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Abstract

This article provides a general overview of the nretevant topics in the applications of BINOL
modified at the 3 and'-positions in asymmetric catalysis. A brief intration to the chiral BINOL
backbone so modified is given. A selection of thestroutstanding uses of the catalysts according
to the functional groups at the 3@sitions of BINOL backbonesuch as 3/adisubstituents of
BINOLSs, phosphoric acid derivatives and phosphodites is then presented. This review aims to
introduce the latest developments of this actie&lfiincluding the literature since 2008.
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1. Introduction

According to Cram and coworkémgrecursory work, BINOL (1,1Bi-2-naphthol)1 ( Figure 1) and
modified BINOLs have the potential ability to reali high chiral recognitioh.Especially after
Noyori first reporting about the application of BIN in asymmetric catalysis in 1979BINOL
whose chirality is derived from the restricted tmta around its 1,4bond is often served as the
starting material to obtain chiral BINOL derivedngoounds.™ In a word, BINOL derivatives have
played a very important role in asymmetric catalyand have attracted a great deal of intéP&st.
On the other hand, only a limited number of readiare induced by BINOL derivatives due to
their lower Brgnsted acidit}}. To make them able to catalyze more asymmetridioees; they are
usually employed as chiral ligands and Lewis basdsnd with metals to form complexes. Many
modified BINOL ligands have been successfully sgsthed and applied to a wide range of
chemical transformations. BINOL modified at the'§8sitions can be readily obtained via a two-
step protocol that includes treatment of a suitapiptected BINOL (usually protected by
methoxymethyl chloride) with an organolithium reagéusually n-BulLi), followed by reaction
with an electrophile (Schemel), although thereo#iner limited expensive methods.

A, O
O g
(R)-1 (S)-1
Figure 1. The structures of two enantiomers of BINOL.
Modification at the 3,3positions can also dramatically tune its sterid/an electronic

properties® So we mainly pay attention to the ‘3p®sitions in this review. For convenience, it
will be carried out according to the class of fumcal groups introduced at the 3sitions.
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Scheme 1.The representative synthesis route of-BJBIOLs.
2. Some Representative Applications of BINOLs Modifiedat 3,3-Positions
2.1 BINOLs 3,3'-disubstituted by acyclic functional groups

The fact that there are only few examples of BINGL3-disubstituted by acyclic functional groups
in asymmetric catalysis may be due to the factalegitlic functional groups can rotate more freely
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than other functional groups. Of the structuresicted in Figure 2compound2 was first used in
the enantioselective asymmetric allylboration abkes in 2006 (Scheme 2) and then by Schaus in
2011 in the asymmetric propargylation of ketoneshéne 3)."°
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Figure 2. Representative list of BINOLs modified at 3g®sitions by acyclic functional groups.
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Scheme 2.Asymmetric allylboration of ketones catalyzedzy
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Scheme 3.Asymmetric propargylation ofketones using alleytinates catalyzed
In Scheme 2 Schaus and co-workers developed adlgerelerated protocol which is a closely
related and highly enantioselective catalyst fer ¢htalytic asymmetric allylboration of ketones. In

their proposed catalytic cycle (Figure 3), A ligaegchange process which is not only at the
beginning but at the end of the catalytic cycle weamight to be the efficient catalytic process.
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Figure 3. Proposed catalytic cycle of asymmetric allyloaratof ketones catalyzed By

ROH

The mechanism of Scheme 2 was studied by GoodnmaPalegrinet’ in 2008, who showed
that the design of new ligand-accelerated boroatias can be aided by studying this type reaction
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catalyzed by2.Their result indicates that the most reactive g%eis a cyclic Lewis acid-activated
boronate rather than Brgnsted acid-activated (Eigwr

Figure 4. Proposed transition state.

Compound 3 was used in self-assembled bifunctional catalysis enantioselective
hydrophosphonylation by Yoet al.in 2008°° And thea-hydroxy phosphonates they got can be
reached up to 99% ee and 99% vyield (Scheme 4)d8sshat, they also proposed a reasonable
transition-state model (Figure 5).

OH
Cinchonidine/3/Ti(OiPr), 1R
RICHO + B 10 mol% _ R R-OMe
MeO"H OMe 1\ xylene, -20 °C OMe
94-99% vyield
89-99% ee

Scheme 4 Self-assembled bifunctional catalysis of enaelestive hydrophosphonylation.

You's work is important because the modular naturg afid cinchonidine enables easy tuning
of the steric and electronic properties. Furtheendhe components of these self-assembled
catalysts are commercially available, thus makimg process much more accessible. This strategy
is to provide a powerful method for searching ngpes of bifunctional catalysts.

In 2009, Yamamotet al. used the dinucleu4-aluminum complex to obtain the Diels-Alder
adducts exclusively without other types of cyclaaaid in high enantioselectivity (Scheme?5).
They argued that they have developed an asymmetrston using chiral aluminum catalyst to give
functionalized bicyclo[3.2.2] ring structures witiigh enantioselectivities which should be widely
applicable for asymmetric synthesis of highly sitb&td chiral seven-membered rings.
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or * zd?qutlav'tql?Ark'-: m hydride) —t-20MN . +8/AIIBu2
OH (diisobutylaluminum hydride) : : “AliBu,
: i Si(m-Xylyl)s Si(m-Xylyl)s

dinucleus 4-aluminum complex

X @]
X ) ,
O Et dinucleus 4-aluminum
complex (10 mol %)
+ . OEt
4 equiv. %OEt CH,Cl,, 0°C EtO
12 examples

up to 96% ee
up to 98% yield

Scheme 5Asymmetric Diels-Alder reaction between troponewddives and ketene diethyl acetal
catalysed by dinucleus 4-aluminum complex.

