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Planar Chirality
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The same applies for Cp-rings, rigid paracyclophanes and other aromatic systems.



Reactivity changes upon complexation
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Planar chiral ligands in industrial production processes

Ligand used by Lonza
AG for the
rhodium catalysed
asymmetric
hydrogenation of a
tetrasubstituted alkene

Ligand used by
Norvatix for the iridium
catalysed asymmetric
hydrogenation of an
imine

®)
PPh, P('Bu),
HN NH
Me
| HﬁH
Fe |
D s~ coH
(+)-Biotin

Me

(S)-Metachlor

A. Togni, Angew. Chem. Int. Ed. Engl., 1996, 35, 1475.



Ny [(n°-C4H7)Pd(cod)]BF 4L : Z
. Me
pph2 49%, 92% ee
' | ™S
Cr
(CO)s

Salzer and Vogt, OM, 1999, 18, 4390.

CO,Me [Rh(cod)Cl]o/L*, H, /COzMe
— /N
Me NHCOMe Me NHCOMe
e 100%, >95% ee
PCy

pph,
Cr
(CO)3

Salzer and Togni, OM, 2000, 19, 539.

0 OH

OEt [Rh(L*)OCOCF ]/ Hy OEt
Me > Me
0 Q 0]
| N

Cr ~PCp,
(CO);

Agbossou-Niedercorn, THL, 2001, 42, 2809.

A /\ [Rh(cod),]BF/L* R H202/NaOH
Catecholborane
up to 86% ee
th N Pth
\ /
(CO)3 (CO)3

Chung, OM, 1998, 17, 3236;
THA, 1999, 10, 347.

OAc  [M*CsHs)PAX/L*  MeOC
/\/k [CH(CO,Me),] N /%/\[
o o Ph *“ph

Ph 0
S

j | PPh,

C Cr
(CO)s (CO)s

(S), 93%, >98% ee (R), 89%, 92% ee

Chung, THL, 2000, 41, 5083.
 Nelson, OL, 1999, 1, 1379.

CO,Me

For a review of this area, see: Gibson and Ibrahim, CC, 2002, 2465.



Me B 1* Me

H
sMe
W, CCOmA || (] ™
> -NMe
Bu,O/THF JPtde 2
(CO),Cr~ ]
HR Me
@ Me . t-BuLi, -78 °C @
S NM82 > NMeZ
I H 2. RX | R
Cr Cr
(CO); (CO)s
2 96% de
Me
benzylic substitution
OMe 1. base . N
—_— unselective ortho-substitution
2.RX nucleophilic arene addition

Pioneering work was done by Ugi: Ugi, JACS, 1970, 92, 5389; Ugi, JCE, 1972, 49, 294.
Davies, JCS, Perkin 1, 1987, 1805.
Heppert and Aubé, OM, 1988, 7, 2581; Heppert and Aubé, OM, 1990, 9, 727.



@/\OH Cr(CO)g . OH

R'OH, H*
Y
. 1. B*/LiCl ‘ OR'
2. R%X C
high yield R' = Me, Bn
up to 99% ee R2 = alkyl, Bn, SR, SiR,

Cowton, Gibson, Schneider, Smith, CC, 1996, 839.



Strategy: enhancing ligating ability of the ether side-chain

Me Me Me O
A O/\O/\/OMe O/\O/\/SiMe3 O/U\r;l/Me
Me
M /Me



Me TMS Me Me
OMe @ OMe OMe
l TMS | TMS l
Cr Cr Cr
Me (CO)s (CO)s (CO)s
1. LITMP, T, t, o o' m
OMe 2. TMSCI, t,
@ - > TMS e Me
.Solvent @
.I OMe OMe
Cr
(CO)s TMS
p
t; t, 84 111 0 o’ m,m’/p
Entry Method T/°C Solvent Additive , , )

(h] [h] [%) [%])* [%] [%] [%]
1 EQ -78 THF - 2 3 27 63 42 6 52
2 EQ -78 THF - 05 3 23 56 52 - 48
3 EQ -100 THF - 05 3 59 31 45 - 55
4 EQ -78 THF LiCl 05 3 37 48 52 2 46
5 ISQ ~78 THF - - 1 93 - - - -
6 ISQ =78 THF - - 5 14 63 60 trace 40
7 ISQ -78 Hexane - - 5 88 - - - -

* Isolated yields. ® Ratios from the 'H NMR spectrum of 111.



