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The Nobel Prize in
Chemistry 2001

‘ a -
William S. Knowles Ryoji Noyori K. Barry Sharpless

The Nobel Prize in Chemistry 2001 was divided, one half jointly to William S.
Knowles and Ryoji Noyori “for their work on chirally catalysed
hydrogenation reactions”and the other half to K. Barry Sharpless “for his
work on chirally catalysed oxidation reactions”.



Ligands and Other Inventions

 Paul Ehrlich: “Father of

Chemotherapy”
Geist- Good idea
2. Geld- Money
3. Geduld- Patience
4. Gluck- Luck

Knowles, W.S., Adv. Synth. Catal., 2003, 345, 3.



Chirality in Medicine

* A common morning sickness medication in the 1950s was
prescribed racemically
— (R)-Thalidomide was a sedative
— (S)-Thalidomide was teratogenic

* As late as the early 1990s, about 90% of synthetic chiral drugs
were still racemic

Noyori, R., Adv. Synth. Catal., 2003,
345, 15.



Pre-Asymmetric Catalysis Chiral
Synthesis

 Before the advent of enantioselective reactions, chiral
compounds had to be biosynthetically made or resolved

— This was an expensive and time consuming process, especially for
industrial applications

Q Q Q
lipase, H,O \/[L H
O/\/\ > O/\/\ + ; O/
- BuOH :
r Br Br
RS S, unconverted R, converted

e Chiral ligands show a broad scope not seen with enzymes

— Privileged ligands work for variety of rxns



Privileged Ligands
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conjugate addition derivatives Jacobsen, E.N., Science, 2003, 299, 1691.



Modular Structures

* Ligand backbones need to be variable in order to quickly and
efficiently find the best conditions
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Sharpless, K.B., ACIE, 2001, 40, 2004.



First Chiral Heterogenous Catalyst

* Akabori first synthesized Pd catalyst in 1956
* Adsorbed PdCl, on silk fibroin fibers and reduced with H,.

OH
; 0 ’/ ’ 0 CH, y 0 CH,
N\)LN N\)LN ' N\)LN '

O O o™n
Gy Ser Gly Aa Gly Al

Fibroin

1) [Pd], MeOH

\>.— 75 C, 90 kqm/cm -
m 2) HCI H,

[a]p?® = +12.5

Akabori, S., Nature, 1956, 178, 323.



The Road to Chiral Phosphines

1966: After success of Wilkinson’s catalyst,
chiral derivatives wanted

1968: PAMP/CAMP-Knowles
1971: DIOP first bidentate- Kagan

1977: DIPAMP next — Knowles
— L-Dopa synthesis

Industry driven, so asymmetric
hydrogenations very important



First Chiral Homogenous Catalyst

* Knowles replaced PPh; with a chiral phosphine, leading to first
example of asymmetric hydrogenation

Ligand

_CH;'CH(Me)(Et)
“SCH,*CH(Me)(Et)

/ \sp—Me
= \nPr

PAMP

ee

1%

28%

28%

32%

58%

88%

@
-OH C-OH
RhCIL, oy
H,C—CH
H, sl
H
H \ (l;ooH COOH

CcC=—C _ —CH

1
:§ NHCOCH; NHCOCH,

Knowles, W.S., Chem. Commun, 1968, 1445.



DIOP: The Game Changer

 Kagan and Dang introduced DIOP in 1971

%, "

> —_— ) —

HO CO,Et M60><0Me 0><3 2) TsCl, Pyr o><) o><o
DIOP
Ry R [Rh(DIOP)CIS] Riy 1R,
= SN
H CO,H TEA, Benzene/EtOH CO,H

Up to 85% ee,
when Ry = Ph, R, = NHAc

Kelley, C.J., J.Org.Chem., 1968, 2171.
Kagan, H.B., J. Chem. Soc. Chem. Commun., 1971, 481.