We are always doing the research about asymmettatysis employing BINOLs modified at
3,3-positions as catalysts. We also believe that BIN®@&n also be utilized as chiral substrates to
synthesize chiral compounds. Our primary resultetzeen publishetf,although there is only one
example in our paper (Scheme 6).

—
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P-07 ™ | & QO CeO, 5% mol o O
= COOH +
N OH toluene OH

//P\_ OM H

O—\ O i OH 80°C OH

Scheme 6.BINOLs modified at 3,3positions utilized as chiral substrates to syn#eeshiral
compound.

Similarly, in 2011, Michael useflito the conjugate addition of arylboronatesti-unsaturated

ketones with enantioselectivities of up to 99:1h&ue 7)° and above all, this method was applied
to synthesize intermediates for syntheses of (d3timline and (+)-tolterodine.
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Figure 5. Proposed transition-state model of enantioseletiyagophosphonylation.
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Scheme 7Asymmetric conjugate arylboration of enones catdybys.

Zhang and coworkers synthesizédor the first time in 2013, and used it for asymmetric
methallylation of ketone¥' Up to 98:2 enantioselectivity and 99% vyield webtained with 5 mol
% catalyst loading and The catalyst could be eastpvered and reused (Scheme 8).

O )\/B\ 2
(0] _ R
R "Ry 2-5mol % 6 up to 98:2 er

2 equiv -AmOH  yp to 99% yield

Scheme 8Asymmetric methallylation of ketones catalysedsby

Ligand 7 wasused as a ligand in the first catalytic enanticdele Reformatsky reaction using
the ortho-substituted diaryl ketones (Scheme 9 madical mechanism (Figure 6). Chiral tertiary
alcohols with two aryl groups were gotten with gosmantioselectivities and moderate to good
yields was obtainet’

O
OEt
O Ry o Et,Zn (12 equiv) HO
AN I\)J\ Etzo, r.t., 6h | X
| _ * OEt 5 mol% 7 ARG
R ) R Rz
1 Air

ee up to 91%

Scheme 9First catalytic enantioselective Reformatsky reactising the ortho-substituted
diaryl ketones catalyzed by
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Ligand 8 was developed by Fergg al.in 2008, and tha8 coordinated with BAICI formed a
new bifunctional chiral Al(Ill) complex® This bifunctional catalyst has been developedtiier
effective enantioselective hydrophosphonylatiomldehydes. The reaction can employ a variety of
aromatic, heteroaromatic, condensed-rimg3-unsaturated, and aliphatic aldehydes.The desired
hydroxy phosphonate was obtained in moderate ta gomntioselectivities (up to 87% ee) and
with good to excellent yields (up to 99%) underdrgbnditions (at 0 °C) (Scheme 10). They also
proposed a possible catalytic cycle based onxperamental results (Figure 7).

MeQZn
RCOR O Zn
Me
TMS
™S

OZn Me H20 OEt Mel
MeZnO O

Figure 6. Proposed catalytic cycle for the Reformatsky rieagbromoted by

TMS

OH
(o) 0] 0 9 N
o+ P 10 MoI%EtAICI, 10 mol% 8 R)\P(OEt)
R">H H OEOEt 10mg MS 3A, o)
THF, 0°C up to 99% yield

up to 87% ee
Scheme 10Effective enantioselective hydrophosphonylatiomldiehydes catalyzed 8y

Compound9 was employed in the addition of heteroarylzinc ezsago an aldehyde with good
enantioselectivity by Pu in 2010 (Scheme £}

1. ZnEt,, Li (acac) OH

Arl NMP )\ up to 99% ee
2.9 Ar” 'R up to 96% yield
3. RCHO R = aryl, alky

Scheme 11Asymmetric arylzinc addition to aldehydes catatlybg9.

Pu also found for the first time that an aryl brdeni 2-bromothiophene, could be used to
prepare a heteroarylzinc reagent by reaction withtZ
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In 2011, Yuaret al. employedl0 and11 which are newly designed thiourea-BINOL catalysts
to catalyse an enantioselective three-componerasReteaction among salicylaldehydes, amines
and organoboronic acidd.A wide range of alkylaminophenols can be obtaiiregiood to high
enantioselectivity (up to 95% ee) and good yield {u92%) (Scheme 12).

N_ _Ph
T Se N,
Y::h et o CHH
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"o/ © O R
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O:'A|f 4 O‘ N Ph
0" 0" R o
! I
N_ _Ph

T EtO” E\OEt

Figure 7. A possible catalytic cycle for the effective enasglective hydrophosphonylation of
aldehydes.

e R1\N,R2
R -
N 1 2 -
| X" H . RIGR R%B/OH 10 or 11 (20mol%) @CRs
_— | + ] >
OH H OH  MTBE(methyl tert-butyl ether) ZoH
50°C up to 92%yield
up to 95%ee

Schemel2Enantioselective organocatalytic three-componetdgis reaction among
salicylaldehydes, amines, and organoboronic actsdyzed bylOor 11.

They also tentatively proposed a possible reagbiatihway for this catalytic enantioselective
Petasis reaction (Figure 8).

