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Introduction
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Proline Catalyzed Transformations

WCOZH

N (30 mol%) o

P
)J\ HJ\K DMSO/acetone )J\/'\( H OH

97% vyield, 96% ee

Ex—co2 D—COz

RQHX /*

List, B.; Lerner, R. A.; Barbas C.F.J. Am. Chem. Soc. 2000 122, 2395-2396.
Grou eetin
From Dr LUc" Stereos

L-Proline

Transformations Covered:
Aldol Rections
Mannich Reactions
Michael Reactions
A lot of other

transformations

Mukherjee, S.; Yang, J. W.; Hoffmann, S_; List, B.
Chem. Rev. 2007, 107, 5471-5569.
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Other Chiral Amines Catalyzed Transformations
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97% vyield, 96% ee
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K A lot of other

O_{/ E§_COZH transformations
w o
RCHO

List, B.; Lerner, R. A.; Barbas, C.F.J. Am. Chem. Soc. 2000, 122, 2395-2396. Mahlau, M.; List, B. Angew. Chem. Int. Ed. 2013, 52, 518.
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Asymmetric Transfer Hydrogenation

NADH: Natures Reduction (Hydrogenation)

Reagent (Coenzyme)

N
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Active site H, _.NH
NADH reduction HN =< Arg
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/ H H
O _N MeO,C CO,Me
To— T
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Bn” 1}, cci,ch, N Pr
(10 mol%) (1.02 equiv)

P

A J\/CHO

dioxane, 13 °C, 48 h

List, B. et al. Angew. Chem. Int. Ed. 2005, 44, 108.
Received: October 26, 2004
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O N
H, CF5CO,
R (5 mol%) (1.1 equiv) R
R-)\VCHO THF, RT, 5-6 h B R-)VCHO

high yield and
chemoselectivity

List, B. et al. Angew. Chem. Int. Ed. 2004, 43, 6660. Received: August 28, 2004
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Macmillan, D. W. C. et al. J. Am. Chem. Soc. 2005, 127, 32.
Received: October 10, 2004



Chiral Phosphoric Acid: Bifunctional Activation

Organocatalysts developed by List group:

o 1) . "
so
O\p//o —_ \:IH
o OH 36 >
OO 2 o OH o o NH N o
Ar Ar OzS so2

R Ar
Ar = phenanthryl Disulfonimides (DSlI) Imldodlphosphates (IDP) Imldodlphorlmldates (IDPi)
pKa = 13.3 (MeCN) pKa = 8.4 (MeCN) pKa = 11.5 (MeCN) pKa = 4.5 to <2.0 (MeCN)
- R = steric hindrance

and electronic effect

easily tunable
axially chiral N G

and rigid 0~ “x—H =—— acidic proton
BINOL framework

o <~ H-bonding acceptor

X =—— electronic effect

Y R = steric hindrance
and electronic effect
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Chiral Phosphoric Acid

» 1971: Chiral phosphoric acid were used as resolving agents for chiral amines

R
o0
\HL _CgH, 2)6NHCI (+)-10 0.0
> 0 0 PN
/O/ 3) 2 N NH,OH 43%, >99% ee “ 0" “OH

R
+).
(*¥)-10 PA1,R=H
OHl‘
40.5 mL/min ©/\/ 4 ml/min
0.100 M HCI A ’
(BE ),
dichloromethane =

- CFy
‘0 9 0 0 @ -
pH 232 %
NH, OH 0.5mM
g[\_/OH pH 2.64 aqueous aqueous

: OH 19.0 mL/min
23.7 mL/min ©/\, 0.5mM
Na,CO, 93mM

Na,CO, 1.8mM

Jacques, J.; Fouquey C.; Viterbo, R. Tetrahedron Lett. 1971, 4617.

Wilen, S. H.; Qi, é/llllard P.G,J O %@1 ‘LJ 6, 485.
Schuur, B.; Verkuijl, B. J. V.; Bokhove, J.; Minnaa ronMgeling (Ig; ik finga, B. L. Tetrahedron. 2011, 67, 462.



Chiral Phosphoric Acid

» 1971: Chiral phosphoric acid were used as resolving agents for chiral amines

R
o
\HL i 2)6 NHCI ()10 0.9
O 43%, >99% ee N

3) 2 N NH,OH

(¥)-10 PA1,R=H

» From 1990s: Chiral phosphoric acid were used as ligands in transition-metal catalysis

O, THF, L*

RCH=CH, + CO + H,0

PdCl,, CuCl,, HCL, room temperature, 1 atm

RC*H(CH,)COOH (2) o @

Table I. Hydrocarboxylation of p-Isobutylstyrene (1) and N, o~ (BNP)Rh; . =
2-Vinyl-6-methoxynaphthalene (2) . o
1 (or 2)/ product  optical o o

50% yield, 49% ee

substrate L* L*/PdCl, yield? %  yield,® % H

1 (S)-BNPPA  7.7/0.38/1.0 89 83 (S) OO
(S)-BNPPA  7.7/0.77/1.0 80 55 (S) o __o
(R)-BNPPA  7.7/0.38/1.0 81 84 (R) o 0/«

2 (S)-BNPPA  4.2/0.42/1.0 46 72 (S) OO
(S)-BNPPA  10/0.5/1.0 71 85 (S) H
(R)-BNPPA  4.2/0.42/1.0 48 76 (R)
(R)-BNPPA  7.7/0.38/1.0 64 91 (R)

Alper, H.; Hamel, N. J. Am. Chem. Soc. 1990, 112, 2803.
Pirrung M2Cx ZhdrigatiTetrahiedrin Lkl 4992, 33, 5987.
Inanaga, J.; Furuno, H.; Hayano, T. Chem. Rev. 2002, 102, 2211.



