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Introduction

In Nature, enzymes use metals in tandem with attractive noncovalent interactions at the active site to precisely position the substrate for a
desired transformation. In general, all forms of reactivity: chemo, site, and enantioselectivity are optimized for the substrate.

Metal lons in Enzymatic Catalysis:
A Increases electrophilicity of a reacting species
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B Increases acidity of a reacting specles
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C Increases nucleophilicity of a reacting species
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Nature Chem. 2012, 4, 603-614.

D Increases both nucleophilicity & electrophilicity of reacting species
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Representative Modes of Catalysis:
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Ito and Hayashi’'s Gold-Catalyzed Aldol:

Seminal Report: Ho and Hayashi
Gold-catalyzed Asymmetric Aldol Reaction

[Au{c-HexNC):BF 4]

CO,M COM
o ® OMe (1 mol%) R'-, OzMe R", R
JJ\ + N Ligand (1 mol%) + I\

Z >  o__N o. N
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Ligand Screen: -
9 N—R

H f_/ H R
Me _: Me _: ’ o
N N Me PPh, ~(p-Tol)
\Me \Me >< P\
Me {p-Tol)
PPh, PPh;, © PPha P~ (p-Tol)
Fe Fe ( I T I;)
Q‘ _ PPh, @ . PPh, p-lo
R=Et 2a R =Me only racemic only racemic
Me, 2b CH>CH>CH>NEt, product obtained product oblained
Ito and Hayashi’s Proposed Interaction:
Substrafe Scope:
.0 _< o Aldehyde yield (%) trans:cis ee (%)
\ -0 PhCHO 98% 89:11 96%
MeCHO 100% 84:16 72%
OMe FPrCHO 99% 982 92%
\’ H c-HexCHO 95% 973 90%
+-BuCHO 100% 100:0 97%

J. Am. Chem. Soc. 1986, 108, 6405-6406.
Journal of Organometallic Chemistry. 1990, 381, C21-C25.
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Major Conclusions invoked by Hayashi:

1. Gold (l) is undergoing tetra-coordination

2. Enolate formation is driven by the pendant
amino-linker

3. The reactive pi-face of the enolate formed is
determined by the possible hydrogen
bonding

Pastor’s Rebuttal: X-Ray Diffraction of Gold Complex

C80

Cl4

Fig. 1. ORTEP-view [8] of complex 7 showing one of the two symmetry related units and the atom
numbering scheme; thermal ellipsoids are at the 20% probability level. Relevant bonding parameters:
Au(1)-Cl(4) 2.52(3), Au(1)~P(6) 2.31(2), Au(2)—CI(5) 2.28(2) and Au(2)--P(7) 2.20(2) A; P(6)-Au(1)-P(6")
134(2), P(6)-Au(1)-Cl(4) 113(2) and P(7)}-Au(2)-CI(5) 177(2).




Pastor’'s Studies on the Gold-Catalyzed Aldol:

Pastor’s Independent Mechanistic Interrogation:

influence of Me
chiral center? "
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jr%% J. Org. Chem. 1990, 55, 1649-1664.

entry ligand aldehyde ester % trans (ee) 5 % cis (ee) 6
1Y (R)-(S)-4 la 2a 90 (91 [4S,5R)) 5a 10 (7 [48,55)) 6a
of (8)-(R)-4 la 2a 90 (90 [4R,58]) 5a 10 (12 [4R,5R]) 6a
3f (9)-(S)-4 la 2a 84 (41 [4R,55]) 5a 16 (20 [45,5S5]) 6a
4 (S)-(R)-18 la 2a 74 (21 [4R,5S]) 5a 26 (4 [4R,5R)] 6a
5 (R)-(S)-4 1b 2b 91 (78) 5b 9(9) 6b
6 (R)-(S)-18 1b 2b 77 (16) 5b 23 (1) 6b
7€ (R)-(S)-4 la 2b 83 (93) 5c 11 (18) 6¢
8 (R)-(S)-4 le 2b 86 (87) 5d 14 (7) 6d
9 (R)-(S)-4 1d 2b 68 (32) 5e 32 (83) 6e

10 (R)-(S)4 le 2b 88 (75) 5f 12 (78) 6f
11 (R)-(S)-4 1f 2b 88 (79) 5¢ 12 (62) 6g
12 (R)-(S)-4 g 2b 75 (6) 5h 25 (84) 6h
13 h 1g 2b 78 (0) 5h 22 (0) 6h
14 i 1g op 74 (0) 5h 26 (0) 6h
15 j 1g 2b 94 (0) 5h 6 (0) 6h
16 (S)-(R)-4 1h 2a 95 (51) 5i 5 (59) 6i
17 (S)-(R)-4 1i 2h 85 (85) 5i 15 (57) 6j
18 (S)-(R)-4 1j 2h 81 (84) 5k 19 (62) 6k
19 (S)-(R)-4 1k 2b 84 (88) 51 16 (86) 61
20 (S)-(R)-4 11 op  93(92) 5m 7 (21) 6m

Pastor invokes the principle of double stereodifferentiation.
Where both the central and planar chirality of the ligand is
controlling enantioselectivity of the process as both a matched
and mismatched case.




Pastor’'s Studies on the Gold-Catalyzed Aldol:

Mode of Gold Coordination and the Rate-Determining Step: Possible Coordination Modes

Me\
N—Me
Me /—/
H., .\
“I—N Addition of benzaldehyde to complex A
T Me AUCNCYBF resulted in no observable change to the
u 1 o . o
PPh;, P . A T equiv or excess _ B spectrum. This could provide evidence
Fe Gf)q /\1’03 S1p('H} NMR against any prior coordination of the
IHpsl e .
&7~ PPh, . quan;{p:t}t::;enﬁmd X4 5 broad singlet resonance aldehyde to gold as suggested by Hayashi.
observed with loss of
3pf1H} NMR resonance between: 32.0 and 34.8 P-P 2 coupling
two singlet resonances: 2Jp(1 w) = 90.3 Hz
-23.5and -17.0

' Possible Equilibrating States:

Observation of complex A with a
coupling hints at the complexation of
both phosphorous atoms with Au.
Addition of excess isocyanide resulting in
loss of coupling could indicate a dynamic
process involving a rapid exchange of
the phosphorous atoms.

jr%% J. Org. Chem. 1990, 55, 1649-1664.