Me . Me
@/I\' o /\O ~_-OMe O /\O A~ SiMe;

mixture of silylated products mixture of silylated products
(asymmetric methylation gave 98% ee) major product: metal!

Me O
/U\/Me

O
Me

mixture of silylated products ((asymmetric methylation gave 92% ee))
major product: para




A possible solution...??

R'OH, H* OR1
tBu

1. B¥LiCl
2. R?X

R 1L|TMP
| 2. R3X

(CO)sCr




/@AOH Cr(CO)g, 135 °C, 48 h OH
- Bu,O/THF, 10:1 -

(97%)

1. NaH, reflux, 30 min H,S0,, 50 °C, 3 h
(88%) | 2. Mel, 60 h, RT (97%) | 2 MeOH

THF

(96%)
1. t-BuLi, -78 °C, 1.5 h
2.BnBr,3h

Y Me
1, t-BuLi, 78 °C, 1.5 h )\
~oMe Cr(COJ. 135°C, 48h @ OMe  2-Mel, 1.5h ) /@ OMe
t BU,OTHF, 10:1 THF -
Bu (96%) Bu (92%)
A
Cr(CO)s, 135 °C, 48 h, .
Bu,O/THF, 10:1 (97%)
Me Me

1. NaH, reflux, 30 min

/@Ao Meli, 78 °C OH 2. Mel, 48 h, RT, THF ‘ OMe
By THF (86%)

(98%) 17 : Bu




Me

t _Q__l©
Bu
OMe conditions OMe

. | SiMe;
THF (CO),Cr

Me,;SiCl, LiTMP, -78 °C,5.5 h (60%)

1. LiTMP, -78 °C, 1 h

(89%)
2. Me;SiClL, -78 °C = -45°C, 12 h |

1. LiTMP, -78 °C, 1 h
2. Me,SiCl, =78 °C, 2 h, (98%)
~78°C = RT, 1h



Me Me SiMe; Me

t /¢ ( >
Bu . ~“OMe hv,6d OMe Cr(CO)g, 135°C, 48 h Bu . ~OMe

SiMes Et.O Bu,OTHF, 10:1 |
t, - SiMe, Uz , 10 (CO)sCr
(80%) (94%) 92% de 1!

(CO)sCr
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R2 1. LITMP, =78 °C, 1 h ,
2.E*, -78°C, 2 h, R
~78°C~RT, 1h

| . CHO | OH

(CO)Cr (CO)CrPh pp (CO)sCr

36% (unoptimised) 93%

Me | | Ph
tBuOMe tBuMe

| PPh | PPh;
(CO);Cr (CO)Cr

93% 87%

Gibson and Ibrahim, CC, 2001, 1070.






Model for the observed diastereoselectivity




OEt

1. LiTMP, =78 °C, 1 h
2. (PhS),, -78°C, 2 h,
_78°C—=RT, 1h

THF




Synthesis of optically active complexes

R? 1. LITMP, -78°C, 1 h ,
1. B*, LiCl, =78 °C, 0.5 h 2.E*, -78°C, 2 h, R
M 2 oM _78° B
OMe 2, R% R e 78°C—=RT, 1h  Bu 3 OMe
THF By THF | R
(CO),Cr
R2X = Mel 94%, 96% ee

R2X = BnBr 92%, 97% ee




1. t-Buli, -78 °C, 1.5 h

» THF

£
Bu (95%)

1.B*, LiCl, -78 °C, 0.5 h

OMe 2. PPh,CI, 50 min
- THF

(90%)

Y

97 % ee

Gibson, Ibrahim, Pasquier and Steed, TH, 2002, 58, 4617.



