Chiral Anion in Asymmetric Catalysis
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B Several interactions in asymmetric catalysis
1) Lewis acid chemistry
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Maruoka, K. et al. Chem. Rev. 2003, 703, 3013.
2007, 107, 5656.

B Concept of the ion pairs (contact ion pairs): Bjerrum, N. Sven. Kem. Tidskr., 1926, 38, 2.

An ion pair is defined to exist when a cation and an anion are close enough in space with a
common solvation shell, the energy associated with their electrostatic attraction being larger
than the thermal energy (RT) available to separate them. The ions need also to stay associated
longer than the time required forBrownian motion to separate non-interacting species
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Fig. 28 Number of publications mentioning the terms couwnterion
{green), counteranion (red) and countercation {bluey per year from 1963
1o 2008 (singular or plural).
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Scheme 1

Arndtsen, B. A. et al. Org. Lett., 2000, 2, 4165.

Table 1. Counteranion Influence on CuX-Catalyzed Styrene

o

7
S OH 1) H,BBrSMe,

Azindmation” 2 sk o 2 AmC0n
BT 10 mol % CuX, 0°C Ts ¢
S+ 5 N
Ph ;
11 mol% (,% L“i’aph
H1' R=Ph R l ;

o0 CUNCCHa)y™ B

2: R=CMe, Ao
ligand X % ee (CgHg)? % ee (MeCN)» B Two isomer SRR
(R-1 OTF 19 28 (9) 1) 1:1 ratio: the tetrakis(acetonitrile) copper-(l) salt
(R)-1 CIO4 5(S) 28 (9 2) (R)-3-, is coordinated through an oxygen atom to
(R-1 Cl 17 () 28 (9 a Cu(NCMe)3+fragment
(R-1 FFs 33 (9 28 (9
(9-2 QTf 66 (R) 2(R
(9)-2 ClO4 57 (R) 2 (R
(9-2 Cl 26 (R) 2 (R
(95)-2 FFs 33 (R 2 (R

4 [styrene]/[PhINTs]} = 5. ® Major enantiomer in parentheses, determined
by HPLC on a (S.5) Whelk-O 1 column (Regis).!!e
B This anion influence on enantioselectivity
(no consistent trend with either the
coordinating ability or size of the anion)

B The ee's are independent of X- in the more polar

acetonitrile solvent. B Cu' (R)-3- reveals that the weakly coordinating
chiral counteranion strategy is reasonable? anion is completely ionized (NMR)

Tetrahedron Asymmetry 2005, 16, 1789.
1-3mol% Cu* B:O
PhINTs A
Ve £

X-ray structure of Cu* (R)-3-

B «-Amino acid-based borate counetamon

PH b «., :
(H)COin 183 mol %L Ph L HO,C  COMH a- R R2_< >_R2
Nels @ : L B e i
. 7 & ! HaN~ R?
Q_Q N N- AN NAr 1 B e Bl 2 HO,B_T HO  OH
4 5 B(A=CgHs) 7 26{BukCeta) ! pyridine 3a-t
M Cyclopropanation COMe CoMe
entry L X A solvent % ee? vield, % ' ) ™ HN,LVHI
i 1 el Sl i o
1 (R’},l (5)73 NTs CHH(; 22 (Sj 75 : - ! ] catalyst . ] . o -()\];J};Z; ~o
2 (R-1 (R-3 NTs CsHg 24 (8 85 Vool 3 TR m- Acb CHlCHety ‘3\;-1{ "o rf-“
3 (S)-2 (93 NTs CiHg  13(R) nd ; ' wl R;T,Nu e Rt
A 92 RINTs G 12(® ______nd___ T e b
5 (91 (93 CHCO.Et CeHs 6 (R/21 (B 12 ' | R s
_.8 (91 (R-3 CHCO;Et CeHs_ __ !?.@YLQ ®E__20_ ) trans/cis = 1~1.8
77 (91 (93 CHCO:Et CgHs 6 (R/15 (R)° 34 | e B R A A S S e S |
_ 8 (91 (B3 CHCOEr CeHs 8 (RVI12(Re 34 ___ M Inthe absence of chiral a-amino acid residues,
9 none (B-3 NTs CsHg TR 86 | | the tartrate units do not induce enantioselectivity
i_10__ _none (5)-3 NTs ___( CeHo____ 709 ________ 88 __5 HELE : . : '
11 none (@-3 NTs CH:Clz 4 (R a7 . + B The chirality of the a-amino acid units are mostly |
12 none (R-3 NTs CHiCN <1 a7 .+ responsible for the overall enantioinduction. :
13 4  (R3 NTs CHs 10 (R L e e :
14 & (R)-3 NTs CeHs  10(R) 41 @
15 6 (R-3 NTs CeHs  2(R) 90 B At least one of the amino acid residues on the anion
16 7  (R-3 NTs CeHs <1 78

remains near the copper cation during catalysis
@ [styrene}/[PhINTs] = 5 at 0 °C. Aziridination: 3 mol % of Cu*3~,

3.1 mol % of L. analyzed by HPLC on an (5.5) Whelk-O 1 column (Regis).
Cyelopropanation: [ mol % of Cu® 37, 1.1 mol % of L. analyzed by GC COzMe CO,Me
on a CP Chirasil-Dex cohunn.'?® ? Major enantiomer at C1 in parentheses.
¢ ee(cis)ee(trans). @25 °C. R™ SNH HNT YR
influence the asymmetric environment about the 20
metal-ligand complex. (entries 5 and 6) ol iy ol R
B The first example of an enantioselective transition CO;Me COyMe

metal catalyzed reaction where the sole source of
chirality is the counteranion (entries 9 and 10)

Figure 1, Plausible ion-pairing contact between the copper cation and
the counteranion during catalysis.