1.12

Ph—=— + znEt, — -t 1h Ph——

2. ArCHO OH

up to 85% ee
up to 83% yield

Ar

Scheme 13Asymmetric alkyne addition to aldehydes catalylagd 2.
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In 2014, Pu used?, a BINOL-chiral benzylic amine-based Schiff bagecatalyze the reaction
of phenylacetylene with aldehydes in the preserfcgn&t, with up to 85% ee and 83% yield
(Scheme 13)*° The results show that various propargylic alcohoimild be obtained with
encouraging results by utilizing the readily prejubk2 as a catalyst.

RT%), R2

R\ |
' A ~CHO N OH
| + R1 R2_, R-B,
Z > OH OH 69 OH
_ CF,

| g\g o CC
o\ 3

re-faceé R’

\R2
Figure 8. A possible reaction pathway for the catalytic ditemelective Petasis reaction.

Meanwhile, Araiet al. designed a newly liganti3 which showed excellent catalytic activity for
the iodolactonization reaction to vyield products quantitative yields with outstanding
enantioselectivity after forming complé8-Zny(OAc), with Zn(OAc).*! Using this trinuclear Zn
complex, 1 mol% Zn3(OAc)43 catalyzed asymmetric iodolactonization in up t0.998 ee
(Scheme 14)

13(1 mol%) 0. .0
Zn(OAC)(3mol%) R
R? R20O NIS(1.1equiv), I5(0.2 equiv) n
R1WOH toluene/CH,Cl, = 3/1 R2 "R2
-78°C, time(h) 14 examples
up t0 99.9% ee
up to 99% yield

Scheme 14Catalytic asymmetric iodolactonization usingi3Zn;(OAc), catalyst.
2.2 BINOLs 3,3-disubstituted by aromatic rings

Compoundsl4-16 were utilized to catalyze the asymmetric reactbralkynes with aldehydes to
get chiral propargylic alcohols at room temperator2009 by Pet al®
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Figure 9. Typical examples of BINOLs 3;8lisubstituted by aromatic rings.

Chiral ligands15 and16 were obtained through modification of the dihedmagle of BINOL.
With the optimized systeml6 was thebest. When combined with ZnEand Ti(QPr), 16
catalyzed the reactions of alkyl propiolates wiBi3®% ee; the reactions of phenylacetylene with
81-87% ee; the reactions of 4-phenyl-1-butyne, |yl alkyne, with 77-89% ee; and the reactions
of trimethylsilylacetylene with 92-97% ee (Schen2@.1

1.chiral ligand 16 20%mol

ZnEt, (2 equiv) OH
— = THF, 16h, r.t. :
— ' 2TiOiPn4 (50mol%), 1h Rz/\
3.R,CHO R4

Scheme 15Asymmetric synthesis of diverse propargylic aldstmomoted byl 6.

Pus work shows that modification of the dihedral @l BINOL is also very crucial compared
with the tune of steric and/or electronic propertoé BINOL.

In 2010, Ishiharaet al. used17 to get a simple Li(l) BINOLate salt to promote a highl
enantioselective direct Mannich-type reaction ofimines with 1,3-dicarbonyl compounds.
Compound17 was effective to selectively synthesizagn adducts from cyclic reagents and
unreportedanti adducts from acyclic reagents (Scheme 16).

Two years later, Pedret al. reported they employeti7 in a new procedure to obtain N-Cbz-
protected propargylic amines which is opticallyiaetbuilding blocks for organic synthesis and
essential backbones in biologically active compsuas well as natural produéfsThe 3,3
disubstituted ligands contribute to high enantiesiVities because of their vital steric effect.eTh
reactions can undergo different alkynes, and witragety of aromatic as well as heteroaromatic
starting materials, providing the very productshwifood yields and high enantiomeric excesses
(Scheme 17). A plausible concise catalytic cyclethe alkynylation ofa-amido sulfones in the
presence of Zn—-BINOL complexes was given by the@utoo. (Figure 10).

Page 150 ®ARKAT-USA, In



Reviews and Accounts ARKIVOC 2015 (vi) 140-174

.Boc O O 17(5mol%) BodNH O

N -Buli(5 mol% }
)I\ + R1MR3 n-Buli(5 mol%) Ar . R,
A H R t-BuOH(10 mol%) R2
2 ~
(1.1 equiv) toluene,-780C,2h Oa—k R

product, vyield, diastereoselectivity, and enatioselectivity

BoodNH O BodNH O BodNH O Bod;lH Bod;lH
~_Ac “_Ac
St S\_E0,C Ogo/zcgé cOime CdEt
2,96% b.94% ¢, >99% d, 97% — e, >99%
syn/anti=96/4  syn/anti = 96/4 syn/anti =97/3  Syn/anti = 5/95 syn/anti = 4/96
97% ee (syn) 97%ee (syn) 88% ee (syn)  85%bee (anti) 91% ee (anti)
BooNH O Bod\H BocH . Boc\H
- Ac (] s
Ph Y E Ph™ Yo PMP™ T~ Ph” >
H CONMe, 0 /
GO2Et EtS” O (PMP = p-MeOCgH4) _/
f, 97% o p eH14 ] 0
syn/anti=10/90 3 97 h, 93% I, >96%
86% ee (anti) syn/anti = 4/99 syn/anti=9/91  syn/anti = 39/61
84% ee (anti) 97%ee (anti) 41% ee /85% ee
BodNH O BodNH O
PR Ph
1, 97% k, 90%
dr=61/39 syn/anti = 88/12

82% ee /199% ee 93% ee (syn)

a Using 10 mol % catalyst. b The temperature was -40 °C.