PPh,  1.LITMP,-78°C,1h PPh,
2. PPhyCl, -78°C, 2h, |
OMe -78°C—RT, 1h Bu Q© ~OMe
. | ~PPhy

THF (CO)sCr
97% ee (98%) 97% ee

By

rac-Hasiphos



Application of (=)-Hasiphos in the intermolecular
asymmetric Heck reaction
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. For an excellent review, see:
i ) Shibasaki and Vogl, JOMC, 1999, 576, 1.
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| X = CO
X N/SLNJ X = CH,
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Quadrigemine C
A1 s s
@)
(0]
N Pd(OAc),, (R)-BINAP 0]
Bn H PMP,80°C,4 h N .\ _ N
—> z H z
5 (82%) o
OTf OMe N
Bn : Bn
96% ee 98% ee
15 : : 85

Overman, ACIE, 2001, 40, 1439.



@)

PPh, MeO PAr, . O PPh,
O ¢ i

\ [Pd] /L (cat), base, A / -
+ PhOTf > wupp Yt Bh
o) 9)
142 143

Q.. O
NS 7,

PPh, MeO PAT, PPh,

(R)-142 46%, >96% ee Ar = 3,5-(-Bu),-CgH3 (R)142 84%, 91% ee
(S)-143 24%, 17% ee (S)-142 ca 65%, >98% ee (Tietze)
(Ozawa and Hayashi) (S)-143 ca 3%, >98% ee

(Pregosin)

o)

l\)
Ph,P N

By

(R)-143 87%, 97% ee

(Pfaitz)

AN
~
N

Ph,P

(R)-143 68%, 88% ee
(Matkov and Kocovsky)

OSi‘BuPh,
0, AN
| ™ | 0 PPh,
PhP  Nu. PPh; N~ K(N
: Bu

(R)-143 81%, 96% ee (S)-143 99% ee (R)-143 100% convn, 96% ee
(Hashimoto) (Pfaltz) (Gilbertson)
0 SiMe; O
ST
N~ “ipr o
PAr, Fe
CC >,
(S)-143: Ar = Ph, 85%, 74% ee (R)-143 75%, 92% ee
Ar = 3,5-Me,-CgH3, 85%, 86% ee (Hou)

Ar = 3,5-(t-Bu),-CgHs, 26%, 98% ee
(Pregosin)
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3 mol% [Pd],
6 mol % (-)-Hasiphos,

\ base, temp, time /
b+ PhOTf > i

0) solvent ®)
(-)-142

Entry [Pd] base Solvent Temp (°C) time (h) yield (%) ee (%)

1 Pd(OAc), i-Pr,NEt THF 40 34 and 14 78 56

T

o

4 Pd(OAc), PS THF RT and 40 72 and 96 - -
5 Pd(OAc), i-Pr,NEt Benzene 40 42 73 53
6 Pd,(dba), i-Pr,NEt THF RT and 40 72 and 96 28 58




OTf 3 mol% Pd(OAc),,
6 mol % (-)-Hasiphos, O O
{ \E . i-Pr,NEt, RT, 4 d _ / , N .
o) THF o) O O O

63%, 27% ee 15%, 11% ee

lv Gibson, Ibrahim, Pasquier and Swamy, THA, 2003, 14, 1455;
| Gibson, Ibrahim, Pasquier and Swamy, THA, 2004, 15, 465.




Elaboration of secondary benzylic SEM ether chromium
complexes in the synthesis of secondary benzylic alcohols

Me
| 1.B*, LiCl, —78 °C, 30 min
OSEM 2 Mel, 45 min OSEM
By ;-1Ho|/: By
(91%) >99% ee
Me : OH
osem 10eq TBAF, 75°C, 20 h g /@AMG
THF
By Bu
>99% ee 56%, >99% ee
Me 3 eq MgBr», , Me Me
2.5 eq BuSH, '
OSEM RT, 14 h, H,0 OH SBuU
> +
Bu EO By By |