Design Features

* C,Symmetry- Many of the
privileged ligands today

exhibit
| PPh,
— Equivalent P atoms reduce the
number of possible isomers and ’

reaction pathways

— Also reduces substrate/catalyst

arrangements o000

— Helpful for mechanistic studies
due to simplicity

* Greatly influenced ligand

development from this
point




DiPAMP and L-Dopa

 Knowles developed the first industrially useful catalytic
asymmetric process

COOH  ac.o C
/ o
NHAG N=C, b 27

CH30 CHSO NHCOCGHQ',

DL mix
COOH . COOH resolv@_
‘AcO CH,—CH . A AcO CH=C OMe /_\
| NHac  [Rh(camp)xcod)] NHAc *
| CH,0 CH;0 p coo@ _©
L isomer \\ H* Ii!—-CHz—C H

\\ R=Ph: BRK/IP 58% ee  NHCOCgH; DiPAMP
COOH R=Cy: CAMP 88% ee 95% ee

| 1. form
HOQCH;—?H
NH,

HO

L-DOPA

Knowles, W.S., Adv. Synth. Catal., 2003, 345, 3.



CAMP and DiPAMP Synthesis

e Synthesis starts from trimethyl phosphite and uses (-)-
Menthol as a recyclable chiral resolving agent

OCH, H,CO OCH,
? 0
(CH;0)P + MgCl —— [(CH,0),P —» | H,CO—P —
CH,
5

OCH, OCH,

oM
o ()Menthol g
HO—"I’ —_— C|— P o + O=P"“\CH3
CH3 CH3 O=P., - OCH3
} "/CHs
6 OMen

8 9

20% R isomer 80% S isomer

Knowles, W.S., Adv. Synth. Catal., 2003, 345, 3.



CAMP and DiPAMP Synthesis

e Synthesis starts from trimethyl phosphite and uses (-)-
Menthol as a recyclable chiral resolving agent

H,CO

O==P.niCH, HSICl,

TEA +PICH,

OCH,
OMen /
O=Pl.‘\\\CH3 H2

0
OCH CeH:MgClI I 1 -C
@ L 2T P (R) (1,;MP
CH, cu"!
OCH, \
9 CeH
10 . veHs
+ Menthol OCH; HSiCly i {: p-..uchz};
[o=p..u|ICH <]-— Bug OCH;,
2 2
CgHs

(R,R)-DIPAMP
13 14

Knowles, W.S., Adv. Synth. Catal., 2003, 345, 3.



Design Features

DiPAMP more stable than
CAMP

— Also exhibits important C,
symmetry

Why is OMe important?

— Only made successful ligands
with anisole group, but others
have had little success with
anisole

Common intermediate
important for screening

E ot :; :
P‘
OMe
OMe
@P’
'®



BINAP Comes On the Scene

* BINAP first synthesized as a new Rh hydrogenation ligand
i, (CoHs)oN Ha_Hs
/l\/\)k/ Li, (CoHglaNH )\/\)\)\N(Csz)Z

myrcene diethylgeranylamine

i + Hsg Hg v
[RR((S) blnap)]= )\/\>\/l\ _>H3O )\/\/l\/CHO

>
N(CzHs)o

(R)-citronellal enamine (R)-citronellal
96-99% ee
ZnBrs é\ H,, Ni cat é\
——. ——
: OH : OH
2\ A
H 0 isopulegol (=)-menthol
Catalyst (precursor) Reactive intermediate in the 1,3-hydrogen shift H 3

COr . OO, s
Pt L Pt N N
R Rh

- ~ P
Ph, Ph,

L', L2 = THF, acetone L = THF, acetone, n'-enamine
L'-L? = COD, (S)-BINAP, n®-enamine
L' = L2 = N-coordinated enamine Noyori, R., Adv. Synth. Catal., 2003, 345, 15.

W,



BINAP Synthesis

e Synthesis more difficult than expected from 1974-1978

OO 1. [{(dimethyl(1-phenylethyl)amine)PdCl},]
OH 2. NaB(CgHs)4
ool

+ e +)-BINAP
(£} OH — & 3. fractional recrystallization

OO 4. LiAHs

O P(CgHs)2 P(CgHs)2
O P(CgHs)o P(CgHs)2

(S)-BINAP R)-BINAP

OO 1. camphorsulfonic acid
P(O)(CgHs) (or 2,3-O-dibenzoyltartaric acid)

+)-
) P(O)(CgHs)> 2. fractional recrystallization

OO " 3 SiHCs, (CoHs)N

Noyori, R., Adv. Synth. Catal., 2003, 345, 15.