Scheme 16A highly enantioselective direct Mannich-type rgawe of aldimines with 1,3-
dicarbonyl compounds.

NHCbz
NHCbz
s Re=—p LERIN g S
R “SO,Ar CH,Cl, R2

hexane, 0°C  yp to 94%yield
up to 95% ee

Scheme 17Enantioselective Zinc/BINOL-catalysed alkynylatiohaldimines generated insitu
from a-amido sulfones.
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0
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j/R2 Ol
Et, Z
Zn Nl/U\OBn
C\Zn R" °H
R2 — \& R2
+
ZnEt, Bt ' =
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Figure 10. A plausible concise catalytic cycle for the alidation of a-amido sulfones in the
presence of Zn-BINOL complexes.

2.3BINOLs 3,3'-disubstituted by heterocyclic rings.

As described in Figure 11, there are mainly thremmounds of BINOLs 3;3lisubstituted by
heterocyclic rings. In 2008, Femy al. reported the Strecker reaction of ketoimines atHy wide
range of substrate scopes and excellent enantobiséies (up to 99% ee) catalysed b§ (Scheme

18)3°
_\+ LwHP
oy [0) HaN (0] N (@]
COLT o &)
OH OH OH
oH OH OH
O+
18 o 9\ __>:0 20058, RL) y_ & ©
A 3 -
Figure 11.Representative compounds of BINOLs'?iBubstituted by heterocyclic rings.
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This strategy can be useful in the organic synghbscause of low catalyst loading (2 mol%),
mild reaction conditions, and operational simpjicithe author claimed that further investigation of
the reaction mechanism is underway.

NHTs
NTs _ N
- 1
R1JJ\R2 2 mol%, 1equiv, 1 admantanol> R chN
1.5equiv, TMSCN, 0 °C up to 99% yield

up to 99% ee
Scheme 18Highly enantioselective Strecker reaction of ketioies catalyzed by8.

Two years later, they (Fergg al) developed a novel and easily available BINOL-tgppper(l)
catalystobtained from19 that is highly enantioselective in the catalytsartion reaction obi-
diazoesters into N-H bonds of the amines under reédtion condition&® Moderate to good results
were also obtained when reacting with secondaryarms well as the excellent ee values and yields
observed for primary amines. According to this rmdtithey can readily prepare a variety of useful
chiral a-amino esters with differen-substituted groups in excellent yields and enamtioc
excesses (Scheme 19). And they intend to takedudfudies on the potent catalytic N-H insertion
of secondary amine with diazoesters and mechasistdies.

N, 19/cucl (10mol%) R' R
R'NHRZ + _JI_ MS 4A 2 4
R® “COOR* CH,Cl,,0occ R COOR
up to 99% vyield

up to 98% ee

Scheme 19Copper(l)19-catalyzed asymmetric insertion of diazoesters inéoN-H bond of
amine.

From then on, they (Fengt al) used a titanium complex from a similar liga?@ to enhance
the domino reaction ob-phenylenediamine and chalcone derivatives to sgite 2-substituted-
1,5-ben-zodiazepine derivatives for the first time2011%’ The products obtained are in good
yields with up to 82% ee (Scheme 20)

T1(01Pr)4 /20
(1 1, 10%)
@ MS 4A

THF, -20 °c

up to 94 ield
uB to 82 y

Scheme 20Enantioselective synthesis of 2-substituted-1azbdiazepines enhanced 29.
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Given the essential role of the hydroxyl groupheat 2-position of chalcone, they rationalized a
possible simplified catalytic cycle (Figure 12).

20+Ti(OiPr)4
iPrOH '
B 7 N Ti(OiPr),/
Q /—\ (O 20/_\30,4
A H R

O,H\IN NH‘_\ | @N
g -
B i H.
T o

OH O

— (b-Si face attack) -

Figure 12. Proposed catalytic cycle of enantioselective sssighof 2-substituted-1,5-benzo
diazepines enhanced B9.

3. The Coming Trend and Ongoing Results to ConveRotent 3,3-Disubstituted
BINOLSs into Chiral Phosphoric Acids

That 3,3-disubstituted BINOLs were converted into chiralopphoric acids is one of the most
successful achievements in organocatalysis (Figj8jé® The key for high enantioselectivity is to

introduce a sterically hindered aromatic ring dylgiroup into 3,3positions of BINOL backbones
which was independently discovered by Akiyairend Terad&d>*?

Figure 13.The structure of chiral monophosphoric acids destifrom 3,3-disubstituted BINOLS.
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3.1 BINOLs-derived phosphoric acids 3, 3disubstituted by acyclic functional groups

In 2011, Wanget al. reported the transfer hydrogenation of N-aryloilydroxybenzophenone
ketimines first catalysed by chiral phosphoric acid @)?* Chiral diarylmethylamines can be
obtained in high yields as well as enantioselettivi(Scheme 21).

OMe

MeO,C CO,Me OMe
OMe II OMe
N Ji I
OH NI OMe H OH HN OMe
e
0°C

89% yield, 89% ee

Scheme 21Enantioselective transfer hydrogenatioNediryl-ortho-hydroxybenzophenone
ketimines promoted by (1.

i g —OH OH
0 1. (ZRS)Oi: (5mol%) E
S))—Ph - +
( o)>< 2. NaBH4 O‘Ph Ph
J g

MeOH, OOC anti syn
up to 98% ee
up to 98% vyield
s 1. (R)-21 (5mol%) —OH OH
25°C \
R)—=Ph - +
(Ec?— 2. NaBH4 Q‘Ph Eog"’h
MeOH, OOC anti syn

up to 95% ee
up to 99% yield

Scheme 22Petasis—Ferrier-type rearrangement of cyclic vatgtals catalyzed by (R)t.

