 141.

benzylic silanes formed in its presence was again in
the high range (£93% ee).'*! Further improvement
(=98% ee) was attained with 4v.5? On the other
hand, most of the remaining MOP-type ligands
(Chart 6) exhibited much lower levels of asymmetric
induction. The results for hydrosilylation of unsub-
stituted styrenes were as follows: MeO-MOP (4a),
14% ee (R); Et-MOP (4d), 18% ee (R); CN-MOP (4e),

KoCovsky et al.

26% ee (R); CO,Me-MOP (49), 30% ee (S); HO-MOP
(4i), 34% ee (S).140141

The success of the mono-denate MOP ligands in
hydrosilylation has been attributed to the formation
of the square-planar palladium(ll) intermediate
(MOP)Pd(H)SiCl3(CH,=CHR) that accommodates both
reactants, which is precluded in the case of bi-dentate
ligands.'* The preferential formation of the branched
isomer 181 from terminal olefins 180 (Scheme 50) is
unique in the transition metal-catalyzed hydrosily-
lation. Isotopic labeling has indicated that the cata-
lytic cycle includes both (MOP)Pd(silyl)(1-alkyl) and
(MOP)Pd(silyl)(2-alkyl) intermediates, which exist in
an equilibrium; MOP has been shown to accelerate
reductive elimination from the latter intermediate,
which results in the predominant formation of
2-silylalkane.?

MOP-phen (142) turned out to be the champion
ligand for the silylation of simple cyclic dienes
(Scheme 53).%¢ Thus, at 20 °C, cyclopentadiene

Scheme 53

Cl3SiH PhCHO OH
Cl3Si
Pd(0) 3 DMF ©~ph
(R)-142
OH
= @A !
51% ee

underwent a 1,4-addition to afford the corresponding
silane in quantitative yield. The subsequent SE'
reaction with benzaldehyde gave rise to the corre-
sponding homoallylic alcohol, which proved to be of
80% ee. Cyclohexadiene gave lower enantioselectivity
(51%).%c Other MOP-type ligands (Chart 6) exhibited
much lower levels; the results for hydrosilylation of
cyclopentadiene were as follows: MeO-MOP (4a),
39% ee; Et-MOP (4d), 43% ee; H-MOP (4m), 28%
ee_llc

Hydrosilylation of aryl acetylenes (Scheme 54) with
2 equiv of Cl3SiH, catalyzed by the Pd complex of the
4v group, afforded bis-silylated product 186 (33%).5%¢
This reaction has been substantially improved by
adopting a two-step protocol, according to which the
first silylation (184 — 185) was catalyzed by a
platinum complex, while the second silylation was
catalyzed by Pd/4v. The final diol 187 was obtained
in 85% overall yield and was of 95% ee (for Ar =
ph)_GZc

A palladium—4a complex has been shown to cata-
lyze 1,4-hydroboration of 1,3-enynes, such as 188,
with catecholborane; the resulting axially chiral
allenyl borane 189 was of at least 61% ee (Scheme
55).142 Again, the use of mono-dentate phosphine was
essential, since bi-dentate phosphines promote ex-
clusive 1,2-addition that gives 1,3-dienylboranes. The
reaction of 189 with benzaldehyde gave predomi-
nantly the syn product 190a in 34% ee, whereas the
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Scheme 54
Cl3SiH (excess)
[(CoHa)PICLo]2
(0.01 mol%) .
Ar—m—s ——— AI’/\/SICIS
20°C, 24 h
184 185
[(TC-CaH5)PdC|]2
(R)-4w | (0.3 mol%)
20°C, 48 h
KF, KHCO;
OH H,0, SiCly
H O~ iCl
Ar/'N © Ar)N SiCly
187 186
(R)-187
Ar yield (%) ee (%)
Ph 75 95
4-MeCeH4 83 95
4-CICgH,4 75 94
4-CF3CgHs 50 96
3-NO,CeHs 67 98
Scheme 55
0 (dba)sPd, H, H
/ ‘
— + HB S —— =
// \O:© Me /o
(S)-4a B,
o]
188
189 | (>61% ee)
Phl, (Ph3P),PdCl, PhCHO
-78°C
Me Me
H. <H Ph th'\
Me Y TN
Ph OH OH
(R)-191 190a (syn) 190b (anti)

(24%; 9-11% ee) (34%; 34% ee)  (14%; 34% ee)
Pd-catalyzed coupling with Phl afforded the almost
racemic allene derivative 191.

Rhodium-catalyzed asymmetric arylation of imines

by organostannanes (Scheme 56) has been reported

Scheme 56
(acac)Rh(CoHy4)
3 mol%
3 3
N/SO:;AI‘ (R)—4W HN/SOSAr
1)J\ + ArZSnMe3 1
Ar H LiF, dioxane Ar7p2

110°C, 12 h

<96% ee

to occur in the presence of MOP ligand 4w (Chart 6)
with up to 96% ee; 4a was only slightly less efficient.52d

Palladium-catalyzed reduction of allylic carbonates,
such as geranyl carbonate, with HCO,;H and Proton
Sponge in the presence of MOP-phen (142) gave (S)-
3,3-dimethyl-1,6-octadiene of 85% ee (Scheme 57).143
Interestingly, neryl carbonate [the (Z)-isomer] gave
the product of essentially the same enantiomeric
purity (82% ee), but of the opposite absolute config-
uration. The MOP ligand 4a was found to be slightly
less effective.’*® Analogous reduction of vinylsilane
carbonates led to allylsilanes with up to 91% ee.'#*
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Scheme 57
HCO,H
o} (dba)sPd, :
PPN Gy R
e Ligand*

ligand yield (%) ee(%)

(R)
(R)

HCO,H
A X o) (dba)3Pd2
X S

O~ "OMe Ligand*

-4a 95 76 (S)
142 99 85 (S)

ligand yield (%) ee(%)