B The chirality of the counteranion can indeed : 0) Kg_...o0$ k:
i a o
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Nelson, A. et al. Tetrahrdron Asymmetry, 2003, 14, 1995,

OO OO OO Fable 1. Preparation of salls 15 with the chirl counterion 7
OH conditions @ o\g/o Entry Starting material Conditions Amine Product 12 (¢ in DMSO} ¥ield %)
——— :
A N =

OH (see Table 1) o 0. ia (R A EGNH (R.A-15a ~263 (1.10Y SE

ib [EIsT A BiNH 5.5)-15a 278 (L09) 5

21 (R4 A BN (R.R}-15b ~232 (104} 82

el Eb (.‘a’yil : A BN (5.5)-15b 248 {0.92) (]

T B 3a (R} A (Ryi6 (RRE15c 339 (1061 3

(R.R}15 115;:: PA i Eé:h:& .:.1« ::!;544 ;l (RYI6 d.&;SJrIISC +328 (105} 37

» i At = Ety - (2 R3-15d +E74 (104 42

(514 conditions (5,515 18c: A* = (R)-16.H° 5 (R4 < (RR}15c +E30 {1.05) 15

(see Table 1) 15d; A* = Na* A: IOBLY, amine, MeCN, A, 12 b B: MagLO- 1010, NaGH, THE-15:0; € 1. BHBrMeS, Clblly 2 AgiCD; MeCN
15e; A* = Ag®

Bl Reaction of N-methyl indol with iminium ion B Ring-opening of an aziridinium ion

@ x
H
© Ph Ph.Cl o, Ph Ph

cl Ph” NH;, N Ph g
N\ ok NMe; el )N
Ph D 50 mol% additve  pp~ N i
Rjde 10 mol% additive 3 Q
Ne 24 25 2
up to 11% ee 13 up to 15% ee

B Chiral anions could provide a much-needed solution to the problem of reactions proceeding
) through cationic intermediates that do not possess a (Lewis or Brensted) basic site capable of |
| coordinating to a metal or proton. ?

_____________________________________________________________________________________________ 4
8H R=X MX N R=H
Agh* { \ a8 RI-OH Pha 4R’
Ph._.Cl 15 mol5 2b )N‘ ; Ph._,OR?
Phase  Halide . Phasa  Proton ]’ R PHE i I R
Transfer Abstractio Ag Transfer Abstractio HB PR N 0.6 £q A@;CO3 —o-Be0 PR N
AgB MB R? 1A M5 ‘0)" R
PhCHj, 50°C
+ - -
Ha R A ax &R
Nucleophilic 5 Electrophilic
Addition A = hafide Addition

B = basic anion
" = chiral cation

0. .0
Ph._.C Ph. .0 OTBS Ph._.C Ph. .0

RN NuH A* = chiral anion RE E—X Ph .0
M= aka et 7 i fidociiow e
= " u N . . . PR N P P PR ™
Chiral anion phase transfer catalysis Chiral canion phase transfer catalysis 5 Q & D h 7 D 8 D Pr 3 T
81% yiald 67% yield 87% yield B85% yield 55% yield
92% ee 94% ee 96% ee 87% ee 90% ee

th Phjo
10 1
50% yield GB% yield H

92% eo 80% ee Phe O Ph 0O

e ™Y i

PN NOz ey

14 LN 15

s}

Ph D AgB 2o
(44 PhCHs, 50 °C. 24 h ReI*
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1 4 Phj,o Ph:ro
70% yiel 76% yi
entry calalyst AgB additive yield (%)% ee (%)° PH 12D s 'f/ e g Hgi
1 2a AgCOs none 77 94 56% yield® 86% yieid
2 2a < AgOTs ~  none 88 56 i Loy )
3 2h AgCO;3 none 74 94 " Conditions: 15 mol % 2b. 0.6 cquiv Ag:COs, 4 equiv R*OH. 0.1 M in
4 2h none none trace ND ;i toluene, 4A MS. 50 °C, 24—-36 h. Yields refer o isolated material: ce's
5 none AgC0;  none trace ND 0 i
6 2b AgC0O;  d4Ams 84 94 'l Asymmetric Opening of Episulfonium lons
7 2h (recycled) AmCO;  dA ms 83 94 i
| 16 mol 2b
“Conditions: 15 mol % 2. 1.2 equiv (in Ag) AgB, 4 equiv 3, 0.1 M ! Hh/’;;\ HoQ
in toluene. 50 °C, 24 h. Yields refer to isolated material. * Determined | b i CP"“\’O)' Pt .
' Ph._.0 )SR R*OH F‘hj,oR-
Ph
"""""""""""""""""""""""""""""""" A \i [,O_;;{,u ) J PEHy s
o
B No example of asymmetric catalysis acolfiiss
B They could not simply employ silver-halide abstraction \,\\
. : : . Ph. .0 Ph. O PheOn~goon PO gg o
method of cation generation, since the sulfide would T T T ¢ T ;
| ; Ph” "SMe P 'SMe Ph_"SMe Ph”_'s8n
likely bind Ag™. 19 20 G 2
87% yield 8% yield 90 % yield 64% yiekd
91% ee 92% ee B9 % ee 87% ee

i g P f “ Conditions: 15 mol % 2b, 2 equiv R*0H, 0.1 M in toluene, room temp,
L MeChamStlca“y distinct from chiral Bronsted Catalyzed 12 h. Yields refer to isolated material: ee’s determined by chiral HPLC,

reactions 3/10



Angew. Chem., Int. Ed. 2006, 45, 4193
Asymmetric Counteranion-Directed Catalysis (ACDC)