Pastor’'s Studies on the Gold-Catalyzed Aldol:

Further Interrogation: Hammett Plot Pastor’s Proposed Transition States:
log kldnlu ':‘702 Me\ ’ Me Me\ ) Me
N Positive slope indicates build-up of eN., ®N.
s increased electron density on the / Q / H OMe
a carbonyl carbon atom in the RDS. The Me=N.Me O - OMe Me =N Me }t{
RDS of the reaction is strongly e H | o N he
o os oe suggested to be the electrophilic : PPh, ///N H &= : PFihz 7
* attack of the aldehyde by the enolate Fe Au Fe Au
. 1 / 1 /
pi-face. < i <y il
2
E* E*
Figure 4. A Hammett plot of the reaction of para-substituted
benzaldehydes with 2b.
Further Interrogation: Electronic Effects
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Ooi’'s Palladium-Catalyzed Allylic Alkylation:

Ooi’s Hypothesis: Separation of the Chiral Backbone and Cationic Component

Conventional Approach: lon-paired chiral ligand: Ph
@ QOTf

Chiral — O ~Q Me . 1. n-Buli, then ® Amberlyst o @

Scaffold T~ - Chiral N Ph,PCl  MeN A-26(OH) O MeN
Molecule Me 2. MeOTf then BINOL OH

Single chiral molecule L MeCN PhoP MeOH PhoP
consiructed by covalent bond Simple chiral molecule and achiral O‘g';ﬁ.t:ver 83%
ligand with built in electrostatic interaction ps Ph
Q = quaternary onium cation rapid synthesis and highly

L = coordinating group modular combinalions available

Application of the Concept: Asymmetric Allylic Alkylation Ligand Structure:

Reaction Selection Rationale:

1. Control of C over O alkylation.

2. Stereochemical control in the attack of a prochiral nucleophile on a
pi-allyl metal complex by a chiral ligand.

3. Asymmetric reactions involving anionic nucleophiles are not
controllable by the chiral anion strategy.

Pd,(dba)s o

o (Pd 2.5 mol%)
OsN Ligand (5 mol%)
OtBu + Ph” X" 0CO,Me > Ph7 X «~ ~OtBu
toluene .
Me

Me NO,

jr%% Nature Chem. 2012, 4, 473-477.



Ooi’'s Palladium-Catalyzed Allylic Alkylation:

Ligand Diversity and Initial Screening:

Entry Ligand Conditions Yield e.e.
Pd,(dba)s
o (Pd 2.5 mol) o (%)* (%)"
Ligand (5 mol%

.- \HLOt Bu + PhT X" 0coMe s O MO Ph/WJ\Ot—Bu 1 3a rt, Sh 56 38
e biuene ve! No, 2 3b rt, 5h 78 68

3 PPh; With 7 (5 mol%), r.t, 5h 99 <1

4 1-Br With 2b (5 mol%), rt, 5 h 85 <1

x@ X@ 5 8 rt, 5h 99 <1

@ ®
MoX Mo ph Moot 6 9 rt, 5h 83 <1
7 10 rt,5h 92 -3
Ar,P R 8 3c rt,5h 99 73
9 3d t,5h 99 75
3b:Ar, = Ph,R=H PPhy PPh, ’
3c: Ar. = _ 10 3e rt, 5h Q9 83
CArp = p—Cl—CsH4, R=H [+]
3d: Ar, = p-CHCgH4, R = t-Bu 1l 3e 0°C, 24 h 78 88
de: Ar; = pClGgHy, R=Ph 12 3e Toluene/H,0 (20:1. v/v), 97 94
B-Naph B-Naph 0°C 12 h
O © ® Preliminary Observations:
EM Me;N /Ij 1. Presence of proximal phosphine binding site and quaternary
© Ph,P ammonium entity is crucial for enantioselectivity.
Nach Naoh 2. Aryl phosphine switch to p-chlorophenyl and introduction of
p-Nap i apm distal steric-inducing substituent also increases e.e.
3. Addition of water causes strange increase in performance.

jr%% Nature Chem. 2012, 4, 473-477.



Ooi’'s Palladium-Catalyzed Allylic Alkylation:

Mechanistic Investigation of the Water Effect: NMR Experiments | Mechanistic Investigation: Asymmetric Amplification
p-Naph First-Round of Observations:
OO foluene 1. Palladium catalyst and two equivalents of ligand in toluene do not result
& ® with or without in complete complexation except upon addition of water.
MesN H0 . per g .
Pdy(dba); + OH - — ? 2. It could be possible for water to be facilitating the ligand exchange
AP Ph P analysis -
2 at0°c prOCCSS.
p-Naph 3. Live analysis of the reaction via spectroscopy (*H and 31P) only displayed
. the active 30.7 ppm signal with no other entities.
varing equivalence (a) ion-paired ligand 3e in toluene
Ar = p-CHCgH, (C) Nonlinear Effect
. . Pduidoa); (Pd 2.5 mal%) 100
g r!“f'-r‘!\"'“!"lkw"l'hfI-'.‘J'I".‘!":‘] 11"U'I.F"""ﬂ.]‘”bll“”’?kﬁ**'v‘-“l"i‘"‘l1l‘ll\‘ " il‘g“'ﬂ"“ll‘l“'lf”#.:'Il'.'”‘l.".‘ -*I-“i‘i"ﬁ-'ﬂJ‘.hl.]’l'_i.“,l‘”r'."';;‘JI\',I'\#.‘I"'J'ﬁh“*'il‘l“'frlr"\".’;e"M"-“,"-.{'-ﬁllf}' 30 [2 4-1 00F% ee, 5 I'Tﬂ%} .__;.,9.
v da 5a > 6a r g
(b) Pd,(dba); with 3e (two equivalents to Pd) foluenaH;0 (20:1) & o - ’
. 0°C, 12h s
in dry toluene w7
b entry ee(%)of3e vield (%) of6a ee(%)of6a & g _.,-/' e
[ERSITTYT R -rpr."r-q hrkia bt APl Y e s e 1 24 og 97 é ; * /-"'
v :ﬁ _./
2 35 @ 43 1 e
(c) Pdy(dba); with 3e (two equivalents to Pd) T
prepaired in toluene/H, 0 (20:1, v/v) 3 45 g 53 -0 ,-"':.-",
4 61 9 67 e
A B AP o1 A, T gt B, A IS 1 i e Ly 4 g8 0 g s o o ) ‘__.;.';’.
5 &1 93 82 iy =
(d) Pd,(dba), with 3e (three equivalents to Pd) s ‘00 o - ! = 4.:.3 ot ;” & oo
prepaired in toluene/H,0 (20:1, v/v)
]
A S AR S A B A modest positive nonlm-ear eff.ect IS- ldentlfled which may mdlc.at-“e the
I i i i | | I | ] presence of more than one ion-paired ligand in the stereo-determining step.
40.0 300 200 10.0 0 100 200 -300 400

jr%% Nature Chem. 2012, 4, 473-477.