(Rr4a 99 75 (R)
(R-142 99 82 (R)
SiMe; o HCO,H SiMe;
(dba)sPd, :
= o)kOMe —
Ligand*

ligand yield (%) ee(%)

(R)

-4a 93 91 (S)
(R)-1

42 87 80 (S)

MOP ligands have also been employed in Pd-
catalyzed allylic substitution,***~14° and Hayashi has
demonstrated an interesting “memory effect” (Scheme
58).147-150 He has shown that, whereas cinnamyl

Scheme 58
OAc
192 RCH(CO,Me), (£)-193
(dba),Pd (5 mol%)
(R)-4a
99% 96%
NaH, THF
rt, 24 h Me
MGOQC COgMe
Me
CoMe
194 195

acetate 192 reacted with NaCMe(CO,Me), in the
presence of the complex of Pd(0) and MOP 4a (in THF
at 20 °C) to give a 79:21 mixture of the regioisomers
194 and 195, isocinnamyl acetate 193 gave a reversed
ratio (23:77).148 Apparently, in this instance, the
nucleophile tends to preferentially attack the carbon
that originally carried the leaving group. In an earlier
preliminary communication,'*® he reported 68—86%
ee for the resulting branched isomer 195, where-
as his subsequent full paper'#® lacked this informa-
tion. We have further investigated this behavior both
with MOP and MAP ligands, and these issues are
discussed in section Il11.D, together with MAP
effects. 1457147
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An interesting dual asymmetric catalysis was
reported for the allylation of glycine-derived imine
196 with isocinnamyl acetate (+)-193 (Scheme 59),

Scheme 59

L Y
Ph)\\N/\coz(t-Bu) Q

(
(dba)sPd, @/7
(R)-4a | 199 N "
s
50% KOH agq N 199
toluene, 0 °C
Ph
Ph PN Ph X
PN PN
Ph”  N"*>CO,(t-Bu) Ph”” N7+ CO,(t-Bu)

197 (71%; 90% ee) 198 (13%; 90% de, 85% ee)
employing 199 as the chiral phase-transfer catalyst,
responsible for enolization of 196, and MOP 4a/Pd,
which activated the allylic partner (+)-193. However,
in this case, the memory effect was essentially
absent, since the branched product 198 was formed
in a mere 13% yield, whereas the linear isomer 197
predominated (71%),'5* which is in stark contrast to
the reaction of (+)-193 with malonate nucleophiles
(vide supra). Furthermore, MOP had practically no
influence on the stereochemical course of the reac-
tion, as revealed by control experiments carried out
in the presence of (PhO);P; 4a only improved the
yield.15t

Vinylation of styrene-type molecules, such as the
naproxene precursor 200, has been attained with Ni—
MOP catalysts (Scheme 60) by RajanBabu.'®? Here,

Scheme 60
C2H4 (1 atm)
| [(ally)NiBr], (0.7 mol%)

T = SO
MeO NaBAr,, CH,Cl, MeO

200 -70°C (S)-201

— Ligand (R)-4 yield (%) ee (%)
OO 4a, X =0OMe 98 62
X 4b, X =0CH,Ph 97 80
PPh, 4c, X = O(i-Pr) 69 70
OO 4d, X=Et 12 <3
4j, X=0COMe 0 -
(R)-4 (MOP) 4x, X =(R)-CH(Me)Ph 96 71
4y, X =(S)-CH(Me)Ph 79 65

the most successful ligands 4 were those with X =
O-alkyl (4a—c); with the ethyl derivative 4d, a
practically racemic product was obtained, whereas
no reaction occurred in the presence of the MOM-
ether 4j, BINAP (2), or BINAPO (55a) ligands,
suggesting that a weak interaction of the metal with
the OR group is crucial for the reaction to occur
effectively. The nature of the anion (in particular,
BAr,”) has also been shown to play an important
role.1%?

Among other applications of MOP ligands, namely
(S)-4m, was the ring-opening of thiophene binaphthyl

KoCovsky et al.

77 (Scheme 21). In this case, the enantioselectivity
of the resulting thiol (R)-80 was 68% ee, while the
phosphinoxazoline 81 gave 95% ee (vide supra).”*
MOP ligands 4p—u served in the asymmetric Pd-
catalyzed arylation of ketone enolates;'*® this chem-
istry is dealt with in section I11.D in connection with
MAP ligands. Finally, MeO-MOP (S)-4a was em-
ployed by Stary as a chiral ligand in the Ni-catalyzed
asymmetric cyclotrimerization of triyne 202 to pro-
duce tetrahydrohexahelicene (+)-203 (Scheme 61).

Scheme 61
(COD),Ni

O 20 mol%
< e 00
=

=
= T

SO R
202 (P)'(+)‘203
48% eeI

Although the enantioselectivity obtained (48% ee)
may not seem high, it is, in fact, by far the highest
one reported to date. This asymmetric cyclotrimer-
ization reaction represents the most successful cata-
lytic translation of axial chirality into helicity re-
ported to date.53

The actual structure of the MOP—Pd complex
represents an interesting issue. Hayashi has reported
compelling crystallographic evidence for the mono-
coordination of Pd by MOP. According to the X-ray
analysis, the (4a),PdCl, complex 204, which was
formed by mixing the ligand with PdCl,, exhibits
square-planar geometry with trans configuration at
Pd (Chart 9).1%.154 Similarly, the #3-prenyl complex

Chart 9

TfO™

(S)-205 (S)-206

of Pd—MOP 205 also proved to be mono-dentate.#?
However, replacing the strongly coordinating CI
ligand with a weakly coordinating triflate, as in the
n3-allyl complex 206, has been shown by us (by both
NMR and X-ray analysis) to result in a different type
of complex, in which Pd is chelated between phos-
phorus and the C;=C, bond of the naphthalene ring
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in ?-fashion (206).145-147 The formation of the latter
complex can be understood by inspecting the crystal-
lographic structures of 205. Here, the palladium is
actually positioned right above the C,=C, bond, so
that as soon the chloride is removed, the resulting
vacancy at Pd is filled by coordination to the electron-
rich naphthalene ring. Similar »2-coordination has
been reported for the Ru complex of BINAP (2)% and
BINAPO (55a),'°¢ whereas r°-coordination has been
detected for the Ru complexes of mono-phosphine 4m
and several other methoxyphenyl analogues of MOP
(4a).1%" This issue will be discussed in detail in
connection with a similar behavior of MAP (section
I11. D).