List, B. et al. . Angew. Chem., Int. Ed. 2004, 43, 6660.

precedent work H H Hydrogenation P
EtO,C CO,Et LN (RITRIP
BmF:an || f
cRco; N \L PPN
i :i.-|(25mo]%*)z 1 S T Aphe f )
- S,.CHO . ZUeRN o CHO @i‘?"’ ?Q N
i r
THE. RT,5-6 h 4 = /7,,;% ) ‘
high yield and Y
chemoselectivity il ’\’/‘(\,},g
H H b :
” e jW/CHO 120 mol%} 4{1.1 equiv) ;"‘HO
B -‘_Bn ‘ | A ¢ Dmxang/ﬁﬂ'c‘ 24h Ar'/-

3
up to 90% yield

'

1

1

1

1

1

1

1

i

i

I

'

'

'

'

'

1

1

I

]

I

i

1

| : |
S L. v .‘
i | j ' ' 2SN 5 A 7
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Ref. [3¢]. [e] Hantzsch ester 4 was used.
same work; MacMillan, D. W. C. et al.
J. Am. Chem. Soc. 2005, 127, 32.

Angew. Chem., Int. Ed. 2008, 47, 1119,

'Pr 'Pr CF3
Epoxidation R' Rl= ;{Q R¥=R2= z\Q

R™ R 4 ~ CHO _CHO
+ Hantzsch ester {1.1 equiv) j,
BnkN,Bn - Catalyst (20 mol%}
Bn.*.Bn - i el AYPRELHTORRE
CFCO, [ H)i s ﬁ/ THF, RT, 24h ﬁ
2a v +H.0 R R A Y
N 6 H.E 5 5 (R)-Citronelial (6}
o / \“;’>_<'—<N H -
5/E Entn Catalyst Product Yield [%4] e
A 5 Y ys
RR N R ¢
4 By H A e=cok 15 ‘ﬁ% (56 586l 70:308
- 1 Ph H:
""""""""""""""""""""""""""" i TFA
Angew. Chem., Int. Ed. 2005, 44, 108. : 0 i
H _:_H | Zv 3y i
'2- MeO,C._X_.COMe Lo Hﬁé (5)-6 82 70:30¢)
| 2 Y
Bn )*'ra | | : TFA
M, CLeo; N ad G 1 (R)-6 7 9535
)\ CHO 7{10mol%) & (1.02 equiv) : CHO : [a] Determined by GC. [b} Commercially available Hantzsch ethyl ester
r 3 dioxane, 13°C, 48 h AT s was used and gave a higher er.value than ester 4. [c] Using the
3 ! conditions reported in Ref [3b]. |d] Using the conditions reported in
L]
I
1
I
1

(trisubstituted enals)

"0, 20 K R® Pr CF3
o o O H” 2 | Ar
- & : f/\+)
R1 b o
- OHC 1 TR?P
OHC. 2~ [ e 3a-m {10 mol%) : BuQOH
1a - 2a ; - H,0
1BUOOH (1.1 equiv) . \_/
Table 3: ACDC epoxidation of «fi-unsaturated 1,2,2-trisubstituted E pmmmmmmmmmmm e .
enals ¥ ' | B d. |
5 ' + ' AT TNT TAr
zsu%mo(:nommfl 6 R? ' AN A TRIP~ Hy l‘
H (1.1 equiv) o i F i = '
NN IR SR s 1 - S— ' BuO, (' H !
R'  1ME 0°C.24h R ! : D B |
1o-r 201 : : i
' I { !
Entry Product Yield [95]" erld i 3m - s G e
! r r
j’;i\ i Product &3
1 OHC 20 83 97:3 | ;1
. : “TRIP J
2 P 2p g5id 97:3 ! + H,0 H " tBuOH
3 . \(IJ}O 2q 75 95:5 |
! c
o) |
OH‘:@L-\ 72:28 d.r. L
45 2r 95 88:12 e.r. (trans) ' . . ;
' 72 achiral
| S6der (G | Brgnsted acid catalysis?? j

[a} Reactions were performed on a 0.5-mmol scale with respect to !
aldehyde in TBME (2 mL} at 0°C for 12h or 24 h for 1o and 1p-r, ! : R

respectively. [b] Yield of isolated products. [c] Determined by chiral GC. l TRIP-assisted cyclization

[d] Determined by GC with internal standard. [e] At room temperature. | 4/10



J. Am. Chem. Soc. 2007, 129, 11337.

R3
R3
) (RFTRIP (1.5 mol %) Y/
R? Ph Pd(PPhs)s (3.0 mol %) R!
Ao+ L) MS5A MTBE, 40°C. 8240 ol
R2"CHO Ph” "N CHO
s then 2N HCI, Et,O
1 3 (1 equiv.) rt.30min 2
entry R! R? R? yield (%) er?
1 Me  Ph H 2a 85 98.5:1.5
2 Me  4-Me-CqHy H 2b 89 97:3
3 Me  3-Me-CgHy H 2 84 98:2
4 Me  3-F-C¢H, H 2d 85 98:2
58 Me 2-F-CgHy H Ze 74 97:3
6 Me A4-i-Bu-CgHy H 2f 76 97.5:3.5
7 Me 2-naph H 2g 71 973
& Me 2-thiophenyl H 2h 80 93:7
“d,