67% 24%



1. LiITMP, -78°C, 1 h

Me

2.E*, -78°C, 2h, Me

(-7 o J t |
@ “"Sosem _-78°C=RT, 1h Bu Q ~OSEM
THF | °E
‘Bu \ (CO)sCr
E* = PhSSPh E = PhS, 94%
E* = Ph,CO E = CPh,OH, 49%
Me Me
t 5eq TBAF,45°C,22h B '
BUOSEM q o UOH
SPh SPh
THF
(CO)sCr (18%) (CO),Cr
3 eq MgBrs,,
Me 2.5 eq BuSH, Me Me
f RT, 14 h,H,0 ¢ tae
BUOSEM ' - . “sBu + O Q ~OH
SPh Et,O | SPh | SPh
(CO)sCr (CO),Cr (CO),Cr
major minor



Intermolecular interactions in triphenylmethanol derived
mono- and dichromium tricarbonyl complexes

Racemic x-ray structure displays isolated homochiral
Me RR-‘RR hydrogen bonds and heterochiral SS--RR
Bu @ oMe  hydrogen bonds between the OH functionality and the
(CO)3C|r P PhOH OMe group in an infinite hydrogen-bonded chain
comprising the sequence: SS-RR-**RR-+-SS§--*8§"RR"*

Heterochiral SS+-RR hydrogen bond ~ Homochiral RR-RR hydrogen bond
induces a twist of ca. 30°. induces a twist of ca. 90°.



The noncrystallographic 4-fold helix of the optically
active hydroxy ether complex

Gibson, Ibrahim and Steed, JACS, 2002, 124, 5109.
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Catalytic enantioselective electrophilic fluorination

CH,CI

| 4 5 mol%

1-Nph 1-Nph
1-Nph 1-Nph
Oll, \\O

MeCN?" l *NCMe

1-Nph = Cl
1-naphthyl Cat 1

Hintermann and Togni, ACIE, 2000, 39, 4359-4362.




Catalytic enantioselective electrophilic
halogenation reactions

5 mol%
38 or 39

MeCN, rt

70 R' = Et, R? = Ph,CH . up to 88% ee
up to 23% ee




10 mol% 59

| PhOQS / CH,Cly, 1t \ n

Ot-Bu + N
PhO,S 1 mol% 60, HFIP
S \\» / " 61

16
Et,O, rt 59: 69%, 92% ee
60: 96%, 85% ee

L = OEi, -
6

RU No _N
/ | ~Cca 3
Ph L th Ph Ph

(5.5)-59 (R,R)-60

H y—=H - ]#
3/' |\> 2 OTf™

-

For a review on asymmetric halogenation reactions, see:
Ibrahim and Togni, CC, 2004, 1107.




F 13 CHZCI




Alkoxylation

CAT

r4-O R?

> Is there a mechanistic resemblance to fluorinations
with F-TEDA?

» Would be a useful synthetic transformation!







Mel, 24-46 h

MeOH, rt

(after recrystallisation)

C|2T|(OI-PI')2
- NO REACTION

MeCN

Dunstan and Goulding, JCS, 1899, 75, 797.




C|2TI(OI-PI')2
» NO REACTION

MeCN, rt

Cl.TiC
3 NOREACTION

CH,Cl,, rt

C) BF4




e

9§ G

O

O O s

increased electrophilicity




Literature:

Khimiko-Farmatsevticheskii US Patent 5,631,372;
Zhurnal (1969), 3(3), 15-19. Poss et al.
Analysis: Mp and Microanalysis




benzene |

(48%)

Farkas et al., J. Chem. Eng. Data, 1968, 13, 278.




Mel, 50 °C, NO REACTION
1.5h
e ac

,L+ | excess Mel,

3Mel [%] X NOREACTION
THE ac, 10 h

Mel, 2 AgBF;

)
. 0O-
(> 90%) .

MeM NT a
2:1 [Sj 9BE.
4

(37%) |

[?H—

i/o |




R 15h ;

CH2C|2, rt ‘ l}j +

O

(quantitative) ~_~©

 No reaction was detected by 'H-NMR in a standard catalytic
run with TADDOL-complex at rt and at 60 ° C over prolonged

reaction periods!!

* No reaction was observed in a standard catalytic run with
benzyl acetoacetate!

eDiammonium salt gave no reaction at 60 ° C.