Design Features

* Fully aromatic, axially C,
symmetric

e Steric and electronic
properties easily tuned by
substituents on the rings PPh,

PPh,



DuPhos

While working at DuPont, Burk synthesized a new type of C2
symmetrical chiral diphosphine Iigand

OH 1. SOCI;
)\/Yn 2. nuc:3 nage
R g7
OH §

(A,A)3a, R = Me

(A,R)3b, R = Et 4
(R,R)-3¢c, R = n-Pr
(S,8)3d, B = I~P7
R
1. n-Bull E
2.4 (2 eq) % / \P
/ \ 3. n-Buli P é
H,P Ha
R R
(S5,5)+18, R = Me
(S,S-1b, R = Et

(§,S}-1¢, R = n-Pr
(R.A)10, R = +Pr

' S PH, @ "'R
R

(5,5)-2a, R = Me

(8.8)-2b, R = Et

(5,8)-2¢, R = n-Pr Burk, M.J., JACS, 1993, 115, 10125.
(R.A)-2¢, R = i-Pr



Excellent Enantioselectivity

 Showed amazing results
with a steric optimum at Pr-
DuPhos

CO,R" CO,R"
/-=< [(R,R)-Pr-DuP)Rh]* a/\(
R N(H)COR Ha o N(H)COR'
5 6

e All showed >99% ee

Burk, M.J., JACS, 1993, 115, 10125.

\/C°2“. COMe \‘/\/con‘
: fiH)Ae N(H)Ac
6¢c

N(H)Ac
6a

/\/COZM. \/\/COQMO /\/\/CO:M‘

N(H)Ac K(H)AC N(H)AC
6d 6e 61
NCO:MO
coM @’ -
[ Y~ fo NHiAc
S N(H)Ac !

CO,Me
cozm co,m
R(H)AC
H)Ac (H) (H]Ac

Z = F, Br, Me, OMe

F
CoMe coMe Z _COMe
H F 2
mmc N(H)AC ik
Z

Z = F, Br, Me, OMe,
0Bn, NO;

2 = F, Br, OMe, CF,



Design Features

1. Electron-rich
Phosphorous

Rigid Backbone
Tight Binding

Ordered Asymmetric
Environment

5. Variable/Optimizable
Steric Environment

Burk, M.J., JACS, 1993, 115, 10125.



DIOCP: Desymmetrizing DIOP

* Achiwa showed the two phosphorous atoms did not play

identical roles

Z

\/ "~
'C\ywﬂ ---- sx k"y

(1) ,
)k X= Cs,O,N-

R S=0,N, Cl, solvent

Py (cis) :enantioselection

P2 (trans) : electron-rich

1) acceleration of the oxidative addition of
molecular hydrogen —

higher catalytic activity (d-o* interaction)

2) rigid chelation of rhodium with electron-
deficient olefins or ketones ———e

higher enantioselection (d-x+ back-donation)

Achiwa, K., Synlett., 1992, 169.

L,

(R,R)-DIOP
H
>(0:’EP012 J/\—PCW
0 —ren, PCy,
(R,A)-DIOCP (R,A)-Cy-DIOP

Table IV, Asymmetric Hydrogenation® of Ketopantlactone

_Ligand [Subst{Rh] am”Ch Convn/% e.e/%

DIOP 100 5050456 100  52(A)
1000 50/50/45 & 37
DIOCP 1000 50/50/45 100 72(R)
revossssmannaced000, . ISR0T0_ 00 . ..T5A....
Cy-DIOP 50 15//12 100  45(R)




Non-symmetrical P,N

e A drastic take on desymmetrizing P,P or N, N ligands
* Plays off of soft P, hard N concepts

* Helmchen, Williams, and Pfaltz developed PHOX ligands

1. BuLi, EL,O
7ec
NZC 2. Ph,PCI N*C

Br Pphz
(60%) 4

OH ZnCl,
KrNHz PhCI (80-90%)
R

refiux

& (>90%)

L1 R=iPr

L2 R=tBu 5

L3 R=Ph Helmchen, G., Acc. Chem. Res., 2000, 33, 336.
L4 R =CH,Ph

O
I I [ |
S/N PPh, CHCIs rt. Qf _PPh,
R %“‘
cl



PHOX Ligands

* In AAA reactions, regioselectivity of nucleophilic attack
determines the ratio of products
X, N
Nu Pd Nu
R/l\¢¢%\R Rjrié?%;R o R’x§°/l\R
a b

Using different X and Y groups allowed for excellent selectivity

PPh,

3
™
/‘\
w
N
i
3
~§:i

Nu~
R/‘\%\ R RM R
4 Nu~="CH(CO,Me), ent-4

4: R = phenyl: 99%ee (ligand 1; R=phenyl)
4 R = isopropyl: 96%ee (1; R=tert-Bu) Pfaltz, A., PNAS, 2004, 101, 5723.
4 R =

methyl: 71%ee (1; R=tort-Bu) Helmchen, G., Acc. Chem. Res., 2000, 33, 336.