9 @ H 2 45 95:5
10¢ Me  ec-hex H 2 65 85:15
114 Me  Ph Me 2k 40 96:4
129%¢  Me  Ph Ph b] 82 91:9

4 From GC or HPLC. ? Reaction mumn at 50 °C. ¢ Reaction run at 110 *C
in toluene. ¥ Reaction run at 60 °C. ¢ Reaction run for 72 h.

cat. 14 QTMS
CHO (2 mal%) ~-COs;Me
/\@, OMe O
OZMEt?O RT :
Ta
j/\ Sy AT TNy AT
l\y #6..0 Pt ol
PLS0,CF,
C O OH OO o N
N
Ar Ar
1 2

4
Yield [%}5" e.rfsl
2 -
&2 -
<2 =
>99 90:10

Chiral counteranion in asymmetric transition metal catalysis

y CHO ™ R RL__CHC
: \/?{2 " HzNR 9 \/\u g
| R' R 5 2
! HO P“OR* R
5 A
: HZO HEO
i R H
l £ z /
. H= ‘;P? (‘N'R ?
H I ] QR* | ,/2 071 OR*
' "“R2 RN -
! D R PdP R?, B
i "RO, OR*
i ‘Q,Pg\
; *BPd H. R
: &/Pd (\N
: % ) Rl =
i Tsuji-Trost-Type allylation . H
e C &
B up to 0.01mol% catalysis
CF,
CFs
Me;Si-0' '
S:Dz H O
CFy
OSiMe;
" oMe
CF; /l S
N~ Me,Si z i Z
OMe OSiMe,

Angew. Chem., Int. Ed. 2010, 49, 628, Transition metal catalyzed epoxidation

chiral ligand ~,\' - achinal ligand
Bu-. me H B e, "“N'—’i!
N__ N
&%\ wai\dl’) O‘b Q N ob
TR S e S By g\;‘} Bus =By
{ ZFWQ
achiral counteranion K{ o B
" ehiral counteranion
N9 ) . =
R
R
}'m‘R >\;

O i
2

L \:>
Figure 1. Design principle and modeling of a chiral ion-pair epoxida-
tion catalyst (R = CH; in 3D model).

B Cationic Mn.salen complexes are C2-symmetrical
and inherently chiral.even when the salen ligand itself
is achiral

M In case of the Jacobsen.Kastuki epoxidation, the
chiral backbone of the salen ligand fixes the complex

in one of the two enantiomorphic confirmations

H Chiral counteranion should also be able to
induce a preference for one of the two
enantiomorphic conformations.

up to 98% yield
up to 96% ee
R taizh PhIO (1,2 equivi - r
R e (5 melt} \{I‘ -y

CgHg, RT, 24121 Q
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Toste, F. D. et al. Sicence. 2007, 317, 496.

precedent work J. Am. Chem. Soc. 2007, 129, 2452. A PR O —— PPCH
B The preferred linear geometry of gold(l) complexes g T L f Ly
places the chiral phosphine ligand distant from 1 2

the reactive center.

Key cationic intermediate?
a Tsolated yield after column chromatography. ? Determined by HPLC.
¢ Catalyst prepared in situ by stirring for 5 min in DCE before addition

to substrate. “ OPNB = p-nitrobenzoate. * ODNB = 3.5-dinitrobenzoate. F”O
L enr-2. o=\ o
o-y ©
LAu® e
_— . " " s R lon pair
B The remaining coordinated counterion was crucial for TN
stereo induction (entry 2). R

— They hypothesized that replacing chloride with a

larger coordinated counterion would affect the W Applicable to Hydroamination

i
]
! = O™
i O i <o lj 2z L=3,X=BF 5% vield, 8% ee
Scheme 1. Dinuclear Gold(l)—Phosphine Complexes ! PRy PRy L=4,X=BFy 68% yieid, 0% se
= ! PR o PRy L=5 X=BF{ 79% yield, 2% ge
» - P-AUX LoPpux] Y o P-Au] 2T XTY ! OO . L= d, X = 4-(NO)-CoHa-CO; 83% yiatd, 8% 2
T | g s | |
P-AuY P-Au - P-Au i 3,R=Ph 5, R = 3,5-+-Bup-4-{CHz0)-CeHp
| & R=25{CHgh-CeHs
A 1
Table 1. Gold(l)-Catalyzed Asymmetric Hydroamma:on : B A OH o B A . ;\% o)
: Nes G
NHTs catalyst o [‘ y; 3 : i 1 S 2
U 0.3 M DCE, 23°C /_b : ~ R
1 2 ! P 0.0 L = PhaP (5 mal%), X = (R}-6 (5 mol%) 9% yield, 48% ee
i oo L = dppm (2.5 mol), X = {R}-6 (5 molt) 76% yiekd, 65% ee
time  yield® es? 1
entry catalyst {h) %) (%) i OO R
; 6. R =2,4,64-Pry-CgHp
1 3 mol % (R)-xylvl-BINAP(AuCl); 05 82 1 !
6 mol % AgBF4 ! c " u
> 3 mol % (R)-xylyl-BINAP(AuCI);; 0.5 81 5] ; o~ O 5 ol dppmiAUGz, § mot® Ag-(R)-6 (j/ﬁ\r(J}
3 mol % AgBF¢ | \J/ solvent i
3 3 mol % (R)-xylyl-BINAP{AuCh:: 24 27 98 ! 1 2
6 mol % AgOBz® 1 CHaNO, 60% yieid, 18% ee CTHE 3% yield, 76% e _
4 3 mol % (R)-xylyl-BINAP(AuCl); 24 76 98 ! acetone T1% yieid, 37% ee ! benzene Q0% yield, 97% ee !
6 mol % AgOPNB*! ; mmmmmmmmmm oo !
5 3 mol % (R)-xvIlvl-BINAP(AuCl):: 17 82 95 ! - 1
e AgODNE* el | M The degree of enantioinduction depends on the
6 3mal % (R)xyly-BINAP(AUOPNB), (4} 17 88 98 : _proximity of the counteranion to the cationic gold
7 3mol % (R)-BINAP({AuOPNB). (5) 15 82 93 ; center (solvent effect)
& 3 mol % ($)-BINAP{AuOPNB);: (6} 15 86 94 '
1§ 3 mf’% e Eﬁg-i%ﬁ;ﬁ%‘iﬁ“gﬁﬂgh (('Q} ,’;i ; 35 M Both AuL and Ag-6 are essential to obtain the
3 mol % (R)-8Y2 S(AuOPNB)» 2 7 2 / .
11 3mol % (R)-CIMcOBiPHEP(AuOPNB), (9) 15 85 97 ; product (no back groud reaction)
1
I
I
]
]
1
]
1
1
1
1
|
. « ege 1
enantioselectivities. !
1
................................................... S NHEDMes I \?’ﬁc’zmﬂw
o 5 L \j 2" __) 97% yield, 96% ee
Table 1. Scope of asymmetric hydrealkexylation, Entry 8 was performed using (5,5)-DIPAMP ligand -
{7); enantiomeric excess from using dppm{AuCt); is in parentheses. Yields refer to isolated materiat i NHEOMes g s phicHALPAUCH 1 ﬁoz-MUS
3}:3(:5;;0! entry B, which was determined by gas chromatography analysis versus an internal J ” 5 mol% Ag-(H}-6 _;fg;{:_/\ 88% yield, 98% ee