Chiral Phosphoric Acid: Organocatalysts

» 2004: Chiral phosphoric acid were used as organocatalysts

Transition state:

HO
OTMS
D 10 mol% CPA
N * %\OEt =

1 »LL R2 toluene, -78 °C R “H
R' 'H (OTMS
H
OR3
R2
Akiyama, T.; Itoh, J.; Yokota, K.; Fuchibe, K. Angew. Chem., Int. Ed. 2004, 43, 1566.
Yamanaka, M.; Itoh, J.; Fuchibe, K.; Akiyama, T. J. Am. Chem. Soc. 2007, 129, 6756.
1.1 equiv 2. naphthyl Transitior:kstate:
O O /7 N\
/U\)J\ O..,°
Boc P e
- ZIS
N-B°¢  2mol% CPA £ 0O 0 o
: Ac -’ *H B
Ar)\/ _H .2 _Boc
Ar)J\H DCM, rt 0 0O N
Ac (

99% vyield, 92% ee

2-naphthyl

Uraguchi, D.; Terada, M. J. Am. Chem. Soc. 2004, 126, 5356.
Simon, L cGaodman e MidgQuuCGhene2041, 76, 1775.



Actual Catalyst: Chiral Phosphoric Acid or Chiral

Calcium Phosphate?

» BINOL-derived phosphoric acids are readily neutralized to alkali or alkaline-earth

metal salts by purification on silica gel

Boc

2a 3a (1.1 equiv)

Boc.
NH

N O O catalyst (2-5 mol%) .
+ - c
PhJ\H M solvent, 1 h Ph/‘%\r

4a

_ Ar _
OO o o M([1a], (Ar = 4-(p-Naph)-C,H,
catalyst: \Pi/ M = H, Li, Na, Mg, Ca, Sr)
‘e 0" O+M  M[ib], (Ar = 9-Anthryl, M = H, Ca)
L Ar Jn
Entry Catalyst (mol %)® Solvent T Yield
°Cl [%]"
1 Lif1a] (5) CH,Cl, RT 99
2 Na[la] (5) CH,Cl, RT 88
3 Mg[la], (2.5) CH,Cl, RT >99
4 Ca[la], (2.5) CH,Cl, RT >99
5 Stla], (2.5) CH,Cl, RT >99
6 H[1a] purified on silica gel (2) CH,Cl, RT 86"
7 H[1a] washed with HCI (2)  CH,Cl, RT 88
8  H[1b] washed with HCl (5)  CH,Cl, RT >99
9€l  H[1b] washed with HCI (5)  toluene —30 >99
10 Ca[1b], (2.5) CH,Cl, RT 93

R': <> N 1r (10 mol%)
R O H202 CHC|3,—4OOC ‘:.-*
R R
(Y.
O, .0

P/

N\

X

1r. X = Pyren-1-yl, Y = OH

Interestingly, when catalyst 1r was washed with 4N HCI and
water prior to use, its activity was significantly improved
without loss of enantioselectivity (Table 1, entry 20). The
exact reason for the improvement of the activity is not yet
clear, but it might be attributed to the removal of some trace
amounts of impurities that poison the catalyst.

» Key to receiving the free acid in pure

form was a thorough washing of CPA
with hydrochloric acid after the final step

a) Hatano, M.; Moriyama, K.; Maki, T.; Ishihara, K. Angew. Chem. Int. Ed. 2010, 49, 3823. b) Xu, S.; Wang, Z.; Zhang, X.; Zhang, X.; Ding, K.

Angew. Chem. Int. Ed. 2008, 47, 2840. c) Klussmqmbl\@;rg
d) Parmar, D.; Sugion, E.; Raja, S.; Rueping, M. Chem. Rev.

(r)‘(g@hﬁa@pi@bﬂure, V.; Goddard, R.; List, B. Synlett. 2010, 2189. 10



Asymmetric Transfer Hydrogenation

NADH: Natures Reduction (Hydrogenation)

Reagent (Coenzyme)
HH

N R EtO,C CO,Et
¢\ His BN Bn |
H2N H N O N

s H, CF;CO;

(5 mol%) (1.1 equiv)