Modulation of PHOX

Although large substrates showed excellent ee’s, smaller

substrates such as methyl had poor results

character of PHOX

R? 1. TMEDA R? CCH

|
N 2. PhyPCI N PPh;
R1 0'23 °C

6 (73%)

s-BuLi
hexane
2 - e 2
SO/| R 78 g 0°C - O R

R’ |
L1 R'=iPr,R*=H |

Helmchen made many derivatives quickly due to the modular

LiPAry, THF
-78 — -20 °C - o }

L1 R =iPr, Ar = phenyl
L2 R =t-Bu, Ar = phenyl
L7 R =/-Pr, Ar = 1-naphthyl

Pfaltz, A., PNAS, 2004, 101, 5723.
Helmchen, G., Acc. Chem. Res., 2000, 33, 336.
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Salen Complexes

Ny OH

.

HN,

N3

5 o0
2+l

1bL

O

1beL

¢

N3

L@--N‘; O@*M,

<4

atoms
> 1990s

nd are

catalyze

Jacobsen, E.N., Science, 2003, 299, 1691.
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Oligimeric Salen Complexes

O OH OH O
ﬁ/ﬁu Bu@)
ek

O OH

+ HO

.
¢

tBu

Bu

3: M=Co(csa), n
4: M= Co(nbs), n

1-3
1-3

o O DIC, DMAP ¢y
5 OH 99%
|
o, Mo [Co(OAC)z];
M RSO3H, air
0 N >95%

O

HO.

K»CO3

@)

L

I iBu
N OH

O','/N‘ HO

()\1r/’\\v/

Bu

0
HO"™ ~CO, HgN

0

O
10
uant,
| OH
d]‘-] ee [d]
o 86
94
93
Bu | 93
OH N//. 93
93
HO IN 71
Bu 51
CH:CN/CH,C], at
o orting Information
’\/\n/ f isolated product.
le) ied out at 4°C.
L —n
11 Jacobsen, E.N., ACIE, 2002, 41, 1374.




Salen-Inspired Complexes

* Chromium bound salen complex showed some selectivity for
heterocyclic reactions, so backbone modified

Me

. Me 1) SnClg, (CH20),

Me 2.6-lutidine
| h & R1C ” e hetero-Diels— Alder reactions of alde-

i 2) HN  OH NI OH ted 2,4-hexadienes. !

1 : 1

OH ionsl’ Catalyst Yield [%]<  ee %]

4a R =SiMe3 (TMS) & 7 OH 4 b 50 80

1b n.d. 57

b: R = SiEt3 (TES) 2h n.d 85
¢: R = Si(Bu)Mez 88% (two steps) % g o8
(TBS) 31 93 98

d: R = Si(r)s (TIPS) 8 girrcb W 65
<o 3 d. 81

3) 2,6-lutidine AgSbFg s | eamik =0

8 x 32 — . 3b 3a 90 99

3b 97 =99

999 99%, 3b 89 94

o Sh M, “ 3b 85 98

13 4b Se A 3b 78 98

14 4b 50 B 3b 78 (84) 98

R2 (1IR2Sy1ab RZ= Bu R3= fBu 15  4b  5g B b 2EDE 9%

o 16 4db  5h B 3b 77 (86)1 95

2 _ 3 _ 17 4a  5d A 3b 81 98

3 (1R25)-2a,b R®= H Re= \6 18 4c 5d A 3b 93 96

| R 19 4b 5d A 3b 77 94

N O 7
/N
o X

a:X=Cl b:X=SbFg

Jacobsen, E.N., ACIE, 1999, 38, 2398.



Cinchona Alkaloid Derivatives

Cinchona alkaloids, including quinine, have a tertiary
qguinuclidine nitrogen that makes them interesting ligands

/

-

/NS

quinuclidine

Sharpless utilized derivatives for osmium-catalyzed
asymmetric dihydroxylation

Dihydroquinidine (R = H) Dihydroquinine (R = H)
DHQD DHQ

Sharpless, K.B., Chem. Rev., 1994, 94, 2483.