benzene, 25°C, 48 h
N H SObes

¥
. LN,
R2 B2 2.5 mol% dppm(AuCl)s @:we Ph N f:’ \f&’NHSD’-M‘"”‘ T/ t 7 84%yield. 93% se

pbbadipenlll s 1 H -~
a L ,,%(OH 5 mol% Ag-(R)-6 Al _~.0 g2 PN PN 24 28 '\
b R R o RY R 1 |
g\t benzene, 23°C [ Ph |,

2 R e # o S0ables
" 2 < NHSOMes [é\'gi 73% yield, 98% ee
Entry Substrate n " R? R® Time(h) Product % Yield % ge r % 29 7
1 1 1 -EHae H H 1 2 a0 a7 ~
2 8 1 CHy H H 1 15 91 [ I i e i e e e e e i e
3 2 1 ey M CH .S 18 = 8 B Combine cayayst (chiral ligand +chiral anion)
4 10 1 CHe H OHy 2 7 ™ 99 afforded better results in hydrocarboxylation
5 1" 1 -(CHz)s~ H Ph 30 18 86 a2 ;
2.5 mol% L(AuCl), H
1 12 1 (CHgle-  CHa H 13 19 90 90 Y.A/Y OH 5 mol% AgX Y\to ol
7 13 2 CHa H H 15 20 81 90 o benzene, 23° C, 24h 4 -}4
8 14 2 <H H H 24 21 96 92 (80) e 3
LA I S ’ L = (R)-3, X = 4-(NO)-CeHa-GOO" 80% yield, 38% ee (R)
__— N L = dppm, X = (R)-6 89% vield, 12% ee (S}
B "matched" and "mismatched" fashion (entry 8) L ={R)3, X = (A)6 91% vield, 3% ee (R)
Substrate 14 is typically very resistant to highly L=($)3, X = (A6 88% yield, 82% ee (S)

enantioselective transformations
Further scope; Angew. Chem., Int. Ed. 2010, 49, 598.
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B Does the pursuit of atropos ligands always result
in efficient asymmetric catalysis?

OO

Scheme 1

Atropos

(R= NO2, R'=COzH

Tropos
"(R=H, R'=CO.H)

ey

Atropisomerism of biphenyl compounds

M Biphep ligand with a torsional barrier of (21~23) kcal/mol

would rapidly isomerize at room temperature

E Arz t Ar2
ZPoAS X b = P~AuCl
e
= p-Au® X*~ (/ p-AuCl
- | Ar, Qs | Ar
(8)-1-Au/(S)-2 (S)-1-AuCl
Au
e C
- a i
Asymmetric
Catalysis
biphep: 1a (Ar = Ph) ‘Au N
dm-biphep: 1b " ¥+ = Chiral anion
(Ar = 3,5-Me,CgHs) p-—Au" X (Sy2
Al'z
(R)-1-Aul(S)-2

Scheme 1. Strategy of this work. a) Axial chirality control of tropos
biphep-gold complexes 1 by using chiral anion 2. b} Isolation of
chirally stable enantiopure biphep-gold complexes below room tem-
perature. ¢) Application of enantiopure biphep-gold complexes to
asymmetric catalysis.

=S =
Ary | | A
Lis AuCE FNF 0,0 CeHs X PAU™ X
B ik
2 -pruCE P -0 NaAg 100°C, [y—p-AUT X

14h |l

ﬁ

3 A
ks Ary !\_}:/ S Tf  An
rac-1-AuCl (S)-3b-Ag (2 equiv) (R)-1-Au/(S)-3b

1a: dr 93:7
1b: d.r. 96:4

Scheme 2. Chirality control of biphep-gold complexes using chiral
N-triflyl phosphoramide anion 3 b.