R R
R-)\VCHO THF, RT, 5-6 h B R-)VCHO

o high yield and

. . H H chemoselectivity
Active site HN <<’ NH A
NADH reducti = g
reduction y List, B. et al. Angew. Chem. Int. Ed. 2004, 43, 6660. Received: August 28, 2004
/ H H o] H H
O._N MeO,C CO,Me \NJg MeO,C CO,Me
Iﬁ% T Jo T
Bn” 1}, cci,ch, N Pr tBu” |, CF,CO, N
J\/ (10 mol%) (1.02 equiv) : X (10 mol%) (1.2 equiv) X H
A X -CHO dioxane, 13 °C, 48 h A~ CHO Y)\VCHO _40°C, <24 h v/ ~-cHo
List, B. et al. Angew. Chem. Int. Ed. 2005, 44, 108. Macmillan, D. W. C. et al. J. Am. Chem. Soc. 2005, 127, 32.
Received: October 26, 2004 Received: October 10, 2004
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List: Asymmetric Counteranion-Directed

Catalysis(ACDC)

Hantzsch ester (1.1 equiv)

Catalyst (20 mol%
Q9 MCHO yst( ) >~ )\/\)cho
Q o | 5 (R)-6
P\O H
- | Catalyst Product Yield [%] e.r.
R R
1 2 (o) N/
chiral counteranion
N)\é (S)-6 58 70:30
O HH O Ph !_'IZ
TFA-
MeO OMe O 7/
M N
Ve e % )\é (S)-6 82 70:30
H Me Hz
Hantzsch Ester TFA-
1 (R)-6 71 95:5
O HH O chiral ion-pair intermediates:
MeO ) OMe iPr (R)-TRIP iPr CF3CO, (R)-TRIP iPr (S)-TRIP
S 4 S &+ +,H = +,H
Me” >N~ “Me 8u0,c” N Buo,c” N BuO,c N tBuO,C” N
o) H (1.2 equiv) o
valine ester TRIP salt (5 mol%)
26a 26b 26¢ 26d
er. 97:3 er.77:23 e.r. 76:24 e.r. 58:42
optimal achiral anion achiral cation mismatch
Mayer, B.; List, B. Angew. Chem._| tggg.@ggﬁﬁﬁ 4193.
Martin, NEJ.JS&,, iSHB. Feehng LM 06,128, 13368. 12



Reductive Amination

» Dynamic kinetic resolution via reductive amination by List
o)

3 R3 R3
R1\HLH + R3-NH; 5 mol% CPA 0 N R HN N’
" S Aol siover SNPIGRETI. TN SR SR
5 A mol sieves R, H — H.0 H H Sy
H H > R2 , , :
EtO,C CO,Et 39-96% yield WANHR;; R R o R
! i || ’ 40-98% ee R; 1 racemization
; H.+ R®

N

H _
. X*
HX R (3)
iP H
r R ) 2
(o} /o 7 ONHR? R
R= iPI' R2
3
_ H H
'Pr R°0,C.__~_CO;R* R%0,C ~__CO,R*
TRIP H |
N

Hoffmann, S.; Nicoletti, M.; List, B. J. Am. Chem. Soc. 2006, 128, 13074.

NH,PMP PS
40 °C, toluene
0 H H 10 mol% CPA NHPMP o O
MeO,C COzMe 5 A mol sieves \P/
M - M
€ » 40-90% yield X € OO o ©OH

N 83-96% ee
PS

Storer, R. |.; Carrera, D. E.; Ni, Y.; Macmillan, D. W. C. J. Am. Chem. Soc. 2006, 128, 84.

Simén, L.; Goodman, J. M. J. Am. Chem. Soc. 2008, 13
Marcelli, T.; Hammar, P.; Himo, F. ChleH)O FOJJ@(&EEQ%I &CME@PKU)




Chiral Phosphoric Acid Catalytic Asymmetric
Transformations

» Catalytic Asymmetric Fischer Indolization

Ph
5f (5 mol%)

R3
R Amberlite® CG50 RN
(N - ’
N = — \ @-\* N
, N N
R? R? LN

benzene, 4A MS

R o
0.1M,30°C, 4-5d ~
0-p-0
] O «
» Activation of Carboxylic Acids in Organocatalysis
0}_ 0 O
Ar .
N »NH 04 upto99% yield
) A 5 R upto>99505eur.
R1’<| r R{_<R1 P
R1
self-assembly o
2y R ? Ho 0¥ up to 86% yield
) R S R upto96.5:35er.
R1 R1 R1
0 0O
o Ho s< Hs. 04
3) R1/<| { R o ¥ R
R1 R1 R1 R‘I R1
up to 99% vyield up to 99% yield
activation upto98:2e.r. up to 98:2 e.r.
O S o]
4) R1<| RV‘Q R1<J upto S =145

Muller, S.; Webber, J% ||'é , 1133, 18534.
Monaco, M. R.; Fazzi, D.; Tsuji, N.; Leutl'fsMc%, ?i%éﬁlé?%@ﬁg@%yg Chem. Soc. 2016, 138, 14740.