D. MAP Ligands in Transition Metal-Catalyzed
Reactions

The synthesis of MAP (6a) by our group was
inspired partly by the success of P,N-ligands, such
as phosphinoxazolines, in transition metal-catalyzed
allylic substitution'®® (a reaction of our continued
interest'®), and partly by the attractive opportunity
to apply this ligand in Hartwig—Buchwald amination
and related reactions.?*16° Thus, we reasoned that,
in the electronically dissymmetric complex Pd-6a, Pd
would be coordinated strongly to P but weakly to
N,16:198 which might enhance its reactivity. Appar-
ently, the same idea occurred to Buchwald, who
initially synthesized the biphenyl analogue of MAP
149b,?° to be followed by an impressive series of both
biphenyl and binaphthyl analogues (Charts 7 and 8),
in some of which the donation to Pd was further
increased by switching from the PPh; group to the
even more donating P(cyclohexyl), or P(t-Bu),.130.161

Initial experiments with MAP-type ligands 6 and
149 indeed confirmed a substantial acceleration of
the Hartwig—Buchwald amination of ArX (X = ClI,
Br, I, OTf) with a variety of amines,16:69108120 the
Suzuki—Miyaura coupling,36:128145 and the formation
of aryl ethers,%9125126 suggesting that the initial ideas
were viable. Buchwald has shown that, in most of
these cases, the MAP catalysts worked very well,
even in the instance of sterically very hindered
reaction partners and with less reactive substrates,
such as aryl chlorides.*?’

To gain more insight into the behavior of the
MAP—Pd system, we have elucidated the mode of
coordination of 6a to PdCl, (Scheme 62).145 1H, 13C,
and *P NMR spectroscopy indeed confirmed the
presence of the expected P,N-chelate 208 in the
solution, but only as a minor component (~10%). In
this equilibrium, another minor species was identi-
fied as the P-mono-coordinated complex 209 (~5%),
which was still in line with the initial hypothesis.
However, rather surprisingly, this mixture was domi-
nated by 207 (~85%), a five-membered palladacycle
with an unusual P,C o-coordination. Crystallization
of the 6a/PdCl, mixture afforded 207 as a single
product, whose structure was confirmed by X-ray
crystallography.'#® Its formation can be understood
in terms of the enamine-like behavior of the amino-
naphthalene moiety in 6a, which can encourage an
electrophilic attack at the ipso-carbon;**® further-
more, formation of a five-membered palladacycle, as
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Scheme 62

~ /-
Pd
OO (PhCN),PdCl, P
NMe, 7\ 1S T,
PPh, PA™ =2 N
o Che
(S)-6a

OO N\Mez
PdCl,
OO N

(S)-208 (10%)

(5)-209 (5%)
in 207, should be thermodynamically favored over
that of the seven-membered chelate 208,52 which
apparently contributes to the overall outcome.

The ipso-attack by an electrophilic species has been
observed in several other instances (Scheme 63).

Scheme 63

L o LI
OH  NaBH,
NH,
H,SO,
116 212, R=Hor Me
l l OH
NMe,

e
e

213 (33%) 214 (59%)
PPh,
O, o AL
Pt
OH (dppb)PYOAC), @
OH Q s
90 o
215 216

Thus, Wenkert! and Cram®® observed an intramo-
lecular C-alkylation (rather than O-alkylation) in an
attempt to close a crown ether (210 — 211), and we
have reported the formation of spirocycle 214 (59%)
in the reductive alkylation of iso-NOBIN (116) with
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formaldehyde, whereas the desired dimethyl deriva-
tive 213 was obtained as a minor product.’” The
C-coordination of Pt(ll) to Me,BINOL (215 — 216),
reported by Gagné,'®* is also in line with these
observations.16®

There is an interesting difference in the coordina-
tion mode of MOP and MAP ligands to Pd. While
MOP prefers clear »?-binding (206), the geometry of
the MAP—PdCI, complex suggests n*-coordination
(207).%5 The z-allyl complex 217, derived from MAP
(Chart 10), resembles 207, but the position of Pd has

Chart 10

(8)-217 218

moved slightly, as shown by X-ray crystallography.'4®
This effect is best observed by looking at the bonding
angle Pd—C(1)—C(2) in each of these complexes: 104°
(207), 94° (217), and 78° (206).1> Note that each of
these complexes contains Pd(l1). Recently, Buchwald
reported a crystallographic characterization of the
Pd(0) complex 218, which exhibits n?-coordination,
similar to that of MOP.%28 It may be speculated that
this additional donation renders the Pd very electron-
rich, which may lead to the stabilization of interme-
diates in the catalytic cycle. However, the actual role
of this coordination in coupling reactions remains to
be established.