Cinchona Derivative Features

Ligand Design Features:

Its presence has a

small effect on the

rates; however, it
increases the binding

The nature of Rhasa | "\ The copgradon Js Mpoctia.
very large effectonthe | R-0O, o yr:t?s' a; ‘é bl:(;’; 8
rates, but only a small g
influence on the binding j
OMe

Oxygenation is essential to
allow binding to OsOy4 - a
carbon substituent is too bulky

The presence of a flat, aromatic
ring system increases binding
and rates; the nitrogen has no

influence

Increases
binding to
0s04 as well
as rates

Sharpless, K.B., Chem. Rev., 1994, 94, 2483.



Dimeric Derivatives

* Sharpless optimized extensively, finally coming up with
dimeric derivatives that proved very successful

Preparation of Phthalazine Ligands:*’

cl O-Alk"
| : | Alk*-OH, KOH, ‘
) ' /K ! | ™ \"‘[‘ K,COj3, wluene, reflux | = \l]l
Okﬁ" ; ' I 88 & | F
class | X : 1% T % = ‘/ N
! : : Cl 6.An('
Preferred} PYR PHAL PHAL
ligand | PHAL ’ Preparation of Pyrimidine Ligands:*¢
' : | o _
ee range ? 30.979% | 70-97% | h 1. POCI,; or PClg Bh

, | EtOY\(OEt \)\/ 2. Alk*-OH, \/k/
. 8 4 LNOMe HOL_A_OH  KOH.K:CO, A0

Alk-0— SN—0-Alk* Alk 5 2. HCI !' ' tofuene, reflux H :
oL N N . N N

84 % = 48-58 % a

/ \ HzNVNHz \l'/
— 4 Ph Ph
PHAL-class® (1) d PYR
Preparation of IND ligands:*®
0
Triphosgene, %—O Alk”

N EuN, THF, Alk" OH, EyN,
0°Cton ih CHyCiz, rt.
Time

Sharpless, K.B., Chem. Rev., 1994, 94, 2483.




Chiral Phase Transfer Catalysts

* Corey showed cinchona derivatives could also function as
PTCs when reacted with benzyl halides

Ph 0 1 (10 mol%) Ph 0
v Mg, - BB M
B T =
Ph 2By CH,Cl, Ph o
H 'R
3 4
| Entry RX* Temp, Time ee%”®  Yield (%)° 1

1. CH,l 60°C,28 h 97 n 8. PhCH,Br -78°C,23h 94 87
2. CH;CH:I -60 °C,30 h o8 82

°. Ph,CHBr 78 °C, 22 h 99.5 73
3. CH3(CH_),CHl -60°C,32h 99.5 79

o/\/

4. I > Br -60°C,36h 99 75 Me

10. Br 78°C, 24 h 96 81
5. AN -78°C,22h 97 89 o

\-o0
78° TBSO

6. )\/9, 78°C, 20 h 92 91 B

11. .78 °C, 24 h 97 67
7.  tBuMe,SI—==—CH,Br -78°C,18h 95 68 MeO

OTBS

Corey, E.J., JACS, 1997, 119, 12414.



Chiral Dienes

Inspired by COD’s ability to catalyze many background
reactions, new class of ligand developed

(o] (0}
é + PhB(OH), 3% [RhCl(CODNL, d
K3PO,(,q)/ dioxane o
87% vyield

First example in 2003 by Hayashi

o

a 3% [RhCI(C,H,),1,
7 o RB(OH) 3.3% Ligand » . 73-94% yield
: /. ?  50%KOH 5 _ 88-99% ee (R)
Bn . . S . R

dioxane/H,0
20-50°C, 1 hr

Followed closely by Carreira in 2004

1.5% [IrCI(COE),],

Me_ OMe 0co,Me 0co,Me OPh

)\/ 3.6% Ligand - +

R 50% PhOH RN R/'\/
Z DCM, rt, 24 hr up to 45-92% ee

Me Ar >96% ee (R)

Hayashi, T. J. Amer. Chem. Soc., 2003, 125, 11508.
Carreira, E. J. Amer. Chem. Soc., 2004, 126, 1628.