Chiral Bronsted Acid Catalyst Activates Ketones
(The first example )

L L
» Limitation has been the requirement O o .o o o
) ) P <OH — P\N/Tf
for relatively basic substrates such as OO o OO o A
imines Ar Ar
Ar = phenanthryl Ar = phenyl
pKa = 13.3 (MeCN) pKa = 6.4 (MeCN)

» Activation of a,B-unsaturated ketones in an asymmetric Diels—Alder reaction or
Nazarov cyclization

o) 0
OTIPS 10c (5 mol /o ..COEt % //
Et * Bn \)\/\ toluene /Tf
| Me  780C, 12h RSIO

(2 equiv)
>99% ee; 85% yield 10c: Ar = 1,3,5-(i-Pr)3CgHa,

Ar

3b (2 mol%) o
,F‘/ _SO,CF

CHCl3 \H 2CF3
R2 0°C,1-2h
Ar
syn-10 anti-10
87-93% ee 90-98% ee

3a Ar = 2,4,6-(i-Pr)3-CgH2
61-92% 3b Ar = 9-phenanthryl
1.5:1-9.3:1 syn:anti

Nakashima, D.; Yamamoto, H. J. Am. Chem. Soc. 2006, 128, 9626.

Rueping, M.; leawsuwan, W.; A'lltGBC@‘FbLﬁD 'R/Ié‘éqmgf'(‘C@@-l\@E‘@‘F”K . Chem. Int. Ed. 2007, 46, 2097.
Rueping,M.; Kuenkel, A.; Atodires hem. Soc. Rev. 2011, 40, 4539.
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Disulfonimides Catalytic Asymmetric Torgov
Cyclization (Bregnsted acid catalysis)

DO
o OH N

OO H
Ar

Ar = phenanthryl Ar = phenyl Dlsulfonlmldes (DSI)
pKa = 13.3 (MeCN) pKa = 6.4 (MeCN) pKa = 8.4 (MeCN)

» Development of the highly acidic disulfonimide, allowed low-temperature reaction

13 (5 mol%) .
J 4A NS, PhMe O‘
-40°C, 1d, then

MeO
-5°C,2d
5‘V 96.4:36er,16g
olefin isomerisation ] T
| dehydrat/on/rsomensatfon

|
MeO H..
e Q 0 Pnns addition .
ﬂ O\ | = and
O‘ OH DL
o) MeO MeO

Révost, S.; Dupre, N.; Leutzsch, M.; Wang, Q livfaure };ﬂ\&@g%% Chem., Int. Ed. 2014, 53, 8770.
James, T,; van deH%gf@PiUQI gSﬁ‘é 115, 9388.
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Disulfonimides in Lewis Acid Catalysis

DSI—H
4 OSiR;
(0] cat. 1a-4a R'\%\ "
OTMS (2 mol% QTMS | OR
H e, X CosMe it QL
+ OMe - ester
2%y -
12 h ) DSI—SIiR
37a 38a 39a RsSig o 0 )OL
R/})‘\OR., R H
Ar Ar % product 39 37
oo, COYL, W R
()\ /,O C)\ I/O O)\H
o P~ SOCFs o5l |
Entry  Catalyst  Yield (%) eur. OO 0o OO O H RiSing, ©ySRs
Ar Ar : . @® .- SiR:
1 1a <2 - ] 2 F._ OR ©ps| )Oj\
2 2a <2 - a 2 At R H
3 3a <2 - Ar Ar jon pair 41
4 4a >09 90:10 OO OO
o)
CF SOqH NH 38
3 SO;H <o
Ar = 2 o OSiR;
. A A e Rgore
2 r r R3Si~ . ® _.SiRj
CFs 3a sa /07)?\ R 4
R” % TOR"
ion pair 42

» NMR studies show that silyl ketene acetal 38 readily silylates the disulfonimide 4, validating the
initial Lewis acid formation.

» The presence of the Bransted-basic 2,6-di-tert-butyl-4-methylpyridine was tolerated within this
transformation, eliminating any potential Bransted acid aldehyde activation.

Garcia-Garcia, P.; Lay, F.; Garcia-Garcial P PRABGSIERES, € Vis(@B. AHgew. Chem., Int. Ed. 2009, 48, 4363. 17



Disulfonimides in Lewis Acid Catalysis

0O cat. 1a-4a
OTMS (2 mol%) QTMS
H T, CO,Me
+ OMe .
Et,O, RT 2
12 h
37a 38a 39%a
., OO,
e
S “OH
Entry  Catalyst  Yield (%) eur. OO OO
1 1a <2 - Ar
2 2a <2 - 1a 2a
3 3a <2 _
4 4a >99 90:10 OO Ar OO
SOH
CF5

g CF;

SO3H . O

Ar
4a

3a

_SO,CF;

. 1. cat. HNTf,
OSlMES —-78 °C, 15 min OH O
PhCHO + - )\)L
Ph 2.1 MHCI-THF (1:1)  Ph Ph
(1.0 equiv) 1 (1.1 equiv) 2

(a) "Self-repair"

/% 148

o)
y HNTF,
H R

HB

+_SiNTf HJLR
WOS" i 2 146
145 H™ R

> In 2001, Yamamoto discovered that silyl triflimide(generated in situ) could efficiently catalyze
Mukaiyama aldol reaction.(Self-repair mechanism)

Garcia-Garcia, P.; Lay, F.; Garcia- armg,
Uo S r

5 Crou B

Ishihara, K.; Hiraiwa, a

kos,

|n
O

me Chem., Int. Ed. 2009, 48, 4363.