Since the binaphthyl ligands 6 are inherently
chiral, their application in the Hartwig—Buchwald
amination of racemic substrates should, in principle,
be amenable to kinetic resolution. However, to date,
the experiments were only of very limited success;
thus, N-arylation of racemic NOBIN (+)-5 with
bromobenzene, catalyzed by (R)-6a/Pd, gave a race-
mic product, while BINAP (S)-2 exhibited a modest
preference for the (R)-product (27% ee at 35% conver-
sion). On the other hand, MOP (4a) proved unsuc-
cessful again.%8

More promising is the Suzuki—Miyaura coupling:
First, in 2000, Cammidge demonstrated the principle,
using a ferrocene-derived P,N-ligand (85% ee) or
BINAP (25% ee),'%¢ as the first examples of asym-
metric Suzuki—Miyaura coupling. These efforts were
shortly followed by Buchwald’s more thorough study,
in which he employed MAP-type ligands 6a—d,h,j
and a broader range of substrates (Scheme 64).3¢

Asymmetric, Pd-catalyzed a-arylation of ketones
was first attained by Buchwald, who initially used
BINAP (2) as the ligand (Scheme 65).11% Thus,
ketone 225a, whose o’'-position was protected by a
removable group, was selectively alkylated at the
a-position, also carrying another alkyl group (to
prevent eventual racemization of the product via
enolization). The arylation products were obtained
in up to 98% ee.'**@ However, this method had several
disadvantages: (1) high reaction temperatures (100
°C); (2) high catalyst loading [10—20 mol % of Pd and
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Scheme 64

6a, X = NMe,, Y = PPh,
OO 6b, X =NMe,, Y = PCy,
X ’

6¢, X =NMey, Y = P(i-Pr),
Y 6d, X=NMey,, Y = P(t-Bu),
OO 6h, X=Bu, Y =PCy,
6j, X =SiMeg, Y = PCy,
(HO)2B (dba)ssz O
S) G

Ph
NO; OO K3PO,4
toluene OO

40-80 °C
221

(dba)anz
@\ P(OEt)2 S) 6 O
K3PO, P(OE),
B(OH). toluene OO é)

0
222a, R=Me 223 40-80°C

P4

Oz
h

)

219 220

us)

224a, R=Me
Z:ib‘ gf E; 224b, R = Et
ova Roph 224c, R= i-Pr
T 224d, R=Ph
catalyst conversion (%) / ee (%)
(mol%) 221 224a 224b 224c  224d

6a(5) 67/38 76/75 - - -
6b(1-3) 81/73 100/87° 94/92 89/85 74/74
6c(1) 92/65 61/86 - - -
6d (1) - 73/81% - - -
6h (1) 100/32 100/54 - - -
6j (1) 60/62 100/23 - - -

298% vyield. bA 1:1 mixture of the desired and dehalogenated
product.

12—-24 mol % of (S)-BINAP]; and (3) difficulties
associated with removal of the benzylidene protecting
group.tt® Buchwald then showed that switching to
an N-methylanilinomethylene blocking group in 225b,
which can be readily installed and removed, had a
beneficial effect upon the catalytic efficiency (Scheme
65),1'5 but the arylations using (S)-BINAP still
required high catalyst loading (5—10 mol %) and high
temperature (100 °C); very good enantioselectivities
were observed (up to 93% ee, Scheme 65).1*° The MAP
ligands 6b, 6¢, 6h, and 6j exhibited significantly
higher reactivity, so the reactions could be carried
out at room temperature and lower catalyst loading
was required. However, these benefits are offset by
lower enantioselectivities (39—70% ee).'*®> The best
results were finally obtained using MOP-related
ligands 4q, 4r, and 4s. These catalysts gave results
better than or comparable to those obtained using
(S)-BINAP (up to 94% ee), and the reactions now
occurred at room temperature and required relatively
low catalyst loading.'*® Interestingly, (S)-configured
MOP and MAP ligands induce the formation of (S)-
226, whereas (S)-BINAP gives predominantly (R)-
226.115 Deprotection of the a-position has been ex-
emplified in one representative case (226 — 227).11%

Buchwald has also developed arylation of esters
using racemic 6d, 149b, and 149d;*?* similar results



Non-Symmetrically Substituted 1,1'-Binaphthyls

: Br
t-Bu

Scheme 652

[0}

Ph&é/ "
20 mol% Pd, (S)-BINAP

t-BuONa, toluene, 100 °C

ABr, (dba)sPds
) (1-2 mol% with (4,6 ] o

Me
—=
" @
t-Bu

75%, 98% ee

r o]
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1.AMHCL, THF O
Ph\N“é/R 5-10 mol% with BINAP) RPN : 2. 1M NaOH % Me
Ve -~ #-BUONa, toluene b d Ar
rt (4, 6) or 226 227
100 °C (BINAP)
R ligand yield (%) / ee (%)
4-tBuCgH;  2-MeCgHs  3-MeCgH,  4-MeCgH;  3-MeOCgH,  4-MeOCgH,
Me (S)2 65/88(S) 45/ 8(S) 70/80(S) 65/63(S) 87/85(S)  TAI57(S)
Me (S)-6b  99/67 (R) - - - - -
Me (R)-6¢c  80/70(S) - - - - -
Me (R)-6h  78/60 (S) - - - - -
Me (R)-6j 66/39(S) - - - - -
Me (S)-4q 87/86(R) 40/42(R) 72/87(R) 70/86(R) 79/80(R)  77/83(R)
Me (S)}4r 79/88(R) 53/23(R) 82/89(R) 83/87(R) 81/84(R) 82/87(R)
Me (S)}4s  84/93(R) 44/22(R) 85/94(R) 84/93(R) 80/89(R)  80/94(R)
n-Pr (S)-2 - - 74191 (S) - _ _
n-Pr (S)-4s - - 85/88 (R) - _ _
n-CgHqyq (S)-2 - - 75/93 (S) - - -
n-CsHyq  (S)-4s - - 86 /91 (R) - _ _

2R = Me, Pr, CsHi1; 2 = BINAP; for 4 and 6, see Charts 6 and 7.

were reported by Hartwig, who employed carbene
ligands.'” Arylation of amides with MOP ligand 4a
gave racemic products, whereas <61% ee was at-
tained with ferrocene-based diphosphine ligands and
up to 76% ee using carbene ligands.168"

MAP ligands proved indispensable in the asym-
metric vinylation of ketones,?® as shown by Buch-
wald (Scheme 66). Thus, ketone 225b has been