Ooi’'s Palladium-Catalyzed Allylic Alkylation:

Mechanistic Investigation: Asymmetric Amplification

Two possible scenarios possible:
1. Reservoir effect: catalyst molecules are aggregating in the
resting state, but not the stereodetermining step.

2. Catalyst-product interaction

Reservoir Examination:

Pd,(dba),
o (Pd 7.5 mol%) o
OaN PO Ligand (15 mol%, 45% e.e_.}
OtBu + Ph”™ ™S OCO;Me toluene/ .0 = Ph” ™ 7 OtBu
Me 0((;2{):1) Me NO,
0°C, 12 hrs. )
99% 53% ee. no change ine.e.
' despite higher catalyst
. foading
Catalyst-Product Interaction:
Pd,(dba);
o (Pd 2.5 mol%) o
O.N PP Ligand (5 mol%, 45% e.e.l
OtBu + Ph7 ™ oco,Me olwenei,o PN <~ TOtBu
Me (20:1) Me NO,
0°C, 2 hrs.
379 53% ': e quenching reaction early
’ o results in the same e.e.
but inferior yieid

Despite ruling out the possibilities of a reservoir or catalyst-product
interaction, more detail is required. The authors turn to kinetics.

jr%% Nature Chem. 2012, 4, 473-477.

Mechanistic Investigation: Kinetic Analysis
Kinetics Data
Kinetics on Nitropropionate 4a:
[4a] = 0.2 ~ 0.3 M, [Pd] =0.005 M, [3¢] = 0.01 M, [5a] = 0.2 M, [PhMeSi] = 0.033 M.
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Figure S7. Kinetics on Nitropropionate 4a

Kinetics on Cinnamyl Carbonate 5a:

initial rate

0.2 M: 4.46 x 10° Ms™
0.25 M: 5.48 x 107 Ms™
0.3 M: 6.78 x 10° Ms™!

[5a] = 0.2 ~ 0.3 M, [Pd] =0.005 M, [3¢] = 0.01 M, [4a] = 0.2 M, [PhMe:Si] = 0.033 M.

5

o -

15

oA e i [

,.\
=

v~ L3En « TEEY
R 008

R

s {ivain]

-
|
L
b2 -!
e o
.
& -
=4 azate 1 S AA1 B ¥- 13515 55479
P inaee Be = 0RAl
o 2 4 L1 & 10

log

L

futc-

y- NONTR: 4 3581
He=D3s0

-

log [3a]

Figure S8. Kinetics on Cinnamyl Carbonate 5a
Zero order dependence on cinnamyl carbonate 5a

initial rate

0.2 M: 4.46 x 10° Ms™
0.25 M: 4.43 x 10° Ms™
0.3 M: 4.45 x 10° Ms™

RDS - nucleophilic addition of
nitronate to -allyl Pd(ll)



Ooi’'s Palladium-Catalyzed Allylic Alkylation:

Mechanistic Investigation: Kinetic Analysis Proposed Mechanism and Scope:
Kinetics on Pd catalyst (Pd/3e = 1:2 mixture):

[Pd] = 0.003 ~ 0.01 M, [3e] = 0.006 ~ 0.02 M, [4a] = 0.2 M, [5a] = 0.2 M, [PhMe:Si] = 0.033 M.
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om0t A7 w1 initial rate

5 = L L 4/-’ ”, 5 )
£ w o e P * | 0.003 M: 2.34 x 10° Ms
F A T ¥ LB+ L = d 41 R ~
T . eeswa R ness = o 0.005 M: 4.46x 10° Ms™
o - -
[} T o n -4 : R

1 i SR 0.0075 M: 6.71 x 10° Ms™

N =

1a - = - -4.5

J y= 070 T 715 0.01 M: 7.73 x 10° Ms™

iy =[]0 r - aa

a L

0 2 1 & z 10 12 a7
Tirne fmin) ko [P]

Figure S9. Kinetics on Pd Catalyst
First order dependence indicates a monomeric Pd complex in RDS
Kinetics on Pd catalyst (Pd/3e = 1:2 mixture):
[Pd] = 0.003 ~ 0.01 M, [3e] = 0.006 ~ 0.02 M, [4a] = 0.2 M, [5a] = 0.2 M, [PhMe;Si] = 0.033 M.

43 -4
T 25 23 1 L |
40 y-2@1_0:]:;;;:.0:3““.*.‘_._‘,Q--' * ama initial rate MeOH OzN w<(:02‘ZBU
L T T 1-/" . H
L e e | 0.003 M:2.34 % 10° Ms™ Ry
p D omammpgpes TRws | |7 o 7| 0.005M: 4.46% 10° Ms™ R 5 R Product Time (h) Yield (%)* ce. (%)'
3 e oM P Et 5a Ph 6b 24 97 93
N P Sy I 0.0075 M: 6.71 x 10~ Ms CH,CHMe, 5a Ph 6c 36 96 97
] e nteiees e . 5 ] n-Hex 5a Ph 6d 30 97 95
] N o | 001 M:7.73 % 107 Ms CH,Ph 5a Ph 6e 30 94 97
o . (CH,),CO,Me 5a Ph 6f 24 98 93
N a7 Me 5b p-Cl-C4H, 68 18 90 90
i min) b [Pl Me 5¢ p-Br-CgH, 6h 24 99 90
- . Me 5d p-MeO-C,H, 6i 30 99 93
Figure S9. Kinetics on Pd Catalyst Me Se 2-naphthy| 6j 24 98 91
. . . . Me 5f 2-thienyl 6k 48 94 91
Second order dependence — two ion-paired ligands in complex Me 5¢ H 6l 12 91 <1

jr%% Nature Chem. 2012, 4, 473-477.