In 2014, Teradat al. studied the Petasis—Ferrier-type rearrangemeat Bimembered cyclic
vinyl acetal catalyzed by (R31, through which the high anti- or syn-selectivity abtained
(Scheme 20) and their DFT calculations suggested mlon-classical C—H/O hydrogen bonds
between the catalyst and the substrate play anrtemiaole in determining the stereoselectivity.

At the same year, Liu and Het al. used (S)21 as catalyst to develop a four-component
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Mannich reaction subsequently followed by an inwdeoular oxo-Michael addition to efficiently
produce chiral cyclic acetals with high diasteréastévity and enantioselectivity (Scheme 23).

COZMe
Ar’NH, Ar2
1 .
APTSN, 1.(S)-21 (5 mol%) NH co,Me
Rhy(OAc), (1mol%) N —Ar
] o)
R\\ CO,Me 2.1.0eq. DBU |4 P O/&/
j R CO,Me
17 examples

up to 99% ee

Scheme 23Enantioselective four-component Mannich reactioingryldiazoacetates with water,
anilines and methyl 3-(2-formylphenoxy) propenoaaslysed by (S-1.

3.2 BINOLs-derived phosphoric acids 3,3disubstituted by aromatic rings
Figurel4 depicts structures of representative BIBlOerived phosphoric acids 38substituted
by aromatic rings in recent years.

List et al. employed22 (Figure 14) tocatalyse Kabachnik—Fields reaction to asymmetsicall
synthesize mimics of a-amino acids and a-amino gimsates in 2008"°The desired products
which have great promise as antibacterial and ti-drugs’ were obtainedvith moderate to
good enantioselectivity and yields (Scheme 24).

o H/‘ NPMPH2
22 10 mol%

O o)
RW)J\H + PMPNH, + \\P/ —— \‘/\” 0

1 o o cyclohexane 0
! 50°C upto22:1d.r.
up to 97:3 r.r.

up to 89% yield

Scheme 24Direct asymmetric three-component Kabachnik-Fie&dstion catalysed R2.

Meanwhile, 23 was used in the first catalytic, enantioselectiveyylogous Mukaiyama—
Mannich reactions of acyclic silyl dienolates amtries by Schneider et & .They got the highly
valuable &-amino@,3-unsaturated carboxylic esters in high yields, detepregioselectivity and
good to excellent enantioselectivities ( Scheme 25)

PMP..

\PMP o TBS  235mol% w
A
A gy o R OFt
R™ H (E/Z up to 94%yield
1:2.5) up t092% ee

Scheme 25First catalytic, enantioselective, vinylogous Miykama-Mannich reactions of
acyclic silyl dienolates and imines.
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Figure 14. Typical BINOLs derived phosphoric acid catalyst3-8isubstituted by aromatic rings.
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Some time thereafter, Teradtal. reported that they us&l to catalyse the first example of a
hetero-Diels-Alder reaction which is highly enantind anti-selective between a glyoxylate and
siloxy- or methoxydiene® Initial results with24 suggested that chiral Lewis acids have typically
providedthe optically active syn adduct, but chiral phogphacid24 was unparalleled efficient in
producing anti adducts in high yields with highvadue as single diastereomers (Scheme 26). Their
results indicates the steric demand of the cata@ygtely to be the main factor in increasing gym
selectivity.

1 81
, R RZ _~__R
RA R 245mol% |
+ ﬁ (@]
X O MS 4Atoluene s
3 24h, rt. R*
R anti

up to 95% yield,
up to 99% ee

Scheme 26The first example of a hetero-Diels-Alder reactaatalysed by4.

In 2011, Braseet al.employed25 a to promote the vinylogous Mukaiyama—Mannich tieacto
obtain hydroindole derivativeS.The highly diastereoselectiv®aminoa,B-unsaturated carboxylic
esters were obtained (Scheme 27).

OMe

OMe Me ><
0] Si-~
o Me 55 3mol%
+ + —_—
-55°C

O H /\/)\OEt
NH, 4

95% vyield, 81-89% ee
Scheme 27The vinylogous Mukaiyama-Mannich reaction catadlybg25.
(S)-26 was used as a catalyst in the enantioselectivéhaesis of highly substituted furans
through cycloisomerization in 2011 by TosteBrase et al. think copper(ll)-(S)26 catalyst

catalyses the intramolecular heterocyclization -¢i-alkynyl)-2-alkene-1-ones and furnishes high
levels of enantioselectivity in the subsequent @ohile attack (Scheme 28).
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R4
0
0 R 9
/
2 J~F | Cu(S-26), (5 mol%) T\
*Rs N—SO  CeHeF, -15°C _JR,
H R2 MS 4A H |l N
R3

92% yield, 91% ee

Scheme 28.Copper(ll)-(S)26-catalyzed indole addition reaction.

A proposed mechanism was suggested by Braseet al.(Figure 15).

Ph CUX2
0
N 1)
QN
H
\ HX O Ph
N =
H
/
N E)
H XCu
\ NH
Ph
o o 0 Ph
\\ o2 _/TNH

Figure 15. A proposed mechanism of copper(ll)-(&j-catalyzed indole addition reaction.