Scheme 66
(dba)sPd, (2.5 mol%)

o (S)16b,c.dhg o
R s (6.5 mol%) R
PhayC 77+ BN Phoy~ =
N N .
| HR, #BUONa, toluene | R
Me -20°C it Me
225b 228
R R yield (%) / ee (%)
6a 6b 6c 69 6h 6j
Me  Me 40/56 98/94(S) <10/- 93/80 90/82 60/35
Me  H - 94/92(S) - - - -
Me  Ph - 92/89(%) - - - -
nPr o H - 86/90(%) - - - -
n-CeHyy H - 84/92() - - - -

vinylated in an enantioselective fashion with 1-bromo-
1-propene and its congeners in the presence of
various Pd—MAP catalysts with up to 96% ee (at —20
°C to room temperature).’?®> The best results were
obtained using complex Pd/6b. Similar results were
reported for MAP ligands 154 having an additional
chiral center at phosphorus; a synergy effect was
observed for the (R,R)-diastereoisomer 154b (96%,
89% ee), while the (R,S)-diastereoisomer 154a gave
228 in only 34% ee (91% yield).*?”

.8 3237

In the Pd-catalyzed allylic substitution, (R)-6a

exhibited modest enantioselectivity in the reaction
of 1,3-diphenylprop-2-en-1-yl acetate (+)-229 with
dimethyl malonate nucleophiles (Scheme 67). The

Scheme 67
CH,(COsMe),
R R (dba),Pd R R
\‘/\v (2.5 mol%) \(\y
OAc CH(CO,Me),
229a, R =Ph 230a, R=Ph
229b, R=Me Cs,CO3 (85%, 71% ee)
CHyCl, 230b, R=Me

(93%, 40% ee)

results were fairly dependent on the method of
malonate activation and the solvent (from 53% ee
with NaH in THF to 71% ee with Cs,CO; in CH»-
Cl,).’ Lower enantioselectivity was observed with
pent-3-en-2-yl acetate (40% ee).

Both NMR and crystallographic studies, carried out
for the unsubstituted allyl complexes 206 and 217,
have indicated the presence of two rotamers in ~3:2
to ~1:1 ratios, which are in an equilibrium via an
nt-allyl intermediate. Furthermore, both in the solid
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state and in solution, the allyl unit is coordinated in
a slightly distorted #»%-fashion, so that the bond
between Pd and the carbon terminus of the allyl unit
trans-disposed to phosphorus is longer (and therefore
weaker) than that of the other terminus, trans-
related to the ipso-carbon (Figure 1). Accordingly, the

Nu Nu
5 56.4 5:93.6 5:57.3 5:98.7

S S
2.071 }i%.zw R 2.100 R%.zzg R
/ N\ /N

MAP MOP
Figure 1. Bond lengths and 3C chemical shifts in the
palladium 73-complexes of MAP and MOP, both suggesting
a preferential attack at the carbon trans-related to phos-
phorus via palladium.

carbon trans to phosphorus has more w-character, as
indicated by the respective chemical shifts in the *3C
NMR spectra (Figure 1). These parameters predict
the preferential attack by the nucleophile at the
terminus trans to the phosphorus. By analogy, allylic
substrates 229 can be anticipated to form diastere-
oisomeric 73-complexes 231A and 231B, of which the
former will give rise to the predominant enantiomer
of the product by the nucleophilic attack at the carbon
trans-positioned to the phosphorus, as indicated by
the arrow in Scheme 67.145-147

Further experiments, carried out by Lloyd-Jones
in collaboration with our group, have demonstrated
that the Pd-catalyzed allylic substitution with MAP
ligand is dramatically affected by the memory ef-
fect.150.16° Thus, the reaction of (&)-[1-2H]-cyclopent-
2-enyl pivalate (£)-232 with NaCH(CO;Me), and (S)-
6a/Pd (5 mol %) in THF (Scheme 68) was found to

Scheme 682
D D
(S)-232 (R)-232
(S)-6a/Pd
N\ e
P\ + /C c\ + /P

Q\(D) (D)/Q

,/NaCHE\
@ “CHE, E,CH™ (:\ XD

(S)-235 (R)-235

Nucleophilic attack at (+)-232 ee

Solvent
OVEM (9)232 (0ry) (R)-232 (afy) (%)
THFE 46 4 42:8 8
CH,Cl, 38:12 12:38 52

2R = t-Bu; E = CO;Me.

proceed with 88% regiochemical retention, i.e., via
the nucleophilic attack at the carbon that originally
carried the leaving group, namely 46:4 from the (S)-
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enantiomer and 42:8 from the (R)-enantiomer, show-
ing that little equilibration of the intermediate #°-
complexes 233 and 234 could occur.'”® The resulting
(global) ee is then very low (8% in this instance).145-147
This powerful effect proved to be attenuated by the
solvent, e.g., by switching from THF to CH,ClI,, which
slows the nucleophilic attack, allowing the equilibra-
tion 233 == 234, which leads to an overall increase of
the global ee to 52% (Scheme 68). Similarly, addition
of CI~ (5 mol %) has also been found to minimize the
memory effect, which can be understood in terms of
accelerated collapse of an ion-paired!’ intermediate
[73-(c-CsH7)-PdL]" [O,C-t-Bu]™ (L = 6a in P,C-mode)
and chloride-catalyzed diastereoisomer equilibra-
tion 26147 Nearly identical results were observed with
the MOP catalyst (S)-4a/Pd.1#5147 Lloyd-Jones then
developed a model of stereoconvergence and global
ee in order to quantitatively analyze the magnitude
of the memory effect.#’