ek

2001, 1851 18




Disulfonimides in Lewis Acid Catalysis

cat. 1a-4a

OTMS (2 mol%) OTMS
OO H | CO;_Me

37a

12h

1a
2a
3a
4a

rWN =

Ar=

pe
P\N _SO,CF;
Entry Catalyst Yield (%) eur. H
<2 -
<2 —
<2
>99 90 10
o SOsH 802
3 SO;H
f 3 so2

COOQiPr X TBS
H
3 k. |step 2 k:\
2 kq 1
OiPr = 1

OiPr
OTBS\L’ )L
OTBS QiPr

O

X-TBS

step 1
OTBS %

» The attack of the silyl ketene acetal on the activated oxonium ion is the slowest
step of the catalytic cycle
» Aldehyde activation is an equilibrium, the aldehyde concentration can partially
influence the rate

Zhang, EOLIS’[ As:ee} rbqréC(,% @?59)957
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Disulfonimide-Catalyzed Asymmetric
Transformations

» Vinylogous and Bisvinylogous Mukaiyama Aldol Reactions

R OTBS OTBS
OR" & OR" Ar
B R 0 a4 j\ o 45 oTBS 0 OO o, CF,
= ) - > RW OR" ,N Ar =
R/\/J\/U\OR DSl 4a, Et,0,-78°C R* "H DSl 4a, Et,0,-78 °C R OO SO 5N Ncr,
46 . 72n 37 ) _72h 47 Ar
vinyologus bisvinyologus
» Formal Hetero-Diels—Alder Reactions
O Ar F
F3C CF
j\ R,TMSO X DS 4h (1 mol%) R' R" OO o ’ ’
R H + \}\%\Rm OC O - | \Ni' Ar =
R" —78 , Et2 . R 9) R" O S’Oz "LLL CF,
37 48 then TFA, 45 °C 49 F
Ar CF3
» Hosomi—-Sakurai Reaction with Methallyltrimethylsilane
OTMS
OMe
)Ok ;TMS 4j (5 mol%), 38a (10 mol%) U
- = z
Ph™ "H R PhMe, —78 °C, 72h Ph R
37¢ 67a then HCI (aq.) 68a (R = Me)
(R =Me) 82%, 92:8 e.r.

a) Ratjen, L.; Garcia-Garcia, P.; Lay, F.; Beck, M. E.; List, B. Angew. Chem., Int. Ed. 2011, 50, 754. b) Guin, J.; Rabalakos, C.; List, B.. Angew.

Chem., Int. Ed. 2012, 51, 8859. c) Mahlau, M.; Garc{a'@@@"@IPO'UHWQeﬁﬁ@"(é@'ME@ﬁK@’) 16283. d) James, T,; van Gemmeren, M.; List, B. 20
Chem. Rev. 2015, 115, 9388.



Challenges in Asymmetric Mukaiyama Aldol
Reactions

» Open transition model

» Metal-based catalyst: require high to very high catalyst loadings (often 20%) due to
the competition with a nonenantioselective silylium ion background catalysis pathway.

Metal-Catalyzed Intramolecular RSiO O
- Transter MX, + R OFEt
+ MX, xﬂu- + ,Slﬂ,
QSiR ~
RCHO —2m 4 A0 — A
H’ILH OEt R OEL XM
—_—.—b.
! 2 intermolecular RSIX + OEt
Transfer 4

Silicon-Catalyzed

X
R
Rsix ‘to~ e
ACHO —— =

R™ "H f::t Nog RUO Et

5 6 7

» Inability to discriminate between the starting
acetaldehyde acceptor and the product aldehyde,

thus leading to extensive polymerization
I8
O

» Lewis bases catalysis(Denmark), chiral
diols(Rawal ): high catalyst loadings and
highly activated substrates

desired aldol

L,

Si Si
O o~ = catalyst o ~o O E
A AL — AN —=
Ph H H Ph H
1c 37 38c
(1.0-1.1 equiv)

[Sil< 0

PhMH

0

oligomer

X
Ar. Ar \Si’x
RO OH o~ sZLB
R™ g~ OH PS
Ar Ar ' !

' '
L A
~ -

~

a) Mukaiyama, T.; Narasaka, K.; Banno, K. Chem. Lett. 1973, 1011. b) Carreira, E. M.; Singer, R. A. Tetrahedron, Lett. 1994, 35, 4323. c)

Denmark, S. E.; Wynn, T.; Beutner, G. L. J. Am. Chem.Sec. 2002, 124. 13405-~d) MeGilwra;\J. D.; Unni, A. K.; Modi, K.; Rawal, V. H.

Angew. Chem. Int. Ed. 2006, 45, 6130.
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Imidodiphosphate(IDP) Catalyst

» Difficult to further modify steric environment of CPA: 3,3-substituents on BINOL
radiate away from the active site

Ar I Ar Ar
‘ ‘ o, _0 ‘ SQ;H /O E 0
’P\OH 4 //\
X Seu b 1)
Ar Ar Ar

Ar = phenanthryl Disulfonimides (DSI) Imldodlphosphates (IDP)
pKa = 13.3 (MeCN) pKa = 8.4 (MeCN) pKa = 11.5 (MeCN)
moderately stereoselective

» Imidodiphosphori cacid co-crystallized with a molecule of water, are consistent with
a hydronium ion bridging the two imidodiphosphate oxygen atoms, which supports
proton location on oxygen rather than on nitrogen.