Manabe’s Phenol-Directed Cross-Coupling:

Manabe’s Attempt at Selective Cross-Coupling: Alternative Strategy: Hydroxylated oligoarene-type phosphines (HOPs)
_ . N OH B
General Reaction Overview: ( Potential Side Products: B 1. £Buli (3 equiv.) ’ OH  1.Buli(2equiv) Br
oH oM oM oH THF, -78 °C, 30 mins . THF, -78 °C, 30 mins .
B R B R 2.ZnCl> (1 equiv.) 2. ZnCl, (1 equiv.)
d cross. coupli d 78 °C to rt, 80 mins 78°Ctort, 1 hr.
ng then Pd(PPhs), (2 mol%) then Pd(PPh3), (2 mol%)

B I B T
ortho di-sub I

I
1 equiv, it, 24 hrs, 77% 1 equiv, it, 36 hrs, 68%

Model System: -
OH MgBr OH OH OH Alfernative Ligands Synthesized:

Br Pdo(dba}, (1 mol%%) R Br R PCy>-HBF, PCy>-HBF, PPh 1. Buli (2 equiv.)
ligand (2.4 mol%) O O O 2 Et,O, -78 °C, 10 mins
. - -

THF 2. Ph,PCI {1 equiv.)

25°C, 24 hrs. OH OMe OH -78 °C to it, 40 mins.
Br OMe Br R R 60%
3 equiv. ortho para di-sub O O
Ligands:
.. A

~

PPh Feyz Fey2
3
PC 1 ) )
P(t—ygu);,—BF4 O Ligand Re2ction ‘_(ldd/ * :
DPPF OH OH time /h ortho  isomer di
] ] Pd,(dba), {1 mol%) 1 2 60 0 7
MeaN Br ligand (2.4 mol%) R 10 2 84 0 5
6 7 8 Application > Grignard {4 eq.) . DPPF 24 0 77 8
Product Distribution: Yield (3): THF 1 72 66 0 13
2" 16 a 25°C, 24 hrs. D:’(E"F g 3 sg g
32';2 :3 :2 :1;; Br Br 1 5 55 0 21
P(t-Bu);-BF 0 10 25 10 5 <200 0 29
DPPF . 77 ! . . . e DPPF 5 0 0 0
6 s s 1 Enhanced selectivity and kinetics are observed f p 0 0 0
2 0

8 8
jr%% Angew. Chem. Int. Ed. 2010, 49, 772-775.




Manabe’s Phenol-Directed Cross-Coupling:

Rationale and Further Optimization of Ligand Structure:

Rq
R1——P R1-P---Pd YI“"9‘*0 Ry~p-.-Pd

o- Mg
Further Ligand
Modification Pdy(dba); .
> & o, O == O

YMgO

opporiunity for ineffective binding
Manabe speculates that perhaps a magnesium oxido species is due to C-C bond rotation

responsible. Although extensive evidence was not provided.

Intermolecular Competition: Oxidation
X X Pd,(dba)s (1 mol%) X X
Br ligand (2.4 mol%) Ph
. | N PhMgBr (4 eq)) + AN R4 R4
e THF L Ri~p---Pd "M3~g Ri~p.--Pd  YMgO
o 2 st Ph tato
o weon T | () == (OO0
X =OH X =0OH, pB 86% 0% TMgO YMgO
= = , pBr
symmetric ligand with additional
oxidation maximizes chances for binding

X =0H X =OH, m-Br 85% 2%
X =OH X = OMe, p-Br 96% 2%
X =NH, X =OH, p-Br 88% 1%

jr%% Angew. Chem. Int. Ed. 2010, 49, 772-775.



Manabe’s Phenol-Directed Cross-Coupling:

Further Application of the Methodology Suspected Intermediates:

PdCL{MeCN), (2 mol%)

( Cy-DHTP-HBF

cl Cy-DHTP-HBF 4 (4 mol%) oy ©
cl XPhos (4 mol%) Ry . ¥, BFy ’ "o
, =R tBuOLi(24eq) N\ R, P@—
toluene o
OH reflux, 45 mins.
therr H;O O O O
RoB{OH)> (2 eq.)
K4PO4 (3 eq.) HO
. j
ESI Studies:
ng: _ 55 Observed
] [2(Cy-DHTP) - H] -
1,50- o1 1::
L
] 2500 Calculated:
1,00 oo st CagHasCILIOSP
. [(Cy-DHTP — H) + 3 (1 — H) + 3 Li|" ot | sz
. [(Cy-DHTP - H) + (1 - H) + LI]_ o o 56?) I 562 ls?f 506 | 508 m/:
050_3 [(Cy-DHTP —H) + 2 (1 = H) + 2 Li]" _
526 6(1-H)+5LJ o
(5 (1= +4LT
2
] 501 l
0.00 += — 'ﬂ'. 1T = T .‘i T .h. T ."-*. =t T .“‘. T .u| TJ'|—|—|—| HO
500 550 600 650 700 750 800 850 900 m/z

Mixture of 2-Chlorophenol and 40 mol% DHTP with 2 eq. t-BuOLi

Angew. Chem. Int. Ed. 2010, 49, 772-775.
J. Org. Chem. 2016, 81, 5450-5463.