Aly
P—au® X+~
p-AuT X
Ary
(S)1-Auf(S)-2e 1a: d.r. 100:0
1b: d.r. 100.0 1b: d.r. 96:4
CHLCly CH,Cly
.HCI
conc 10°C.3h conc. HCI 0°C,3h
~=P=AuCl
S + (5)-2e- ‘ + (S)3b-t
~Al
v quant quant.

(S)-1-AuCl

1a: quant. >99% ee
1b; quant. >89% ee

(R)-1-AuCl

1a: quant. 86% ee
1b: quant. 92% ee

Scheme 3. Quantitative isolation of enantiopure (5)- and (R)-1-AuCl
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(RM1-Au/(S)-3b 1a:d.r. 937
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1
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!
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!
1
.
:
1
'
1
:
!

complexes without isomerization and recovery of the chiral anion. ¢

\
:

Table 1: Chirality control of biphep-gold complexes using various chiral
phosphate anions 2.7

2N

( 1 An A!’

S PAuG \/ Ppu’ X

+
< T p~AuCl S -p-Au”
[L/ ﬁrZAUC I\/;* P
{S)-2-Ag (2 equiv) 1-Aul(S}-2

Entry  racl (S)2  Solvent TPC) tth dxl
1 1a 2a acetone RT 1 52:48
2 la 2a acetone 20 14 75:25
3 1a 2a acetone 100 14 75:25
4 la 2a benzene 100 12 53:47
5 1a 2a THF 80 12 71:29
6 1a 2b acetone 100 14 96:4
7 la 2c acetone 100 14 99:1
8 1a 2d acetone 100 14 100:0
9 la 2e acetone 100 14 100:0
10 1b 2a acetone 80 14 87:13
11 1b 2b acetone 100 12 89:11
12 1b 2¢ acetone 100 12 100:0
13 b 2d acetone 100 6 decomp.
14 1b 2e acetone 100 6 100:0

[a] The use of 2f and 2g led to decomposition upon heating. [b] The
diastereomer ratio of [{5)-1-Au/(S)-2]/[{R)-1-Au/(5)-2].

|
|
)
|
|
!
1
1
1
1
1
|
|
|
|
!
1
1
1
1l
1
1
1
1
:
! rac-1-AuCl
1
|
1
1
1
1
1
1
1
i}
1
1
i
i
i
i
i
1
|
i
1
1
1
1
1
1
|
1
1
1

B Au-Au contact

U sheclern

— v g T d

e
\Xg B = stacking interactions

between the two aryl groups
on thephosphmes

Figure 3. ORTEP view of enantiopure {S)-1a-AuCl complex showing
Au-Au bonding,. Ellipsoids are at the 509 probability level; hydrogen
atoms and the solvent molecules are omitted for clarity. Selected bond
lengths [A} and angles [°}: Aul-Au2 3.0992(3), Aul-P1 2.2347(18),
Au2-P2 2.2383{19), Aul-Cl1 2.2965{18), Au2-CI2 2.2897(19):
P1-AUT-CIT 168.77(6), P2-AuZ-CI2 173.76(6).

Table 2: Thermodynamic data for the isomerization of enantiopure
(S)-1-Aucl complexes,

Entry  Complex tyyy () AG* [kealmol % [a],

1l (S)-1a-AuCl 406 26.2 +12.84
28 (S)-1b-AuClt 4097 27.6 +38.6"
3 {5)-1 b-AuCl 987 26.8 -

[a} In dichloroethane. [b] In acetone. [c] At 27°C (300 K). [d] At 25°C, c=
0.5 in CHCl,. [} At 27°C, ¢=0.5 in CHCl;,.

(S)-1b-AuCl (5 mol%)

= o Ts
" \/\/I\JNHTS AgOPNB (10 mol%) R\K It
(CH,CI), ; ./
R ahd 10°C, 96 h

5a: 70% yield, 91% ee
5h: 61% vield, 75% ee
5c: 41% yield, 85% ee

a: R =CH;
b:R= ’CHQ(CHQ)gCHQ"
cR= —CHZ(CHz}:;CHQ*

Scheme 4. Enantioselective biphep-gold catalyzed intramolecular
hydroamination.

7110



Jacobsen, E. N. et al. J. Am. Chem. Soc. 2007, 129, 2452. Pictet-Spengler-Type

1a: Ry=Ry;=/Bu

Ri t-Bu S Q

N ;
‘;{“ﬂ N\(_r© 1b: Ry = CHy, Ry = n-CsHyy
\/

N =
H chy

@ Unless noted otherwise, reactions of hydroxylactams generated by
NaBHj4 reduction were carried out at —55 °C, while those generated by
alkylation were mn at —78 °C. ?Isolated vield determined after flash
chromatography on SiOs. @ Determined by chiral SFC analysis on com-
mercial columns. The absolute confignration of 3d was established by X-ray
crystallographic analysis (see Supporting Information). 9 Reaction mun for
72 h at —55 °C with 15 mol % of 1b.

|
'

'

)

'

I

o X o o )OL :
Rs-NJLR‘ axtelyat Rs‘ﬁJLR‘ Rs.NJLm catalyst Rop, :
/}‘ R A A &2 X )
R TRy N Ry Ry Ry "Rz b Ri") Ra \
Nu X Nu ;

|

'

Table 1. Asymmetric Cyclization of Hydroxylactams Catalyzed by 1b :
R1 o 1b (10 mol%) R :
TMSCI, TBME i

R % N TR T R § N0 '
2 N“HO -55°Cor-78°c? ¢ N § !
Ra H Ry n'1 2 24-72h Ry H Ry n=12 h
2a-0 Ja-o0 ;