Three years later, a symmetric Pictet-Spenglertimacatalyzed by (R26 was reported by

Hiemstra®? The Pictet-Spengler products were obtained in good ee values and yields (Scheme
29).

HO 1. NpsCl HO
NH, 2. RCHO, N
MeO R-26 MeOI;Q “Nps
R
Nps =\°> yields up to 95%
ee up to 86%
O,N

Scheme 290rganocatalytic enantioselective Pictet-SpengkadRons promoted by (R26
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Meanwhile, Akiyamaet al. described the Friedel-Crafts reaction of indoleghwp-
alkoxycarbonylB-disubstituted nitroalkenes in which a wide variefysubstrates participated to
afford indoles having all-carbon quaternary centeith excellent selectivities catalyzed by {&)
(up to 97% ee) (Scheme 30).

R’ NO,
S MeO,C
| TN COMe  (R)-26 (5 mol%) 2
+
Z N sz\/ NO, c-hexane/CH,Cl,
H (VI = 4/1)
5A MS
rt, 24h H
18 examples
up to 97% ee
up to 88% yield

Scheme 30r'he Friedel-Crafts reaction of indoles wgtalkoxycarbonylB-disubstituted
nitroalkenes catalyzed by (Rp.

Meanwhile, Alvarez and Rodriguez et al. reported thnantioselective synthesis of
hexahydrofuro[3,2-c]quinolines catalysed by @®)?>* The heterocyclic product was obtained in
high enantioselection and good yield (Scheme 31).

R? 1
NH2 (R)-26(15mol%) i R2 O—xR
. ,
|| . ?J\ . @ AuMe(Joh;\Phos)(mmol %) |\\ 4
R’ 5 CH,Cl,, 4 AMS, ,
H R H (= _— .
AP R 0°C, 72h N" R

Scheme 31The enantioselective synthesis of hexahydrofuBs¢dguinolines catalysed by (Rg.

In 2012, Wanget aldemonstrated the first asymmetric aza-Friedel-€nadaction of indoles
and pyrroles with isatin-derived N-Boc ketiminesatgzed by chiral phosphoric aci@®y.>> The
reaction was conducted under mild conditions tédysevariety of adducts generally in high yields
and excellent enantiomeric excess (Scheme 32).

Boc,
N
2 4
R R 27, 2-5 mol%
\ AN
| R® 4+ | 0o
Z N Z~N 0°C Et,0
R \
26 examples
up to 99% ee
up to 98 yield

Scheme 32the first asymmetric aza-Friedel-Crafts reactibmdoles and pyrroles with isatin-
derived N-Boc ketimines catalyzed by chiral phosjhacids27.
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In 2013, 28 derived chiral anion phase-transfer catalyst hasbled the direct and highly
enantioselective fluorinative dearomatization oépbls reported by Tosté The fluorinated chiral
small molecules bearing reactive functionality dam obtained efficiently from simple, readily
available phenols under ambient reaction conditigitis high enantioselectivity (Scheme 33).

CI
o @
.ZBF4
R
R 5 mol% 28
N82CO3 29% Vi o/ i
n o yield 40% yield
n=12 toluene, r.t 48h 86% ee 85% ee

Scheme 33The Direct enantioselective fluorinative dearometion of phenols catalysed B§
derived chiral anion phase-transfer catalyst.

In 2013, Shi and Twet al. successfully constructed 2,5-dihydropyrrole sdd&owhich is
synthetically and biologically important in higheydls (up to 99%) and excellent enantioselectivities
(up to 99% ee) via a 1,3-dipolar cycloaddition gsirarylglycine esters as azomethine precursors
catalysed by29 (Scheme 34)’ Meanwhile, They reported the construction of arathiix-
membered piperidine framework with two stereogeeisters via catalytic asymmetric formal [3+3]
cycloaddition of 3-indolylmethanol and an in sitergrated azomethine ylide catalysed3gy®
The desired spiro-products were obtained in higeldgi (67-93%) and with excellent
enantioselectivities (97—>99% ee) (Scheme 35).

29 (10mol%),
2’°c
J\ ¥ OZ”OCHO 3A MS, tol
COQR1 oluene N Cone N COQMe

up to 93% ee up to 99% ee

Scheme 34Enantioselective construction of 2,5-dihydropyrrskeleton with quaternary
stereogenic center via asymmetric 1,3-dipolar @atiition catalysed bg9.
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CHO
COEL 30 (10 mol%), 30°C
+ + H2N A
CO,Et DCE, 3AMS
NO,
NO,
10 examples
up to 99% ee
up to 93 yield

Scheme 35Enantioselective construction of a six-membere@iine structure catalysed BQ.

In 2014, Shiet al. again used30 to catalyze the first organocatalytic asymmetricnfal
alkenylation of multicyclic alcohols and they usedn-metal-based alkenes instead of alkenyl
metals as the alkenyl group souréeThis transformation offers a convenient access to
functionalized chiral isoindol@-carbolines with one quaternary stereogenic centbigh chemo-,
(E/Z)-, and enantioselectivities (Scheme 36). (up95:5 cr, >95:5 E/Z, 97:3 er).

~
X\
HN R OH
HO . A 30 10mol%
| R" 730°C, F-Ph
N //
2
\ R

20 examples
up to >95:5 cr,
>95:5 E/Z, 97:3 er

Scheme 36The first organocatalytic asymmetric formal alkiesipn of multicyclic alcohols
catalyzed by30.