+BuOLi

Cy
M -
Cy ~p—pd Li—O oLi
Li—O
r
Cl

o-L O-L

Pd
| Cy .1 Cl ||
'—"0\ OLi cy —F Li—

(O~ I <)

Li-O Li—O
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Manabe’s Phenol-Directed Cross-Coupling:

Further ESI Studies: Heteroaggregate formation of lithium phenoxides between Cy-DHTP and 2-Chlorophenol

Isotopic Distribution for masses

m/z: 725 and 861
Obsorved | ] Observed Inrene [2(Cy-DHTP) — HJ"
: 05
. - 150
H[rh | H[u, 125
Calculated: CMZIJZO4P ] Calculated: CM&-IZO‘P
| = | 1004 [(Cy-DHTP —H)+ (1 = H) + L[
‘ | \‘ : ‘ | \‘ 1 . [(Cy-DHTP = H) + 2 (1 =H) + 2 LiT
P ]
> ‘J W e e ! ] [([Cy-DHTP —H)+3(1-H)+ 3 L]
Isotoplc Dlstrlbutlon for masses 050 T M) 4ALT
m/z: 665 and 799 ] |
26 ] Ha 6(1- H)-+5LII
Observed Observed =] - LER i
o) ] s ?“v'" ‘uﬁl Bag
. 0.00 -'_m_,L, - W k , ﬂ i mu -
~ \ ~ \ 500 fa0 ifilY G50 foo o0 Llul| EIIIIEI Mz
[ L | [ Lo ESI analysis of previous mixture with 0.4 eq. Xphos in the presence of
Calculated CaHnChLi0.P CalcuIaEd CatLaChLiOP .. )
| 1 eq. t-BuOLi in the negative mode.
|
Lo
” [ \ . ” | "
u I SR . 'i —

Angew. Chem. Int. Ed. 2010, 49, 772-775.
%rk J. Org. Chem. 2016, 81, 5450-5463.



Phipp’s Directed Cross-Coupling:

Phipps Remote Functionalization of Dihalogenated Arenes:
Prior Functionalization Tactics:

Problem: . Hypothesis:
0.0, Mg ~L :
R EWG Pd Prob R :
l d ropiem :
(B} X (X Identification :
| > : ~p— Pd R ~p - Pd
X cl
NS - D
c (X (X X cl Oe 0o
Remote ' R S R ~
Bond Dissociation  Sterics Electronics Subsirate Subsirate undifferentiated | 0’/ 0 0’/ ~0
Energy coordination  coordination chlorides :
to catalyst lo ligand '
Phipps Remote Functionalization of Dihalogenated AreneS' yield (%)
NHR Pd(OAc), (5 mol%) NHR R ligand 2 3 4 2:3 % conv.
B(OH), Ligand (10 mol%) £ com
KsPO, (3eq.) Ac (1a) SPhos 19 18 17 1.1:1 65
+ ™ Ac XPhos 41 32 10 1.3:1 100
40°C, 16 hrs. Ac sSPhos 38 10 5 3.8:1 54
a Ar Ac sXPhos 42 22 6 1.8:1 70
cl CO,Et TFA (1b) sSPhos 39 20 14 1.9:1 73
Boc (1c) sSPhos 17 11 8 1.5:1 34
4 ,_,-ga,,da. h Ts (1d) sSPhos 48 6 4 7.5:1 53
pNs (le) sSPhos 48 2 <1 »20:1 50
O . . Tf (1f) sSPhos 78 <1 9 >20:1 91
PCy, _Cy? ) _cyz Tf sSPhos 63 <1 31 »20:1 100
z HPr Hr HPr HPT Tf sSPhos 60 <1 31 >20:1 100
MeO OMe MeO OMe O O Tf sSPhos 88 (82) <1 11 >20:1 100
O Tf SPhos 30 19 30 L6:1 75
S0,Na iPr SO,Na Tf sXPhos 67 9 10 7:1 91
sSPhos XPhos sXPhos Tf XPhos 40 33 22 1.2:1 88
A

jr%% J. Am. Chem. Soc. 2018, 140, 13570-13574.



Phipp’s Directed Cross-Coupling:

Effect of Crown Ethers and Cationic Radius:

NHTF Pd(OAc), (2 mol%) NHTf NHTf Additive -
Select
BOH):  ~ <SPhos (4 mol%) Entry . Base ~°CCVIY o conv,
(3 eq.) (mip)
Base (3 eq. )

THF, 40 °C 1 None KsPOs 22011 89 None Li;CO: 1.8 38
(entries 1 - 4) , 2 18-Crown€ KPO, 151 60 None  Na,CO; 3.8:1 68
THF:H,0 (19:1) 3 15-Crown-5 Ki;FO; 3.5:1 51 Mone K,C05  >20:1 77
(entries 5 - 8) 4 12-Crown-4 KsPO, >20:1 88 None Cs;CO;  >20:1 60

b

6

T

CO,Et 8

Reaction Scope: Sonogashira Scope:

NHTf Pd(OAc), (2 mol%) NHTf
B(OH)» sSPhos (4 mol%)
/ Base (3 eq.) -
+ ~ > "THFH,0 (19:1) .
| P or R/ 40 50 or 70 6C Sonogashira
cl R/ Ar/Alkyne and
cl ol Buchwald-Hartwig
. | Expansion: >
Arylation Scope:
NHTF NHT? NHTF NHTF > 20:1, 47% > 20:1, 62% > 20:1, 57%
Buchwald-Hartwig Scope:
O R O NHTF NHTF NHTf
R
-
cl cl cl =z cl = /\>- 3
N~ ~OMe /© L ] )QN ¢Bu
R=CF3 >20:1,92%  R=COCHS3, > 20:1, 84% > 20:1, 88% > 20:1, 73% cl cl cl
R=OH, > 20:1, 75% R =NHo, > 20:1, 64%
> 20:1, 89% > 20:1, 45% > 20:1, 55%

R =NHAc, > 20:1, 73%

jr%% J. Am. Chem. Soc. 2018, 140, 13570-13574.



Phipp’s Resolution of Sulfonated Ligands:

Expanding the Boundaries of Selectivity: Phipps Resolution of Ligands

Previous Achievement:
Cl .
R d various cl :
R—~p —pd N@_ R coupling platforms : _ OM
R @, > R PCyz | CyP N ©
Q & Do o HN—R OMe : MeO [ Chiral Pool Trace > o
R S/ MeO ! OMe N
228 Excellent site-selectivily. :
o’ © What about enantioselectivity? SOH .+ HOsS / _\
racemic ligand L
implemented readily available in 1 step from SPhos. Quinidine
Resolution would be most convenient. 25¢ ~ $ 50.00

Resolution Procedure:

1. TFA (1.5 eq)
DCM
58%

2 racemic  MeO
sSPhos (1 eq.)
DCM:H,O
1% N

Amberlite

FCya
IRC-120H 1o OMe
26%, 98% e.e. O

SO4Na

{R) - sSPhos

OH I PCya  Recrystallization
MeO OMe 2 rounds .
MeCN, 100 °C
29%, 74:1dr.
0458
S)]

Rapid access to wide variety of enantioenriched ligands which enable screening of a variety of processes for enantioselective processes.

jr%% J. Am. Chem. Soc. 2022, 144, 15026-15032.