Ding has demonstrated that application of (R)-Hsg-
MAP derivatives 153a—f as chiral ligands to allylic
substitution with malonate nucleophiles resulted in
the improvement of the enantioselectivity (86% ee
with 153a and < 91% ee with 153f vs 71% ee with
6a) in toluene.’® It is possible that the benzene
analogues 153 have lower propensity to act as P,C-
ligands (note that, in this case, it would lead to a total
loss of aromaticity), which may shut off the memory
effect associated with the P,C-coordination and thus
lead to higher enantiomeric excess of the final
product. The same ligands have also been applied to
the allylic substitution with a nitrogen nucleophile,
namely sodium salt of diformylamide (Scheme 69).172
Although the enantioselectivity improved from 6 to
153f, the actual yield was low (14% with 6 and 4%
with 153f). BINAP (2) proved superior, giving both
high yield and good enantioselectivity. Further im-

g !\NMe ' ! NMe,
COo o

(R)-6a (R)-153a, Ar=Ph
( )-153f, Ar= 3,5-M82C6H4

Scheme 69

NaN(CHO),
[(7-C4H3)PdCI],
OAS 5 5 molt) N(CHO),
Ph”X""Ph = Ph X" Ph
(+)-229a (R)-236

MeCN

Ligand solvent temp (°C) yield (%) ee (%)

(R)-6  MeCN 20 14 46 (R)
(R)-153a  MeCN 20 61 (R)
(R)-153f  MeCN 20 69 (R)

(S)-2 MeCN 20 59 87 (S)

(S)-2 CICHy)Cl 0 43 94 (S)

(S)-2% CI(CHp),Cl 0 99 95 (S)

21 equivalent of Et;N was added.
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provement was attained with BINAP (2) by changing
the solvent to dichloroethane.!?

MAP-type picolinic amides 155a,b have been em-
ployed by Zhang as chiral ligands in the copper-cata-
lyzed 1,4-addition of Et,Zn to cyclohexenone. While
155a gave 91% ee, its methyl analogue 155b exhib-
ited marginally higher enantioselectivity (92% ee)
(Scheme 70).117

Scheme 70

o —
\
QOPaW,
EtyZn | (S)-155 R
Q  (MeCN),CuBF, (1 mol%) OO PPh,
ij toluene-CI(CH,),Cl @
:IS 99% oo Et (5)-155a, R=H
(S)

(S)-155b, R = Me

ligand Cu precursor Iig?:tcijéCu solvent temp (°C) vyield (%) ee (%)
(S)-155a  Cu(MeCN)4BF4 2.5:1 a 0 82 82
(S)-155a  Cu(MeCN)4BF4 2.5:1 b 0 76 70
(S)-155b  Cu(MeCN)4BF4 2.5:1 b -20 98 92
(S)-155a Cu(OTf),.benzene 2.5:1 a 0 100 82
(S)-155a Cu(OTf),.benzene 5:1 a -20 76 91
(S)-155b  Cu(OTf),.benzene 2.5:1 a -20 100 89

a: toluene b: toluene:dichloroethane 2:1

E. QUINAP and Its Congeners in Transition
Metal-Catalyzed Reactions

Brown has developed asymmetric, rhodium-cata-
lyzed hydroboration of substituted styrenes with
QUINAP (10la—g)®'2c and PHENAP (102)%b as
chiral ligands (Scheme 71).8"f The catalysts 237 were
pre-formed from (COD)RhIBF, or (COD)Rhl(acac)/
Me;SiOTf and the respective ligand in THF; the
individual reactions were carried out in CH,CI, at
room temperature. The regiochemistry of the reaction
was very much in favor of the formation of the
branched (i.e., chiral) alcohol (=88%). The enanti-
oselectivity (<97% ee) proved to be moderately sensi-
tive to the ligand structure: the diarylphosphino
complexes (e.g., 237a) gave the best results with
electron-rich styrenes, while difurylphosphino com-
plex 237d was identified as the champion ligand for
electron-poor substrates. The styrenes may carry (E)-
or (2)- substituents but not a-substituents.8¢ Excel-
lent regioselectivities and high enantioselectivites
were obtained for cyclic olefins, such as indene.81¢
Generally, lower enantioselectivities were observed
for PHENAP (102).8% X-ray crystallography, in con-
junction with molecular modeling, has been employed
to rationalize the various stereochemical outcomes.8¢

Guiry has extended these Rh-catalyzed hydrobo-
ration studies by application of quinazolinap 103:
styrene and its para-substituted derivatives (X—
CsH4,CH=CH,) gave ~4:1 regioselectivity in favor of
the branched isomer with 79, 81, and 49% ee,
respectively, for X = H, MeO, and ClI. Indene, as a
representative of cyclic olefins, exhibited both higher
regioselectivity (98:2) and higher enantioselectivity
(84%).8™ Further improvements (up to the level of
QUINAP) will be published in due course.

Hydroboration/amination represents another fruit-
ful application of the Rh—QUINAP catalyst 237a
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Scheme 712
101

/N\Rh

/ N\Rh
OO

(R)-237a, Ar=Ph

(S)-237b, Ar=m-Me-CgH4
(S)-237c, Ar=3,5-(Me),CgHy
(S)-237d, Ar = a-furyl

)-237e

o}
J@/\ (¢] /@)*\
R L*(COD)RhX R

(1 mol%)
toluene, rt, 2 h
2. H,0,, NaOH
yield (%) / yield (%) /
R catalyst ee (%) R catalyst ee (%)

Me (R)-237a 75/89(R) Cl (R)-237a 82/78 (R)
Me (S)-237b  79/88(S) Cl  (5)-237b 72/65(S)
Me (S)-237¢  77/79(S) Cl  (S)-237c 77154 (S)
Me (S)-237d 79/88(S) Cl (S)-237d 78182 (S)
Me (R)-237¢  76/71(R) F (R)-237a 77180 (R)
EtO (R)-237a 82/94(R) F o (S)-237b 77170 (S)
EtO  (S)-237b  80/87(S) F (S5)-237c 72165 (S)
EtO  (S)-237c  73/70(S) F o (S)-237d 77175 (S)
EtO  (S5)-237d  72/78(S) F (R)-237e 71170 (R)
EtO (R)-237e 77/68(R) CF3 (R)-237a 81/45 (R)
Me,N  (R)-237a  55/62(R)  CF3 (S)-237b 84723 (S)
MeoN  (S)-237d 67/79(S)

a2 X = BF4, CF3S0s.