R

oO

/ “NH,

R then NH; (I)
L,
OH NaH, THF /
POCI, S P~ / \
pyridine

3,3'-Substituted-BINOLs:
— large variety known
- easily accessible

POCI;, pyridine

Imidodiphosphoric acids:
— a single synthetic step
more than phosphoric acids
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Features of Imidodiphosphate Catalyst

g | R
" . N\
“ ] 1 “ ( Electrophne) ( Nucleophile)
0 O; i :O " @) O1 ! |
/4_ I * S | N \ A- 1 I_I|
O(P \N/ P‘O /PQ: 1 Acidic l_ll :
“ (shielded) QO @] O site Io Basic site
R
« R

o’
R \/

Top view

®

1

b 4 Bottom view

7N\

( Electrophue) ( Nucleophlle)

AC|d|c M Top view
O OH

A chiral pocket Broad open cone

» The interlocking of BINOL-subunits are unable to freely rotate and the resulting molecular structure possesses
a very high rigidity.

» Anion is C2 -symmmetric, and has therefore only a smgl type of catalytically relevant Brgnsted basic site
Luo. Group Meetlng CME@PKU) 23
Coric, I.; List, B. Nature, 2012, 483, 315.



Asymmetric Spiroacetalization(Bronsted
acid catalysis)

Chiral Bronsted acid R R
; o TR O SO ¢S
| ] — 0 o o
“X*  HO L=N~g
: e AR
H
via: 6 on o

L i Imidodiphosphates (IDP) R=2,4,6-Et,C.H,

6a (5 mol%), ~35 °C, MTBE 19

i 899%, d.r. 65:1
(R)-2g 0-7~Me
\7\ 1h

8 0 OH 83% d.r.5:1, non-thermodynamic
| 0 Me spiroacetal (thermodynamic
(S)-2g y dr.1:124)
CJ/V\/

6a (5 mol%),-35°C, MTBE
11

10 70% d.r. 23:1, non-thermodynamic
o OH o spiroacetal (thermodynamic
| o dr.1:9)
(R)-2i
Me 1i
0 ~__OH g 70% d.r. 50:1
. (0]
QJ/\/\/ oo JME )

Lagnécropie e Ritnre! 261 463 315)) 24



Activation of Oxocarbenium lon(Brgnsted
acid catalysis)

» Resolution of Diols > Asymmetric Oxa-Pictet-Spengler Reaction
AN PR Y s
+ 3
HO H™ "R® toluene, 20°C ]_@ HO/\_
OH MS 5 A
rac-2a 3 (4.0 equiv) 4 recovered 2a
P.
o, o HO 0 p CQ/RL Q HO
: s HO OH Et N R
H™ H H R R@/\’ + R2CHO (10mol%) m
“O' 5A MS, MTBE (0.2 M) R2
1a, R = 2/Pr-5-MeCgH O p ,'3 0 1 3
a, = 9. r-5-Me ry \\‘_:‘; )
1b,R = 2—Cy—57MeC2H§ (.O‘ N \O.)
Kim, J. H.; Coric, |.; Palumbo, C.; List, B. Das, S.; Liu, L.; Zheng, Y.; Alachraf, M. W.; Thiel, W.; De, C. K,; List, B.
J. Am. Chem. Soc. 2015, 137, 1778. J. Am. Chem. Soc. 2016, 138, 9429.
» Asymmetric Prins Cyclization > Asymmetric Vinylogous Prins Cyclization
0
R 6 5a (5 mol%) R 5 0
Vd _CHO a (3 mol%)
s | o H * HO/\/K cyclohexane - |\\ O R HO/\/W methylcyclohexane
$NF 2 0H 2 MS (5 A), RT, 5d 2o ] N 5AMS

L 3 R = alkyl
Tf = triflyl
R R Me B 7 \ N HN ,
<0 JOs X . (4
O o Ho_ QP R== H & N { )
P— =R O ) |

5 (S,5)-5a i

Tsui, G. C; Liu, L; List, B. Cheng, G. J.; Lee, S.; Kaib, P. S.; Thiel, W.; List, B.
Angew. Chem., Int. Ed. 2015, 54, 7703. Luo Group Meeting CCME@%{’ Ehem. Soc. 2016, 138, 14538, 25




Imidodiphorimidates(IDPi) Catalyst

Disulfonimides (DSI)
pKa = 8.4 (MeCN)

highly active Bronsted acids
active in Lewis acid catalysis
moderately stereoselective

reactivity

Imidodiphosphates (IDP)
pKa = 11.5 (MeCN)
moderately active Bronsted acids

inactive in Lewis acid catalysis
highly stereoselective

selectivity

Ar
Cl e, A
RZTRC 8,
o NH N O =
0,S  so, 26%
R /

Imidodiphorimidates (IDPi)
pKa = 4.5 to <2.0 (MeCN)
highly active Bronsted acids

active in Lewis acid catalysis
highly stereoselective

RT: 1R

then Fiibs
toluene, TEA
2.9.d140CC

Kaib, P. S.; Schreyer, L; LE@JOSGP@R?We%tIh@t(@G‘W@@IﬁK

List, B. etal. J

. Am. Chem. Soc. 2021, 143, 1 835

CI—PFN P Cl

Clgicicl o
PClg

, Int. Ed. 2016, 55, 13200.
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Hosomi—-Sakurai Reaction with
Allyltrimethylsilane(Lewis acid catalysis)

OTMS
OMe

i , TMS  4j (5 mol%), 38a (10 mol%) U
. =
Ph H ;R Ph R

PhMe, —78 °C, 72h
then HCI (aq.)