Chiral Diene Synthesis

* Needs expensive chiral ligand and low yielding

1) HSICl,, APC
r-MeO- MOP
(1 mol % Pd),

4

2) a) MeOH, Et3N
b) HyO», KHF 5,
THF/MeOH

5) a) LDA, THF

o b)THNpy-2
(81%)
Om
<’ 6) PhCHzMgBr/EtQO
O PdCly(dppf)
(1 mol %)

(97%) (76 mg PTLC)

P S

3) Me,S0, (COCI),

AP

EtsN, CH,Cl, O
> B
4) HOCH,CH,OH </

TsOH

7) dil HCUTHF
(94%)
a) LDA, THF
b) TfQpr 2

o
Ph

9) PhCH,MgBI/Et,O
PACI(dppf)
(1 mol %)
(45%) (24 mg PTLC)

Hayashi, T. J. Amer. Chem. Soc., 2003, 125, 11508.



Chiral Diene Synthesis

* More modular and easily accessible than Hayashi’s

OMe Me OMe
1. NBS, 1. LDA, PhNTf;
MeOH / 2. ArZnCl, cat Pd /7
=

2 t-BuOK Me 0 Me

t-BUOH 6 1a-1d Q
(-) carvone + diastereomer

1aR=H 1bR=Ph,1c R=0Ph, 1d R = {Bu R

* Led to easy synthesis of derivatives

MeO._ _Me MeO._ _Me MeO.__Me
[ g Bl el
N Yo AN 17 [ 2

/—7 \ { £ /"

Ve, . A Me Bu Me iBu
{-)-carvone 152 153 154

Carreira, E. J. Amer. Chem. Soc., 2004, 126, 1628.



Future Outlook and Conclusions

Chiral ligands have enjoyed over 50 years of success, but are
by no means exhausted

The search is always on for the ultimate ligand the works for
every reaction

Most new chiral catalysts are still found empirically, with
chance, intuition, and systematic screening

Mechanistic insights and general concepts that have been
developed aid ligand design, however

New ligand ideas?



Thank You for Your Attention

e Questions or comments?
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¢ A)

. B)

Question 1

0 OH 0.25 mol% (R,R)-4 OH
(Zt)' ‘)\ & ©/\ ¢ © ] _
nEY CH4CN, 4°C, 8 h Bno\/‘\nBu

(2.2 equiv) (1.0 equiv) 91 % yield
99% ee
) S mol % (DHQD);-PHAL,
BuMe,Si0 1 mol % OsOs, ? on
RN AN Ph 1 eq. .\/IcSOgNHz. ++Ph
il =5 3 eq. K3Fe(CN)s,
3 €q. KzCO;. 14
13

BuOH-H,0 (1:1}, 0°C 97% yield, 93% ee



Question 2

OAc — CH(CO,Me), M e

P £ Phwe Ph
Ph)\/\Ph NaCHCOMe PN, N
/
rac 97% yield, 97% ee oR RO




Question 3

(o) (o) OH (o)
Ho -
OCH; [RuCl,((R)-binap)] OCH;
NHCOC4H5 NHCOC4H;
rac 99% ee

H
[RuClo{binap)(scl)s] # [RuHCI{binap)iscl)s)

OR'
O
Ibnap)ClHRu —l +
M == cl c :
L HO]
"—Ru—O
// \\ OH il
[RuHCI(binap}(sol),] (b'"aﬂ)UHUO H @ favored TS

-
(R)-BINAP |
ol ‘ (f' ,
H = O— :1—OH R/pheny
2

|
3 ':1 :9 repuision
[RuClibinap)(sol).]* HO ©O Ao - \C

oL .

80| = solvent
unfavored TS



Properties

* Excellent sigma donors and weak p-acceptors
(binap, DuPhos, etc.).

* p-Accepting ligands are also of considerable
importance in catalysis, however the classic p-
accepting ligands used in inorganic chemistry
(CO, bipy) cannot be trivially reconstituted
into “chiral versions” for asymmetric catalysis.



Asymmetric Hydrogenation

* Halpern first showed accepted mechanism

@:

//Q§7/,COOCH3

NHCOCH3
25
. COOCH;
S —Ph//A\W//
NHCOCH;
b
mﬁPh
H
’ c———coom3
- S
l
CH3
S=solvent

+
<fi;;;} Rhi1) //4: coocusl

Knowles, W.S., Adv. Synth. Catal., 2003, 345, 3.



BOX Ligands: Nitrogen is Good Too