)

yield® eaf !

entry product substituents (%) (%) !
n=1 :

1 3a Ri=R;=Ri=R4y=H 90 97 !
2 3b R; = OCH. =R3=Ry=H 86 95 1
3 3c Ry=H,R,=O0OCH;. R3=Rs=H 51 90 :
4 3d Ry =Br,RBs=R;=Rs=H 88 96 !
5 3e R;=F,Ry=Ry=Ry=H 89 99 :
6 3f R;=H.R;=F,R;=Ry=H 94 97 :
7 3g Ri=Ry=H. R;=CHisRy=H 91 93 '
8 3h R;=R;=Ry=H.Ry=CH; 92 96 i
9 3i R;=R:=Ri=H.Ry=n-Bu 74 98 !
10 3j Ri=Ry=R;=H, Ry=CeHs 68 85 '
11 3k Ri=0CH; R,=R3;=H.R;=CHjs 84 91 !
n=712 :

12 31 Ri=R;=R;=Ry=H 52 81 i
3 3nt Ry=Ry;=R;=H,Rs=CH; 63 92 ;
14 3n Ry=Ry=R3=H.Ry=n-Bu 65 96 '
59 88 l

154 30 § N0 '
:

|

h

1

'

'

1

1

1

1

1

8
R‘.N)Lr:i.R
Heg H
@ "\,
O _Cl 0. Cl
U thiourea (\j NuH CO Nu+ HCI
--------- > RRREELELES
R R/ R
4 5

TBS
Ba (1.5 equiv)
Oi-Pr o o
catalyst (10 mol%)

TBME, -78 °C. 6 h
9a COs-Pr

W@

6: X = OMe — BClz, CHzCla
7%-0 = oGton

Me t-Bu i Jé\
10: R‘: R?=H
11: R'= H, A? = Me
12: A= Me, R2=H © 1, Hz Ph
15; R = 4-F-Ph
16 A?=H
entry catalyst  conversion (%)’ ee (%)"
I 10 88 63
2 11 69 54
3 12 97 73
4 13 78 —41
5 14 96 81
6 15 98 85
7 16 59 42

Table 2. Substituent, Counterion, and Solvent Effect Studies
o b (10 mol%)

TMSX
oy 3 e (g 0y
solven
H e R temp., time ﬁ R
temp time conv?® ee?
entry solvent X R {°C) (h} (%) (%)
1 TBME Cl H - 78 8 12 99
2 TBME 1l ~CH; -78 g gs) 96
3 TBME cl o THT =55 23 80 97
4 TBME Br H 55 23 2 (68
5 TBME 1 H ~55 23 75 \&5/
6 TBME Cl H w55 8§ 63 91
7 THF Cl H 455 g »95 34
8 CH»Cly Cl H ~55 8 »95 <3

@ Determined by H NMR. ® Detenmined by chiral SFC analysis on
commercial columns.

B Rapid and irreversible formation of the chlorolactam
B entry 1 vsentry 2
B Halide counterion effects (entries 3-5)

B solvent effect (entries 6-8)

Scheme 2. Proposed Reaction Mechamism

O
Crg s
HO :

N R RN ¥

ot H[? S
Qi — QB s @@C,g

Syl-type
pathl g}\j
@;ilzj 4c

-Bu 3

Org. Lett. 2009, 11, 887. \Weak Bregnsted acid

catalyst (20 mol %)
fo Bl o R M
NH
x<e=l 7 BzOHECmol %) X ) ANH
N RCHO (1.10 equiv) Nz
H toluene, rt H R
! CF, 39-94% yield
85-99% ee
Me i-Pr S
j]/\m CF,
calalys'l

Scheme 1. Bronsted Acid and H-Bond Donor Co-catalysis

S HX

R \FI‘JJLI'IQ'R'
H H

product + HX

S S
R* . ree AL R
\{fJLv,R ngw vy
Y
o N EE H. R
‘X' @;—i H R ),{
e H
\, A
R* ‘
ot Qﬂ&. O ¢
N
b A I H R
X
(=]

strong achiral Brgnsted acid (TfOH?) + chiral thiourea
Science in press
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(A)AWater—Mediated and (B) Chiral Lewis-Acid Catalyzed Scaleable unnatural a-amino acids synthesis
“ ® " + NfCHPh’J TMSCN (2 equiv), MeOH (2 equiv), N,CHPh)
NH HOONTT Y NH; JI 4, foluene (0.2 M), =30 "C, 20 h )\
+ HoN _2H:0 H, L ‘o-H R7CN
K i ® B Hg}\CN # L
. ":—;é Ma rBu x
- - - . N
B Proton transfer from HCN to the imine, resulting in Y\
the formation of a reactive iminium/cyanide ion pair o ;g=g
B a‘:’iN"w % entry cat, imine 2 (R =) oal. {mo! %) yiold® {3£) oe® ()
i 4u rert-hutyl (u} 2 94 93
NR' 2 NHR' 2 da pOMeUel (b 2 95 9
I+ Hon Lewiadd SETREPRS 3 de p-McCiH, (o) 2 o8 oy
ik & e ‘)L'r"vsu e ponogee, 12 oon
0‘ O 6 4u l(F\Lg]LlfI 2 9% 96
N A
M Protonation is proposed to occur after nucleophilic W w b
addition
— . Scheme 5. Limiting Mechanisms for Imine Hydrocyanation
B Kinetic studies Proceeding through (A) an Iminium lon or (B) an a-Amidonitrile
rate = K[HCN[“[imine*[cat]S, Anion
A F & .
k=058 +002M 5" a= 109+ 002, b= i B WL o e T
1.06 & 0.01, ¢ = 0.812 & 0.007 = R1) B e
deviation from 1st orderl
N e B 2 »
(a) No significant catalyst deactivation yRe  HCN eN_RZ ® anRe
("same excess" experiment) | — X + H |
(b) Uncatalyzed background reaction is Ry RGN Ry CN
negligible AorB??? - =
"""""""""""""""""""""""""""""""""""" Do = =27 & 02; P = —2.5 £ 02