Phipp’s Atroposelective Suzuki-Coupling:

Application to Standard Palladium-Catalyzed Processes: Atroposelective Suzuki-Coupling

BPin Pd(OAc), (5 mol%)
(R)-sSPhos (6 mol%) Selected Scope:
F OH Base(3eq) _ Me OH NHBoc OMe OMe
Me OH * Solvent:H0 (19:1) = OH
40°C, 16 hrs.
Br i TBDMSO BocHN
OH Cl OH OH OH
Base Solvent yield (%), e.e. (%) F OH F OH F OH F OH
K5PO, THF 19, 81
K3PO, MeCN 5 74
K3PO, foluene 18, 95
ggfgga gﬂ: ‘;g’ % 66%, 93 % e.e. 55%, 93 % e.e. 89%, 98% e.e. 82%, 87 % e.e.
NayCO3 toiuene 67, 88
NazPO, toluene 73 92

Second Application: Palladium-Catalyzed Dearomatization of Phenols

ES - : H X H -
Buchwald’s Precedent: Ligand: 5 Phipp’s Design: Ligan d__/\
Pd(OAG), (4 mol%) | cau || Pd(OAG), (5 mol%) P
HO H0 (16 mol%)  © A Y T Ho (R)-sSPhos (6 mol%) ~p
O BT Ligand (12 mol%) 0 O \/I p=Ph | | B aseGeq) Cyz
- 1 _ Ay MeO OMe
K2CO; (1.5 eq.) NMe, | Solvent:H,0 (19:1) AN
Dioxane (0.2 M) ’ N Y : 40°C, 16 hrs. |
80 °C, 16 hrs. ! NP
OMe 74% 81 %e.e. OMe NV ! OMe XN 50.Ma

J. Am. Chem. Soc. 2022, 144, 15026-15032.
%rk J. Am. Chem. Soc. 2023, 145, 25553-25558.



Phipp’s Dearomatization of Phenols:

Optimization of Palladium-Catalyzed Dearomatization of Phenols Pddba KOH  diexane/H,0 66 8
Phipp’s Design: . - HEl @ Pd,dba, KOH  PhCE,/H,0 91 91
PP g Ligand. Pd source base solvent %?;6)“ (%) ’ (10:1)
dC](cinnamyl) ], ,CO,  dioxane 6 Pd,dba, KOH PhMe/H,0 99 92
O Pd(OAc); (S mol%) {idClEalel)] ) ico' dioxane :s ij. (10:1) (98)
HO (R)-sSPhos (B mol%) O 2 o i Pd,dba, KOH  PhMe/H,0 95 91
Br Base (3 eq.) Pd(OAc), K,CO, dioxane 13 27 (10:1)
- o Pd,dba, CO, dioxane 81 63 a . o
SO!;I(;E EE;H%) '(11 9:1) Pjidba:‘ ?OH dioxane 48 84 Pladbay Lo P}EI;:]:{I)-IZO 5 »
- 1O NIS. Pd,dba, KOH  PhCE, 41 83 Pd,dba, NaOH  PhMe/H,0 98 92
OMe Pd,dba, KOH  PhMe 60 83 (10:1)
Pd,dba, CsOH  PhMe/H,0 87 95
(10:1)
Selected Scope:
o MeO
Q OMe
N
98%, 92% 77%, 93% e.e. 64%, 93% e.e. 71%, 97% e.e. 74%, 92% e.e. 62%, 91% e.e. 59%, 93% e.e. 53%, 90% e.e.
Control Experiments to Probe Ligand-Substrate Interactions:
Exclusion of Hydrogen-Bonding: Use of quaternary onium cations:
Base Yield %ee
O Pdy(dba); (2.5 mol%) R Yield %ee | Pd,(dba), (2.5 mol%)
HO Br {R)sSPhos (7.5 mol%) © ' HO ar (R)-sSPhos (7.5 mol%) © KOH 99 92
O KOH(1.5eq) b 60 83 Base (1.5eq) _ Bus;NOH 11 57
(ES:’(OTS) or TMS 46 83 ! PhMeH,0 (10:1) Bu,POH 11 70
Seq : 110 °C, 20 hrs.
M R=K) | K 53 92 * Me,NOH 82 88
110 °C, 20 hrs. : OMe

J. Am. Chem. Soc. 2022, 144, 15026-15032.
%rk J. Am. Chem. Soc. 2023, 145, 25553-25558.



Transition from Palladium to Iridium:

Crown Ether Experiments (no water co-solvent) and use of neutral, alkylated ligand:

itry Additive % ee . ngand
: Pdx(dba)s (2.5 mol%)
Pd,(dba)s (2.5 mol%) ; ” 20"6 " g? ; (R)-sSPhos-Np
HO (R)}-sSPhos (7.5 mol%) © Besiiiih ' HO (7.5 mol%) e
Hr 7" additive (1.5 eq) » e o O Br KOH (1.5 o) PCy,
KOH (1.5¢€q.) 5 s 84 | PhMe:H;0 (10:1) /OMe
(tj(_)luene ((enttn_es “Ij - ?3)) 8 12-Crown-4 84 110°C, 20 hrs.
OMe joxane {(eniries 5 - OMe 7 15-Crown-5 63 | OMe OMe
110 °C, 20 hrs. 8 18-Crown-6 63 | 89%, 6% e.e. "~ S05CHytBu
: (R} - sSPhos-Np
Incorporation of Sulfate Group into a different ligand scaffold:
Prior Work: Conventional Approach: Hypothesis:
! Ry Ry
: Rz
O : } @ R
JJ\ Cy I Ligand MesN !
N~ "N~ : ! 2 nsuficient Augmentation
Ao MW mmme g el
| N Ko} : differentiation Substrate SN
\ ! : :
N/ NRy | PinB_| BPin Modification °ss B ,BFin
/ : > Ir/\ “ Ir BPin
N "5 Y \—”/l AR
~ N l , / N / N /
Rh PR — — /1 __
RoP \ 2 I;) ! BPin B BPin
CO E £Bu u
Hydroformylation of Meta-Selective Arene : Poor selectivity on
Unsaturated Acids (Reek) Borylation ' 1,2-disubstituted
(Kuninobu, Kanai) : aromatics