Catalytic enantioselective electrophilic
hydroxylation

_S0,Ph

5 mol% 38 )S(U\
> R1 RS
CH,CLy, rt

HO R?
up to 94% ee

Toullec, Bonaccorsi, Mezzetti and Togni, Proc. Natl. Acad. Sci,
2004, 101, in press.




Mercaptanation

MeCN

0] O
5 mol% Cl,Ti(O'Pr),, 30 min /“><[ko
K

(65% conversion)

0] 0]
5 mol% Ti-cat* )S<U\ O/\@
S

tol

48%, racemic!

v'Reagent reacts on its own, but slower.
v'No reaction took place with (MeS),.




Cyanation (]?romination)

. ( BF,
\—N—CN

J

L _~_  BICN,-78°C_ \__( 8" Et,OlBF, \_+( BFa

N N—CN > N—CN

) Et,O )

BrCN, 3d .
> no reaction

MeCN

5 mol% Cl,Ti(O'Pr),,
BrCN

MeCN




()
o O 5 mol% Ti* o O
/U\(lk BrCN, 13 h )S<U\
@) > 0]
/\© MeCN Br /\©

racemic!!

1.NaH, rt, 2 h

o) 0 o} 0] 0] 0]
2.BrCN, 3 h
0] - 0] + (@)
THF/MeCN Br NG

12% 58%
(most likely)

o) ) 1.NaH, rt,2h o)
/MH/U\ 2. [Et;NCN]BF,, 3 d \(lL
0 -~ 0
A@ THF/MeCN CN /\©
15%
unoptimized yield

No reaction took place when a Ti-catalyst was used!!!




®
Chlorination/Fluorination

X=Cl,F

 T-shaped, trigonal bipramidal structure
e 3c-4e bonding
* [-X bond referred to as hypervalent bond:
longer and weaker than a covalent bond

e this results in high reactivity of such molecules




4h
RQ' + Nay,S,05 + HCI » R
CH3COOH, 50 °C-rt

R = Me: 92% (traces of iodotoluene)
R = NO,: 83% (81% ArICl, contents)

Cl
35h |

MeO | + KCIO; + HCI ~ MeO !
CCly, 0°C |

Cl

47% (ca. 66% ArICl, contents)

ArICl, are used as starting point for the synthesis of derivatives
bearing other heteroatoms.




5 mol% cat, 1.2 eq.

toluene

conditions

slow addition, rt, 60 min
slow addition, 50 °C, 20 min

slow addition, 70 °C, 15 min
fast addition, 50 °C, 30 min
syringe pump, 50 °C, 105 min

BF,

+
slow addition of OI—CI 50 °C, 20 min




15 min

+ yellow HO + 48% HF4q)
I CH,Cl, rt
Cl

99%, ca. 90% ArlF, contents

F—I—F
O )
48 h
OBn *+ > No reaction
MeCN, rt

5 mol% cat.

|
@) 0]
1.2 eq. py .
> oBn T
toluene, 50 °C £

only traces

Also tried BF; activation below -20 °C, no reaction took place!







Enantioselective chlorination using chlorine!?

O @) 5 mol% cat.

1.2 eq. py
MOB” 4+ C|2
toluene

(slow injection via
a syringe)
t=rt complete conv., 19% ee

t=50°C 61%, 30 % ee




Cl—|—Cl

5 mol% cat.
N 1.2 eq. py
OBn >
toluene, 50 °C

R'=H,R=Me 67%, 71% ee

R'=H, R=0Me 28%, 69 % ee
R'=H, R=NO; 37%, 67% ee
R'=R=Me ca 30%, 70+1 ee




5 mol% cat.
1.2 eq. py

/Uv/“\ /[S/u\ 9-anthracy!

-

67%, 71% ee (60% ee) 82%, 70% ee 68%, 66% ee (42% ee)

) 0O 0O 0O 0 0O
ct - Cl Bn Cl N

37%, 60% ee 83%, 15% ee (59% ee) 82%, 26% ee 83%, <10% ee

Ibrahim, Kleinbeck and Togni, HCA, 2004, 87, 605.