(Scheme 72).1® The regioselectivities reported are
excellent and enantioselectivities high (77—98% ee).

Both Brown'"* and Guiry!”® have also studied the
ever popular Pd-catalyzed allylic substitution. With
1,3-diphenylpropenyl acetate (229a) and malonate
nucleophile, QUINAP (101a) gave 98% ee with so-
diomalonate and 76% ee under base-free conditions
(using the BSA method); methylcyclohexenyl carbon-
ate afforded the substitution product in 67% ee.}’4
PHENAP (102) exhibited 95% ee in the case of 1,3-
diphenylpropenyl acetate (229a), while methylcyclo-
hexenyl carbonate furnished a racemic product.’#°
The intermediate 7°-complexes were extensively stud-
ied by a combination of 'H NMR spectroscopy and

Scheme 72
o)
ST
X (S)-237a | (1 mol%) X

it, 1 h, then X yield (%) ee(%)
MeMgCl, rt, then

NH,0S03H H 54 87
THF, rt, 15 h MeO 56 98
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Scheme 73

o}
BH
, H
o °

R1/*\R2

(R)-69 (4 mol%)
LiGaH, (2 mol%)
THF, —20 °C

R! R? temp (°C)  time (h) yield (%) ee (%)
Ph Me -25 18 90 90
Ph Et -25 18 96 93
Ph n-Bu -25 18 80 92
Ph i-Pr -15 60 65 24
Ph i-Bu -15 60 65 92
4-Br-Ph Me -25 18 80 87
4-Me-Ph Me -25 18 95 87
Ph CH,Br -25 18 60 70
Ph CH,Ph  -20 19 88 68
2-furyl n-CegHqz -25 18 76 81
1-naphthyl Me -20 20 82 59
2-naphthyl Me -20 20 83 73
Ph C=CH -15 60 50 0
PhCh=CH Me -25 18 70 75
EtC=C Me -25 18 60 63
HC=C n-CsHyy -25 18 88 22
HC=C n-CsHyy -25 18 50 12
i-Pr Me -20 18 81 69
i-Bu Me -20 18 93 46
c-CeH11 Me -20 18 72 72
t-Bu Me -20 18 76 79

Proposed mechanism R'R2c0o

H
o TN s R
H SONY!
S~
O,Ga\ S:Ga/
\ X QO Ny
L (I
::::>—~<ii:: .

2
Ho R
R1_”( /o /o
Sso e
o o

X-ray crystallography, and predictions were made as
to the stereochemical outcome.'”* Quinazolinaps (103
and 104) exhibited rather low enantioselectivites
(=36 and 88% ee, respectively with BSA), but,
interestingly, the product had the opposite absolute
configuration to that formed in the case of QUINAP
and PHENAP.175

F. Thio Ligands in Transition Metal-Catalyzed
Reactions

As discussed in the historical introduction, in 1979
Noyori developed a stoichiometric method for the
asymmetric reduction of ketones, using BINOL-
LiAIH,4, with the enantioselectivity of <99%, then
unheard of.”1"® It took two decades before that
protocol was transformed into a catalytic process.
Thus, Woodward has shown that an in situ-generated
complex of mono-thio-BINOL 69 (4 mol %) with
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LiGaH, (2 mol %), which in turn was prepared fresh
from GaCl; and LiH, can act as a catalyst in the
reduction of ketones with catecholboranes as the
terminal reducing agents (Scheme 73).177 Aryl/n-alkyl
ketones (e.g., with Ry = Ar, Het; R, = Me, Et, n-Bu)
are reduced in 90—93% ee, whereas branched ketones
(Rz2 =i-Pr, cyclohexyl, t-Bu) give 60—72% ee. Detailed
NMR studies have improved the insight into the
mechanism, suggesting that dimeric species are
involved.t’”

Thiourea derivatives of BINOL, 238a—e, have been
employed as chiral ligands by Woodward in the
copper-catalyzed 1,4-addition of MesAl, MeMgBTr, and
Et,Zn to a,f-unsaturated ketones (Scheme 74);178 the

Scheme 74

OO i O

OkNRZ SH
ox OH

g ‘ ‘ ‘ Y

(S)-238a, R=Me, X=H
(S)-238b, R=Et, X =H
(S)-238¢, R = Me, X = Me
(

(

(R)-69, Y=H
(R)-239, Y = CONMe,

S)-238d, R = Me, X = CONMe,
S)-238e, R = Me, X = P[N(i-Pr),],

Me3Al
o) (MeCN),4CuBF, o)
(10 mol%) ﬁ
| * 0
CsHi (20mol%) ¢ H, 7 Me
THF
L* conversion yield (%)  ee (%)
(S)-238a 96 80 50
(S)-238b 93 75 40
(S)-238¢c 69 31 12
(S)-238d 46 23 15
(S)-238e ) 63 8

highest enantioselectivity (50% ee) was observed for
238a with 20 mol % of the ligand present. Other
ligands, such as 69 and 239, exhibited generally
lower enantioselectivities.?0¢179

G. Miscellaneous Non-Symmetrically Substituted
1,1'-Binaphthyls as Chiral Ligands

Mono-functionalized BINOLSs (R)-240a—c catalyze
dialkylzinc addition to aromatic aldehydes with mod-
est enantioselectivity (Scheme 75).18° Mechanistic
and crystallographic studies revealed the existence
of several di- and tri-nuclear species and the absence
of a non-linear effect. Moreover, the reactive species
in the stoichiometric and catalytic reaction turned
out to be different. The role of Me,Zn appears to be
to transfer the methyl first to Ti rather than directly
to the aldehyde. A mechanism has been proposed that
involves (L*)Ti(O-i-Pr),(aldehyde)-MeTi(O-i-Pr); in-
termediate.8°

The Lewis acidic species, generated from the
ruthenium complexes of BINAPO (S)-55a and Tol-
BINAPO (S)-55b, respectively, by treatment with
AgSbFs, have been shown by Faller to catalyze
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Scheme 75

g!\OR
]!OH

(R)-240a, R =Me
(R)-240b, R = i-Pr
(R)-240¢, R =t-Bu

o

Me,Zn
(i-PrO)3Ti

CHO | (R)-240 ©)\
©/ CH,Cl,
0
C
<20% e I

BINOL (1) is superior to 240a-c.