37c 67a 68a (R = Me)
(R = Me) 82%, 92:8 e.r.
SiMe
o/ 3 (_)H
Ph/""’)\H P N
8 ic
(with DSI 2a, r.t.:
e.r. =62.5:37.5)

Ar Ar
0 IDPi (0.05-2.0 mol%) OH O O
)I\ N SiMe; > )\/\ O\PéN\P/O
R” Sh PhMe or CH,Cl,, -78°C R X
1

o/ \NH l\j/\O

5 then aq. HCI 7 O 0,8  so, C
(1.5 equiv) 81-92% ee Ar TE T Ar
70-99% yield Ar = naphthyl

Kaib, P. S.: Schreyer, L. Lee 8 Praveis RETIN B Srgiw: Shom- Int. Ed. 2016, 55, 13200. 27



Asymmetric Single Aldolizations of Acetaldehyde Enolates

» Inability to discriminate between the starting acetaldehyde acceptor and the product
aldehyde, thus leading to extensive polymerization

o~ [Si]
desired aldol )\
[Si] [Si] ~o H [Sil<
0" catalyst ‘: O O
Ph n H
1c oligomer

(1.0- ‘|.1 equiv)

i o~ B! 1opi (0.5-1.5 mol%) [S']\ CO o o Qe
+ S \ i
R "H )\H CHClg, -60 °C R RE pr\
20 minto 10 h o NH &’o
1 2a: [Si] = TES
or 2b: [Si] = TBS

(1.1 equiv) 1 IDPi
TBS_
,,\N/J\\/,u\ \v/ﬂ\»/ﬂ\ IDPi 4c: R' = 'Illiilm
3dt 3ef
87/ 86/ 3% 82% 78%
er.=96.5:3.5 e.r. = 95:5 er. =937 e.r. = 98:2 e.r. = 89.5:10.5
IDPi 4d: R =
TBS.
TES. o o
(8) (@]
/l\)L H
Ph H
38 3g! 3h8 3j8 IDPi 4e: R' =
95% 80% 95% 76 / 70%
e.r. =99:1 e.r.=96.5:3.5 er.=98:2 e.r.=955 e.r.=93.5:6.5 L

Schreyer, L.; Kaib, P. S. J.; Wakchaure-V ONG GbHaduts €61 Bropérail REAIRE ) List, B. Science. 2018, 362, 216. 28



Asymmetric Single Aldolizations of Acetaldehyde Enolates

» The steric bulk of the silyl group greatly affected reaction

R R1 Oe
o o1 DRI (0.5-1.5 mol%) By g I [
R ~H H CHCl3, -60 °C =t O
20 minto 10 h & § C /F; E\
1 e , 0 NH N 0
or 2b: [Si] = TBS " "

(1.1 equiv) R1 IDPi R

same flask recovery of B L
+1h aldol g;_- Access to IDPi core blocked j

37a: [Si] = TES | @
. ~ ()
a _[Si]
[SI=TES '=oNg o ;\ O
-
H

- A N
S
g7 i Ph H (+ 1.5 equiv)
)\H 38c - - r
j\ 4.5 i) 99% 37¢: [Si]| = TMS ‘et
| IDPi 3m —
Ph”” “H 37a: [Si] = TES
1.0 mol%
e (CHC'3 453; °C [sil g 36/0
0] O
- o 2\
piE: )\/”\ i re-face shielded
[Si] = TMS Ph H (+ 1.5 equiv)
38p —> (0% ) >
62% 37¢: [Si]|=TMS b f yy addition from si-face

Schreyer, L.; Kaib, P. S. J.: Wakchaurel-VONG Gbtaduls €81 Brifpdrdi] RELRE, 8); List, B. Science. 2018, 362, 216. 29



Sub-ppm-level Asymmetric Organocatalysis

~TBS  ppi (50- 500ppm)  TBS—Q R? O

R1J'I\ )\OM Et,O, 20, 0 or 20 “C R1)\)J\ome

12hto7d

28 36
(2.0 equw) »
R3 R® R
9 (2 -
- o o 3g: R*=n-CyH;
o O,TBS (2.8 or 25 ppm) TBSO \Rg 10 }3;N-p’ 3h: R* = n-CgHy3
i, I = X N oS )
R" "R? OMe Et,O R’ OMe i Tf — O
1 2a (1.1 equiv.) (2-00r8.0M) 3 R®  IDPi R® R O
(Decagram scale)
TBSO Me O
d o)
MeO 3 B TBSO Me O
OMe X
A /\)\)J\
PhAR\)I\OMe o X oM
MeO Me
From 1i (10.0 g)/C-8 (25 ppm: 2.1 mg) From 1v (10.0 g)/C-8(2.8 ppm: 0.34 mg) From 1u (30.0 g)/C-8 (2.8 ppm: 1.1 mg)
2.0 M, 10°C,<0.5d 8.0M,24°C,2d 8.0M,5°C,13d
3i 3v 3u

>99% (20.5 g), TON 40,000, 95:5 e.r. 92% (20.1 g)2, TON 329,000, 96:4 e.r. 86% (59.2 g)b, TON 307,000, 95:5 e.r.