At the same year, Gongt al. developed the first asymmetric catalytic biomimetiree-
component 1,3-dipolar cycloaddition of-keto esters and benzylamine with electron-deficien
olefins promoted by81.°° The pyrrolidine derivatives are obtained in higllds and excellent
enantioselectivities (up to 99% ee) undermild cbads (Scheme 37).

Page 162 ®ARKAT-USA, In



Reviews and Accounts ARKIVOC 2015 (vi) 140-174

NH,

NN /4,, NH
. N . O:<COQEt 31 (10 mol%) \ .\\c(::ngEtt
® ot 3AMS, CHCL ©\ 2
R’ N
Ac
9 examples
up to 94% ee
up to 98% yield

Scheme371,3-dipolar cycloaddition of R-keto esters and lytarnine with electron-deficient
olefins catalysed b$1.

In 2014, compoundB2 was developed for a four-component Mannich/casaeMichael
reaction by H! This is an example of a synergistic combinatiormfanocatalyst and transition
metal and led to the synthesis of 1,3,4-tetrasuitet tetrahydroisoquinolines imoderate yields
with high diastereo- and enantioselectivity (Sch&®p

1
e CbzNH;  1.32(10 % mol) NHAr
P [RuCI2(p-cymene)] (1 mol %) CO,CH3
CORy * +- mandelic acid (10%mol NG
N, +- mandelic acid (10%mol) NC'%Z
1 <
Ar'NH, Az co,cH, 2 1BUOK 4
CO,R’

Scheme 38A four-component Mannich/cascade aza-Michael readatalysed bg2.

In 2014, Terada and Satoh achieved a high enantisatectivity for the polymerization oc-
LA using (R)26, 33, 34 (Scheme 39}? And the ROP (ring-opening polymerization) of DI(B-
lactide) preferentially proceeded employing @)at 75°C, as well as thegkk, was 28.3 at a
monomer conversion of 49.0% which is the highesievéor the enantiomer-selective ROPrat-
LA. Their results showed that the electronic natofghe substituent at 3/-Bositions strongly
influenced the ee compared to the steric hindrancethe highest ee was achieved byZR)-

0] o 0]
MO (R)-26, or 33, or 34 NN %J\-./OfH . \HKO
O Ph” > OH : ‘2n o}
3-phenyl-propanol polylactide (PLA)
© (PPA) o
rac-lactide up to 80.6% ee
rac-LA

Scheme 39Enantiomer-selective ring-opening polymerizatddmac-lactide catalysed by (R,
33 34.
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4. Some Seminal Applications of the Conversion of 3'-Disubstituted BINOLs
into Phosphoramidites

BINOL-derived phosphoramidite ligands were origipalsed for the asymmetric Cu-catalyzed
conjugate addition of dialkylzinc reagents to ersreported by Feringa in 1987.

NH; NH,

/'\/CO2H MGOQC
99% ee 92% e

N = -

=

H02095 “o9% ee\ (diaé:ids and esters )
(" a-amino acids )
NH2 020)\/002H
_0Q0
HOLC 97 -99% ee

99% ee
[Rh(cod),]BF4 or
[Ir(cod),]BArF

)

N “R

J \ NHAC Eto89A)ee
N CO,H NHAr

|

R

98¢ Sh

92 - 99% ee
0,
61-9 9/°ee

amlnes

Scheme 40Phosphoramidites as ligands for asymmetric hydratiert”.

That phosphoramidites usually show excellent leeélstereocontrol as well as monodentate
nature is essential in combinatorial catalysis, iehe ligand-combination strategy is frequently
used. Phosphoramidite ligands have turned out to specially versatile in asymmetric
hydrogenation, and the transformations listed iheBte 40 are illustrative of the wide scope and
exceptional ee values obtained with these monotiefigands. These ligands have been found to
have comprehensive applications in asymmetric ysis!’

Figurel6 lists structures of representative phosphalite ligands appeared in recent years.
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994

_ ) OMe
:P_N/ R=x.H F4C CF3 ipr Prig, By
0" '\ 38
R ' Pr Y
(R)-38 t 38b 38¢c 384 38e
Bu
SAFSCESS eI e .
;JO /%L O
389 -
38f 38h 25
38i
CHPh,
OO /Bn
8:P—N\
. ®
CHPh,
(R)-39

Figure 16. Structures of representative phosphoramidite ligand

In 2010, Gonzaleet al.reported a [4 + 2]-cycloaddition of allenes anendis catalysed 85.°°
The reactions induced byrtho-arylphosphoramiditegold(l) complexes allow for tagymmetric
synthesis of pyrrolidine products (Scheme 41).

R R._R
TSN R 35AUCIEmol%) /]
. AgSbFg (5 mol%) 1

up to 99%

Scheme 41Enantioselective [4 + 2]-cycloaddition of allenieies catalysed I85.
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Two years later, Gonzalezt al. gained some insight into the underlying mechanisimhese
cycloadditions through a computational study (DEFiure 17)%°

- T+ -

H/ HAUL

.

s
trans pathway q\/Ph
reactant
+
H / H AuL T
' Au L
@ ®
H Ph A =Ph
13.3 12.6
10.1 LAu
— \ L
XK
oM -1H19Ph
- H Pn

/¢\ cis pathway
X Ph

reactant

Figure 17.DFT profile for the potential free energy surfégethe cis and trans cyclization
pathways at the MO6/LACV3P**++ level of theory cected for CHCI, as solvent in kcal/mol.
L = P(OMe}(NMey).