J. Am. Chem. Soc. 2016, 138, 12759-12762.

J. Am. Chem. Soc. 2023, 145, 25553-25558.




Phipp’s Meta-Selective Iridium-Catalyzed Borylation:

Ligand Augmentation and Screening:

i & & &) solvent ligand T conv.” meta:para“
E ® ors iHCODJOMe], @ ors @ ors clohexane dtb; 50 24 1.1:1
o @ - NMe3 (1.5 mol%) NMes NMe; cy Py 1:
— S04 NBu, : Ligand (3 mol%) THF dtbpy 50 98 1:2.4
7N\ W =12 cl BoPin(1.5eq) cl cl THF L1 50 96 10:1
—N n=1L ! Solvent + THF L2 50 100 3.5:1
n=2 L; Te';‘g‘;’at“'e THF L3 50 100 1.8:1
: - PinB THF L4 50 100 1.1:1
meta para BPin cyclohexane L1 70 <5 -
Control Experiments: Selected Scope:
Cationic Substrate: Neditral Substrates: &) ) e o
OTs OTs OTs OTs
o O™ o S S o T
e e e e
NMe NMe; 3 3 3 3 MeO,C_ _NMesy
Cl CO-Me CF. NHBoc
cl cl cl O 3
PinB PinB PinB PinB PinB BPin
mp =101 mp=1:1 mp =111

oplimized parameters: L; in THF
Additional amounis of BuyNOTs led fo decrease in seleclivify
polentially due fo excess calion displacing the subsirafe as
ligand counterion.

Optimized Conditions:

@@ OTs [ICOD)YOMe], @e OTs

NMe; (1.5 mol%) NMe,
Ligand (3 mol%)
BaPins (1.5 eq.)
THF
50 °C, 20 hrs.

Ly, THF: 11:1, 77%
dtbpy, THF: 1:2, 80%

Ootr

®NMe3

Cl

PinB

Ly, THF: 81, 88%
dibpy, THF: 1:2, 91%

Ly, THF: 131, 71%
dtbpy, THF: 1.5:1, 100%

Cors
©NMe,

L,, THF: 8:1, 78%
dtbpy, THF- 1-1.4, 63%

S
\ OTs

_N(B/\|

CO,Et o

PinB

Lq, THF: 7:1, 91%
dibpy, THF: 1:1, 98%

PinB

Ly, THF: 20:1, 80%
dtbpy, THF: 2.1:1, 67%

L4, THF: 20:1, 59%
dtbpy, THF: 1.5:1, 52%

Qots
\

NN

O

PinB BPin

L4, THF: 20:1, 89%
dtbpy, THF: 1.4:1,73%

Ly, THF: 20-1, 52%
dtbpy, THF: 5:1, 92%

@9 OTs

Me NMe;

PinB BPin

Ly, THF: 20:1, 96%
dibpy, THF: 5:1, 94%

jr%% J. Am. Chem. Soc. 2016, 138, 12759-12762.



Enantioselective Iridium-Catalyzed Borylation:

Upgrading to Enantioselectivity: Phipp’s Utilization of a Chiral Cation

Asymmetric Phase Paired with transition metal Integrated into ligand scaffold
Transfer Catalyst ‘ale’ complexes for asymmetric Pd calalysis
Ph
= 2 R Ar
o
i \/\ R
CF3 R N N @ I\i
0.0 \’4 Ph
> i _N Ar ArzP
o 0 O RO =
INTLOLL o Ph © NNs @
0-Mo -Mo~ /
i ON N Nt
oo O
/
Dolling and co-workers (1984) Tan and co-workers (2016) Ooi and co-workers (2014)
Subsequent contributions from
NUMerous groups
Prior Work:
\ BNDHP Pyridone
' CF3 CF3
~ ~ : ~
| Pd(OAc); (10 mol%) | ' |
Boc > Pyridone (15 mol%) Boc > ' =
NT N BNDHP (15 mol%) N7 N ] o _,0 N~ “OH
Aryl lodide (3 equiv_)_; : Ar ' ’P\OH
AgOAc (3 equiv.) : o
CHCl5, reflux ; /

Conceptualization:

© ® ©
@®

Common ligand Incorporation Exchange with
scaffold used in of anionic chiral cation
TM catalysis handle

Previous System (Racemic):

2 < o
_ / Qo
ler H b R
PinB l BPin ? N _<
BPin
0

New System:

PinB” | “BPin \N R
BPin P <\<
X 0

J. Am. Chem. Soc. 2016, 138, 12759-12762.
Nature Chem. 2015, 7, 712-717.
r Science. 2020, 367, 1246-1251.



Enantioselective Iridium-Catalyzed Borylation:

Reaction Optimization:

CF. _ CE — CF Ligand Pair:
3 [I(COD)OMe], 3 3
H_ /g (1.5 mol%) H. ,& H. /& DMe
N O Ligand (3 mol%) N O N O

CF3 Ccr, B2Pin (15 ea) |, : cF |02 _ R, : CF; |
rt 1

R N
—
o R=0OMe, L-1a, 31% R, = H, R, = CF,, L-1c, 39% R=CF; L-1e, 60% R=tBu,L-1g,73%
Group, Designation, (%) e.e. R =tBu, L-1b, 30% Ry=F R;=F,L-1d, 52% R= OMe, L-1f,60% R = Mes, L-1h, 55% R= OMe, L-1g-OMe
R = CFy-Mes, L-1i, 26% R epi.OH, L-epitg -
. Te NMR Yield NMRYield NMR Yield L, YeeE
Ligand  Solvent ,e":clp Time so/et a2 /%' Overall /%' % gan
Lelkd THF 50 16 h 36 64 100 118 0 Le1f THF rt 16 h 65 35 100 1.9:1 60
Le11% THF 50 16 h 4 59 100 114 24 Lelg THF rt 16 h 73 27 100 2.7:1 73
L'lﬂg THF 50 16 h 51 49 100 1-1 20 Lelh THF rt 16 h 50 2 52 >20:1 55
[*1a THF  16h =9 T 100 151 31 Lele THF rt 16h 67 28 95 2.4:1 26
L*1b THF rt 16 h 73 27 100 271 30 LeMar THF rt 16 h 63 37 100 1.7:1 0
Lelc THF m__ 16h 77 16 93 481 39 Le1g® hcg)f;ze 30  16h 37 5 42 7.4:1 15
Leld THF n 16 h 65 32 97 21 52 3 -
Lsle THF r 16 h 80 20 100 41 60 Lelg Hexane 30 16 h 76 11 87 6.7:1 9

Science. 2020, 367, 1246-1251.