Bae, H. Y.; Hafler, D.; Kaib, P. S. J.; Kasaplar, P...0D¥) &R DEHRY AJ e, BIEKEUpHESS, K ; Leito, I.; List, B. Nat. Chem. 2018, 10, 888. 30



Intramolecular Hydroalkoxylation of
Simple Olefins(Bronsted acid catalysis)

R2 R? (S,S)-3b (5 mol%)
1U\H)K/OH = R1
R n CyH (0.2 M)

60 °C, 2d

Disulfonimides (DSI)
Ar = 3,5'(CF3)2C6H3
55% yield
7% ee

Tsuiji, N.; Kennemur, J. L.; Buyck, T.; Lee, S.; Prevost,

Imidodiphosphates (IDP)
Ar = 2,4,6-Et3C6H2
N. D.

o OO Ar= 4-tBu2C5H4
N / R= CF,

R Ar ks CF,

(S, S)-3b

\ I
Sy ytdises
05  so,

Ar R R Ar

Imidodiphorimidates (IDPi)

Ar = 4-tBu2C6H4 Ar = 4'tBU2C6H4

R =CF; R= CF,
84% yield 91% yield
71% ee 95% ee
ks CF,
31

S.; Kaib, P S.°J; Bykov, D.; Fares, C.; List, B. Science. 2018, 359, 1501.



Intramolecular Hydroalkoxylation of
Simple Olefins(Bronsted acid catalysis)

R2 R? (S,S)-3b (5 mol%) Me, O
1U\H)K/OH ~ R
R n CyH (0.2 M) ( R?
60 °C, 2d n R2
1 2
n=1,2
Me{’ O \\S// (ﬁ//o
! Ph

\\Sfp H C\),,O O\\S/p H (R 0
AN N=Sar AN N
o-P-Nn"R1"0 o-P=n-R~0
L Z d O — (_/O \)

TS1

Ar =4- tBu2C5H4
R= CF3

Ar
NH N o
OzS so2

(S, S)-3b

» DFT studies gave an asynchronous
concerted mechanism(protonation of the
olefin, followed by the C-O bond).

» Hammett analysis gave a linear correlation

with a negative slope(r =—2.08 £0.04),

consistent with the proposed carbocationic

intermediate in the transition state.

Tsuiji, N.; Kennemur, J. L.; Buyck, T.; Lee, é‘usrg/l(‘)%y%wl?aelglrlkg &Cﬁ%&@?&;@arés, C.; List, B. Science. 2018, 359, 1501.



Activation of Ketones(Brgnsted acid
catalysis)

» Asymmetric [4+2]-Cycloaddition of Dienes with Aldehydes

0 catalyst 4 (1 mol%) c?
A, oCr, SANS Oz Wi
. et
250 °C NH N
1 2a

4c: R =3,5- (SF5 2C5H3 4d: R = 3 5-(n- C3F? 2C§H3

Liu, L.; Kim, H.; Xie, Y.; Fares, C.; Kaib, P. S. J.; Goddard, R.; List, B. J. Am. Chem. Soc. 2017, 139, 13656.

» Catalytic Asymmetric Nazarov Cyclization of Simple Divinyl Ketones

; o sodinee
4f (5 mol%) O o o O
- VN
j|)l\|L toluene, MS 4A or 5 A, O@ OIP\N/H N”p\o QO
-20 °C, 2.5-15d R 0,S{ ;so2
R
1 2 (S,S)-IDPi-4d: Ar = Ph, R = CF,

(S,S5)-IDPi-4e: Ar = 2-triphenylenyl, R = CF,
(S,S)-IDPi-4f: Ar = 2-triphenylenyl, R = C,F5

Ouyang, J.; Kennemur, J. L.| De, Gy dvescCndiist, B.MEAmFCHem. Soc. 2019, 141, 3414, 33



L-Proline
2000

Ar Ar

Imidodiphosphates (IDP) 2012
pKa =11.5 (MeCN)
moderately active Bronsted acids
inactive in Lewis acid catalysis

highly stereoselective

———

Ar = phenanthryl
pKa =13.3 (MeCN)
2004, Akiyama

Disulfonimides (DSI) 2009
pKa = 8.4 (MeCN)
highly active Bronsted acids
active in Lewis acid catalysis
moderately stereoselective

Imidodiphorimidates (IDPi) 2016
pKa = 4.5 to <2.0 (MeCN)

highly active Bronsted acids
active in Lewis acid catalysis
highly stereoselective
one-pot synthesis

High activity, high efficiency, high stereoselectivity(IDPi):

» Sub-ppm-level asymmetric Organocatalysis

» Asymmetric single aldolizations of acetaldehyde enolates
> Activation of olefins

Detailed mechanism, case by.case @ 34