B Hammett plots

The first-order dependence on both
[imine] and [HCN] observed

An increase in positive charge at
nitrogen and faster rates are
expected with substrates that better
stabilize that positive charge

109 (Koens)

: The imine reactant is not associated
with HCN or catalyst in the resting state

— Iminium ion mechanism
(Scheme 5A)
Catalyst 5 also gave the same results Eatry Catalyst ki o AAG (keal/mol)®
CF3 CFy [ G 5 §Fs {4a) Lo 4717 1.86 £ 0.07
S
e el i
FiC NN o 2 o 13u «@ 6a) 010 32%6 1.67 £ 0.09
g e
B H-bond donor alone is sufficient ; = R R
for efficient catalysis of this reaction . ey [y . 6 L Sl
Ph O
B Less electrondeficient anilines leads to a i S, 4b) 065 239404 1,532 0,01
substantial decrease in activity without L e g @
substantial change in enantioselectivity OB
(entries1-3) 3 ik (4¢) 032 128%02 1234001
W Urea-derived catalyst 4b is slightly less ph\,ﬁ;'ﬁ“ui“@m
active and enantioselective than 4a fle o MM
(entries 1 and 4). 6 % @dy 027 55%0. 0.82£0.01
Me HBu g5
., i . i oh. N~ JJL /@
B The amino acid-derived portion of the catalyst b - s
affects both activity and enantioselectivity i & . 9 Gdbdell  oosssoen
(entries 1, 5-10) yo ¢ @
MEYNY\E’U\,’.‘: 5,
. . . X . Me O ’
B The (R)-enantiomer is the _ma]or.product in reactions 8 . O U T —
promoted by (S)-amino acid-derived catalysts in all v §
but one case (entry 8). ue gy e
9 i (4g) 0.42 6.00£0.04 0.865 + 0.003
B Catalyst 4a is both the most enantioselective and s 1’(“%’\“}!1” .
the most reactive catalyst identified in this series Moo foH ‘
o ) ) 10 cFs @m 004 1782007 0.28 +0.02
= Not only destabilization of TS leading to (S)-enantiomer NS Q
but also stabilization of TS leading to (R)-enantiomer?? YA RN e 9/10




B Computational analysis

1. Addition of Hydrogen Cyanide to Thiourea-Bound Imine

X o Me X Me
H N}\—N_ H N}"N“ 1.64
t-Bu"Z R B t 700
MesN D 2}_5, ’F' VI it MezN™ Ny it
+Bu i
173 % 1.08 ! !
H H, ;216
i 146 "nzd
W
X =8 + 13.0 keal/mo! S:+45.6
X=0:+13.0 O: + 50,9

However rule out because.....

——3 Meph

t-Bu“Z' s

B A mechanism involving a combination
of amide-HNC and thiourea-imine
interactions has a high activation barrier
but is viable

L “ M Proton transfer from one of the

N-protons of the thiourea occurs to the
imine nitrogen simultaneously with cyanide
addition

Expected to lead to positive charge
development on the imine

consist with Hammett plot

B Thiourea 4a catalyzes imine hydrocyanation of a range of substrates only slightly more rapidly than urea 4b

B Deutrium experiment

Me &Bu o
Ph r'qT‘)\NJLN (40 moi%)
Ph
T NN
Ph O
N Ph 7b
! >
Q) TMSCN, MeOD (2 equiv)
Me 7:1 CoDgftoluend.dy. 0 °C
26 (0.08 M)

Hydrocyanation of imine 2¢ proceeds more rapidly
than hydrogen/deuterium exchange between DCN
and N-proton of 3b

2. Addition of Cyanide to Catalyst-Bound Iminium lon.

— — %
S Me S Me S Me
Ho PN Ho BN Ho N
ey ™ . rezo r-Bu"z N-H_ f"z,as r-Bu"Z N-H_ fﬂzm
Me,N o Me,N 240°C MezN ;C,
0 2.49 'Fg 2N N2 .;\\le N o 241 g
’QG-H e J1.39 »> 158
N_:’m 9/ ®/
Me~ ?——r&fu Me! ?—»f-ﬁu Me'h\?zt-ﬁu
H H H
A B c
E = +12.2 kcal/mol +17.1 +16.7
- s
S, Me S, Me
Ho N Ho N
N H w—N
HBL*( H.. . 218 +Bu 2 Yoo o 215
MegN 095 “Nice MesN o) 235 N,
“2.14) Ry B
— 222 "’-QE_-t 1360 | w202 T, \ tBu
R \ ¥
@l i thu N
Me” X Me H
H
D E
+21.7 =127

M Proton transfer from HNC to imine to generate
a catalyst-bound iminium/cyanide ion pair

B The overall activation barrier for HNC addition
is slightly lower than for HCN addition

B Consistent with the Hammett analysis
B Consistent with the experimental observation

that a-aminonitrile N-proton originates from
the nucleophile rather than from the catalyst

W 20 kcal/mol lower than hydrocyanation by direct
addition to a catalyst-bound imine.

10/10