In 2010, Mercier et al. got the highly enantioenriched planar chiral [Cr(5
bromonaphthalene)(Cg))using asymmetric hydrogenolysis of [Cr(5,8-dibmmaphthalene)(CQ)
promoted by86.°” The products they got can be in high ee valuesd®e 42). They also illustrated
the proposed mechanism (Figure 18).
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LiBH, (4 equiv)

Br [Pd(dba),] (5 mol%) Br
Sa,R,R-36 (6 mol%)
DABCO (2 equiv)

b, DME,-10°C,50min

Cr(CO); Cr CQ)?
DABCO = 1,4-diazabicyclo[2.2.2]octane 76% yield
96% ee

Scheme 42Asymmetric catalytic hydrogenolysis of aryl haibdonds in fused arene chromium
and ruthenium complexes catalysed3by

Pd°36

oxidative
addition

Br

Q:: SOIV\PdII -36

Cr(CO)s "%

bromide-hydride
exchange LiBH,4

cis-trans

. S Br
isomerization :
@ Solv<

Cr(CO), PQH’%

Figure 18.Proposed mechanism of the asymmetric hydrogersobfsaryl halide bonds in fused
arene chromium and ruthenium complexes.

Ma et al. used37 for diastereo- and enantioselectivity of the tande4-addition / fluorination
in 2011° The tandem reaction can tolerate many kinds dkyliznc reagents as well as a range of
acyclic alkylideng3-ketoesters to afford the cascade fluorinated mrtsdwith adjacent carbon- and
fluorine-substituted quaternary and tertiary steesters (Scheme 43).

o o O _0
(1) Cu(OTH), (5 mol%) oM
N | OMe 37 (11 mol%) RIL e
N Ar Et,Zn (2.0 equiv) Et“]_l Ar
toluene, -40°C to RT up to 91% vyield

(2) NFSI, RT up to 99:1 d.r., up to 94% ee
NFSI = N-fluorobenzenesulfonimide

Scheme 43The diastereo- and enantioselectivity of the tamde4-addition/fluorination catalysed
by 37.
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Particularly, the structural diversity of the BINGIlerived monodentate phosphoramidite
ligands are enlarged by KManew class of modular phosphorus compounds.

One year later, Mikamet al. developed a highly stereoselective catalytic @kgh sequence
for the formation of highly functionalized and mfuhctional five-membered-ring materials which
bear all-carbon quaternary stereocenters in a ohstmategy’ Enantioselective desymmetrization
of achiral cyclopentene-1,3-diones was therefomm@plished by chiral C38 catalysts (Scheme
44).

Q  Cu(OTf),/38
fRX (0.5-4 mol%)

R>Zn

up to >99% yield construction of chiral all-
>90% de  carbon quaternary
>00% ee  Stereocenters

Scheme 44.Synthesis of five-membered-ring compounds cotgiall-carbon quaternary
stereocenters promoted B§.

Besides that, in 2011, Saitt al. have successfully developed a three-componentliogup
which is enantioand diastereoselective of 1,3-diemédehydes, and a silyloorane catalyzed by
BINOL backbone-derived phosphoramidite nickel liga39.”° It is the first example that an
asymmetric coupling occurs between two differerdssés of unsaturated compounds with a
bimetallic reagent and represents a new synthésitegy to get access to optically actoxehiral
derivatives of allylsilane (Scheme 45).

MOMO 10 mol% PPh; .
¥ Ph)K . — / - Ph
N F 2.5 equiv PhMe2SiB(pin)
DMF RT 3h M /SILM OH
then sat. NH,Cl aq € Ph e

PhMe2SiB(pin) = (dimethylphenylsilyl)pinacolatoboron

Scheme 45Diastereoselective three-component coupling ofdieBes, aldehydes, and a
silylborane leading to a-chiral allylsilanes casagl by39.

5. Conclusions
In this review, we intend to summarize exactly bdte origins of and recent progress in the
development of reactions catalyzed by'-8i8ubstituted chiral BINOL derivatives, includirdy3-

disubstituted BINOL, 3,2disubstituted BINOL Backbone-derived Phosphoricidacand 3,3
disubstituted BINOL Backbone-derived PhosphoraregilThese classes of catalysts has turned out
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to be very efficient. It has not only provided amga chemists with a highly stereodefined,
bifunctional catalyst platform, but also cruciaiywcouraged its users to think in term of potent
factors in these reactions. Even though the eneorioolling step of a certain transformation may
not always be unambiguous, this could not prevdrngsts expanding the frontiers of the
capabilities of these catalysts or ligands. Thealisry of new chemical transformations is surely
driven by hypothesis, but the ultimate legitimac¢yh® beginning hypothesis should be integrate to
the discovery of exciting novel modes of reactityselectivity. Bhadurgt al. have discusseed the
application of 3,8disubstituted axially dissymmetric BINOLs derivatserving as potent strong
Bransted acid$! They reviewed some suitably substituted and st#yidemanding BINOLS, their
use in organic transformations and possibility@owert them into stronger Bronsted acids as more
effective organocatalysts. However, reports abdid@.s are always increasing, so we intend to
illustrate the current development of BINOLs aca@ogdto groups at 3;3ositions. We hope this
short review can further promote collective thirkiabout new strategies for chiralcentre-forming
transformations including reagents and catalysts.
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