Enantioselective Iridium-Catalyzed Borylation:

Further Screening: Solvent Effects

t-Bu
2
. OO o b, R P
®
S "
[ YR
N =~
) R=0Me, L-1a, 31% R, =H, R, = CF,, L-1c, 3%% R=CF,, L-1e, 60% R=FBu, L-1g,73%
Group, Designation, {%) e.e. R =£Bu, L-1b, 30% R,=F R,=F,L-1d, 52% R=0Me, L-1f, 60% R = Mes, L-1h, 55% R=OMe L -1 t-Bu
, , . ~ ) = , L-1g-OMe
R = CF3-Mes, L -1i, 26% R= epi-OH, L-epi-1g Bu
. ) " Temp " NMR Yield = NMR Yield = NMR Yield " %ee
d Solvent Ti 3a":4a"
Ligan Y jec "™ 3@ywr pa /%' Overall /% 3g°
Lelgt WF; . 30 16h 77 5 82 1461 76 Ligand-Cation Interaction Probing:
Lelg® EtOAC 30 16h 80 7 87 11:1 73 B Addidves | 20/% | 30°/% | 40[% | SuA | e
l»1gf  Acetone 30  16h 5 1 3 51 14 Me /Zj (3 mob each
Le1gt L4 30 16h 76 21 97 3611 66 pmintl B R el B
Diioxane Neutral Ligand 8
Le1g® CPME 30 16h 52 48 100 111 23 m e T 2 T 15 T =
L=1g § Etz0 30 16 h 33 67 100 1:2 86 Bre1g Anionic ligand
Le1g®T Et,0 -10  21h - - - n.r nr Ar = 3.5-1BuCqH, LB
Le1g1¥ CPME -10  48h  75(72) 25 100 3.01  97(96)
Le1g-OMe¥  CPME -10  48h 57 3 60 19:1 72 Tomp. G} WoonE Now
Leepi-1g?  CPME -10  24h 76 10 86 761 11
£ O O 2d 10 91 91
i Final optimized conditions with L+1g: 2x  -10 0 -
2 equiv. B,Piny Temp: -10 °C, Solvent: CPME o o Pl S
3a isolated in 72% yield with 96% ee R Mo o

Science. 2020, 367, 1246-1251.




Enantioselective Iridium-Catalyzed Borylation:

Evaluation of Nitrogen-Protecting Group:

Selected Scope: Enantioselectivity

CFy CF3 CF3 CF3

H
N o N o N o N o
F3 : CF; Cl ; Cl NC ; CN EtO.C 2 CO.Et F ; F
ICACERCAGERIACIRCRGIN GRS
OH OH OH OH

72%, 96% e e. 77%, 89% e.e. 39%, 86% e.e. 50%, 89% e.e.
OMe OMe OMe
0 O
NH », ~NH

Reras Ua T U5

67% yield, 35% e.e. 80% yield, 88% e.o. 39% yield, 80% e.e. 619% yield. 86%; e.e.

48% yield, 93% e.e.

[ICOD)OMel, CFy
H. _R (1.5 mol%) Ho A
N Ligand (3 mol%) N O
cr, _BP(1.5eq) & op : CF,
THF (0.2 M)
then H,0-
THF/MeOH
R OH
R=H,3
R=0H, 4
o) o o
R= A Pi B
QLMQ( c) }L)L,Bu (Piv) }L)LD}Bu (Boc)
3aa 3ab 3ac
kLJJ\IJF (TFA) 73% ee 52% ee 35% ee
F
Q0
3a: 73% ee W
(non oxidised) 0\39 (Ms) %S (T8) Q\F:P )
X “Me =
Me
3ad 3ae 3af
27% ee 14% ee N.R
NMR Yield NMR Yield NMR Yield
R 3:4 Y%ee3?
3/% 4/%"  oOverall/ %" e
TFA 73 27 100 271 73
Ac 81 11 92 (70) 7.4:1 73
Piv 75 24 99 (64) 3.1:1 52
Boc 69 4 73 (67) 17:1 35
Ms 69 25 94 (68) 2.8:1 27
Ts 77 10 87 (75) 7.7:1 14
Tf - - No reaction - -

Science. 2020, 367, 1246-1251.

Selected Scope: Enantioselectivity and Regioselectivity

CF3 CFy CFs3 CF3
H ~

H
cl "N ] Br "N O CF3 °N O N ]
: OH H OH H OH ; OH
X3 U1 U DAY
cl Br CF;

43%, 10:1m
85% e.e.

57%, 711
79% e.e.

42%, 1511
79% e.e.

57%, > 20:1mr
9% ee.

CF4

", /&

OCF3 N N

OH
L 3

CF,0

72%, 81m
83% e.e.




Overview

00
+

lonic Transition
interactions metal catalysis
Covered: Not Covered: Advantages:
1. Specific chemical problems can be solved
Cationic with specific permutations in ionic
M L { ° ligand L _@ Cationic interactions.
metal 2. Higher levels of selectivity can be

achieved which are not accessible
through traditional catalytic means.

e
p— _° b Disadvantages:

ligand . .
1. Ligand scaffolds must be simply and
Nogial readily tunable for expedient
oura Anionic implementation
e L _® imp .
M— L -H"o ° ’Eﬂfﬁ metal 2. Some systems may require highly
- specific substrates with multiple
anmnon TR
limitations.

jr%% Chem Rev. 2025, 125, 2846-2907.



Overview
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-+

lonic Transition
interactions metal catalysis
Covered: Not Covered:

= Cationic
M L ‘o ° ligand L _@ Cationic
metal

Questions?
Anonic
M - _° o ligand
Neutral L _@ o Anionic
M — -quo ligand, metal

-H 2 bound
anion

jr%% Chem Rev. 2025, 125, 2846-2907.
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