Diels—Alder cycloaddition of cyclopentadiene to sub-
stituted acroleins (Scheme 76) with high diastereo-
selectivity (=99%) and enantioselectivity (<99% ee).
By contrast, when parent diphosphines, i.e., BINAP
(S)-2 and the corresponding tolyl analogue, were
employed as ligands, the opposite enantiomer of the
product was obtained with much lower enantioselec-
tivity (19—50% ee). The superior performance of 55a
and 55b has been attributed to the electronic dis-
symmetry at the Ru center rather than to effects that
may arise from the differences in chelate ring size.8!
The mechanism presented by Faller does not take
into account the possible #?-coordination of Ru to 55a,
demonstrated for a similar system at about the same
time as his report.t%

Conjugate addition of various aromatic boronic acid
derivatives (Scheme 77) can be catalyzed by Pd
complexes of BINAP (2) and its congeners. With the
Ci;-symmetrical analogue (R)-56d, the corresponding
product was obtained in 54% yield and with 96% ee.
BINAP (2) reacted with similar efficiency.5P

0.5 [(Cym)RuCly],

Scheme 762
¢]]
OO Ay,
NaSbFg P—ﬁ{u-Cym
P—O
CH20|2 Arz
SbFe_

(S)-241a, Ar=Ph
(S)-241b, Ar = o-Tolyl

@”"CHO

R

(S)-55

(S)-241a ) (11 mol%)

JL @ AgSbFg (10 mol%)
+
R” “CHO

CH,Cl,, -78 °C

R temp (°C) de (%) ee(%)

Me -78 93 99
Me -24 99 94
Et -78 99 95
Et -24 99 93
Br -78 96 76
Br -24 88 50

2 Cym = p-cymene.
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SO
90
OMe

(R)-56d

Scheme 77

(p-F-CgH4BO)3

(l (R)-56d/Pd | (3 mol%) *
O dioxane, H,O

NS0
40°C,12h L

96% ee I

Hydroxamic acids (R)-161—163 have been utilized
as chiral ligands in the vanadium-catalyzed epoxi-
dation of allylic alcohols (Scheme 78) by H. Yama-

Scheme 78

D o

O

LI o
/

CHPh,
(R)-(+)-163

(-PrO)3VO (5 mol%)

(R)-163
R! R!

PhsCOOH o
RZJﬁAOH Rz)ﬂAOH
3 3

R R

toluene, —20 °C

Alkene yield (%) ee (%)

PR X"oy 14 71(SS)

PhJ\AOH 70 78 (S,S)

Ph/ﬁAOH 9%  91(S.5)
L 53 39(S)
Ph OH

Ph 19 38 (S,R)
N"oH
61 87 (S,S)
OH
59 94 (S,S)
OH
geraniol 80 66 (S,S)
nerol 87 41 (S,R)

%OH 16 40(S)
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moto;**? ligand (R)-163 has been found to give the
highest enantioselectivities.

Hydroxy imide (+)-94 served as chiral catalyst in
the oxygen-mediated oxidation of substituted indenes
to the corresponding indenones; however, the enan-
tioselectivity was extremely low (~2% ee). Marginally
better results were obtained in the attempted kinetic
resolution by oxidation of racemic dioxolenes (<12%
ee).80

Combination of a binaphthyl skeleton with the
well-established oxazoline moiety represents another
appealing option in asymmetric catalysis. Ligands
(S,S)-60a, (R,S)-60a, and (R,S)-60b (Scheme 15) have
been employed in the Pd-catalyzed allylic substitu-
tion, again using 1,3-diphenylpropenyl acetate (229a)
and dimethyl malonate in the presence of BSA.56
While (S,S)-60a catalyzed the formation of the (S)-
product in 85% ee,’% (R,S)-60b gave the (R)-product
of 96% ee,%® demonstrating that the chiral axis of
the binaphthyl scaffold plays the decisive role in
determining the stereochemical outcome.

IV. Conclusions

In this review, we have shown various aspects of
1,1'-binaphthyl chemistry, in particular the synthesis
of C;-symmetrical derivatives and their application
in asymmetric catalysis. The success of MOP (4),
NOBIN (5), MAP (6), QUINAP (101a), and their
congeners in the past decade demonstrates that
hetero-bi-dentate C;-symmetrical ligands represent
a valuable addition to the existing C,-symmetrical
realm and that they can serve very well in the areas
in which their better known C,-symmetrical relatives,
such as BINOL (1) or BINAP (2), may fail. It also
shows that new methodology opens new horizons,
which is best illustrated with the example of NOBIN
(5): although the original synthesis in 1991—-2 was
straightforward (Scheme 1), it was not applicable on
a large scale, owing to the toxicity of one of the crucial
components; as a result, the catalytic applications
were sparse. With the arrival of the new, benign
synthesis a decade later (Scheme 29), its applications
are growing.8?

Aside from the development of highly efficient
catalytic methodology based on these ligands at the
center, new structural and mechanistic phenomena
have also arisen, such as the unusual P,C o-coordina-
tion (e.g., Scheme 62), which contributes to the
wealth of our knowledge of the fascinating behavior
of transition metals.

While the use of C;-symmetrical binaphthyls in
asymmetric catalysis is likely to rapidly grow further,
applications will undoubtedly be sought in other
areas as well, such as in the stereocontrolled polym-
erization and in the development of new chiral
sensors. The present authors wish all those who will
pursue these goals the best of luck and feel proud
for being part of some of the early developments.
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